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Abstract 

 
The goal of the American Samoa Environmental Protection Agency (ASEPA) coral reef 
monitoring program is to characterize modern reef assemblages and assess the impacts of 
non-point source pollution on Tutuila’s nearshore coral reefs.  Since 2003 surveys have 
been conducted at 17 sites encompassing three distinct reef types: 1) framework reefs, 2) 
consolidated reefs, and 3) intermixed sand and reef patches.  Multivariate analyses found 
significant dependence of benthic, coral, fish, invertebrate and algae assemblages upon 
reef types, which themselves are indicators of consistent forcing environments acting 
through (geological) time.  As such, the initial stratification of sites by reef type 
partitioned the ecological variance that was inherent in the abundance and species 
richness data, so that trends with watershed characteristics became more evident.  Our 
results show that proxies to human disturbance were consistently tied with reduced 
species richness and evenness for both corals and fish.  Unfavorable, selective 
environments (i.e., where high human and pig populations exist) hold fewer species as 
compared with benign environments that encapsulate the greatest species richness.  We 
subsequently used trends in benthic and coral assemblage similarities over the past 5 
years to determine ‘health’ rankings.  Strong ecological trends were coincident with an 
undescribed natural disturbance event that occurred after our 2005 surveys, prior to 2007.  
Negative impacts were recorded at several sites around Tutuila, most notably their were 
declines in table Acropora and encrusting Montipora corals.  Following the disturbance 
event statistically compromised benthic and coral assemblages only emerged at Alofau 
and Aoa.  Non-significant, negative trends were found at Fagasa and Leone where coral 
abundance is becoming dominated by one (or a few) species, creating less stable and 
resilient assemblages.  In strong contrast, Masefau had an increase in species richness 
and assemblage evenness despite losing 10% coral coverage, attributed to lower human 
population densities and much higher herbivore fish biomass.  Of the remaining sites 
weaker trends were evident and ‘health’ rankings remained consistent with those reported 
in 2007.  The long-term goal of the ASEPA coral monitoring effort is to conduct surveys 
on a bi-annual basis, and continue to establish causative relationships between reef 
assemblages and watersheds.  Improvements in understanding cause will best help 
translate the findings of this monitoring program to the community and policy makers.   
 
 
Keywords: assessment, coral communities, fish diversity, multivariate analyses, EPA 
Aquatic Life Use Criteria, non-point source pollution, monitoring 

 



 

1.  Introduction 
 
The goal of the American Samoa Environmental Protection Agency (ASEPA) coral reef 
monitoring program is to carry out long-term studies to detect change over time resultant 
from land-based, human disturbance.  This effort started in 2003 when six watershed-
based survey sites were established around Tutuila Island (Houk et al. 2005).  Combined 
with subsequent efforts, the program currently encompasses 17 watersheds around 
Tutuila (Figure 1), with trend data established for 11 of the reef-monitoring locations.  
The results gained thus far have been used to assess the integrity of Tutuila’s nearshore 
reefs; employing an assessment approach that compares reefs from differing watersheds 
to establish gradients of influence.  However, the emergence of trend data now provides 
for more desirable comparisons over time, and comparisons of rates of changes following 
disturbance events (Nichols and Williams 2006). 
 
Extensive ecological work has been undertaken throughout American Samoa over the 
past 15 – 20 years (Birkeland et al. 2003, Green et al. 1999, Mundy 1996, Fisk and 
Birkeland 2002, Green et al. 2005, Zeller et al. 2006), with different questions being 
posed.  Houk et al. (2005) compare and contrast the goals and survey techniques 
employed in previous studies compared with the present.  In summary, the ASEPA 
monitoring program differs because it represents a targeted approach to assess the 
impacts of watershed pollution, and accompanying management programs, on reef 
communities around Tutuila Island.   
 
Before attempting to draw relationships between anthropogenic disturbances and coral 
assemblages it is desirable to account for the inherent variation that results from a reefs 
physical setting (i.e., environmental regime) (Goreau 1959, Sheppard 1982, Van Woesik 
and Done 1997, Grigg 1998, Pandolfi et al. 1999).  Through geological time different reef 
types emerge because coral assemblages have distinct reef-building capacities that differ 
in accordance with the environmental regime (Goreau 1959, Adey 1978).  On Tutuila, 
three visually distinct reef types exist among the 17 monitoring locations studied thus far: 
1) framework, 2) consolidated, and 3) intermixed sand and reef patches (further described 
in the methods section).  Here, we first investigate the implications that varying reef types 
place upon modern benthic, coral, and fish assemblages.  Building upon statistical 
significance, we stratify further examinations by reef types to isolate upon the proportion 
of ecological variance that is best explained by watershed characteristics. 
 
Studies and monitoring programs relating human disturbances to various aspects of corals 
and coral reef assemblages have a long history (Fishelson 1977, Tomascik and Sander 
1985, Fabricius 2005, Smith et al. 2005, Dikou 2006).  Many studies linking ‘pollution’ 
to corals and reef assemblages have focused upon manipulative experiments that expose 
individual organisms (corals), or plots of reef, to enhanced nutrient levels (Tomascik and 
Sander 1985, Smith et al. 2001, Lapointe et al. 2004).  While insightful, the results gained 
are spatially dependent.  The realized interactions and relationships found for individual 
coral colonies may not hold true at the community level (hundreds of square meters of 
reef), as other driving forces and indirect interactions often take precedence (Levin 1992).    
In contrast, a wealth of studies take a much larger spatial approach, examining coral 

 



 

declines that are a suspected result of pollution at the regional (Caribbean wide, Gardner 
et al. 2005) or island (Jamaica, Hughes et al. 1999) scale.  Again, ecologist and managers 
have learned a great deal from these approaches, but trends focus upon disturbances and 
(lack of) recovery at decadal time scales for large (thousands of square kilometer) areas.  
These time frames and spatial scales are often not consistent with management and policy 
needs, and the reported reef transformations may never occur within a governmental 
term.  The end result is that management and policy may be made without appropriate 
science.   
 
In reconciliation, the ASEPA monitoring effort examines targeted reef assemblages over 
time to unveil trends that become evident at the community level (hundreds of square 
meters of reef).  This monitoring design was selected to match watershed management 
programs that are focused at the village level, to enable the detection of trends in site-
specific coral, algae, and fish assemblages that shift at time scales appropriate to assess 
management (1 – 5 years). 
 

2.  Methods 
 
2.1.  Study Location 
 
Monitoring was conducted as part of the American Samoa Environmental Protection 
Agency NPS pollution control program.  In culmination, 17 locations around Tutuila 
Island have been surveyed over the past 5 years (Figure 1).  Each monitoring location 
was chosen based upon availability of homogeneous reef slope habitat on reefs adjacent 
to stream discharge (~250 m away) from selected watersheds.  All survey locations are 
associated with watersheds of varying size and human population (Table 1). A hand held 
global positioning system unit was used to identify the location of transects that were 
placed at a uniform depth of 9 – 11 m.  In the unique case of Alega, the survey location 
was shifted in 2008 as improved watershed discharge models became available and 
depicted our sampling site to be too close to stream discharge. 
 
Three reef types have been identified in the course of ASEPA monitoring efforts: 1) 
framework, 2) consolidated, and 3) intermixed sand and reef patches (Figure 1, Table 1).  
Framework reefs consist of a porous reef matrix created by table, branching, and 
columnar coral deposition, representing the reefs within the majority of the bays situated 
on the south side of Tutuila.   Consolidated reefs consist mainly of a solid reef matrix that 
provides for the growth of relatively large massive and encrusting corals, representing the 
reefs within the majority of the bays on the north side of Tutuila.  Intermixed sand and 
reef patches existed within two bays where non-contiguous deposition was evident and 
modern growth was dominated by Porites, most notably P. cylindrica.   
 
2.2.  Benthic Data 
 
Benthic cover was evaluated using a modified video belt transect method (Houk and Van 
Woesik, 2006).  For each site, video data were collected for three 50 m transects using an 
underwater digital video camera to record 0.5 m x 50 m belts.  These videos were 

 



 

analyzed by extracting 60 individual frames per transect (1 frame every 5 seconds).  Each 
individual frame was analyzed by projecting five random dots on the screen and noting 
the life form under each of the dots. The benthic categories chosen for analysis were 
corals (to genus level), turf algae (less than 2 cm), macroalgae (greater than 2 cm, to 
genus level if abundant), coralline algae known to overgrow coral (Peyssonnelia, 
Pneophyllum) (Keats et al., 1997, Antonius, 1999, Antonius, 2001), other coralline algae, 
sand, and other invertebrates (genus level if abundant).  Means, standard deviations, and 
standard errors were calculated based on the three 50 m replicates, with n = 300 
individual points per transect, n = 900 data points per site. 
 
2.3.  Coral Assemblages 
 
At each location coral communities were examined using a point quadrat technique 
(Randall et al., 1988).  During past surveys differing quadrat sizes and replication levels 
have been employed.  Initially, Houk et al. (2005) used 16, 0.5 m x 0.5 m quadrats tossed 
haphazardly along the three 50 m transects.  Based upon an initial review of species 
saturation curves and comparisons of coverage estimates with video data, coral data since 
2005 have been collected using eight, 1 m x 1 m quadrats.  Despite variation in quadrat 
size and replication, coral community data are comparable as the nature of measurement 
has not changed.  Every colony whose center point lay inside the quadrat was recorded to 
species level, and the maximum diameter and diameter perpendicular to the maximum 
were measured.  These data yielded information regarding percent coverage, relative 
abundances, population densities, and geometric diameters. 
Geometric diameters (z) were calculated based upon the geometric formula;   
 
                                                         z (cm)  = (xy) 1/2                                        (1) 
 
where (x) and (y) are the diameters of each coral colony.  Percent coverage (A) for each 
individual species was calculated assuming that the coral colonies were circular using the 
formula;  
 
                                                      A (cm2) = П (z/2) 2                                      (2) 

 
where (z) is the geometric diameter from above.  Total percent coverage was simply the 
sum for all species.  Population density (D) was calculated based upon;  
 
                                               D (colonies/m2) = n / 8m2                             (3) 
 
where n is the total number of colonies of any given species and 8m2 represents the total 
area surveyed by eight, 1m quadrat tosses. 
 
Species richness per unit area was calculated as the average number of coral species that 
were found within each quadrat.  Margalef’s d-statistic was calculated as a measure of the 
number of coral species present, making some allowance for the abundance of 
individuals, or community evenness (Clarke and Warwick, 2001).   
 

 



 

                                                       d = (S-1)/Log(N)                                    (3) 
 

This describes how evenly a variable (in this case percent coverage) was distributed 
throughout the community at any particular site, where S is the number of species and N 
is the total abundance.  A high d-statistic suggests that a particular site is not dominated 
by one, or a few, species. 
 
2.4.  Macroinvertebrates 
 
Macroinvertebrates were counted along three 50 m transect lines at each site within 2 m 
of either side of the transect line.  The macroinvertebrates were identified to the genus 
level. 
 
2.5.  Fish Assemblages 
 
Fish numerical abundance and biomass were estimated using a modified, Bohnsack 
stationary point count (SPC), with a radius of 7.5 m (Bohnsack and Bannerot, 1986).  At 
each site, five SPC replicates were conducted. All large fish (> 20cm TL) as well as all 
fish known to be exploited for either commercial or artisanal fisheries were surveyed. All 
fish were identified to species level and counted, and size estimates to the nearest 5 cm 
were recorded for each individual observed within the SPC boundary.  Fish biomass 
estimates were calculated using the length assessments recorded during the 5 SPCs.  The 
biomass was calculated by using the formula W=A*L^B where W=weight, L= length, 
and A&B= growth parameters obtained from www.fishbase.org. When growth 
parameters were not known for a given species, values from the most closely related 
congener were used. 
 
Because preliminary examinations of the data found significant observational bias 
between data collected prior to 2007 and the present we have excluded initial fish surveys 
collected in 2005 from the present analyses.  At each site, fish presence/absence data 
were collected using standard roving diver surveys.  All species observed between the 
depths of five to fifteen meters were recorded. Observations were restricted to this depth 
range to preserve potential relationships with the benthic and coral assemblages that were 
centered around 10 m. 
 
2.6.  Environmental Data 
 
A degree of oceanic exposure was calculated for each site by measuring the angle of 
exposure relative to the open ocean.  Watersheds adjacent to each site were quantified 
using existing American Samoa Department of Commerce GIS layers pertaining to land 
use and boundaries.  Disturbed land included all regions that no longer have tropical 
rainforest as the dominant tree cover.  Human population estimates were derived from the 
most recent census report, while pig population data were collected during ASEPA 
household inspections from June to October, 2006. 
 

 

http://www.fishbase.org/


 

2.7.  Data Analysis 
 
Reef Types – 
  
Coral and benthos abundances, as well as taxonomic checklists, were used to create Bray-
Curtis similarity matrices.  These matrices quantify the relative similarities among sites 
based upon species presence and/or abundance.  Similarity matrices were graphically 
interpreted using non-metric, multi-dimensional scaling (MDS) (Clarke and Warwick, 
2001).  ANOSIM testing was employed to evaluate the relationship between reef types 
and ecological data.  These tests are based upon ranked, species similarity measures 
between sites attributed to varying reef types, and yield an R statistic which serves as a 
measure of class separation.  R values can range between -1 and 1; R values near zero 
suggest that the null hypothesis is true (there is no difference among reef types), R values 
higher than 0.5 suggest a false null hypothesis (e.g. reef types support different 
assemblages).  P values are calculated for each R statistic using a permutated test of 
random rearrangement, and comparing the true R value with the generated distribution.  
Species-centered, principal components analyses (PCA’s) were created to graphically 
interpret coral species affinities with each other and their affinities with reef types (ter 
Braak, 1983).  These ordinations rotate the multidimensional species similarity datasets 
to extract as much variance as possible (i.e., show the greatest gradients) in two 
dimensions.  Finally, standard correlation testing was conduted to explore linear 
relationships between fish and coral diversity measures and watershed characteristics.  
 
Assessments and Trends -  
 
To examine temporal trends at each site further ANOSIM tests were conducted between 
survey years using coral abundance data.  These tests of significant community-level 
changes were depicted using site-based PCA plots that display the most influential 
gradients between sites and survey years, and directional changes.  For the benthic 
assemblages paired t-tests were employed to compare the benthic substrate ratio between 
survey years, defined by:  

 
% cover of (coral + soft coral + all other coralline algae) 

% cover of (macroalgae + turf algae + inhibitive coralline algae)               =  )
 
Site-based ANOSIM and t-tests were subsequently used to establish United State
Environmental Protection Agency (USEPA) aquatic life use support (ALUS) 
determinations (EPA, 1997, 2002).  In accordance with reference material three 
categories were used for the rankings: fully, partially, and not supportive for aqua
use support.  Houk and Musburger (2007) reported initial assessments for each si
Given the emergence of temporal data, assessments are now based upon direction
trends following: 1) if benthic and coral data show statistically significant change
are attributed to an improved community state then a ‘fully supportive’ ranking i
2) if benthic and coral data show no significant changes then rankings remain the
reported by Houk and Musburger (2007), and 3) if benthic and coral data show 
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statistically significant changes that are attributed to a declining community state then a 
‘non-supportive’ ranking is made.  
 
 

3.0  Results 
 
3.1.  Reef Types 
 
Pairwise ANOSIM tests show strong separation of the benthic, coral, fish, and 
invertebrate and algae assemblages in accordance with reef type (Table 2).  R-statistics 
quantified that coral and benthic assemblages had the greatest degree of separation 
(Figure 2a-b).  However, trends perpetuated through to higher trophic levels (fish and 
invertebrate consumers) as well (Figure 2c-d), suggesting interdependences exist.  
Assemblages upon the sand and reef patches were most strikingly different from those 
upon framework and consolidated reefs due to the dominance of sand and Porites corals, 
high abundances of macroalgae, and lower fish and invertebrate species richness (Figures 
3, 4, Table 3).  In contrast, framework and consolidated reef assemblages were each 
characterized by more independently distinctive assemblages (Figure 4), providing for a 
more interesting comparison.  Framework reefs supported high abundances of crustose 
and inhibitive coralline algae, soft corals, and blue-green algae in comparison to 
consolidated reefs where turf emerged as a dominant benthos (Figure 3, 4).  With regards 
to the coral assemblages, framework reefs supported more table, corymbose, and 
arborescent Acropora colonies, as well as more plate-like Echinopora and Merulina.  In 
contrast, several massive faviid corals were affiliated with the consolidated reefs: 
Cyphastrea, Platygyra, Leptoria, Goniastrea, and Leptastrea. 
 
Although a similar trend linking fish presence and absence data with reef types was 
evident (Figure 2c), a lower degree of statistical significance was noted (Table 2).  In 
fact, significant differences were only noted between framework and consolidated reefs, 
while the intermixed sand and reef patches setting supported non-unique assemblages.  
Consolidated reefs had more species of wrasse and parrotfish, small crustacean eating 
and algae and detritus feeders, respectively, as compared with framework reefs where 
more coral-obligate, damsel- and butterflyfish were found (Figure 4c, Table 4).  Notably, 
no trends emerged between fish biomass and reef types (Figure 5).  
 
3.2.  Temporal Trends 
 
The most notable and significant changes over time have occurred upon the consolidated 
reefs at Alofau and Aoa where coral cover dropped by 43% and 18% respectively 
(Figure 6, 7b).  This decline is attributed to a loss of table Acropora and encrusting 
Montipora (Figure 8j, k) which was replaced with inhibitive coralline (increases of 28% 
and 11% at Alofau and Aoa, respectively), crustose coralline (18% increase at Alofau), 
turf algae (8% increase at Aoa).  In both instances the opportunistic coral Pavona varians 
has significantly increased in abundance (Figure 8j, k, P<0.05, T-test).  In culmination, 
these changes have translated into significant alterations at the community level (Figure 

 



 

6), a significant decline in the benthic substrate ratio (Table 5, P<0.05, T-test, both sites), 
and a shift in the coral assemblage (Table 6, P<0.05, ANOSIM, Alofau only).   
 
Fagaitua and Masefau were similarly altered, but to a lesser degree, as coral cover 
decreased by 18% and 8% respectively (Figure 7a, b), encompassing mainly encrusting 
Monitpora and large stands of arborescent Acropora (Fagaitua) and Porites (Masefau) 
(Figure 8c, h).  The dominant benthos have shifted from corals and turf algae to crustose 
and inhibitive coralline algae.  However, the balance between the coralline algae groups 
is even compared with Alofau, where inhibitive coralline algae is dominant (Table 5).  At 
the community level the noted changes culminated in non-significant, negative trends in 
the benthic substrate ratio and coral assemblage at Fagaitua, while significant increases 
in the distribution of coral abundances among several genera were found at Masefau 
(Figure 6, Table 5, 6). 
 
In comparison to the above noted trends, the remaining sites have shifted little since 
monitoring began (Figure 6).  Leone has been consistently dominated by the plate coral 
Acropora (Isopora) crateriformis, inhibitive and crustose coralline algae, Halimeda and 
Galaxura macroalgae, and the encrusting grey Dysedia sponge (Figure 6a, 8f, Table 3).  
Recently, there has been a non-significant shift from crustose to inhibitive coralline algae, 
slightly lowering the benthic substrate ratio.  Notably, the large-scale decline in 
encrusting Montipora and table Acropora corals noted above has not occurred, however, 
the consistently high benthic substrate ratio is attributed to the prevalence of only two 
coral (A. crateriformis and Porites rus). 
 
Fagaalu has been consistently dominated by unfavorable substrate for coral growth since 
2003 (benthic substrate ratio’s < 1.0, all years, Table 2, 4, Figure 6a).  The most notable 
changes have occurred within the coral assemblages (Figure 8b).  Pavona varians and 
Fungia have increased while encrusting Montipora has decreased, resulting in significant 
trends at the community level (Table 6).  Similarly, limited change has been noted at 
Fagasa in terms of the coral or benthic dominance (Figure 6b, 7b, Table 5, 6).  This bay 
remains dominated by Porites and Pavona corals ranging from encrusting to columnar 
growth forms.  At the community level, the benthic substrate ratio has changed little 
(0.61 to 0.68) since 2003, while the coral assemblages have remained consistent. 
 
Alega and Laulii had slight increases in coral coverage that were attributed to the growth 
of a variety of corals: encrusting Montipora, corymbose Acropora, Favia, Pavona, and 
Porites (Figure 6a, Figure 8a, e).  Crustose coralline algae remains a dominant benthos at 
both sites, and is attributed to the benthic substrate ratio’s consistently remaining above 
1.0 (Table 5).  At the community level, directional changes in Laulii’s coral and benthos 
assemblages were opposite of those recorded for Alofau (Figure 6), however trends were 
not statistically significant (Table 5, 6).  Because of the new site selection at Alega no 
community-level trends are inferred. 
 
Benthic video surveys found positive, non-significant trends in coral coverage at 
Fagatele and Tafeu despite both sites having a reduction in encrusting Montipora 
abundance (Figure 7a, b).  The high abundance of the anemone, Ricordia sp., at Tafeu 

 



 

creates a unique benthic community compared with other sites (Figure 6b, 7b).  Ricordia 
abundance has increased by 5%, and along with a slight increase in inhibitive coralline 
algae, has led to a decreased benthic substrate ratio (Table 5).  Tafeu’s noted increase in 
coral cover was mainly attributed to the emergence and growth of the encrusting coral 
Pavona varians.  At Fagatele, the benthic substrate ratio and coral assemblage show 
improving, non-significant trends.  The increase in coral was associated with decreases in 
turf, crustose coralline, and inhibitive coralline algae.  A variety of corals contributed to 
enhanced development of Fagatele’s modern assemblage; most notable are Echinopora, 
Favia, table Acropora.  This site continues to hold the greatest benthic substrate ratio as 
corals and crustose coralline algae are both found in high abundance. 
 
3.3.  Environmental and Ecological Correlations 
 
Negative, non-significant (P>0.05) correlation trends have consistently been found 
among several proxies to pollution, benthic substrate ratio’s, and coral species richness 
across both framework and consolidated reef types (Table 7).  The updated data again 
support negative relations and show similar, non-significant trends for fish species 
richness.  While limited statistical significance is expected due to small sample sizes 
(n=7) within each reef type, the trends help guide the monitoring program regarding what 
ecological attributes of reef assemblages are appropriate to temporally examine when 
determining ALUS rankings.  Notably, fish biomass trends did not follow these patterns 
(Table 7). On framework reefs, which are located on the southern, more accessible side 
of Tutuila, fish biomass increase with exposure (Figure 5).  Elsewhere, no apparent trends 
with fish biomass emerged.   
 
3.4.  Aquatic Life Use Support Rankings (ALUS) 
 
Out of the 15 sites where sufficient data is available to determine aquatic life use support 
(ALUS) rankings 7 were not supportive, 5 partially, and 3 fully supportive (Table 8).  
Alofau, Aoa, Fagaalu, Fagafue, Fagasa, Laulii, and Matuu were designated as not 
supportive based upon trends in coral and benthic assemblages, and/or previous 
assessments (Houk and Musburger 2007) if trend data showed no significant changes.  
Notably, Laulii had non-significant improvements in coral evenness and cover despite 
being designated not supportive.  In contrast, Aoa was previously ranked partially 
supportive but following an undescribed disturbance event that killed many of the table 
Acropora corals, the benthic assemblage shows slow signs of recovery, noted above as 
high abundances of unfavorable substrate for new coral growth.  The five partially 
supportive sites (Alega, Fagaitua, Leone, Masausi, and Vaitogi) showed non-
directional, non-significant trends in benthic and coral assemblages, with the exception of 
Fagaitua where coral assemblages were impacted by the undescribed disturbance event, 
and the benthic substrate ratio decreased by 0.93.  Fagatele, Tafeu, and Masefau were 
all determined to be fully supportive based upon trend data.  Notably, Masefau was 
previously listed as partially supportive, and despite a decline in coral cover the increased 
coral evenness and benthic substrate yielded an improvement to a fully supportive rank.  
Fagatele and Tafeu are both uninhabited watersheds and in the absence of human 
influence are expected to maintain fully supportive rankings. 

 



 

 
4.  Discussion 

 
4.1.  Reef Types 
 
The cumulative results from ASEPA’s monitoring efforts since 2003 have provided a 
characterization of Tutuila’s nearshore coral reefs that perpetuates linkages between 
geological reef types and the modern assemblages growing upon them (van Woesik and 
Done 1997, Houk and van Woesik in review).  The present results quantify a dependence 
of coral, benthic, fish, and invertebrate and algae assemblages upon reef types.  However, 
the reef types are merely indicators of consistent coral assemblages throughout geological 
time, or ecological stasis, whereby continuously operating environmental variables that 
have controlled reef growth for millennia continue to drive the modern assemblages 
(Pandolfi 1996, 1999, Pandolfi and Jackson 2001).  While the composition of modern 
coral assemblages differs by reef type, percent coral coverage does not, supporting that 
selective environments are indeed present.  Most notable differences are the relatively 
high abundance of crustose and inhibitive coralline algae on Tutuila’s south shores, high 
turf algae on the north shores, and high macroalgae on the sand and reef patches (Figure 
3). 
 
Given the similar, low wave-exposure regimes in the bays where monitoring sites are 
located, the suspected driver of varying reef types is the nature of freshwater input from 
the watershed to the nearshore reefs.  Preliminary investigations found lower salinity 
consistently present on Tutuila’s southern shores compared with the northern (Houk and 
Starmer, unpublished data from towed YSI salinity profiling sensor), suggesting the 
presence of semi-continuous groundwater discharge.  Continued efforts to enhance our 
understanding of the driving environmental variables that can explain differing reef types 
and growth is a desirable future direction for ASEPA’s monitoring effort. 
 
Few previous studies have quantified consistent, taxonomic-based relationships among 
modern assemblages differing in trophic levels (but see Arias-Gonzalez et al. 2006) 
despite an overall understanding that coral reefs are complex systems with each 
functional component relying tightly upon others (Birkeland 1997).  In terms of fish 
assemblages, for example, the majority of literature describes positive relations with 
habitat complexity (Risk 1972, Carpenter et al. 1981, Roberts and Ormond 1987) defined 
generally on a structural and non-taxonomic basis.  Here, we use the improved 
understanding of natural controls to reef development and modern reef assemblages on 
Tutuila to improve our ability to detect trends with human disturbances and watershed 
characteristics (e.g., initial stratification by reef type).  Our results support that proxies to 
human disturbance are consistently tied with reduced species richness for both corals and 
fish, equating the environment to an ecological filter that that restricts the number of 
species that can settle and survive.  Unfavorable, selective environments hold fewer 
species from the available regional pool as compared with benign environments that 
encapsulate the greatest species richness (Edinger and Risk 1995, van Woesik and Done 
1997, Houk and van Woesik in review). 
 

 



 

4.2.  Ecological Trends and Reef Health Indices (ALUS Rankings) 
 
Similarity trends between the coral and benthic assemblages over time were used to 
determine aquatic life use support rankings (ALUS).  Measures of assemblage similarity 
are influenced by species richness, assemblage evenness (how evenly abundances are 
distributed among species), and overall abundances, representing ideal measures to assess 
the impacts of watershed pollution based upon the realized correlations. 
 
The strongest ecological trends were coincident with an undescribed natural disturbance 
event that occurred after our 2005 surveys, prior to 2007.  Similar negative impacts were 
recorded at several sites around Tutuila, supporting the island-wide extent of impacts.  
Houk and Musburger (2007) reported a spike in sea surface temperatures, however a 
confirmed bleaching event was not recorded.  Regardless of the cause, natural 
disturbances serve to reset an ecological community to an earlier state of development 
(Odum 1969, McClanahan et al. 2002), after which recovery should occur.  Ideally, such 
a disturbance should have minimal impact upon a reef ‘health’ index assuming the 
community remains resilient, and a phase shift is not eminent.   
 
Here, trend data show four sites were strongly impacted by the disturbance (Alofau, 
Fagaitua, Aoa, and Masefau), however statistically different benthic and coral 
assemblages only emerged at Alofau and Aoa (negative trend).  In strong contrast, 
Masefau had an increase in species richness and assemblage evenness despite losing 
10% coral coverage (positive trend).  These results are may be attributed to lower human 
population densities (123, 235, and 458 people per square kilometer, respectively for 
Masefau, Aoa, and Alofau), and associated watershed-based pollution and fishing 
pressure.  Fish data show a doubling in the biomass of herbivores at Masefau compared 
with Aoa, while no data currently exist for Alofau to support the potential linkage with 
fish biomass.  Insufficient temporal data currently exist to predict recovery rates, or if 
failed recovery and a phase shift in the reef assemblages (Knowlton 1992) may have 
occurred at Alofau and Aoa.  However, the prevalence of unfavorable benthic substrate 
for coral recruitment and growth suggests that rapid recovery will not occur at Alofau, 
and Aoa to a lesser degree, warranting enhanced management consideration to reduce 
watershed pollution and maintain a high biomass of herbivores (McClanahan et al. 2002). 
  
In contrast to the above noted sites, slight increases in coral coverage were recorded at 
Alega, Fagatele, Laulii, Leone, Fagasa, and Tafeu, despite declines in encrusting 
Montipora coral that were ubiquitously impacted by the above noted disturbance event.  
However, these increases in coral abundance did not consistently translate to improved 
community states.  At Fagatele, and Laulii to a lesser degree, the increase coral 
abundance was most evenly spread out among many genera (Figure 7), and resulted in 
improved ‘health’ indices.  While this trend is expected within the uninhabited Fagatele 
bay, we speculate that increased exposure, and associated flushing, may assist recovery at 
Laulii.  Tafeu and Alega showed little change in overall community state, suggesting 
natural fluctuations may have been the greatest drivers of change.  Fagasa and Leone 
show similar trends in that the increased coral coverage has been restricted to one (or just 
a few) species.  In the case of Leone, the plate coral Acropora (Isopora) crateriformis 

 



 

accounts for the entire increase in coral abundance.  At Fagasa, three Porites corals (P. 
rus, P. cylindrical, and massive Porites grouped) account for the increase.  In both 
instances, more coral did not translate to improved ‘health’ indices, as species richness 
and assemblage evenness declined.  In both instances high human population densities 
and watershed disturbances exist, and relatively low fish biomass was found.  These 
results suggest that selective, negative environments exist.  Dominance of one (or a few) 
species creates less stable and resilient ecological assemblages because redundancy is 
reduced (Hollings 1973, Elmqvist et al. 2003, Knowlton 2004).  For example, if a future 
disturbance (e.g., a disease) targets Porites dominated communities, few live corals 
would remain on the reefs and a phase shift would be eminent.  A shifting, coral-to-algae 
dominated system would bring negative changes to higher trophic levels that humans 
depend upon, such as fish and invertebrates, triggering a trophic ‘cascade’ (Elmqvist et 
al. 2003). 
 
Only Fagaalu showed no detectable trends in coral abundance over time, a probable 
consequence of the low abundance already extant in 2003 when monitoring began.  
Fagaalu continues to stand out as the most impacted site as compared with all other, and 
too deserves enhanced management consideration. 
 
No trend data currently exists for the remaining 6 sites (Matuu, Nua Seetaga, Vatia, 
Fagafue, Masausi, and Vaitogi).  Houk and Musburger (2007) reported single 
assessments for Matuu, Vatia, Fagafue, Masausi, and Vaitogi, while Nua Seetaga was 
an additional site added to the monitoring program this year.  Notably, the intermixed 
sand and reef patches reef type is limited to two bays, Nua Seetaga and Vatia.  Given the 
lower sample size among this reef type trend data are desirable prior to designating 
ALUS rankings. 
 
The future goal of the ASEPA coral monitoring effort is to conduct surveys on a bi-
annual basis, tracking changes over time and drawing linkages with human disturbances.  
The ‘health’ measures generated here are currently being used to establish a watershed 
priority list that aims to maximize the effectiveness of limited management budgets and 
resources, and fulfills federal grant requirements.  Continued improvements in 
establishing causative relationships will best help translate the findings of this monitoring 
program to the community and policy makers.   
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Figure 1.  ASEPA coral reef monitoring locations, reef types, and Tutuilia land use 
classification.



 
Figure 2a.  Multi-dimensional scaling diagram showing significant differences in modern 
coral assemblages based upon reef type (see Table 2 for statistical results). 



 
Figure 2b.  Multi-dimensional scaling diagram showing significant differences in benthos 
assemblages based upon reef type (see Table 2 for statistical results). 



 
Figure 2c.  Multi-dimensional scaling diagram showing significant differences in fish 
diversity based upon reef type (see Table 2 for statistical results). 



 
Figure 2d.  Multi-dimensional scaling diagram showing significant differences in 
invertebrate and algae diversity based upon reef type (see Table 2 for statistical results). 



 

 
Figure 3. Benthos abundances summarized by reef type (SE bars). 



 
Figure 4a.  Species-based Principal components analysis results showing benthic group 
affinities with each other and reef types.  The first two axes explained 61% (31% and 
25%, vertical and horizontal axis respectively) of the variance in benthic video data. 
 
 



 
Figure 4b. Species-based Principal components analysis results showing coral species 
affinities with each other and reef types.  The first two axes explained 47% (27% and 
20%, vertical and horizontal axis respectively) of the variance in coral quadrat data. 



 
Figure 4c. Species-based Principal components analysis results showing fish species 
affinities with each other and reef types.  The first two axes explained 25% (13% and 
12%, vertical and horizontal axis respectively) of the variance in fish presence absence 
data.  Table 4 contains a description of the fish acronyms used for simplicity in this 
diagram. 



 
 
Figure 5.  Fish biomass by functional group and reef types.



 
Figure 6a.  Site-based Principal components analysis results showing coral assemblage 
affinities with each other and through time.  The first two axes explained 65% (53% and 
12%, vertical and horizontal axis respectively) of the variance in coral quadrat data.  See 
Table 3 for statistical significance calculations (ANOSIM testing). 



 
Figure 6b. Site-based Principal components analysis results showing benthic assemblage 
affinities with each other and through time.  The first two axes explained 56% (31% and 
25%, vertical and horizontal axis respectively) of the variance in benthic video data.  See 
Table 3 for statistical significance calculations (ANOSIM testing). 



 
 
Figure 7a. Percent change in benthos abundances from 2003 – 2008 for framework reef 
type sites (SE bars), derived from benthic-video surveys. 
 

 
 
Figure 7b. Percent change in benthos abundances from 2003 – 2008 for consolidated reef 
type sites (SE bars), derived from benthic-video surveys. 



Figure 8a-k.  Average percent cover for the most abundant corals at each site during each 
sample year (SE bars).  Averages were based upon replicated 1m2 quadrat sampling.  
Corals abundances are reported by genera, sub-genera (based upon morphology), or 
species depending upon abundance.  cory = corymbose, enc = encrusting, arbor = 
arborescent 
 
 
 
 
 
 
 

 
 
Figure 8a.  



 
Figure 8b. 
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Figure 8e. 



 
Figure 8f. 
 

 
Figure 8g. 
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Site Reef 
Type 

Watershed 
Size (km2)

Disturbed 
Land 
(km2) 

Human 
Population

Pig 
Population 

Exposure 
(degree) 

Alega (22) Framework 0.96 0.03 111 14 95 

Alofau (21) Consolidated 1.08 0.13 495 97 30 

Aoa (15) Consolidated 2.15 0.08 507 106 85 

Fagaalu (25) Framework 2.46 0.29 1006 65 55 

Fagafue (7) Consolidated 3.56 0.3 1142 67 85 

Fagaitua (21) Framework 1.46 0.09 483 76 75 

Fagasa (8) Consolidated 3.47 0.21 900 104 12.5 

Fagatele (29) Framework 0.49 0.06 0 0 25 

Laulii (23) Framework 1.76 0.23 1186 158 165 

Leone (30) Framework 4.75 0.92 2200 429 95 

Masausi (13) Consolidated 0.8 0.04 192 52 85 

Masefau (12) Consolidated 3.21 0.11 435 89 20 

Matuu (26) Framework 1.2 0.13 671 44 105 

Nua Seetaga 
(32) 

Sand and 
Reef Patch 1.76 0.42 313 238 100 

Tafeu (9) Consolidated 0.92 0.001 0 0 35 

Vatia (10) Sand and 
Reef Patch 

3.61 0.16 648 43 15 

Vaitogi (29) Framework 1.61 0.25 0 0 45 

 

Table 1.  Environmental characteristics associated with each site, ASEPA watershed 
numbers follow names in parentheses.



 

ANOSIM R-statistics 

 Global 
Reef type 

1 x 2 
Reef type 

1 x 3 
Reef type 

2 x 3 

Benthic 0.51***   0.51***     0.60*     0.61* 
Coral 0.60***   0.47**     0.97*     0.95* 
Fish 0.21   0.26*     0.17     0.05 
Invertebrates 
and algae 0.34*   0.41**     0.14     0.64* 

 

Table 2.ANOSIM results quantifying the differences between coral, benthic, fish, and 
invertebrate and algae assemblages situated upon varying reef types. 



 

Site Reef Type Percent 
Coral 
Cover 

Coral 
Evenness 

Benthic 
Evenness

Number 
of Coral 
Species 

Number 
of Fish 
Species 

Alega Framework 10.2 (2.3) 6.42 4.63 17 12 (88) 

Alofau Consolidated 17.5 (0.6) 7.76 4.50 26 no data 

Aoa Consolidated 39.3 (2.5) 7.1 4.04 26 14 (89) 

Fagaalu Framework 12.1 (1.7) 10.42 3.36 18 4.4 (71) 

Fagafue Consolidated 9.8 (1.9) 10.53 3.38 22 11.8 (92) 

Fagaitua Framework 23.9 (4.7) 12.14 4.19 36 no data 

Fagasa Consolidated 25.2 (1.6) 6.93 5.53 23 6.6 (80) 

Fagatele Framework 43.4 (5.3) 8.98 3.04 34 8.6 (88) 

Laulii Framework 25.3 (4.6) 7.84 4.41 28 13.2 (93) 

Leone Framework 51.8 (1.7) 8.31 5.08 28 6.2 (65) 

Masausi Consolidated 23.9 (1.2) 9.02 3.75 27 no data 

Masefau Consolidated 14.7 (2.7) 11.13 3.92 32 15 (94) 

Matuu Framework 17.1 (4.7) 10.37 5.18 26 no data 

Nua 
Seetaga 

Sand and Reef 
Patch 38.6 (2.3) 4.57 4.95 16 9.4 (80) 

Tafeu Consolidated 41.4 (2.8) 8.13 3.38 29 11 (86) 

Vatia Sand and Reef 
Patch 27.4 (6.9) 4.39 4.96 19 13.8 (105) 

Vaitogi Framework 32.8 (1.6) 3.41 4.47 12 12 (85) 

 

Table 3. Ecological statistics for each site.  Coral cover data are reported with standard 
deviations in (parentheses).  Coral species richness is taken from quadrat data only and 
not presence/absence observations.  Fish species richness is reported for both SPC data 
and for presence/absence observations (parentheses).  



 

Acronym Species Family 

Consolidated   

ACPY Acanthurus pyroferus Acanthurid 
MEAT Meiacanthus atrodorsalis Blenniid 
TRBA Trachinotus baillonii Carangid 
CHVG Chaetodon vagabundus Chaetodontid 
CIFL Cirrhitichthys falco Cirrhitid 
FICO Fistularia commersonii Fistulariid 
COFU Coryphopterus (Fusigobiops) sp. Gobiid 
CHFA Cheilinus fasciatus Labrid 
HAMA Halichoeres marginatus Labrid 
HAPR Halichoeres prosopeion Labrid 
PSEV Pseudocheilinus evanidus Labrid 
STBN Stethojulis bandanensis Labrid 
LEOB Lethrinus obsoletus Lethrinid 
AMAU Amblyglyphidodon aureus Pomacentrid 
SCGH Scarus ghobban Scarid 
EPHE Epinephelus hexagonatus Serranid 
CASO Canthigaster solandri Tetraodontid 

Framework   
ACAC Acanthurus achilles Acanthurid 
SCGL Scarus globiceps Acanthurid 
BAUN Balistapus undulatus Balistid 
CHLU Chaetodon lunula Chaetodontid 
CHUN Chaetodon unimaculatus Chaetodontid 
HECH Heniochus chrysostomus Chaetodontid 
HAOR Halichoeres ornatissimus Labrid 
GNAU Gnathodentex aureolineatus Lethrinid 
APFU Aphareus furca Lutjanid 
LUMO Lutjanus monostigma Lutjanid 
PEOU Pempheris oualensis Pempherid 
ABSX Abudefduf sexfasciatus Pomacentrid 
CHMA Chromis margaritifer Pomacentrid 
CHVA Chromis vanderbilti Pomacentrid 
PLDI Plectroglyphidodon dickii Pomacentrid 

PLJO Plectroglyphidodon 
johnstonianus Pomacentrid 

VALO Variola louti Serranid 
SCPS Scarus psittacus Tetraodontid 

 

Table 4.  Affinities between fish species and reef types that were evident from 
multivariate ANOSIM and PCA testing.  Note that fish assemblages upon reef types 2 
and 3 were not significantly different (P>0.05, ANOSIM), and thus are reported together.  
Acronyms used here refer to the PCA plot (Figure 4c).



 

Site Reef 
Type 

Survey 
Years 

Before 
(StDev)

After 
(StDev)

T-
statistic 

P-
value 

Fagaalu Framework 2003 - 2005 0.64 (0.19) 0.73 (0.16) -0.67 0.54 

Fagaalu Framework 2003 - 2008 0.64 (0.19) 0.79 (0.24) -0.84 0.45 

Fagaalu Framework 2005 - 2008 0.74 (0.24) 0.79 (0.24) -0.33 0.76 

Leone Framework 2003 - 2007 2.34 (0.06) 2.55 (0.29) -1.19 0.30 

Leone Framework 2003 - 2008 2.34 (0.06) 2.21 (0.14) 1.43 0.22 

Leone Framework 2007 - 2008 2.55 (0.29) 2.21 (0.14) 1.77 0.15 

Alega Framework 2005 - 2008 0.81 (0.29) 1.18 (0.07) -2.15 0.09 

Fagaitua Framework 2003 - 2007 2.81 (0.73) 1.89 (0.19) 2.11 0.11 

Fagatele Framework 2005 - 2008 2.55 (0.59) 3.09 (0.79) -0.96 0.39 

Laulii Framework 2005 - 2008 1.65 (0.16) 1.55 (0.26) 0.57 0.59 

Masefau Consolidated 2003 - 2007 0.86 (0.08) 1.18 (0.32) -1.67 0.17 

Tafeu Consolidated 2005 - 2008 2.04 (0.56) 1.58 (0.40) 1.16 0.31 

Alofau Consolidated 2003 - 2007 3.07 (0.82) 0.76 (0.07) 4.87 0.008 

Aoa Consolidated 2003 - 2007 4.20 (1.22) 1.76 (0.17) 3.42 0.03 

Fagasa Consolidated 2005 - 2008 0.61 (0.05) 0.68 (0.07) -1.48 0.21 

 

Table 5.  Paired T-test results highlighting changes in the benthic substrate ratio (see 
methods for description) over time.  Bold indicates statistical significance (P<0.05). 



 

Site Reef Type Survey Years R-Statistic P-value 
Fagaalu Framework 2003 - 2005 0.26 0.009 
Fagaalu Framework 2003 - 2008 0.31 0.001 
Fagaalu Framework 2005 - 2008 -0.38 0.63 
Leone Framework 2003 - 2007 0.08 0.13 
Leone Framework 2003 - 2008 -0.03 0.60 
Leone Framework 2007 - 2008 0.05 0.23 
Fagaitua Framework 2003 - 2007 0.11 0.61 
Fagatele Framework 2005 - 2008 -0.08 0.86 
Laulii Framework 2005 - 2008 0.16 0.07 
Alega Framework 2005 - 2008 -0.05 0.68 
Aoa Consolidated 2003 - 2007 -0.02 0.55 
Alofau Consolidated 2003 - 2007 0.14 0.05 
Fagasa Consolidated 2005 - 2008 0.07 0.19 
Masefau Consolidated 2003 - 2007 0.38 0.001 
Tafeu Consolidated 2005 - 2008 0.14 0.06 

 

Table 6.  ANOSIM test results highlighting changes in the coral assemblages over time.  
Bold indicates statistical significance (P<0.05). 



 

Framework 
Reefs 

Fish biomass Fish species 
richness 

Coral species 
richness 

Benthic 
substrate ratio 

Disturbed land -0.33 (0.67) -0.78 (0.22) -0.45 (0.55) -0.26 (0.74) 
Human 
population -0.13 (0.87) -0.64 (0.34) -0.47 (0.52) -0.25 (0.75) 

Pig population -0.27 (0.72) -0.65 (0.31) -0.05 (0.95) -0.33 (0.66) 
Exposure 0.75 (0.25) 0.28 (0.72) -0.15 (0.84) -0.35 (0.65) 

 

Table 7a.  Correlations between select ecological and watershed statistics for reef 
assemblages situated upon framework reefs. 

 

Consolidated 
Reefs 

Fish biomass Fish species 
richness 

Coral species 
richness 

Benthic 
substrate ratio 

Disturbed land 0.0 (0.99) 0.07 (0.91) -0.85 (0.06) -0.85 (0.06) 
Human 
population -0.17 (0.78) -0.01 (0.99) -0.85 (0.06) -0.82 (0.09) 

Pig population -0.28 (0.64) -0.16 (0.79) -0.11 (0.86) -0.08 (0.89) 
Exposure 0.19 (0.76) 0.42 (0.47) -0.57 (0.31) 0.18 (0.77) 

 

Table 7b. Correlations between select ecological and watershed statistics for reef 
assemblages situated upon consolidated reefs. 

. 

 



 

Site Coral 
Assemblage 

Trend 

Benthic 
Assemblage 

Trend 

2007 ALUS 
Ranking 

2008 ALUS 
Ranking 

Alega (22) none none partially 
supportive 

partially 
supportive 

Alofau (21) negative, 
significant 

negative, 
significant not supportive not supportive 

Aoa (15) none negative, 
significant 

partially 
supportive not supportive 

Fagaalu (25) none negative, 
significant not supportive not supportive 

Fagafue (7) no data no data not supportive not supportive 

Fagaitua (21) none negative, not 
significant 

partially 
supportive 

partially 
supportive 

Fagasa (8) none none not supportive not supportive 

Fagatele (29) positive, not 
significant 

positive, not 
significant fully supportive fully supportive 

Laulii (23) positive, not 
significant none not supportive not supportive 

Leone (30) none none partially 
supportive 

partially 
supportive 

Masausi (13) no data no data partially 
supportive 

partially 
supportive 

Masefau (12) positive, not 
significant 

positive, 
significant 

partially 
supportive fully supportive 

Matuu (26) no data no data not supportive not supportive 

Tafeu (9) none negative, not 
significant fully supportive fully supportive 

Vaitogi (29) no data no data partially 
supportive 

partially 
supportive 

 

 

Table 8.  ALUS Rankings for each site.  2007 rankings were taken from Houk and 
Musburger (2007), while 2008 rankings are updated based upon coral and benthic 
assemblage trend data (see methods). ASEPA watershed numbers follow names in 
parentheses.  Nua Seetaga and Vatia are missing ranks because not enough replicate sites 
have been surveyed in the ‘sand and reef patches’ reef type to place relative rankings, and 
currently, no trend data exist for temporal-based rankings. 
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