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Abstract C orals in shallow waters are subjected to 
widely fluctuating tem peratures on a daily basis. Using 
continuous tem perature recordings, we exam ined the 
tem perature  regime in one such area, a backreef m oat 
w ith low  tide depths of-1-2  m on Ofu Island in A m eri­
can Sam oa. The m oat supports a high diversity o f  85 
coral species [H'(iog2 ) =  3.37] w ith 25-26%  live coral 
coverage. In  one section o f the m oat, a 4,000-m 2 pool 
inhabited  by 52 coral species, the m ean sum m er 
tem pera tu re  was 29.3 °C, bu t daily tem peratures fluc­
tuated  up to 6.3 °C and briefly reached a peak o f
34.5 °C. The dura tion  o f ho t w ater events, e.g., >32 °C, 
averaged 2.4 h per event (m axim um  5 h) and occurred 
on 35 sum m er days, although daily m ean tem peratures 
did n o t exceed 30.5 °C and were generally w ithin 0.5 °C 
o f th a t occurring outside the m oat a t an exposed coastal 
area. W hile there was a previous m ortality  o f m any 
acroporids during a long-term  (several m onth ) warm ing 
period in 1994, a t least nine Acropora  species and  a 
diverse range o f o ther taxa w ithstand the curren t tem ­
pera tu re  regime.
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Introduction

Reef-building corals live in w aters where tem peratures 
are surprisingly close to the corals’ upper tolerance limit 
(reviewed by G lynn 1993; Brown 1997; H oegh-G uldberg
1999). A n increase o f  only 1-2 °C above the m ean 
tem perature level can severely stress or kill the corals if 
conditions persist for several days or m ore (e.g., 
Berkelmans and  W illis 1999). This has led to concern 
about w hether corals will be able to acclimatize or adap t 
rapidly e n o u g h 'to  projected increases in tem perature 
due to global w arm ing, o r w hether corals will experi­
ence w orldw ide m ortalities in the next few decades 
(H oegh-G uldberg 1999).

A t the sam e time, it has been com m only observed 
that corals living in very shallow  w aters are often able to 
tolerate high w ater tem peratures for sho rt periods (e.g., 
Brown 1997). F o r  exam ple, in the G u lf o f O m an (Indian 
Ocean), corals exist in waters th a t can fluctuate 19.6— 
33.0 °C annually  and 8.2 °C daily (Coles 1997). O ur 
paper expands upon  these findings by providing detailed 
analyses o f nearshore tem perature fluctuations and the 
species o f  corals th a t tolerate them  in a very different 
type o f habita t, the fringing reef o f  a small oceanic island 
in A m erican Sam oa. Using continuous tem perature re­
cordings, we were able to exam ine the frequency and 
duration o f ho t w ater events to lerated  by these corals.

Methods

S tu d y  a rea

O fu  Islan d , lo ca ted  in th e  S am o an  A rch ip e lag o  (14°S, 170°W ), is a 
sm all v o lcan ic  is lan d  (7.5 k m 2) w ith  a  w ell-developed  frin g in g  ree f 
th a t  is 8 0 -1 8 0  m  w ide  (F ig . 1). T h e  s tu d y  a re a  is a  la rg e  b a c k re e f  
m o a t (4 0 -9 0  m  w ide) th a t  ex tends a lo n g  m o s t o f  th e  is la n d ’s 1.5- 
k m  so u th e a s te rn  sh o re lin e . T h e  m o a t h a s  w a te r  d e p th s  o f  1 -2  m  a t 
low  tide w h en  w a te r  c irc u la tio n  is m in im a l b ecau se  th e re  a re  no 
deep  c h a n n e l o u tle ts , b u t  th e  m o a t is th o ro u g h ly  m ix ed  d u r in g  h igh  
tides ( tid a l ran g e  1 m ). N o  s tream s e n te r  th e  a re a , b u t  sm all 
a m o u n ts  o f  f re sh w a te r  p e rc o la te  in to  th e  m o a t a lo n g  th e  shore line . 
T h e  m o a t co n s is ts  o f  a n  in te rco n n ec ted  n e tw o rk  o f  p o o ls  w ith  ex-
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p ro b le m a tic  fo r  tw o  reaso n s: (1) te m p e ra tu re  c o m p a riso n s  a t  tw o  
d ep th s  in  p o o l A  (1 an d  0 .35  m ) revealed  n o  te m p e ra tu re  s tra tif i­
ca tio n  over a  5 -m o n th  p e r io d , a n d  (2) th e  slig h tly  d eep e r d ep th  in 
p o o l B sim ply  re p re se n ts  a  h a b i ta t  (less sub jec t to  th e  tem p era tu re  
f lu c tu a tio n s) th a t  d o e s  n o t  o c c u r  in  p o o l A . R e co rd in g s  began  in 
O c to b e r  1998 (p o o l A ) a n d  D ece m b e r 1999 (p o o l B). F o r  co m ­
p a ra tiv e  p u rp o se s , te m p e ra tu re s  w ere  a lso  m o n ito re d  a lo n g  an  
exposed  c o as tlin e  lo c a tio n  o n  th e  n e ig h b o rin g  is la n d  o f  T u tu ila . 
T e m p e ra tu re s  th e re  w ere re c o rd e d  a t  2 -h  in te rv a ls  in  o u te r  V a tia  
B ay a t  a d e p th  o f  10 m , a  d e p th  se lec ted  b ecau se  it  is less influenced 
by  su rface  te m p e ra tu re  f lu c tu a tio n s . A lth o u g h  T u tu ila  and  O fu 
is lan d s a re  100 k m  a p a r t ,  ex p o sed  n e a rsh o re  h a b ita ts  in  th is open- 
o cean  reg io n  a re  g e n e ra lly  w ell m ixed ; th u s  th e  w a te r  tem p era tu res  
in ex p o sed  c o a s ta l a r e a s  o n  b o th  sm a ll, steep ly  s lo p in g  islands a re  
expected  to  b e  s im ila r .

C o ra l species a n d  p e rcen t co v e r w ere d e te rm in e d  in  M a y  2000 
by  v isua lly  e s t im a tin g  th e  sp a tia l  co v e rag e  o f  each  species in 0.25- 
m 2 q u a d ra ts  w ith  10x lO -cm  g rid lines . F o r  each  h a p h a z a rd  toss o f  
th e  q u a d ra t ,  th e  p e rc e n t co v e rag e  o f  a  species in each  o f  the 25 
g rid  sq u a re s  w as s u m m e d  (1 sq u a re  =  4 %  o f  q u a d ra t) .  T h e  a \e r -  
age p e rcen t co v e r f o r  a  species w a s  th e  sum  o f  a ll q u a d ra t  p e r ­
cen tag es fo r  th a t  sp e c ies  d iv id ed  b y  th e  sa m p le  size (n =  47 and  54 
in p o o ls  A  a n d  B , respectively ). A  S h a n n o n -W ie n e r  species d i­
versity  ind ex  w as c a lc u la te d  as: H ^ og2j =  —'Lp¡\og2P¡, w here  p¡ is 
th e  p ro p o rtio n  o f  c o ra ls  in  c a te g o ry  i. A d d itio n a l tim e w'as sp e n t 
se arc h in g  fo r  c o ra l species n o t  fo u n d  in q u a d ra ts  in  p o o ls  A  a n d  B 
in o rd e r  to  g e t a b e t te r  e s tim a te  o f  th e  to ta l  n u m b e r  o f  species 
p resen t.

F ig . 1 A m erican  S am o a , sh o w in g  lo c a tio n s  o f  O fu  Is la n d  an d  the 
s tu d y  a re a , a  b a c k re e f  m o a t o n  th e  frin g in g  re e f  th a t  co n s is ts  o f  a 
se ries o f  in te rc o n n e c te d  p o o ls  1 -2  m  d e e p  a t  low  tide

ten siv e  c o ra l p a tch es . T w o  p o o l a re a s  w ere  ex am in ed  in  th is  study: 
p o o l A  is sm a lle r  an d  sh a llo w er (4 ,000 m 2, 1 . 1 m  deep  a t  low tide) 
th a n  p o o l B (27,000 m 2, 1.9 m  d eep  a t  low  tide).

W a te r  te m p e ra tu re s  in th e  s tu d y  a re a  a re  ty p ica lly  h ig h est 
d u r in g  th e  8 -m o n th  su m m er se aso n  o f  O c to b e r -M a y , w h ich  is 
ch a ra c te r iz e d  by  2 °C  w arm er a ir  a n d  w a te r  te m p e ra tu re s  and  
m o re  ra in  th a n  d u rin g  the Ju n e -S e p te m b e r  p e rio d  (C ra ig  e t al.
2000).

S am p lin g

W a te r  te m p e ra tu re s  w ere m e a su re d  w ith  d a ta  loggers (O nset 
C o m p u te r  C o rp .)  w ith  a n  accu racy  o f  0 .25 °C  a t  30 °C . L oggers 
w ere  p e rio d ica lly  im m ersed  in  ice w a te r  to  e n s u re  th a t  th e ir  a c c u ­
ra c y  h a d  n o t  d rifted  from  0 °C , a n d  new  lo g g ers w e re  o v e rlap p ed  
w ith  ex is tin g  loggers in o rd e r  to  c o m p a re  te m p e ra tu re s  th a t  w'ere 
w ith in  0.3 °C  o f  each  o th e r . S h ad ed  te m p e ra tu re s  w ere  re c o rd e d  a t  
0 .5 -h  in te rv a ls  a t  n e a r-b o tto m  d e p th s  o f  1 m  (p o o l A ) a n d  1.5 m  
(p o o l B) a t  low  tide. T h is  slig h t d ifference  in  d e p th s  is n o t

Results

T em perature environm ent

M ean sum m er tem peratures in O fu’s backreef pools 
were about 29 °C  (Table 1), bu t tem peratures fluctuated 
widely on a daily  basis (Fig. 2). D uring  daytim e low 
tides, the pools would heat up  until cooled by the re­
turning high tide. Sum m er w ater tem peratures fluctuat­
ed by up to 6.3 °C  per day (Fig. 3), reaching a peak o f
34.5 °C in pool A, the w arm er o f  the two pools. The 
duration  o f  ho t water periods, e.g., >32 °C, in pool A 
averaged 2.4 h p er event and occurred on 35 days during 
the sum m er o f 1998-1999, w ith ho tte r events occurring 
less frequently (Fig. 4). F igure 4 also shows the m axi­
m um  dura tion  o f  hot events (e.g., 5 h at >32 °C) expe­
rienced by the corals described below.

Nonetheless, daily m ean w ater tem peratures did no t 
exceed 30.5 °C a t  any time during this study and  were 
generally w ithin 0.5 °C o f th a t occurring outside the 
m oat at an  exposed coastline in ou ter V atia Bay

T ab le  1 T e m p e ra tu re  su m m a ­
ries fo r  b a c k re e f  p o o ls  A  an d  
B d u r in g  su m m e r (O c t.-M a y )  
a n d  a n n u a l p e rio d s . A n  open - 
c o a s t  site  (V a tia  a t  10-m d ep th ) 
is p re sen ted  fo r  c o m p ariso n . 
M e a su re m e n t in te rv a ls: 0.5  h  
(p o o ls  A  a n d  B), 2 h  (open 
co as t)

Site S easo n W a te r  te m p e ra tu re  (°C)

M e an S D M a x im u m M in im u m R ange

P o o l A S u m m e r 1998/1999 29.3 0.88 34.5 26.7 7.8
S u m m e r 1999/2000 29.1 0 .92 33.7 26.4 7.3
A n n u a l 1999 28.8 0 .86 34.3 26.4 7.9
A n n u a l 2000 28.6 1.04 33.7 25.1 8.6

P o o l B S u m m e r 1999/2000 29.3 0 .55 31.9 27.6 4.3
A n n u a l 2000 28.6 0 .79 31.9 26.2 5.6

O p e n -c o a s t S u m m e r 1999/2000 29.3 0 .32 29.9 28.3 1.7
A n n u a l 1999 28.8 0 .53 29.9 27.7 2.2
A n n u a l 2000 28.7 0 .73 30.1 26.9 3.3
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Fig. 3 D aily  ran g es o f  su m m er te m p e ra tu re s  (O c t.-M a y )  in poo ls 
A  a n d  B

(Fig. 5). W ater tem peratures cooler th an  am bient ocean 
tem peratures were presum ably caused by heavy ra in ­
fall.

In  the larger and  deeper pool B, m ean sum m er water 
tem peratures were sim ilar to those in pool A (Table 1), 
bu t tem peratures did no t fluctuate as widely (Fig. 3), the 
dura tion  o f  hot w ater events was briefer (Fig. 4), and 
m axim um  tem peratures were 1.8 °C lower during 1999— 
2000 .

Corals

A diverse assemblage o f  85 coral species was present in 
com bined quadrats and  supplem entary observations in 
pools A and B (Table 2). In  the quan tita tive  samples, the 
tw o pools were nearly identical in the num ber o f species 
present (27-30), species diversity [H ’(log2 ) =  3.374-3.375], 
and  percent live coral coverage (25-26% ). However, 
additional searching found  m ore species in pool B (total
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Fig. 4  M e a n  {above) a n d  m ax im u m  (below ) d u ra tio n  o f  sum m er 
h o t  w a te r  ev en ts  in p o o ls  A  (1998-1999) an d  B (1999-2000). 
F re q u e n c y  o f  h o t  ev en ts  (above) re fe rs  to  n u m b e r  o f  days d u rin g  
w h ich  a  b r ie f  p e r io d  o f  h o t  w a te r  o ccu rred
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Fig. 5  M e a n  d a ily  te m p e ra tu re s  in  p o o l A  c o m p a re d  to  o p en -co as t 
w a te r  te m p e ra tu re s  m e a su re d  a t V a tia  a t  10-m  d e p th

o f  79 species) th an  pool A (52 species). M ost corals in 
pool A (88% ) were also present in pool B, bu t only 58% 
o f  the corals in pool B were found in pool A.



T ab le  2 C o ra l species in O fu  Is la n d ’s b a c k re e f  p o o ls . N um bers  
in d ic a te  p e rcen tag e  o f  c o ra l c o \e r a g e  in q u a d ra ts  (0 .25  m 2); 
n =  47 in p o o l A , «  =  54 in p o o l B. A d d itio n a l co ra ls  o b se rv ed  in 
th ese  p o o ls  a re  a lso  in d ica ted  (p). T o ta ls  d iffer s ligh tly  d u e  to 
ro u n d in g

C o ra l species P e rc e n t cov er 

P o o l A P o o l B

A cropora  aculeus P
A cropora  austera P P
A cropora  carduus P
A cropora  cra terifo rm is P
A cropora  d ig itifera P
A cropora  donei 1.7
A cropora  elseyi P
A cropora  m urica ta 4.0
A cropora  gem m ifera P P
A cropora  grandis 0.2
A cropora  horrida 0.2
A cropora  hum ilis P P
A cropora  hyacin thus P P
A cropora  in term edia 2.8
A cropora  latistella P
A cropora  m icrophtha lm a P
A cropora  nasuta P
A cropora  pulchra 1.5 P
A cropora  sam oensis P
A cropora  tenuis P P
A cropora  valida P
A cropora  verw eyi 0.2
A streopora  m yrioph tha lm a P 0.0
C oscinaraea collum na P
C yphastrea  m icrophtha lm a P 0.0
E chinopora  sp. P
Favia fa v u s P
Favia helianthoides P
Favia m a tth a ii 0.3 P
Favia pallida P P
F avia  speciosa P
F avia  stelligera 0.0 P
F avites abd ita P P
F avites com planata P P
F avites fle x u o sa P
F avites halicora P
F avites russelli P
Fungia fu n g ite s P 0.0
Fungia  scu taria p
G alaxea  fa sc icu la r is 0.2 0.0
G oniastrea  edw ardsi 0.2 p
G oniastrea  fa v u lu s p
G oniastrea  p ec tin a ta P p
G oniastrea  re tifo rm is 0.4 0.2
H eliopora  coerulea 0.3 P
H ydnophora  exesa 0.4 0.0
H yd n o p h ora  m icroconos P p
L ep ta strea  purpurea 0.0 0.1
L ep to ria  phryg ia 2.1 0.2
L ep toseris m ycetosero ides P
L o b o p h y llia  corym bosa P
L obophyllia  hem prichii P
M illepora  d ichotom a 1.0 0.5
M illepora  p la typ h y lla 0.2 P
M o n ta stra e a  curta 0.0 0.2
M o n tip o ra  efflorescens 0.6
M ontip o ra  fo v e o la ta 0.0 P
M o n tip o ra  m onasteria ta P
M o n tip o ra  tuberculosa P 0.8
M o n tip o ra  turgescens P
M o n tip o ra  venosa 2.0 0.2
M o n tip o ra  verrucosa 0.0

T ab le  2 (C o n td .)

C o ra l species P ercen t cov er 

P o o l A P ool B

O ulophyllia  sp. P P
Pavona cactus P
P avona  decussata P P
P avona  d ivarica ta P P
Pavona m in u ta P
Pavona varians 0.1 0.1
Pavona venosa 2.4 0.8
P la tyg y ra  daedalea 0.5 0.3
P la tyg y ra  p in i 0.0 0.3
P ocillopora dam icorn is 4.1 2.0
P ocillopora danae 1.2 P
P ocillopora eyd o u x i 0.5 P
P ocillopora m eandrina P P
P ocillopora verrucosa 0.7 P
P orites annae P
P orites cylindrica 7.5
P orites lichen 4.6 1.0
P orites m o u n d  spp . 0.5 3.1
P orites  sp . #2 P
P sam m ocora  contigua 1.0 0.1
Sty lo co en ie lla  a rm a ta 0.0 0.0
S y m p h y llia  recta P
Turbinaria  ren iform is P P

T o ta l co v erag e 25 .3 % 26.2%
T o ta l spp . 52 79

The dom inan t species differed at the two sites. In  pool 
A, Porites lichen, Pocillopora damicornis, Pavona venosa, 
and Leptoria phrygia  accounted fo r 52% o f  the total 
coral cover. In  pool B, Porites cylindrica, Porites m ound 
spp., Acropora muricata , and  A . intermedia accounted 
for 66%  o f coral cover.

Discussion

C oral diversity in A m erican Sam oa is high, w ith over 
200 species recorded (H unter et al. 1993; M aragos et al. 
1994; M undy  1996; B irkeland et al. 1997; G reen et al. 
1999). A t least 85 species are present in the backreef 
m oat on Ofu Island, and the high diversity o f corals 
there [H '(log2) =  3.37] is similar (with high species over­
lap) to  th a t recorded outside the m oat on the exposed 
reef fro n t in Fágatele Bay [H'(iog2) =  2.65-3.63] located 
on nearby T u tu ila  Island (G reen et al. 1999). In recog­
nition o f  O fu’s diverse coral assem blage and  picturesque 
coastline, the southeastern p o rtion  o f the island was 
designated a national park in 1988.

T he ability o f  these backreef corals to w ithstand brief 
bu t frequent exposures to high w ater tem peratures is 
typical o f corals inhabiting shallow -w ater environm ents 
(Brown 1997; Coles 1997; Berkelm ans and  W illis 1999). 
T he O fu da ta  dem onstrate th a t this tolerance is exhibited 
no t by ju s t a few hardy species bu t ra ther by a diverse 
assem blage o f coral species. This situation appears to be 
sim ilar to  th a t described at tw o o ther geographically 
d istan t locations. Brown and Suharsono (1990) found
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that reef flats near Java  were subjected to sum m er diel 
tem perature  ranges o f 5 -6  °C, bu t coral species richness 
was high (75 species) and  coral cover was 22-26%  (prior 
to a w arm ing event in 1983 th a t killed 80-90%  o f  the 
corals). Sim ilarly, in the G u lf o f O m an, Coles (1997) 
recorded sum m er fluctuations o f  up to 8.2 °C per day in 
areas inhabited by 24 coral species with 50-75%  coral 
coverage and no ap p aren t sym ptom s o f  coral stress.

O fu’s backreef corals are probably subjected to 
environm ental stresses m ore extrem e than  recorded in 
this study. F o r exam ple, (1) during daytim e low tides, 
pool surfaces are often calm, thus facilitating tran s­
mission o f solar rad iation , (2) dissolved oxygen m ay be 
low when w aters stagnate  during nighttim e low tides 
(the m inim um  dissolved oxygen sa tu ra tion  observed in 
pool A was 14.6% , personal observation), and (3) 
heavy rainfall w ould reduce salinities in the backreef 
pools. T he synergistic effect o f these variables could be 
considerable (Coles and  Jokiel 1978), bu t bleaching in 
the m oat is typically slight ( < 1 % ,  personal observa­
tion). However, less extrem e increases o f  only a degree 
or two in w ater tem perature  bu t over a prolonged 
period o f  time (several m onths), as occurred th rough­
out the territo ry  in 1994 (G oreau  and Hayes 1995), 
appear to have caused extensive m ortalities am ong 
branching acroporids in the m oat at that time 
(personal observation).

The degree to which the Ofu corals m ight be ge­
netically distinctive com pared  to those on neighboring 
reefs is questionable, because the backreef pools 
are flushed by daily high tides and  because m ost of 
the corals found there are b roadcast spawners ra ther 
than brooders (the m ain exception being Pocillopora 
damicornis). H ow ever, unless all recruits o f these 
species are naturally  able to  to lerate widely fluctuating 
tem peratures upon  settlem ent (i.e., w ithout time for 
acclim ation), na tu ra l selection w ould quickly elim inate 
any recruit unable to to lerate the backreef environ­
ment. Some degree o f  ad ap ta tion  to the m oat envi­
ronm ent seems possible, because m oat waters have a 
high residency period during  low tides, so it is con­
ceivable that som e coral recruitm ent there could be 
self-seeding (e.g., Sam m arco and A ndrew s 1988).

In view' o f  global w arm ing, the fate o f  these shallow- 
w ater corals is uncertain . It is unclear w hether corals 
subjected to such environm ental variability  have higher 
therm al tolerances (C ook et al. 1990; G oreau  and 
M acfarlane 1990; H oeksem a 1991), o r w hether no such 
advantage is conferred (Berkelm ans and Willis 1999) 
and  these corals will be am ong the first to die because 
they are already near their lethal tem perature  limit and 
will not be able to ad just to the rap id  pace o f global 
w arm ing (H oegh-G uldberg  1999). i c
1 ooaffon-o£v \ me r i c aruSamoa-wh-vre the territo ry 's small 
islands are buffered by a vast ocgdn, it m ight be expected 
th a t global w arm ing w ilH have less im pact than  else­
where; however, air teprjoeratures here have risen 
steadily over the pasi-^O  years and  are now 1-2 °C 
warm er th an  during the period  1960-1980 (Craig et al.

2000; N ational Oceanic a n d  A tm ospheric A dm inistra­
tion 2000). This, in tihm , Tnay affect shallow-water 
environm ents either d i r m ly  by increasing water 
tem peratures or indirecMyNw causing climatic uncer­
tain ty  and possibly anAncreasfecLfrequency o f hurricanes 
in the region.
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