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ABSTRACT 

 

Reciprocal transplant experiments of the corals Pocillopora eydouxi and Porites lobata were carried 

out between two back reef pools to test effects of extrinsic versus intrinsic factors on skeletal growth 

rates. Pool 300 is relatively small and near the reef crest, resulting in greater environmental 

fluctuations than in Pool 400. Extrinsic factors include physical (temperature, irradiance, flow, etc.) 

and biological (competition, predation and disease) variables. Intrinsic factors include genetics of 

symbionts and host corals, as well as shape and size of coral colonies. During the experiment, data 

were collected on physical variables at the two transplant sites, and zooxanthella genotypes of 

transplant source colonies were tested at the beginning and end of the experiment. The experimental 

design controlled for effects of competition, predation, disease, transplant size, and transplant shape. 

For P. eydouxi, skeletal growth was affected by extrinsic but not intrinsic factors, resulting in higher 

growth in Pool 300 than Pool 400. There was no effect of extrinsic or intrinsic factors on skeletal 
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growth of P. lobata. Pool 300 had more frequent and longer durations of seawater temperatures above 

the local summer mean (29.4 °C) than Pool 400, characteristics likely to decrease rather than increase 

skeletal growth. Pool 300 also had higher nutrient levels and flow velocities than Pool 400, 

characteristics that may increase skeletal growth. However, nutrient levels at both transplant sites were 

very low, and the difference between the sites not likely to have affected skeletal growth rates. In 

contrast, the higher flow velocities in Pool 300 than in Pool 400 were within the range of those likely 

to increase skeletal growth of P. eydouxi. The greater skeletal growth of P. eydouxi in Pool 300 

occurred despite the presence of Clade D zooxanthellae in several source colonies in Pool 300, a clade 

known to result in greater heat resistance but slower skeletal growth in other reef-building corals. 

 

 



INTRODUCTION 

 

Skeletal growth in reef-building scleractinian corals occurs by the formation and precipitation of 

aragonite (Barnes 1970), a process greatly enhanced by symbiotic dinoflagellates (Symbiodinium spp.) 

known as zooxanthellae that provide up to 95 percent of the corals’ carbon requirements for growth, 

reproduction, and maintenance (Muscatine 1990). Annual skeletal growth rates, measured as linear 

extension, usually range from a few millimeters for massive species to several centimeters or more for 

branching species (reviewed in (Buddemeier & Kinzie 1976, Harriott 1999). Intraspecific variability in 

skeletal growth rates may result from variability in environmental (extrinsic) factors: physical 

environmental factors include seawater temperature (Jokiel & Coles 1977), light (Roth et al. 1982), 

water motion (Jokiel 1978), nutrients (Tomascik & Sander 1985), and sediment (Dodge 1982), which 

vary greatly by latitude, season, depth, weather, climate, and proximity to land (Grigg 1982, Harriott 

1999, Lough & Barnes 2000). Biological environmental factors include competition (Tanner 1997), 

predation (Miller & Hay 1998) and disease (Yamashiro et al. 2000). In addition, intraspecific 

variability in skeletal growth rates may result from variability in intrinsic factors, such as colony size 

(Yap et al. 1998), colony shape (Rinkevich 2000), acclimatization mechanisms (Coles & Brown 2003), 

symbiont genetics (Little et al. 2004) or host genetics (Potts 1984). 

 

Variance of a phenotypic character such as skeletal growth can be partitioned into extrinsic variance, 

intrinsic variance, and their interaction (DeWitt & Scheiner 2004). Reciprocal transplant experiments 

(RTEs) are used to distinguish between extrinsic and intrinsic variance of phenotypic responses of 

sample groups within and among sites. Extrinsic variance encompasses a genotype’s morphological, 

physiological, and behavioral responses to the physical and biological environment, and is also known 



as phenotypic plasticity (DeWitt & Scheiner 2004). If effects of colony size and shape are controlled 

for, intrinsic variance most likely reflects symbiont or host genetic differentiation. Reaction norms 

represent RTE results by illustrating mean phenotypic response within and among study sites, 

providing insight into extrinsic vs. intrinsic variance on phenotypic expression (Stearns 1989, Schluter 

2000, Doughty & Resnick 2004).  

 

Few studies have tested extrinsic vs. intrinsic variance of coral skeletal growth rates. A 3-year RTE of 

Acropora palifera showed extrinsic variance of skeletal growth rates of populations from different 

habitats (Potts 1984). A 13-month RTE of Porites attenuata in similar habitats but with contrasting 

human activities resulted in extrinsic variance of growth rates that was attributed to influence of human 

activities, and intrinsic variance that was attributed to genetic differentiation (Raymundo 2001). A 3-

month common garden experiment of the spawning species Madracis mirabilis in contrasting habitat 

types found no extrinsic or intrinsic variance in skeletal growth rates (Bruno & Edmunds 1997). These 

studies did not consider potential effects of source colony zooxanthella genotype on skeletal growth 

results. Zooxanthella genotypes are divided into at least seven clades, each containing multiple sub-

clades (LaJeunesse 2001, Baker 2003), and the dominant genotype in host tissues may affect skeletal 

growth rate (Little et al. 2004). 

 

A series of shallow (1 – 2 m) back reef pools on the fringing reef of Ofu Island, American Samoa, 

support 50 – 80 species per pool of reef-building corals that tolerate elevated seawater temperatures 

(Craig et al. 2001). The smallest pool (Pool 300, Figure 1) is exposed to greater fluctuations of 

environmental conditions, such as higher seawater temperatures and lower salinity, than are the other 

pools (Smith & Birkeland 2003). However, coral species diversity is similar in the pools (Craig et al. 



2001), and coral skeletal growth rates are higher in Pool 300 than the other pools for some species 

(Smith 2004). An RTE that included several coral species and zooxanthellae testing was carried out in 

2004 – 2006 between Pool 300 and the larger and more environmentally stable Pool 400 (Figure 1) to 

test null (H0) and alternative (Ha) hypotheses: 

 

H0: There is no extrinsic or intrinsic variance of skeletal growth rates between the two pools. 

 

Ha1: Host phenotypic plasticity of coral populations between the two pools results in extrinsic 

variance of skeletal growth rates. 

 

Ha2: Genetic differentiation of host or symbiont populations between the two pools results in 

intrinsic variance of skeletal growth rates; 

 

The purpose of these hypotheses is to test the questions: Do corals grow well in the fluctuating 

conditions of Pool 300 because these populations have sufficient plasticity to cope with a range of 

environmental conditions, or have Pool 300 corals or zooxanthellae undergone environmental selection 

or some other process resulting in genetic differentiation? This is the first study of reef-building corals 

to distinguish extrinsic vs. intrinsic variance on skeletal growth rates while accounting for 

zooxanthellae genotype. 

 

METHODS 

 

Study Site, Species Selection, and Experimental Design 



 

The study site is the southeast-facing fringing reef on Ofu Island (14° S) within the National Park of 

American Samoa. Pools A and B are approximately 1 km apart (Figure 1), and separated from one 

another by reef flat and rubble < 0.5 m mean low tide depth. Pool 300 is much smaller and slightly 

shallower (0.1 ha, 1.25 m mean low tide depth) than Pool 400 (1.5 ha, 1.5 m mean low tide depth. 

Seawater temperatures at 1 m low tide depth (shaded, ≈ 10 cm above substrate) have been continuously 

recorded every 30 minutes since 1999 in the pools. The local long-term mean summer temperature is a 

useful baseline for estimating bleaching thresholds (Jokiel 2004). Based on the 1999-2006 temperature 

data, mean summer (Nov – Mar) temperature in the back reef area was 29.4 °C. No streams enter the 

back reef and turbidity is usually low, resulting in high irradiance levels during sunny weather, though 

turbidity sporadically increases following storms. The reef is exposed to prevailing southeast trade 

winds much of the year, as well as storm swells generated in the Southern Ocean during the austral 

winter, frequently resulting in water velocities > 30 cm s-1 in the back reef area (Craig et al. 2001, 

Smith & Birkeland 2003, Smith 2004).  

 

Pocillopora damicornis (a hermaphroditic brooder), Pocillopora eydouxi (a hermaphroditic spawner), 

Porites cylindrica (a gonochoric spawner), and Acropora gemmifera (a hermaphroditic spawner) were 

selected for the reciprocal transplant experiment because they are dominant or common in both pools, 

they represent a range of life histories, and transplants can be easily obtained by breaking off branches. 

Because of the ecological importance of massive Porites species in the back reef, and its prevalence in 

Pool 400, this taxon was included in the experiment. However, at least five massive Porites species 

occur in the back reef; P. lobata, P. lutea, P. australiensis, P. mayeri and P. solida, and skeletal 

growth characteristics vary by species (Lough et al. 1999). P. lobata (a gonochoric spawner) was 



selected for this experiment, and source colonies were identified by corallite skeletal characteristics 

(Veron 2000) 

 

Each of the five selected species was reciprocally transplanted between Pool 300 and Pool 400. The 

RTE design utilized four replicate groups per species that were transplanted within and between the 

two sites: From Pool 300 to Pool 300 (Native 1, N1), from Pool 300 to Pool 400 (Translocated 1, T1), 

from Pool 400 to Pool 400 (Native 2, N2), and from Pool 400 to Pool 300 (Translocated 2, T2). The 

native groups quantified phenotypic responses within the source population environments, and the 

translocated groups quantified phenotypic responses within the transplant site environments. Mean 

phenotypic responses of the four RTE groups for each species were compared to test extrinsic vs. 

intrinsic variance on the responses, and reaction norms were used to represent this relationship 

(Schluter 2000, Trussell 2000, DeWitt & Scheiner 2004). That is, effects of transplant site on 

phenotypic response were interpreted as extrinsic variance, and effects of source population on 

phenotypic response were interpreted as intrinsic variance. 

 

Coral Transplantation and Skeletal Growth Measurement 

 

For the four species besides P. lobata, 14 source colonies (seven per pool) were selected to each 

provide two 5 cm-long branches for transplanting; one for the native site, and one for the translocation 

site. Thus each of the four RTE groups per species contained seven branches, giving a total of 28 

transplants apiece for these four species. For P. lobata, because of limited colony numbers in Pool 300, 

and difficulty distinguishing between massive Porites species, only six colonies (three per pool) could 

be positively identified that met criteria. Using a pneumatic drill, 12 35 mm diameter cores were 



removed from each of the six source colonies; six cores for the native site, and six cores for the other 

site, thus providing 12 cores in each of the four RTE groups. More transplants were used for P. lobata 

than the other species to test source colonies effect. All transplants were placed near the seaward edges 

of the pools. 

 

To minimize confounding factors associated with variability in source colony characteristics, 

transplant size, transplant shape, handling stress, micro-environmental conditions, competition, 

predation, and disease, the following procedure was used to select, place, and monitor all transplants: 

(1) Source colonies for all five species were > 10 m from one another to reduce the likelihood of 

selecting clones; (2) the tops of all source colonies were 0.75 – 1.25 m low tide depth, and transplant 

branches or cores were removed from the center portion of the top of the source colonies; (3) 

transplants of each species were approximately the same length, weight, and shape; (4) transplants 

were handled and transported in the same manner; (5) transplant branches or cores were removed from 

source colonies in the morning and transplanted in the late afternoon; (6) within each pool, individual 

transplant attachment sites were prepared by wire-brushing horizontal dead coral substrate at 1.0 m 

low tide depth; (7) the two groups per species to be transplanted within each pool (the N and T groups) 

were mixed, then each transplant was randomly assigned an individual attachment site; (8) transplants 

were attached with Z-spar marine epoxy no less than 25 cm apart; (9) All transplants were surveyed for 

survival in September 2004, May 2005, and February 2006. Transplant survival was defined as living 

coral tissue completely covering the colony surface. Transplants with bleaching, overgrowth, or other 

tissue death were considered mortalities and removed from the experiment because of potential effects 

on skeletal growth results; and (10) all transplants were monitored daily for two-week periods in 

September 2004, May 2005, and February 2006 to check for signs of competition, predation or disease.  



 

Skeletal growth rates of the transplants were determined with the buoyant weight technique to measure 

percentage increase in skeletal mass (Jokiel et al. 1978), and the alizarin dye technique to measure 

upward linear extension (Barnes 1970). Transplants were removed from source colonies early in the 

morning, placed in plastic bags of dissolved alizarin anchored to the back reef substrate, left for six 

hours, transferred to a nearby weighing station, weighed using the buoyant weight method, and finally 

transplanted near the end of the day. For each species, all transplants were removed from source 

colonies, stained, weighed and transplanted within 48 hours in early September 2004. In early March 

2006, surviving transplants were removed without fracturing the skeleton, cleaned by removing epoxy 

and encrusting organisms by hand and by removing tissue with bleach, weighed using the buoyant 

weight method, sliced with a band saw, sanded to reveal the alizarin mark, and a single measurement 

taken with calipers on the upper central portion of each sliced transplant to determine upward linear 

extension. Buoyant weight results were used to calculate increase in skeletal mass, and normalized to 

initial size with the equation: % mass increase = ([final weight – initial weight]/initial weight)*100. 

 

Environmental Data Collection and Statistical Analyses 

 

Physical data were collected between September 2004 and April 2006 on seawater temperature, 

photosynthetically active radiation (PAR), water flow, turbidity, salinity, and dissolved oxygen from 

the two transplant sites (Table 3). In addition, water samples were collected for laboratory analysis of 

dissolved nutrients (Table 4). Shaded seawater temperatures were recorded simultaneously at the two 

sites for the duration of the 18-month experiment. The loggers were tested indoors against one another 

and a calibrated thermometer, deployed for six months, then retrieved and tested again. Loggers 



always read < 0.1°C of one another and the calibrated thermometer. Turbidity, salinity, and dissolved 

oxygen were recorded simultaneously at the two sites during a 10-day period near the beginning of the 

experiment. Seawater temperatures, turbidity, salinity and dissolved oxygen were recorded every 30 

minutes at 1 m low tide depth approximately 10 cm above the substrate. PAR data were collected from 

the two sites during clear weather on January 20th and 21st, 2005, between 11:00 a.m. and 1:00 p.m. on 

the upper surfaces of coral colonies at approximately 1 m depth at low tide.  

 

Water flow was measured at a central point within each transplant area in both pools during two 3-day 

periods of contrasting conditions: A calm period resulting from small surf breaking on the reef crest 

(average height of breaking wave faces 0.5 – 1.5 m), and a rough period resulting from large surf (2 – 

3 m). During both periods, SE trade winds varied from 10 – 20 knots. Flow velocity was measured 

during the calm period with fluoresceine dye, and during the rough period with two mechanical flow 

meters. Sampling was stratified into three sampling periods per day corresponding with maximum 

flood, high tide, and maximum ebb tides. During the calm period, a two-person team sampled flow 

velocity by injecting dye at one end of a 1-m measuring rod positioned horizontally 10 cm above the 

substrate and timing the movement of the dye along the rod. During each sampling period, 10 

measurements were made in each pool in < 10 minutes, and both pools were sampled within 30 

minutes of one another. During the rough period, the flow meters were anchored 10 cm above the 

substrate, and rotation counter readings were taken at the beginning and end of six 10-minute periods 

during each of the three sampling periods per day.   

 

Nutrient samples were collected simultaneously in the two pools every 4 hours from the water column 

and substrate for a 48-hour period. From each sample, 140 ml was drawn through a GF/F filter (0.7 µm 



pore size), 90 ml used to twice wash a new, plastic bottle, then the final 50 ml was stored in the bottle 

and frozen for shipment to the laboratory for analysis. Each sample was analyzed for concentrations of 

ammonium (NH4), nitrate/nitrite (NOx), and phosphate (PO4). 

 

Statistical analyses were performed with Minitab 14. A 2-way analysis of variance (ANOVA) was 

used to test effects of source population vs. transplant site on skeletal growth of species other than P. 

lobata, and a 3-way ANOVA was used to test effects of source population, source colony, and 

transplant site on skeletal growth of P. lobata. All data were assessed for normality and homogeneity 

of variances prior to testing. 

 

Data on biological environmental factors (competition, predation and disease) were collected during 

monitoring surveys in September 2004, May 2005, and February 2006. Each surviving transplant was 

inspected during the surveys for signs of competition (crowding against other transplants or colonies), 

predation (bite marks), and disease (bleaching, necrosis, tumors). 

 

Zooxanthella Sampling 

 

To infer spatial and temporal variability in symbiont genotypes of the transplants, zooxanthella types 

of source colonies were determined at the beginning and end of the RTE. Transplants could not be 

sampled because removal of skeletal material would affect skeletal growth results. Zooxanthella 

samples were taken using a 13 mm punch from the top of each source colony in September 2004 and 

March 2006, respectively. Samples were preserved in 95% ethanol, and total DNA extracted using 

established methods (Baker et al. 1997). Symbiont DNA was amplified using partial large subunit 



ribosomal DNA (LSU rDNA) primers 24D15F4 and 24D23R1, and the resultant products identified 

and assigned to clade and sub-clade with restriction fragment length polymorphism (RFLP) analysis 

using enzymes TaqI and Hhal (Rowan & Powers 1991, LaJeunesse 2001). In addition, denaturing-

gradient gel electrophoresis (DGGE) was used for a finer-scale genotype analysis to search for spatial 

and temporal differences not detected by RFLP.  

 

RESULTS 

 

Survival and Skeletal Growth 

 

Only P. eydouxi and P. lobata had adequate survival in all four RTE groups (Table 1a). P. cylindrica 

and A. gemmifera had inadequate survival in one or more of the four RTE groups. P. damicornis had 

asymmetric predation among its RTE groups in September 2004, and was removed from the 

experiment. Though all P. lobata groups had < 100 percent survival, transplants from each source 

colony survived in each group.  

 

P. eydouxi grew more in Pool 300 than in Pool 400, whereas growth of P. lobata was similar between 

the pools (Tables 1b, 1c). For P. eydouxi, skeletal mass was affected by transplant site (2-way 

ANOVA: F1,23 = 10.30, p = 0.004, Table 2a), but not by source population (F1,23 = 0.61, p = 0.444, 

Table 2a). Likewise, P. eydouxi linear extension was affected by transplant site (F1,23 = 57.32, p < 

0.001, Table 2a), but not by source population (F1,23 = 0.35, p = 0.539, Table 2a). In contrast, neither 

skeletal mass nor linear extension of P. lobata was affected by transplant site, source population, or 

source colony (Table 2b). There were no significant interactions between transplant site and source 



population for either species. For each species, the overall results of the two skeletal growth 

measurement methods were consistent with one another (Tables 2a, 2b). 

 

P. eydouxi showed extrinsic variance (effect of transplant site) but not intrinsic variance (effect of 

source population) of skeletal growth rate, while P. lobata showed no variance. That is, P. eydouxi 

showed phenotypic plasticity for skeletal growth rate between the two sites. These results are 

illustrated by the reaction norms for the buoyant weight results; the gray arrows of P. eydouxi 

statistically vary between pools but not from one another, while the white arrows of P. lobata do not 

vary between pools or from one another (Figure 2). Thus, variability in extrinsic factors between Pools 

A and B affected skeletal growth of P. eydouxi. 

 

Extrinsic Factors 

 

Extrinsic factors include physical and biological environmental factors. For physical environmental 

factors, mean values at the two transplant sites were within measurement error of one another, except 

for flow velocity during rough conditions (Table 3). During the two summer periods of the experiment 

(11/04 – 3/05, 11/05 – 2/06), maximum daily temperatures in Pool 300 exceeded the mean summer 

temperature (29.4 °C) more often and for longer durations than in Pool 400. Temperatures > 3 °C 

above mean summer temperature were recorded once in Pool 400 and several times in Pool 300, 

though durations were always < 2 hours (Figure 3). Flow velocities were similar between the two pools 

during calm conditions, but nearly twice as high in Pool 300 than Pool 400 during rough conditions 

(Table 3). During both conditions, mean velocity was always higher in Pool 300 than Pool 400, though 

the difference was much greater during rough than calm condition (Figure 4). Water column and 



substrate nutrients were greater in Pool 300 than in Pool 400, except for substrate phosphate (PO4), 

which was the same in the two pools (Table 4). For all environmental factors (physical factors and 

nutrients), daily fluctuations were higher in Pool 300 than in Pool 400 (Tables 3,4). In summary, the 

available data suggest that Pool 300 is a more fluctuating environment than Pool 400, and that Pool 

300 has higher summer seawater temperatures, higher flow velocities during rough conditions, and 

higher nutrients than Pool 400.  

 

Signs of fish predation (branches bitten off) on all P. damicornis transplants in Pool 400 were observed 

during the transplant monitoring survey in September 2004. No signs of predation were found on P. 

damicornis transplants in Pool 300, thus all transplants of this species were removed from the 

experiment because of asymmetric predation on the RTE groups that may have affected skeletal 

growth results. No signs of competition, predation or disease were observed on any of the surviving 

transplants of the remaining four species in 2004, 2005 or 2006, though survival was inadequate for P. 

cylindrica and A. gemmifera (Table 1a). Thus, biological environmental factors do not appear to have 

affected the results for P. eydouxi and P. lobata. 

 

Intrinsic Factors 

 

Intrinsic factors do not appear to have affected the transplants: Source population had no effect on 

skeletal growth for either species (Table 2, Figure 2). However, zooxanthella genotype showed both 

spatial and temporal variability for P. eydouxi (but not for P. lobata). Genotypes of P. eydouxi source 

colonies varied between the pools, with a mix of Clades C and D in Pool 300, but only Clade C in Pool 

400. In Pool 300, Source Colonies 1, 3, 5, and 6 had different genotypes at the end than at the 



beginning of the RTE, while there was no change for Pool 400 genotypes. P. lobata source colonies in 

both pools all Clade C zooxanthellae at the beginning and end of the RTE (Tables 5a, 5b). Though 

Clade D is known to reduce skeletal growth of some reef-building corals (Little et al. 2004), the lack of 

effect of source population on skeletal growth indicates zooxanthella genotype did not affect the 

outcome of the P. eydouxi RTE (Table 2). 

 

DISCUSSION 

 

The P. eydouxi results support the first alternative hypothesis (Ha1: Host phenotypic plasticity resulted 

in variation of skeletal growth rates between the pools in response to extrinsic factors), and the P. 

lobata results support the null hypothesis (H0: No extrinsic or intrinsic variance of skeletal growth rate 

between the pools). Phenotypic plasticity is expected if dispersal enables a population to occupy a 

diversity of habitats, because the optimal value of physiological or morphological traits differs between 

environments but gene flow prevents genetic differentiation (Warner 1996, Schluter 2000). Such 

phenotypic plasticity for skeletal growth rate was demonstrated in a 3-year RTE of the coral Acropora 

palifera between outer reef flat and lagoon habitats. Transplant site had a pronounced effect, resulting 

in higher growth rates of groups transplanted to the outer reef flat than groups transplanted to the 

lagoon, regardless of where the transplants originated. Source population also affected skeletal growth 

rates, which was attributed to host genetic differentiation (Potts 1984). The potential effect of 

zooxanthella genotype on the observed variance of skeletal growth rates was not addressed. 

 

The spatial (LaJeunesse et al. 2004) and temporal (Baker et al. 2004) variability of zooxanthella 

genotype, and dependence of coral skeletal growth rates on zooxanthella type (Little et al. 2004), poses 



a potential confounding factor for coral RTEs. The occurrence of Clade D zooxanthellae in Pool 300 

but not Pool 400 source colonies of P. eydouxi is consistent with previous findings that Clade D is 

more common in shallow habitats with elevated seawater temperatures (Fabricius et al. 2004, van 

Oppen et al. 2005). Clade D increases heat tolerance but decreases skeletal growth in juvenile corals, 

compared to Clade C (Little et al. 2004). However, despite the differences in zooxanthella genotype 

between source colonies in the two pools (Tables 5a,b), source population had no effect on skeletal 

growth rates (Table 2b), indicating the greater importance of extrinsic factors than zooxanthella 

genotype on skeletal growth in this experiment. 

 

Physical environmental factors most likely to affect skeletal growth are PAR, seawater temperature, 

nutrients and flow (Buddemeier & Kinzie 1976, Jokiel 1978, Lough & Barnes 2000). There were no 

differences in transplant depth or PAR at the two sites (Table 3), thus the observed higher skeletal 

growth of P. eydouxi in Pool 300 than in Pool 400 was likely due to one or more of the other three 

factors. The higher daily maximum seawater temperatures (Figure 3) in Pool 300 than in Pool 400 

would be expected to have no effect because of their short duration, or to reduce skeletal growth 

because temperatures were several degrees above mean summer maximum (Jokiel 2004).  

 

Nutrient levels were higher in Pool 300 than in Pool 400 (Table 4), and increased nutrients may result 

in higher skeletal growth of reef-building corals (Atkinson et al. 1995). However, though higher than 

in Pool 400, the nitrogen concentrations measured in Pool 300 were very low, even compared to other 

undisturbed back reef waters. For example, ambient mean nitrogen concentration (dissolved inorganic 

nitrogen, DIN = NH4 + NOx) in a Great Barrier Reef back reef lagoon was 3.59 µmol l-1, respectively, 

more than three-fold higher than in Pool 300. Ambient mean phosphorus (PO4) concentration at the 



GBR site was similar (0.20 µmol l-1) to both pools (Table 4). Furthermore, when mean nitrogen (DIN) 

and phosphorus concentrations were experimentally increased at the GBR site to 14.39 and 2.34 µmol 

l-1, respectively, for 465 days, there was no effect on skeletal growth of four reef-building coral 

species, including Pocillopora damicornis (Koop et al. 2001). These experimental nutrient levels were 

> ten-fold higher than in Pool 300, yet there was no effect on skeletal growth, thus it is unlikely that 

the slightly higher nutrient levels in Pool 300 than in Pool 400 (Table 4) contributed to the growth 

results (Table 2, Figure 2). 

 

Velocity of water flow was higher in Pool 300 than Pool 400 during all 18 sampling periods, especially 

during rough conditions (Figure 4). Flow reduces UV damage (Kuffner 2002) and photoinhibition 

(Nakamura et al. 2005) from high irradiance levels, even if flow is intermittent (Smith & Birkeland In 

Press), as in these back reef pools. In a study of Pocillopora meandrina, a morphologically and 

ecologically similar species to P. eydouxi, skeletal growth of P. meandrina was higher in the high flow 

treatment (estimated at 20 – 40 cm s-1) than the moderate (≈ 15 – 30 cm s-1) or low (≈ 5 – 10 cm s-1) 

flow treatments. It was concluded that optimal water velocity for P. meandrina skeletal growth was 

greater than the high flow treatment (Jokiel 1978). The higher mean flow velocities during rough 

conditions in Pool 300 (39.8 cm s-1) than in Pool 400 (21.0 cm s-1; Table 3) would likely benefit P. 

eydouxi skeletal growth in Pool 300. Because of tidal flow, southeast tradewinds, frequent storms, and 

south oceanic swell, rough conditions are the norm in the back reef pools (Smith & Birkeland 2003, 

Smith & Birkeland In Press). 

 

In this study, mean upward linear extension rates of P. eydouxi were 14.3 – 24.9 mm yr-1 (Table 1c). 

These growth rates are lower than reported from elsewhere in the Pacific (30.8 mm yr-1, 3 – 5 m depth, 



Costa Rica, (Jimenez & Cortes 2003); 33.5 mm yr-1, 6 – 10 m depth, Hawai’i; 50.4 mm yr-1, 4 – 8 m 

depth, Johnston Atoll, (Jokiel & Tyler 1992). Likewise, mean upward extension rates of P. lobata were 

9.1 – 10.0 mm yr-1 (Table 1c), less than for P. lobata collected from approximately the same latitude 

(14°S) on the Great Barrier Reef (14 mm yr-1) (Lough et al. 1999). All transplants were placed at 1 m 

depth in the pools, where PAR exceeds 2,000 µmol m-2 s-1 during midday low tides (Table 3). High 

irradiance levels may inhibit skeletal growth because of ultraviolet radiation (UV) damage (Jokiel & 

York 1982) and photoinhibition (Hoogenboom et al. 2006).  

 

P. lobata showed no variance in skeletal growth rate between the pools (Table 2b), or any zooxanthella 

genotype differences. As a broadcast spawner (Richmond & Hunter 1990), intrinsic variance from host 

or symbiont genetic differentiation was not expected between the two pools because of their proximity 

(Figure 1). A two-year experiment of P. lobata transplanted to 25 stations showed a positive 

correlation of skeletal growth rate and flow, with maximum growth at stations with mean velocities of 

> 20 cm s-1 (Maragos 1972). Thus, phenotypic plasticity of skeletal growth rate was expected for P. 

lobata in this RTE similar to that observed for P. eydouxi. However, P. lobata survival was low, 

especially in the RTE groups in Pool 300 (Table 1a), resulting in low sample sizes. Thus, two possible 

explanations for P. lobata results are: 1) the low sample sizes and growth rates reduced statistical 

power below that necessary to detect variance of skeletal growth rates between the pools; or 2) the 

environments of the pools are not different enough to produce variance in skeletal growth rates of this 

species.   

 

In American Samoa, P. eydouxi is common in most reef habitats, and is frequently one of the dominant 

corals in shallow (< 5 m), high-energy forereefs (Fisk & Birkeland 2002), as elsewhere in the South 



Pacific (Mumby et al. 2001). In the Ofu back reef area, the distribution of P. eydouxi appears to be 

strongly influenced by water motion, as it is much more common on the exposed, high energy seaward 

edge of the reef flat and the pools than the protected, low energy landward edge. In addition, P. 

eydouxi is about twice as abundant in Pool 300 than in Pool 400 (Craig et al. 2001). Therefore, the 

distribution of P. eydouxi in the Ofu back reef relative to water motion, the higher flows in Pool 300 

than Pool 400, and the very low nutrient levels in both pools, all suggest that the observed phenotypic 

plasticity for skeletal growth of P. eydouxi resulted from the higher flows in Pool 300. 
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Table 1a. Reciprocal transplant experiment survival results. 
 

Pool 300 Pool 400                     Site/Group 
Species N1 T2 N2 T1 
Pocillopora eydouxi 7/7 7/7 6/7 7/7 
Porites cylindrica 7/7 7/7 0/7 0/7 
Acropora gemmifera 2/7 5/7 7/7 7/7 
Porites lobata 5/12 6/12 7/12 10/12 
Pocillopora damicornis* 0/7 0/7 0/7 0/7 
*All transplants removed in September 2004 because of asymmetric predation. 
 
 
Table 1b. Reciprocal transplant experiment buoyant weight results. 
 

Initial Weight (g) Final Weight (g) Mass Increase (%)  
Species 

 
Site 

 
Group 

 
N Mean Range SE Mean Range SE Mean Range SE 

N1 7 21.6 18.0-23.9 1.0 207.5 133.9-330.0 28.9 865 421-1,521 145 300 
T2 7 25.9 21.7-31.7 1.3 206.1 94.4-361.9 37.3 675 335-1,041 110 
N2 6 23.3 19.5-25.8 1.0 131.0 86.8-185.0 14.8 459 302-617 50 

P. eydouxi 

400 
T1 7 22.3 19.8-25.3 0.7 117.1 77.6-195.6 16.2 428 246-814 76 
N1 5 25.0 22.8-26.4 0.6 112.2 82.2-139.5 10.5 346 228-428 35 300 
T2 6 26.2 22.9-31.2 1.4 127.1 80.9-199.7 16.6 385 253-680 62 
N2 7 24.5 19.5-30.0 1.3 131.3 100.0-158.4 7.9 437 361-541 25 

P. lobata 

400 
T1 10 23.9 20.8-27.0 0.6 118.9 99.7-146.3 5.8 403 289-545 32 

 
 
Table 1c. Reciprocal transplant experiment linear extension results (upward skeletal growth). Annual rate was estimated by 
dividing the 18-month mean linear extension results by ⅔. 
 

Linear Extension (mm)  
Species 

 
Site 

 
Group 

 
N Mean Range SE 

Annual Rate 
(mm) 

N1 7 36.6 31.2-47.0 2.4 24.2 300 
T2 7 37.8 25.3-44.9 2.4 24.9 
N2 6 23.0 18.9-26.0 1.1 15.2 

P. eydouxi 

400 
T1 7 21.7 16.2-30.3 1.7 14.3 
N1 5 13.6 9.8-17.7 1.3 9.1 300 
T2 6 15.0 12.7-19.5 1.0 10.0 
N2 7 15.4 12.5-18.2 0.8 10.3 

P. lobata 
 

400 
T1 10 14.1 10.5-20.8 1.1 9.5 

 



Table 2a. Two-way ANOVA (transplant site and source population) for P. eydouxi skeletal growth, measured by mass 
increase (Mss Inc, %) and linear extension (Lin Ext, mm). 
 

MS F p  
P. eydouxi 

 
Df Mss Inc Lin Ext Mss Inc Lin Ext Mss Inc Lin Ext 

Transplant Site 1 714533 1470.29 10.30 57.32 0.004 <0.001 
Source Population 1 42122 10.05 0.61 0.35 0.444 0.539 
Site x Population 1 82455 0.02 1.19 0.00 0.287 0.979 
Error 23 69365 25.65     
 
 
Table 2b. Three-way ANOVA (transplant site, source population, and source colony) for P. lobata skeletal growth, 
measured by mass increase (Mss Inc, %) and linear extension (Lin Ext, mm). 
 

MS F p  
P. lobata 

 
Df Mss Inc Lin Ext Mss Inc Lin Ext Mss Inc Lin Ext 

Transplant Site 1 19148 1.896 1.64 0.22 0.214 0.643 
Source Population 1 9428 11.266 0.81 1.32 0.379 0.264 
Source Colony 2 2234 2.286 0.19 0.27 0.827 0.768 
Site x Population 1 132 0.009 0.01 0.00 0.916 0.974 
Error 22 11672 8.564     



Table 3. Physical data collection and results. 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Instruments Used: 
1. Seawater Temperature:  Onset Water Temp Pro® temperature loggers. 
2. PAR: Light sensor on a Walz Diving Pulse-Amplitude Modulation Fluorometer (Diving-PAM®). 
3. Rough Flow: General Oceanics Model 2030R® flow meter with standard rotor. 
4. Turbidity, Salinity, Dissolved Oxygen: YSI Sonde® 6600 water quality loggers.  

Results Factor* Dates Periodicity N per 
pool 

Units Error 

Pool Mean SD Total Range MDR 

300 29.46 0.90 26.77-34.31 5.29 Summer 
Temperatures 

11/04-3/05 
11/05-2/06 

Every 30’ 12,960 °C ±0.2°C 
400 29.34 0.69 27.19-33.03 4.34 
300 28.48 0.71 25.33-32.67 5.07 Winter 

Temperatures 
9-10/04 
4-10/05 

Every 30’ 13,000 °C ±0.2°C 
400 28.53 0.60 26.11-31.51 3.01 
300 1,396 333 104-2,250 2,146 PAR A: 1/20/05 

B: 1/21/05 
11:00-13:00 400 µmol quanta 

 m-2 s-1 
± 5% 

400 1,411 324 224-2,120 1,896 
300 17.8 7.7 8.1-41.7 30.5 Calm Flow 3/20-22/06 30x/day 90 cm s-1 ± 10% 
400 14.2 6.0 5.7-31.3 24.0 
300 39.8 11.6 21.0-68.9 38.3 Rough Flow 4/22-24/06 18x/day 54 cm s-1 ± 5% 
400 21.0 6.3 12.0-35.8 25.8 
300 0.14 0.26 0.0-2.0 2.0 Turbidity 9/14-23/04 Every 30’ 480 NTU ±0.1 NTU 
400 0.10 0.15 0.0-1.9 1.9 
300 35.65 0.28 32.90-35.84 2.43 Salinity 9/14-23/04 Every 30’ 480 ppt ±0.01 ppt 
400 35.66 0.14 34.44-35.81 1.90 
300 100.9 36.6 23.2-212.3 184.4 Dissolved 

Oxygen 
9/14-23/04 Every 30’ 480 %  

saturation 
±1% 

400 101.3 30.2 34.4-187.2 147.8 
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Table 4. Nutrient results in µmol l-1 (dissolved inorganic nitrogen, DIN = NH4 + NOx). 
 

Nitrogen Phosphorus Sampling 
Location 

 
n NH4 NOx DIN PO4 

Pool 300      
   Water Column 13 0.27 0.80 1.07 0.22 
   Substrate 13 0.36 0.70 1.06 0.22 
Pool 400      
   Water Column 13 0.17 0.41 0.58 0.21 
   Substrate 13 0.17 0.37 0.54 0.22 
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Table 5a. RFLP zooxanthellae genotypes of source colonies at the beginning (9/04) and end (3/06) of the RTE. 
 

Pool 300 Pool 400  Source 
Colony 9/04 3/06 9/04 3/06 

1 C2 Ddh C2 C2 
2 C2 C2 C2 C2 
3 Ddh Ddh, C2 C2 C2 
4 Ddh, C2 Ddh, C2 C2 C2 
5 C2 Ddh, C2 C2 C2 
6 Ddh C2 C2 C2 

P. eydouxi 

7 C2 C2 Cma Cma 
1 C1, C3 C1, C3 C1, C3 C1, C3 
2 C1, C3 C1, C3 C1, C3 C1, C3 

P. lobata 

3 C1, C3 C1, C3 C1, C3 C1, C3 
 
 
Table 5b. DGGE zooxanthellae genotypes of source colonies at the beginning (9/04) and end (3/06) of the RTE. 
 

Pool 300 Pool 400  Source 
Colony 9/04 3/06 9/04 3/06 

1 C1c C1c, C42, D, D1a C1c C1c 
2 C1c C1c C1c C1c 
3 D1a C1c, C42, D, D1a C1c C1c 
4 C1c, D1a C1c, C42, D, D1a C1c C1c 
5 C1c C1c, C42, D, D1a C1c C1c 
6 D1a C1c C1c C1c 

P. eydouxi 

7 C1c C1c C1c, C42 C1c, C42 
1 C15 C15 C15 C15 
2 C15 C15 C15 C15 

P. lobata 

3 C15 C15 C15 C15 
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Figure Captions 
 

Figure 1. Map of study area, showing transplant sites in back reef pools. 
 
Figure 2. Buoyant weight (upper) and linear extension (lower) results (left) and reaction norms 
(right) for 18-month RTE. 
 
Figure 3. Frequency and duration of summer (Nov – Mar) seawater temperatures exceeding 1, 2, 
3, 4, and 5 °C above the local summer mean (29.4 °C) in the RTE. 
 
Figure 4. Difference in mean flow speed between the two pools (300 – 400) at max flood, high, 
and max ebb tides during 3-day periods of rough (4/22-24/06) and calm (3/20-22/06) conditions. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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