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Abstract  Pocillopora damicornis and Porites cylindrica 
fragments were transplanted between sites within a 
backreef moat on Ofu Island, American Samoa, to 
investigate the effects of water motion on resistance of 
corals to high seawater temperatures. Coral transplants 
were obtained from a Source Pool and transplanted into 
two test pools, Test Pool 1 and Test Pool 2, as well as 
back into the Source Pool. All transplants were placed at 
depths of 1.3 – 1.9 m, then removed after 1 year and 
measured to determine skeletal growth. Test Pool 1 had 
the highest daily maximum seawater temperatures, the 
greatest duration of high temperatures, and the greatest 
daily fluctuations of temperatures of the three pools. 
However, survival and growth of the transplants were 
greater in Test Pool 1 than in the other two pools. Mean 
flow speeds were highest in Test Pool 1, especially on 
adjacent reef flats. Test Pool 1 is closer to the reef crest, 
has greater wave heights, and is structurally more 
complex than the other two pools. Recognizing physical 
features that produce strong water motion may be 
important in identifying reef areas and coral populations 
that are resistant to bleaching. 
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Introduction   
   Projected increases in ocean temperatures in the 21st 
century are expected to exacerbate the stressors already 
affecting many coral reefs, resulting in additional coral 
bleaching and mortality (Pockley 2000, Pandolfi et al. 
2003). However, when mass coral bleaching and severe 
mortality occur because of warming events, there is 
some survival of scattered colonies, localized 
communities, and whole reef sections (Loya et al. 2001). 
Factors influencing resistance of corals to high 
temperatures include extrinsic (environmental) factors 
such as strong water currents that reduce the severity of 

thermal stress (Nakamura & van Woesik 2001), and 
intrinsic (physiological) factors such as incorporation of 
heat-resistant zooxanthellae clades (Baker 2004) and the 
production of heat shock proteins (Brown et al. 2002).  
Identifying and protecting habitats and colonies that are 
relatively resistant to high temperatures is critical for 
conserving coral reefs in the face of global warming 
(Coles & Brown 2003, West & Salm 2003).    
   “Resistance” refers to the ability of individual corals to 
resist bleaching or to survive after they have been 
bleached. Extrinsic factors that reduce temperature (e.g., 
upwelling), reduce irradiance (e.g., turbidity), or increase 
water motion (e.g., tidal currents) correlate with 
bleaching resistance (West & Salm 2003). Because 
several such extrinsic factors often co-occur on reefs, it 
is difficult to design field studies that investigate the role 
of individual factors on coral resistance to high 
temperatures. A backreef moat on Ofu Island in 
American Samoa supports a diverse community of reef-
building corals, is separated from oceanic water by a 
continuous reef crest, and has low terrigenous influence 
(i.e., no streams enter the moat). In addition, the area is 
protected within the National Park of American Samoa 
(NPSA), and has low human impacts. Summer water 
temperatures at 1.5 m of depth in the moat are regularly 
32 – 34 °C, with daily fluctuations of up to 6 °C (Craig 
et al. 2001, Smith & Birkeland 2003). The relative 
isolation of the moat from oceanic, terrigenous, and 
human influences compared to most coral communities 
reduces confounding factors, and the frequent 
occurrence of high seawater temperatures provides a 
field site for investigating factors affecting the resistance 
of corals to high temperatures. This experiment was 
designed to field-test the hypothesis that water motion 
reduces the detrimental effects of high seawater 
temperatures on corals.  
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Methods 
   Ofu Island, located in American Samoa (14°S, 170°W), 
is a small volcanic island with a well-developed fringing 
reef. The study area, Ofu Lagoon, is a backreef moat 
extending along most of the island’s 3 km southeastern 
shoreline, and consisting of several interconnected pools 
1-2 m in depth. Most of Ofu Lagoon lies within NPSA’s 
Ofu Unit (Figure 1). A relatively large, deep pool was 
selected as the Source Pool for coral transplants into 
smaller, slightly shallower pools (Test Pools 1 & 2; 
Figure 1). Previous work established that the mean 
summer maximum temperature (MSM, defined as the 
mean sea-surface temperature for the warmest month of 
the year; Podesta & Glynn 2001, Aronson et al. 2002) in 
Test Pool 1 was 29.5 °C, and that the frequency and 
duration of temperatures >3 °C above MSM was greater 
in Test Pool 1 than in the Source Pool (P. Craig, pers. 
comm., Craig et al. 2001). Seawater temperatures were 
monitored to corroborate previous data, and Test Pool 2 
was used to provide an additional comparison site.    
 

Figure 1. American Samoa and Ofu Island, showing the 
three study sites in the backreef moat on Ofu, and coral 
transplant study design (indicated by black arrows).  
 
   Water temperatures at the three sites were measured 
with data loggers (Onset Computer Corp.) with an 
accuracy of 0.25 °C at 30 °C. Loggers were tested before 
and after deployment against a calibrated thermometer to 
ensure accuracy. Temperatures were logged every 30 
minutes in shaded areas beneath coral heads at 1.5 m of 
depth for a one year period beginning in early July 2002.  
   Nubbins of Porites cylindrica and Pocillopora 
damicornis were transplanted from the Source Pool into 
the two Test Pools (experimental transplants) or back 
into the Source Pool (control transplants; Figure 1) for a 
duration of one year starting in early July 2002. Low tide 
mean depth of the source colonies and controls in the 
Source Pool was 1.85 m, and the low tide mean depths 
of the transplanted colonies were 1.40 and 1.45 m in 
Test Pools 1 and 2, respectively. All transplants were 
placed at depths of 1.3 – 1.9 m within 5 m of the 
temperature loggers (Smith & Birkeland 2003). For each 
species, 40 experimental (20 in each test pool) and 20 
control transplants were used, for a total of 60 
transplants per species and 120 transplants overall.  
Nubbins measuring ≈10 cm in length (P. cylindrica) or 

diameter (P. damicornis) were removed with a hammer 
and chisel in the Source Pool, stained with alizarin dye, 
then affixed to the substrate in the pools with marine 
epoxy (Barnes 1970, Birkeland 1976). After one year, 
the surviving transplants were removed, and linear 
extension of coral skeleton was measured from the 
alizarin mark to the nearest 0.1 mm (Kinzie & Sarmiento 
1986, Le Tissier 1988, Harriott 1999).   
   Water motion was evaluated in July 2003 by 
measuring flow speed with surface drogues (Hughes 
2002) through a 50 m x 100 m grid placed in the three 
pools (1-2 m depth) and over adjacent reef flats (<0.5 m 
depth). The grids were centered on the coral transplants 
and temperature loggers in each pool. Coconuts of 
approximately the same size and buoyancy were used as 
drogues, and the same four were used for all 
measurements. Waterlogged coconuts were selected so 
that they would float mostly below the surface and thus 
be less affected by wind. Measurements were taken 
midway between high and low tides when the wind 
speed was less than 10 miles per hour. Mean flow speed 
(cm sec-1) of four simultaneously released drogues was 
measured over 25 m across the grid. Twenty-two 
measurements were taken at each site; 14 in the pools (1-
2 m depth) and 8 on adjacent reef flats (<0.5 m depth; 
Smith & Birkeland 2003).  
   Statistical analyses were performed with Minitab, 
release 13.1. General linear model (GLM) analysis of 
variance was used to test for an effect of transplant site 
on coral growth. Two-way Analysis of Variance 
(ANOVA) was used to test for effects of site and depth 
(and their interaction) on flow speed. 
 
Results 
   Mean daily seawater temperatures during the one-year 
period were similar across sites; 29.1 °C in both Test 
Pools and 29.2 °C in the Source Pool, but Test Pool 1 
recorded both the maximum (35.5 °C) and minimum 
(25.8 °C) temperatures. Maximum daily temperatures 
occurred from January through March, with several 
temperatures of  >34 °C recorded in Test Pool 1. 
Maximum daily temperatures in the other two pools 
reached their highest in March (33.5 °C in the Source 
Pool and 33.6 °C in Test Pool 2), which coincided with 
calm, clear weather and a midday low tide. At this time, 
Test Pool 1 reached 34.2 °C. Mean daily seawater 
temperatures during the summer (Nov-May) ranged 
from 29.8 °C in Test Pool 1 to 30.0 °C in the Source 
Pool. During this period, temperatures ≥31 °C occurred 
more frequently in Test Pool 1 than in the Source Pool or 
Test Pool 2 (Figure 2, top). The duration of temperatures 
≥32 °C was greater in Test Pool 1 than in the other two 
pools (Figure 2, bottom). In Test Pool 1 from November 
2002 through May 2003, temperatures >1, 2, 3, 4, and 5 
°C above the 1999-2001 mean summer maximum 
temperature of 29.5 °C were recorded on 88, 35, 12, 4, 
and 1 occasion(s), respectively.  The maximum duration 
of these high temperature events was 5.5 hours, and the 
mean duration was approximately 3 hours (Smith & 
Birkeland 2003).  
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Figure 2. Frequency (top) and duration (bottom) of high 
daily temperatures in the three pools from November 
2002 to May 2003. 
 
   Temperature fluctuations were greater in Test Pool 1 
than in the other two pools during the summer (Nov-
May). Test Pool 1 had a maximum daily range of 6.3 °C, 
compared to maximum daily ranges in the Source Pool 
and Test Pool 2 of 3.8 °C and 4.4 °C, respectively. 
During this period, daily temperature fluctuations of  >2 
°C occurred more frequently in Test Pool 1 than in the 
other two pools (Figure 3; Smith & Birkeland 2003).  
 

 
Figure 3. Daily range of temperatures in the three pools 
(°C) from November 2002 to May 2003. 
 
   Survival of the coral transplants contrasted sharply 
between the two species. Porites cylindrica survival was 
85 % in the Source Pool (controls), 85 % in Test Pool 1, 
and 95 % in Test Pool 2 (Figure 4, top). In contrast, 
Pocillopora damicornis survival was 15 percent in the 
Source Pool, 25 percent in Test Pool 1, and zero in Test 
Pool 2 (Figure 4, top).   
   P. cylindrica transplant growth was greater in Test 
Pool 1 than in the other two pools, and also greater in the 
Source Pool than in Test Pool 2 (GLM: Site F2,47 = 

116.40, p < 0.001; Tukey post-hoc comparisons, all 
p<0.001). Mean linear extension of the P. cylindrica 
transplants was 14.1 mm yr-1 ± 0.8 (SE) in the Source 
Pool, 21.1 mm yr-1 ± 0.8 in Test Pool 1, and 7.7 mm yr-1 

± 0.4 in Test Pool 2 (Figure 4, bottom). Due to small 
sample sizes, P. damicornis growth data were not 
statistically analyzed. However, Figure 4 shows a clear 
pattern of higher growth rates for this species in Test 
Pool 1. Mean linear extension of the few surviving P. 
damicornis transplants was 8.5 mm yr-1 ± 2.0 in the 
Source Pool, and 22.2 mm yr-1 ± 1.5 in Test Pool 1. 
(Figure 4, bottom; Smith & Birkeland 2003). 

 
Figure 4. Survival and growth (linear extension) of P. 
damicornis and P. cylindrica transplants in the three 
pools (number of surviving transplants out of each group 
of 20 shown on upper graph, which provided the growth 
samples; no P. damicornis survived in Test Pool 2). 
 
   Flow speed results (Table 1) indicate water motion is 
stronger in Test Pool 1 than in the other two pools. Flow 
speed showed significant effects of both site and depth 
(ANOVA: Site F2,60 = 40.92, p < 0.001; Depth F1,60 = 
103.54, p < 0.001; Table 2). An interaction between site 
and depth (ANOVA: F2,60 = 16.57, p < 0.001) reflects 
greater variation in reef flat flow speeds between sites 
than in pool flow speeds between sites (Figure 5).  
   Within the pools (i.e., depth of 1-2 m), flow speed was 
higher in Test Pool 1 than in the Source Pool (p = 0.02), 
but similar between the two Test Pools (p = 0.94). Flow 
speed over reef flats adjacent to Test Pool 1 was greater 
than at the other two sites (p <0.001; Figure 5, Table 2). 
The maximum flow speed recorded in the pools was 
19.4 cm s-1 in Test Pool 1, slightly higher than the 
typical non-storm maximal value of 16 cm s-1 reported 
for coral reef lagoons (Sebens & Done 1992, Sebens et 
al. 1998). The maximum flow speed recorded on the reef 
flats was 45 cm s-1 on the Test Pool 1 reef flat (Smith & 
Birkeland 2003).  
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Table 1. Mean flow speed 
results in cm sec-1. 

 Table 2. Post-hoc comparisons p-values, Tukey corrected, for the 
2-way ANOVA of flow speed by site and depth. 

Site & 
Depth 

N Flow SE  Site & 
Depth 

SP 
1-2 m 

TP1 
1-2 m 

TP2 
1-2 m 

SP 
<0.5 m 

TP1 
<0.5 m 

SP 
1-2 m 

14 9.8 0.7  TP2 
<0.5 m 

<0.001 0.68 0.23 1.00 <0.001 

SP 
<0.5 m 

8 18.9 0.9  TP1 
<0.5 m 

<0.001 <0.001 <0.001 <0.001 * 

TP1 
1-2 m 

14 16.0 0.8  SP 
<0.5 m 

<0.001 0.59 0.18 * * 

TP1 
<0.5 m 

8 34.3 2.9  TP2 
1-2 m 

0.03 0.94 * * * 

TP2 
1-2 m 

14 14.6 0.8  TP1 
1-2 m 

0.02 * * * * 

TP2 
<0.5 m 

8 18.6 1.6        

Site and Depth key: “SP” = Source Pool, “TP1” = Test Pool 1, “TP2” = Test Pool 2, “1-2 m” = depth of 
pools, “<0.5 m” = depth of reef flats adjacent to pools 

 

 
Figure 5. Flow speed by site (both depths combined; top) 
and depth (pool = 1-2 m, reef flat = <0.5 m; bottom). 
 
Discussion 
   The results of this study indicate that strong water 
motion can increase coral survival and growth despite 
high and potentially harmful seawater temperatures. 
Coral bleaching thresholds are generally defined as 
temperatures 1-2 °C above MSM continuously for 2-4 
weeks (Aronson et al. 2002, Jokiel 2004). Summer 
temperatures in Test Pool 1 were often >3 °C above 
MSM, but never for longer than 5.5 hours (Figure 2), 
falling far short of bleaching thresholds. However, short-
term temperature elevations can cause sublethal stress, 
affecting photosynthesis (Warner et al. 1996) and growth 
(Howe & Marshall 2002), and can induce production of 
heat shock proteins (Fang et al. 1997). For example, 
temperatures >2 °C above MSM lasting for only 20 
minutes decreased photosynthesis in Acropora grandis 
(Carrington et al. 2004).  

   Flow speed and growth rate are positively correlated 
for P. damicornis (Jokiel 1978) and Porites compressa 
(Kuffner 2002), a branching Porites species 
morphologically similar to P. cylindrica. High flow 
speeds have been shown to reduce the detrimental 
effects of high seawater temperatures and high irradiance 
on corals in laboratory experiments (Nakamura & van 
Woesik 2001). Despite higher seawater temperatures in 
Test Pool 1, stronger water motion apparently provided 
better growth conditions for both coral species than in 
the other two pools. 
   Water motion in the pools is influenced by their 
contrasting physical characteristics: Test Pool 1 is about 
half the distance to the reef crest as the other two pools, 
thus breaking waves have less distance to dissipate 
before reaching the pool. Wave height is about twice as 
high in Test Pool 1 as in the other two pools during 
similar wind, swell, and tidal conditions. In addition, 
Test Pool 1 is composed of a series of interconnected 
channels and small depressions, and is interspersed with 
sections of shallow reef flat. The transplants in Test Pool 
1 were only 1-5 m from such reef flat areas, thus high 
flow speeds from these areas likely affected the 
transplants. The Source Pool and Test Pool 2 are less 
complex, each consisting mostly of a single large, 
continuous expanse of water >1 meter in depth, and 
transplants there were 35-80 m from reef flats. 
   The results of this field study support the hypothesis 
that water motion reduces the detrimental effects of high 
seawater temperatures on corals. Recognizing physical 
features that produce strong water motion may be 
important in identifying reef areas and coral populations 
that are resistant to bleaching. Such areas and 
populations could contribute to a conservation strategy 
to counter the effects of global warming (West & Salm 
2003).  
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