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Abstract
The nature and degree of impact of ship groundings on coral reefs and subsequent 

recovery is not well understood. Disturbed benthic and associated fish assemblages 
may take years-decades to return to pre-impact levels or may attain alternate stable 
states. Rose Atoll, a small, remote coral atoll in the central South Pacific, was im-
pacted by a major ship grounding and associated contaminant spill in October 1993. 
Coral reef fish assemblages were quantitatively surveyed at the site of impact and 
compared to other nearby sites along the western outer reef slope in August 1995, 
February 2002, February 2004, and March 2006. In 1995, herbivorous surgeonfishes 
dominated the site, likely attracted to the early algal blooms. During 2002–2006, 
both numbers and biomass of pooled herbivorous fishes were significantly greater 
at the wreck site than at the other reef-slope survey sites. This greater abundance, 
where some corroding steel debris remained, was associated with significantly 
greater substratum cover by opportunistic algae (both turf and cyanobacteria). Thus, 
more than 13 yrs later, the grounding of this ship is still impacting algal growth and 
herbivorous reef-fish populations. While continued ecosystem monitoring at Rose 
Atoll is necessary for a full understanding of recovery rates by fish assemblages from 
such major anthropogenic disturbances, in the event of future groundings, contain-
ment of the contaminant spill and prompt removal of all metallic debris is recom-
mended to preserve ecosystem integrity.

The impact of ship-grounding accidents on coral reef ecosystems in the Pacific 
Ocean, especially long-term, has been infrequently reported (Tikka et al., 2002). 
Such collisions crush and kill corals and other benthic invertebrates, decrease habi-
tat complexity, and open space for colonization by opportunistic algae (Precht et al., 
2001). Associated oil and contaminant spills and the continued wave-driven abrasive 
interaction of the hull across the reef result in major environmental and financial 
damages (McCormick and Hudson, 2001; Riegl, 2001). Improved understanding of 
such impacts and their natural recovery process is important to promote mitigation 
measures, help develop cost assessments for liability, provide the basis for improved 
management and restoration of sensitive areas such as reefs near major shipping 
lanes or fishing grounds, and preserve unique biodiversity (Riegl, 2001). 

On 14 October 1993, a 37-m Taiwanese longline fishing vessel, the Jin Shiang Fa, 
struck Rose Atoll and ran aground on the upper part of the outer reef slope on the 
southwest side of the atoll (Fig. 1). Direct physical damage to the reef (documented on 
a survey 2 wks following the event) included a broad scarring across the steep spur-
and-groove zone and a scattering of large amounts of diverse debris (metal, fishing, 
and other vessel gear) onto the reef slope around the vessel (Green et al., 1997). Other 
immediate impacts included chemical spills onto the atoll of 100,000 gal of diesel 
fuel, 500 gal of lube oil, and 2500 lb of ammonia. This chemical release appeared to 
be continuous for 6 wks after the grounding and was transported across the reef flat 
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and into the lagoon by waves and currents (USFWS, 1996a,b). The vessel broke up 
within 6 wks as a result of strong wave action (Barclay, 1993). A survey conducted 4 
mo after the grounding documented considerable amounts of steel ship debris still 
scattered over 3500 m2 across the reef slope and grooves. Subsequent surveys found 
that much of the wreckage (including > 200 t of metallic debris) remained on the 
reef slope and reef flat more than 3 yrs after the grounding (Green et al., 1997). In 
1999–2000, ~37 t of this debris was removed from the reef crest and ~30 t was re-
moved from the outer reef slope. By June 2005, an additional 40 t of metallic debris 
was removed from the outer reef slope along the SW arm. USFWS estimates that ~2 
t of debris remains on the reef slope and has plans for additional removal (J. Maragos, 
USFWS, pers. comm.).

One of the most obvious and persistent differences subsequent to the grounding 
was the proliferation of turf algae/cyanobacteria and, apparently, great abundances 
of herbivorous fishes near the impact site, in contrast to elsewhere around the atoll. 
The purpose of this study was to test the null hypothesis of no long-term changes in 
the benthos and associated herbivorous fishes at the grounding site, vs several sites 
at the same depth along the forereef slope habitat at varying distances to either side 
of the grounding site.

 Monitoring of coral reef fishes and substratum was initiated at Rose Atoll by Ameri-
can Samoa’s Department of Marine and Wildlife Resources (DMWR) in 1995 (Green, 
1996a) to characterize reef ecosystem impacts of the grounding. In 2002–2006, bien-
nial monitoring continued as part of a larger multidisciplinary research program on 
coral reef ecosystems of U.S. Pacific Islands by the NOAA Fisheries Pacific Islands 
Fisheries Science Center’s Coral Reef Ecosystem Division (PIFSC CRED) (Brainard 
et al., in press). While these surveys include all major visible biotic components of 
the water column and reef bottom around the atoll, impacts of the grounding on 
herbivorous fish and turf algae/cyanobacteria clearly prevailed and were investigated 
further in this analysis.

Figure 1. The long-line fishing vessel Jin Shiang Fa aground on the upper reef slope at Rose 
Atoll in October 1993 (Photo: John Naughton).
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Methods

Study Area.—Rose Atoll (14°32´S, 168°08´W) is a small (615 ha area) isolated island atoll 
that lies at the eastern edge of the Samoan Archipelago in the central South Pacific (Fig. 2). 
Prevailing trade winds from the southeast render the east sides of the atoll most exposed to 
swells (Green et al., 1997). Distinct habitat zones include reef front and outer reef slope, reef 
flat, lagoon slope, lagoon pinnacles, and patch reefs (Rodgers et al., 1993; Green and Craig, 
1999). The reef front, dominated by crustose coralline algae, slopes steeply seaward to a depth 
of ~40 m and is subject to strong wave exposure. The limestone reef flat is covered by living 
coralline and other algae. Lagoon pinnacles, encrusted with coralline algae and various cor-
als, rise almost vertically to sea level and experience low wave stress (Green, 1996a; Green 
and Craig, 1999). The atoll is uninhabited but has been visited periodically by scientific in-
vestigators during the past century. In 1974, Rose Atoll was designated as a National Wildlife 
Refuge by the United States Fish and Wildlife Service (USFWS) that prohibited fishing. The 
atoll serves as a refuge for giant clams, and rare incidences of poaching have been reported 
(Green and Craig, 1999). Prior to 1993, this atoll was considered one of the most remote (150 
km from the next nearest island) and least disturbed atoll ecosystems in the world (UNEP/
IUCM, 1988). Rodgers et al. (1993) provide further details on the biology, oceanography, geol-
ogy, and history of Rose Atoll.

While several brief surveys to assess ecological impact and possible recovery were con-
ducted at various times, from several weeks to several years post-grounding, comprehensive 

Figure 2.  Rose Atoll, American Samoa, in the central South Pacific, showing positions of outer 
reef slope survey stations along the atoll’s west side; SW1(Stn-7) along SW arm is the site of 1993 
vessel grounding. 
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quantitative data on fish communities/habitat were first collected primarily in August 1995 
(Green et al., 1997). Stations surveyed included all sides and habitat types of the atoll and were 
selected haphazardly based on general uniformity of habitat and isobath range (Fig. 2). True 
control sites were not available because rigorous pre-grounding data for reef fish from Rose 
Atoll were lacking. Also, the entire southwest side of the atoll was, at least initially, affected by 
the grounding event and contaminant spill (Green et al., 1997). Stations on the eastern sides 
of the atoll could not be used for reference because fish assemblages there differed together 
with environmental factors such as wave exposure and currents. Our 1995 and 2002–2006 
surveys at west side stations, however, provided quantitative reference estimates sufficient to 
monitor changes at these sites over time. Summary data from the last comparable quantita-
tive fish survey (August 1995) prior to 2002, and corresponding habitat data, are included 
here to compare relatively short-term and long-term impacts. For the present analysis, outer 
reef slope stations (Stn) surveyed in 2002–2006 along the west side of the atoll were selected 
to coincide with those sites surveyed in the mid-1990s by Green (Green, 1996a; Green et al., 
1997) as follows: Stn-6 = NW2, Stn-22 = NW1, Stn-23 = SW3, Stn-7 = SW1 (impact site), and 
Stn-5 = SW2 (Fig. 2). Stn-4, an additional site along the SW arm of the atoll, was surveyed 
only in 2002–2006. All benthos and fish surveys were conducted at the same general 10–15-m 
depth and in the same leeward forereef slope habitat. In 1994–1995, fish and benthos surveys 
were collected along the same transect lines. In 2002–2006, benthos surveys derived data 
from towed-diver photographic transects in the same general areas. Survey sites (transects) 
were not technically fixed but instead were repeated over surveys within the same general 
station areas. The resurveying of both benthos and fish within these general station areas at 
biennial intervals does not constitute temporal pseudoreplication as year was considered as a 
fixed (non-random) factor in the analysis. 

Turf Algae/Cyanobacteria Surveys.—1994–1995.—Five 50-m transects were sur-
veyed at each of the five stations on the forereef slope: two on the northwest side (NW1, 
NW2), and three on the southwest side (SW1, SW2, SW3), where SW1 was the shipwreck 
site (Fig. 2). Based on logistical constraints, the northwest stations were surveyed in October 
1994, and the southwest stations were surveyed in August 1995. Benthos and substratum were 
classified into major types and subcategorized within each type every 2 m along the transect 
line both on and 2 m to each side of the transect line (total of 75 points per transect). Percent 
of the reef slope substratum covered with opportunistic algae (both turf and cyanobacteria), 
a subcategory of macroalgae, was estimated for each transect (Green, 1996b). 

2002–2006.—Percent of substratum covered with opportunistic algae was estimated from 
digital video or still photographs recorded during towed-diver surveys (Kenyon et al., 2006) 
along the outer reef slope in February 2002, February 2004, and March 2006. The portion 
of the tow-track line closest to each site was identified (around Stn-6, Stn-22, Stn-23, Stn-7, 
Stn-5, and/or Stn-4), and nine frames (inter-frame distance ~25 m) were analyzed with Sig-
maScan® based on an overlay that selects that component of the benthos (2002 and 2004 
surveys) or with CPCe (Kohler and Gill, 2006) based on a point-count method (2006 surveys). 
Thus, a distance of ~200 m was sampled at each site.

Fish Surveys.—1995.—In August 1995, fish were visually surveyed along five 50 m × 3 m 
wide belt transects (750 m2) at ~10 m depth over the forereef slope at the same five stations 
where algae were surveyed (NW2, NW1, SW3, SW1, and SW2) (Fig. 2). Diurnally active non-
cryptic species were enumerated and their sizes (total length) estimated for biomass conver-
sions. Surveys were conducted by three sequential passes along the line for (1) large, highly 
mobile species (during laying of the line), (2) medium-size mobile fishes, and (3) small, site-
attached species (Green, 1996b).

2002–2006.—In February 2002, February 2004, and March 2006, reef fish assemblages were 
surveyed at Rose Atoll to establish a new baseline and initiate biennial monitoring, as part of 
a larger survey of all major components of the reef ecosystem (Craig et al., 2005). At each sta-
tion (Stn-6, Stn-22, Stn-23, Stn-7, Stn-5, and Stn-4 [Fig. 2]), size-specific counts of all diurnally 
active fishes were quantified using a standard fish belt-transect protocol (Brock, 1954, 1982; 
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Friedlander and DeMartini, 2002). Transect lines were set at depths of 10–15 m along the out-
er reef slope, conditions permitting, where reef holes, ledges, and the water column within 4 
m of the substratum were searched. A pair of scuba diver-observers conducted parallel swims 
along three 25-m-long transect lines, recording size-class specific (total length, TL) counts of 
all fishes encountered to the lowest possible taxon (to species level, where possible), within vi-
sually estimated but defined belt widths. For each replicate transect line at a station, each diver 
quantified fishes > 20 cm TL encountered within a 4-m wide (100 m2) area on each side of the 
line on the swim-out, followed by an analogous tally of fishes < 20 cm TL within a 2 m wide  
(50 m2) area on each side of the line on the subsequent swim back (total search areas of 600 
m2 and 300 m2 per station, respectively). Fish were tallied by length class to estimate biomass 
by taxon. Fish < 5 cm TL were recorded to the nearest centimeter, while those > 5 cm TL were 
tallied by 5-cm length bins.

Data Analyses.—Turf Algae/Cyanobacteria.—For data collected in 1994–1995 (com-
bined), mean percent cover of opportunistic algae at station SW1 (wreck site) was compared 
with cover at adjacent stations SW3 and SW2 (~800 m to the N and S, respectively) and two 
stations on the northwest side (NW1, NW2), with a Wilcoxon Kruskal-Wallis one-way analy-
sis of variance between groups (ANOVA), as only a single factor (site) was analyzable and 
heterogeneous variances were uncorrectable by transformation. The 1994–95 data could not 
be combined with the 2002-06 time-series due to differences between the data series in sur-
vey techniques. Two-way ANOVA was used to test the effect of reef station (stations 7 [wreck 
site], 6, 22, 23 [to the N], 5, 4 [to the S]) and year (2002, 2004, 2006) on percent opportunistic 
algae cover, arcsine transformed to help reduce heterogeneity of variance (Cochran’s C test) 
(Winer et al., 1991; Underwood, 1997; SAS-Windows v. 9.1, proc GLM, SAS Institute, 1999). 
Significant differences among reef sites were determined with t-tests adjusted for the Bonfer-
roni inequality (a posteriori multiple comparisons). The more conservative significance level 
(P < 0.01) was used as some heterogeneity of variances remained (Manly, 1991; SAS Institute, 
1999). 

Herbivorous Fishes.—Counts were expressed as numerical densities (hereinafter “numbers” 
or “abundances”) and converted to biomass densities (hereinafter “biomass”). For 1995, abun-
dance and biomass at station SW1 were compared among stations SW2 and SW3, as well as 
NW1 and NW2. The comparisons evaluated stations 7 (wreck site), 6, 22, 23, 5 and 4 for the 
2002–2006 period. Open forereef stations along the western side of the atoll were used as 
unimpacted reference sites for the site of the 1993 grounding. Relative percent frequency of 
taxonomic composition was also compared for major herbivorous families by station. Num-
bers and biomass were estimated for dominant herbivorous taxa by station. Biomass was es-
timated from individual fish length-class estimates using species-specific length (L)-weight 
(W) conversion parameters (W = aLb) (Letourneur et al., 1998; Kulbicki et al., 2005; FishBase 
[Froese and Pauly, 2006]). The analysis focused on dominant herbivorous fish taxa as algae 
continued to dominate the substratum at the wreck site more than a decade post-grounding.

For herbivorous fish families (pooled surgeonfish, parrotfish, and angelfish) in 1995, num-
bers and biomass were compared using Wilcoxon Kruskal-Wallis one-way ANOVA. For recent 
years (2002, 2004, 2006), these pooled herbivores were compared using two-way ANOVAs to 
test the effects of reef station and survey year (SAS-Windows v. 9.1, proc GLM, SAS Institute, 
1999). Reef stations in this area that were not surveyed each year were excluded from the 
analysis to maintain a balanced design. Mean abundance and biomass values were log (x + 1) 
transformed to help reduce heterogeneity of variances (Cochran’s C test). Significant differ-
ences among reef sites were determined with t-tests adjusted for the Bonferroni inequality (P 
< 0.01, as some heterogeneity remained) (Manly, 1991; SAS Institute, 1999).
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Results

Turf Algae/Cyanobacteria Surveys.—1994–1995.—By 1995, 2 yrs post-
grounding, the mean percent cover of opportunistic algae was at least twice as high at 
the impact site as at neighboring sites on the southwest side, while no opportunistic 
algae were recorded on the northwest side (Fig. 3; station SW1 significantly higher; 
Wilcoxon Kruskal Wallis one-way ANOVA; P < 0.05). Dead crustose coralline algae 
were also dominant at the impact site (36% cover: Green, 1996a; Green et al., 1997) 
and were much more abundant there than at SW 2 and SW 3 (8% and 3% cover, re-
spectively). In contrast, almost no dead crustose coralline algae were observed on the 
northwest side of the atoll. Conversely, live crustose coralline algae were uncommon 

Figure 3. Mean (+ SE) percent cover of turf algae/cyanobacteria among outer reef slope stations 
by year (1995–2006); (* = site of 1993 grounding [SW1 in 1995 and Stn-7 in 2002–2006]; nd = 
no data for that station-year). In 1995, station SW1 had significantly higher cover of opportunistic 
algae (turf and cyanobacteria) than the other sites (Wilcoxon Kruskal Wallis one-way ANOVA; P 
< 0.05). In 2002–2006, significant differences also occurred among stations, with the least square 
means of the wreck site about twice as high as the other stations (two-way ANOVA; P < 0.0001). 
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at the impact site (< 4% cover) and much more abundant at the other sites on the SW 
and NW sides (ranging from 20 to 40% cover). 

2002–2006.—In 2002, percent cover of opportunistic algae was an order of magni-
tude greater at the wreck site (~40%) than at adjacent stations (Fig. 3). In 2004, per-
cent cover of opportunistic algae remained more than twice as high at the wreck site 
than at any other west side station; water turbidity was also higher in the vicinity of 
the impact site, with considerable particulate matter that appeared to be suspended 
algal fragments. Similar conditions continued in 2006 and the effect appeared to 
be spreading, with the percent cover at adjacent stations (23 to N and 5 to S) almost 
as high (~30%) as at the wreck site. More distant west side stations (6 and 4) had 
less than one-half as much opportunistic algal cover. Percent cover was significantly 
greater at the wreck site and adjacent station 23 than the other stations (two-way 
ANOVA, Table 1). Least squares means at the wreck site were generally twice those at 
other sites. By 2006, the next two highest stations (23 and 5) were the closest stations 
to the wreck site (to N and S, respectively; Fig. 3). 

Fish Surveys.—1995.— Along the western slope, total fish abundance was lowest 
around the wreck site (Green et al., 1997). However, except for the midget chromis 
(Chromis acares; Pomacentridae) the majority of fishes present at the wreck site were 
herbivorous surgeonfishes (Acanthuridae; 19.4% [Table 2A]; e.g., Ctenochaetus spp. 
and Naso lituratus), which were probably attracted to the area by the algal bloom 
and cover from the wreckage. Station NW2, nearest to the lagoon pass (~800 m), also 
had high surgeonfish numbers and biomass in 1995, relative to other reef slope sta-
tions (Fig. 4). The pattern for herbivorous parrotfishes (Scaridae) was similar to the 
surgeonfishes (Fig. 5), with the impact site (SW1) higher in abundance and biomass 
than neighboring sites, with the exception of station NW2 closest to the lagoon pass, 
at which estimates were almost twice as high. The numbers and biomass of herbivo-
rous angelfishes (Pomacanthidae), although lower overall, were greater at the wreck 
site station and the station just to the S (SW2), with individuals larger but less nu-
merous at SW1 (Fig. 6). Pooling these herbivorous families in the 1995 data resulted 
in an overall pattern similar to that for herbivorous surgeonfish (as expected, since 
this taxon dominated) with significant differences found among stations (Wilcoxon 
Kruskal-Wallis one-way ANOVA, P < 0.05) (Fig. 7). 

2002–2006.—As in 1995, the midget chromis remained the most abundant species 
numerically at outer reef slope stations, while less so at the wreck site. The major her-
bivorous taxa, with dominant species per family noted (Table 2B), were (in decreas-

Table 1. Summary results of two-way ANOVAs testing effect of reef station (Stn-7 = wreck site, 
with nearby sites Stn-4, Stn-5, Stn-6, Stn-23) and year (2002, 2004, 2006) on percent cover of 
opportunistic algae. Results with their least squares means are listed (underlined if not significantly 
different, P < 0.01).

Source df MS F Prob > F
Model 13 0.16 7.56 < 0.0001
Year 2 0.08 3.65 0.0296
Station 4 0.38 17.93 < 0.0001
Year*Station 7 0.06 2.75 0.0119
Error 97 0.02   
Station: Stn-7 > = Stn-23 > = Stn-5 = Stn-6  > = Stn-4
LS Mean: 0.413 > = 0.267 > = 0.151 = 0.128 > = 0.107
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ing order of numerical abundance): acanthurids (~27 species, primarily N. lituratus, 
Ctenochaetus striatus [detritivore on algae], Acanthurus nigrofuscus, Acanthurus 
nigricans, Ctenochaetus cyanocheilus, and Acanthurus achilles); scarids (12 species, 
Chlorurus sordidus, Scarus forsteni, and Scarus oviceps); and pomacanthids (5 spe-
cies, Centropyge loriculus, and Centropyge flavissima). Two of the main herbivorous 
families had higher relative percent frequency representation (average across years, 
2002–2006, Table 2A) at the wreck site, especially acanthurids (~32%), compared to 
the other west side stations (~12%). Scarids comprised ~3.3% at the wreck site, com-
pared to 1.2% at other stations.

Herbivorous surgeonfishes (planktivorous Naso species excluded) were the most 
numerically dense herbivores at the wreck site (mean ~20 fish 10 m–2; Fig. 4). Naso 
lituratus was the dominant species (Fig. 8), followed by C. striatus, A. nigrofuscus, 
A. nigricans, C. cyanocheilus, and A. achilles. Surgeonfish biomass was ~3–6 times 
greater at the wreck site versus other west side stations; abundance followed a simi-
lar pattern. Herbivorous parrotfishes also were more abundant (~2–5 times higher 

Table 2A. Relative percent frequency of total number of fish counted on transects for all species 
(pooled) by main herbivorous family and year at the wreck site (* = Stn-7 or SW1) and other 
stations along the west side of Rose Atoll, from N to S. (na = station not surveyed in that year).

Family Year 6 22 23 7* 5 4
% % % % % %

 Acanthuridae 1995 16.9 12.2 13.4 19.4 12.1 Na
(Surgeonfishes) 2002 8.4 na na 29.5 10.5 10.8

2004 10.0 16.5 17.0 30.4 16.5 10.6
2006 12.9 na 7.3 37.3 8.4 7.3

Scaridae 1995 3.8 2.4 1.3 2.5 0.4 Na
(Parrotfishes) 2002 1.5 na na 1.8 0.3 0.8

2004 1.3 2.0 0.7 2.6 2.0 0.7
2006 0.9 na 0.6 5.5 1.8 1.0

Pomacanthidae 1995 1.1 0.7 0.5 1.6 1.4 na 
(Angelfishes) 2002 1.3 na na 2.8 1.4 2.3

2004 2.0 3.4 3.8 2.5 5.3 1.7
2006 0.5 na 0.4 0.4 0.4 0.2

Table 2B. Dominant herbivorous fish species, and most numerically abundant damselfish, with 
their common names (Randall, 2005), recorded in surveys along the western side of Rose Atoll.

Family	 Species (Author) Common name
Acanthuridae Naso lituratus (Forster and Schneider, 1801)

Ctenochaetus striatus (Quoy and Gaimard, 1825) 
Acanthurus nigrofuscus (Forsskål, 1775) 
Acanthurus  nigricans (Linnaeus, 1758) 
Ctenochaetus cyanocheilus  (Randall and Clements, 2001) 
Acanthurus achilles (Shaw, 1803)  
Acanthurus triostegus (Linnaeus, 1758) 

Orangespine unicornfish 
Striped bristletooth
Brown surgeonfish
Goldrim surgeonfish
Bluelip bristletooth
Achilles tang
Convict surgeonfish

Scaridae Chlorurus sordidus (Forsskål, 1775)
Scarus forsteni (Bleeker, 1861)
Scarus oviceps (Valenciennes, 1840)
Chlorurus microrhinos (Bleeker, 1854)
Scarus frontalis (Valenciennes, 1839)

Bullethead parrotfish
Whitespot parrotfish
Egghead parrotfish
Steephead parrotfish 
Tan-faced parrotfish

Pomacanthidae Centropyge loriculus (Günther, 1874)
Centropyge flavissima (Cuvier, 1831)

Flame angelfish
Lemonpeel angelfish

Pomacentridae Chromis acares (Randall and Swerdloff, 1973) Midget chromis
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Figure 4. Mean (+ SE) abundance and biomass (g) per 10 m2 of herbivorous surgeonfishes (species 
pooled), by station and year (1995–2006); (* = site of 1993 grounding [SW1 in 1995 and Stn-7 in 
2002–2006]; nd = no data for that station-year).

numerically) at station 7 than at most other west side stations in each year (Fig. 5). 
Biomass generally showed a similar trend. Dominant parrotfishes consisted of, in de-
scending importance, C. sordidus, Chlorurus microrhinos, S. forsteni, and S. oviceps. 
Parrotfish biomass was about 2–12 times greater at the wreck station (mean ~668 g 
10 m–2) than at the other reef stations (Fig. 5). In 2002, the abundance of herbivorous 
angelfishes was about twice as high at the wreck station compared to the other sta-
tions (Fig. 6). Angelfish numbers were generally lower (< 1–2 fish 10 m–2) than sur-
geonfish or parrotfish. The major angelfishes were C. loriculus and C. flavissima, in 
nearly equal proportions across years. Although the numbers and biomass of these 
angelfishes appeared greater in 2004 and 2006 at the wreck site, they were not sig-
nificantly so. Biomass of angelfishes was several times to only slightly higher at the 
wreck site compared to the other western reef slope stations (Fig. 6). 
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Although the abundance and biomass of each of these herbivorous fish taxa gen-
erally differed among stations, sample sizes were too small for formal tests of sig-
nificance for species or most single family-level taxa. The pattern for the three main 
herbivore families (pooled) resembled that for surgeonfish, the clearly dominant 
herbivores. In 1995, significant differences were found among stations (Wilcoxon 
Kruskal-Wallis one-way ANOVA, P < 0.05). In 2002, 2004, and 2006, both numbers 
and biomass of pooled herbivores were significantly higher at the wreck site than 
at the adjacent stations, while no differences occurred among these other stations 
(two-way ANOVA, station effect, P < 0.0001; Table 3) (Fig. 7). The abundance of total 
herbivores was higher in 2006 and 2004 than in 2002 (two-way ANOVA, year effect, 
P < 0.01; Table 3), and the pattern for total herbivore biomass was similar (Fig. 7).

Figure 5. Mean (+SE) abundance and biomass (g) per 10 m2 of herbivorous parrotfishes (species 
pooled), by station and year (1995–2006); (* = site of 1993 grounding [SW1 in 1995 and Stn-7 in 
2002–2006]; nd = no data for that station-year).
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Discussion

Our present study compared the fish assemblage and benthic algal cover at a ma-
jor ship grounding site to that at analogous adjacent sites along the southwest and 
northwest sides of Rose Atoll, to determine if any short- or long-term impacts had 
occurred, 2–13 yrs after the event. 

Algae.—Prior to the grounding event, crustose coralline algae generally domi-
nated the substratum and served as the primary reef structural element at the atoll 
(Green et al., 1997). The impact and resultant contaminant spill killed much of this 
coralline algae along the southwest side of the atoll. Surveys conducted 2 wks after 

Figure 6. Mean (+ SE) abundance and biomass (g) per 10 m2 of herbivorous angelfishes (species 
pooled), by station and year (1995–2006); (* = site of 1993 grounding [SW1 in 1995 and Stn-7 in 
2002–2006]; nd = no data for that station-year).
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the grounding revealed large areas along the outer reef slope that were scoured and 
beginning to be colonized with opportunistic cyanobacteria (filamentous blue-green 
“algae”) and turf algae (e.g., Jania sp.) (both otherwise uncommon at the atoll) that 
subsequently came to dominate the area (Green et al., 1997). Blooms of opportunis-
tic filamentous turf algae are common following reef disturbances that kill corals, 
including ship groundings or boat impacts (Smith, 1988; Lirman, 2001), bleaching 
events (Kohler and Kohler, 1992), oil spills (Bellamy et al., 1967; Keller and Jackson, 
1993), and storms (Adjeroud et al., 2002). Additional quantitative surveys conducted 
in October 1994, August 1995, and August 1996 indicated that the substratum at 
the wreck site continued to be dominated by opportunistic algae and dead crustose 
corallines, and that the natural (pre-grounding) algal assemblages at the site had yet 
to recover (Green, 1996a; Green et al., 1997). Reef flat surveys in January 1997, more 
than 3 yr after the event, observed that opportunistic algae still dominated the sub-
stratum in the vicinity where scattered debris from the wreck remained (J. Burgett, 
USFWS, unpubl. data). Large metal sections (the ship’s structural steel, engine block, 
zinc anodes, copper) continued to corrode into the marine environment.

2002–2006.—In 2002, the cover of opportunistic algae on the western outer reef 
slope was < 10%, increasing to > 40% in the vicinity of the site of impact. Large pieces 
of metal debris from the vessel (including the mast lying in a groove) and heavy al-
gal cover were still visible at the impact site along the outer reef slope. On the reef 
flat nearby, cyanobacteria were still abundant in the vicinity of remaining pieces of 
ship debris (J. Burgett, USFWS, unpubl. data). In 2004, some metal debris were still 
seen in the vicinity of the grounding site. Percent cover of opportunistic algae at the 
wreck site (still > 40%) remained at least twice that at the other sites surveyed along 
the western outer reef slope, clearly indicating a long-term impact to the substrate 
from the grounding event. By the time of our March 2006 monitoring surveys, US-

Table 3. Summary results of two-way ANOVAs testing effect of reef station (Stn-7 = wreck site, 
with neighboring sites Stn-4, Stn-5, Stn-6) and year (2002, 2004, 2006) on the abundance (N 
100 ha–1) and biomass (g ha–1) for (pooled) herbivorous taxa (surgeonfish, parrotfish, angelfish). 
Results with their least squares means are listed (underlined if not significantly different, P > 0.01). 
Station-by-Year interactions were insignificant (P > 0.05) in all cases and were deleted from final 
runs on a model containing main effects only. 

Abundances of herbivores (pooled):
Source df MS F Prob > F
Model 5 2.04 12.71 < 0.0001
Year 2 0.89 5.57 0.0088
Station 3 2.81 17.47 < 0.0001
Error 30 0.16   
Station: Stn-7  > Stn-4 = Stn-6 = Stn-5
LS Mean: 15.17 > 14.06 = 14.04 = 14.04
Biomass of herbivores (pooled):
Source df MS F Prob > F
Model 5 3.58 11.61 < 0.0001
Year 2 0.54 1.76 0.1896
Station 3 5.60 18.18 < 0.0001
Error 30 0.31
Station: Stn-7 > Stn-6 = Stn-5 = Stn-4
LS Mean: 15.55 > 14.13 = 14.11 = 13.78
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FWS had estimated that nearly all of the major metal debris from the wreckage had 
been removed by contractors (J. Maragos, USFWS, pers. comm.). In 2006, only a few 
small pieces of corroding steel were seen, although an unknown quantity could have 
remained buried in the substrate. While cover of opportunistic algae was still high 
(> 30%) at the wreck site, it was now nearly as high (< 30%) at the adjacent stations 
to the N and S. This suggests that the impact of these opportunistic algae may have 
expanded along the SW arm of the atoll’s reef slope during the 2002–2006 period.

Iron is a limiting nutrient for algae in pristine oceanic environments (Martin and 
Fitzwater, 1988; Sunda, 1994). The positive relationship between dissolved iron and 

Figure 7. Mean (+ SE) abundance and biomass (g) per 10 m2 for total herbivores (surgeonfishes, 
parrotfishes, and angelfishes, pooled), by station and year; (* = site of 1993 grounding [SW1 in 
1995 and Stn-7 in 2002–2006]; nd = no data for that station-year). In 2002–2006, wreck station 7 
differed significantly from stations 6, 5, and 4 for both numbers and biomass (two-way ANOVA, 
P < 0.0001 [see Table 3]). In 1995, significant differences were also found among stations (Wil-
coxon Kruskal-Wallis one-way ANOVA, P < 0.05).
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cyanobacteria growth in marine environments and coral reefs is well documented 
(e.g., Boyd et al., 1999; Miller et al., 1999; Paerl, 1999; Kuffner and Paul, 2001; Webb et 
al., 2001). At Rose Atoll, corroding metal debris from the shipwreck is likely respon-
sible for stimulating and maintaining the persistent bloom of opportunistic algae 
species near the grounding site, possibly enabling these algae to outcompete indig-
enous crustose corallines and preventing them from recolonizing the reef (Green et 
al., 1997). 

Fish.—1995.—Herbivorous fishes became more abundant around the impact site, 
shortly after the grounding, following the substantial mortality of corals and crus-
tose coralline algae, and colonization of opportunistic algae (Green et al., 1997). 
Corals recently killed by a ship grounding in the U.S. Virgin Islands were similarly 
colonized by filamentous algae that, in turn, were readily consumed by herbivores, 
including surgeonfishes and parrotfishes (Kohler and Kohler, 1992). Contaminant 
spills associated with major ship groundings also can negatively impact fish popula-
tions. For example, an oil tanker grounding at Wake Island, which spilled 6 million 
gal of fuel and oil, killed ~2500 kg of reef fish (Nelson-Smith, 1971). Because of their 
high mobility, however, fishes are typically less vulnerable to contaminant spills than 
are many benthic organisms, although they may be impacted indirectly through ef-
fects on their benthic food resources (Chaw and Chua, 1978). Oil spills can kill the 
naturally dominant algae and disrupt the ecological balance on reefs (Ling, 1978), as 
well as kill corals (Mathias and Langham, 1978). In the present study, estimates of 
coral percent cover derived from towed-diver surveys (2002) and site-specific sur-
veys (2004 and 2006) were consistently lower at the wreck site than at stations to 

Figure 8. Herbivorous surgeonfishes, primarily the orangespine unicornfish (Naso lituratus), 
grazing at the wreck site in March 2006 (Photo: Robert Schroeder).
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the north and south along the southwest arm (J. Kenyon, NOAA-PIFSC, Coral Reef 
Ecosystem Division, unpubl. data). 

Two years post-grounding, surgeonfishes (mainly C. striatus and Acanthurus 
triostegus) predominated at the wreck site at which the algal bloom persisted (Green, 
1996a). Total fish abundance, however, was then lower around this site, compared 
to other sites at 10 m depth along the western outer reef slope, largely because but-
terflyfish and midget chromis damselfish (which are usually associated with healthy 
reef slopes) were less common (Green et al., 1997). In 1995, fish abundance also was 
very high on the reef flat around the wreck, primarily based on the surgeonfish and 
parrotfish that were attracted to the heavy algal cover and protection afforded by the 
wreckage (Green et al., 1997).

2002–2006.—In February 2002, total fish abundance at the wreck site was indis-
tinguishable from abundance at nonimpacted, outer-slope sites (in contrast to 1995) 
and highest on the west side of the atoll. As the west side is the leeward exposure, it is 
likely more protected from prevailing southeast trades and swells and thus supports 
more complex reef development and biotic communities (Green et al., 1997). Consis-
tent with the 1995 surveys, damselfish remained the generally dominant taxon at the 
atoll during 2002–2006 but continued to be replaced by surgeonfish at the wreck site. 
As in 1995, the midget chromis damselfish, which was the most abundant species at 
all sites, was relatively less abundant during our more recent surveys at the ground-
ing site. Abundances of other herbivorous taxa appeared to be greater near the wreck 
site in 2002–2006. We believe that the lingering domination of herbivorous fishes 
reflects attraction to the opportunistic algae that abound at and near the grounding 
site. While herbivorous surgeonfishes continued to dominate, the species composi-
tion had changed. By 2002–2006, large schools of N. lituratus predominated at the 
wreck site. Both the numbers and biomass of herbivorous parrotfish (mostly C. sordi-
dus, followed by S. forsteri, then S. oviceps) were also several-fold greater at the wreck 
site than at the other stations along the west in 2002–2006. In August 1995, the most 
common parrotfish was Scarus frontalis. In later surveys, only in 2006 was S. fron-
talis common at the wreck site, while roving schools were seen shallower along the 
upper reef slope. Numbers of herbivorous Centropyge spp. were several-fold greater 
at the wreck site in 2002, and the fish were over twice as large on average than their 
non-wreck site counterparts. In 2004 and 2006, this single-site dominance of these 
angelfish was less apparent. The pattern of overall greater herbivore abundance at the 
wreck site in the more recent survey years, 2004 and 2006, suggests that effects of the 
wreckage on this fish assemblage have not yet begun to diminish.

Table 4. Mean biomass estimates for Pacific reef fish herbivores.

Island(s) Biomass (t ha–1) Source
Rose wreck site 3.93 CRED unpubl. data
Rose Atoll, AS 0.94 CRED unpubl. data
Other Samoan Is. 0.27 CRED unpubl. data
Wallis and Futuna 0.19 Wantez and Chauvet, 2003
New Caledonia 0.35 Wantez et al., 2006 
U.S. Line Is. 0.37 Sandin et al., 2008
Main Hawaiian Is. 0.29 Friedlander et al., 2007 
NW Hawaiian Is. 0.68 Friedlander and DeMartini, 2002 
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Herbivorous fish biomass was about three-times higher at Rose Atoll (0.94 t ha–1) 
than comparable estimates (0.36 t ha–1 average) from other Pacific coral reefs (Table 
4). Other islands ranged from 0.19 t ha–1 (Wallis and Futuna) to 0.68 t ha–1 (North-
western Hawaiian Islands). Herbivorous fish biomass at Rose was also over three-
times greater (and 15-times greater at the wreck site) than at the other islands of 
American Samoa.

The persistence of significantly greater numbers and biomass of herbivorous fishes 
at the site of maximum reef disturbance, 13 yrs after the grounding event, clearly 
shows how such an impact can alter reef fish communities long-term. It also indi-
cates that more time is necessary for ecosystem recovery at this atoll and suggests 
that local ecosystem impacts may be continuing, possibly as a result of an unknown 
amount of debris from the wreckage that remains on the atoll, and continues to leach 
iron into the marine environment. Precht et al. (2001) reported that damaged high-
relief habitat from the 1984 grounding of the MV Wellwood in the Florida Keys 
was slow to recover and concluded that the affected area may remain at an alternate 
stable state similar to natural hard-bottom communities. An alternative stable state 
may also have been established following a ship grounding on the Great Barrier Reef 
that produced a shift from a coral- to an algal-dominated community which persist-
ed for years (Hatcher, 1984). Coral recolonization was also impaired for more than a 
decade following major reef scarring by a cruise ship anchor (Rogers and Garrison, 
2001). Such long-term changes result from impact on the reef-building community, 
and thereby influence reef function and structure (Ebersole, 2001). The results of this 
study at Rose Atoll clearly demonstrate the long-term impacts of ship groundings on 
coral reef ecosystems.

Conclusion

Whether the damaged reef at Rose Atoll will recover in time to its former natu-
ral state or ecosystem impacts will continue indefinitely remains to be determined. 
However, the fact that some of the ship’s debris still remains, in association with 
significantly more abundant opportunistic algae and localized concentrations of her-
bivorous fishes, implies that both benthic and reef fish assemblages in this area are 
still being impacted 13-yr post-grounding. We commend the USFWS for its efforts 
to remove most of the metallic debris at Rose Atoll, and recommend removal of any 
remaining debris that is possible. Continued biannual monitoring of the benthic and 
fish assemblages and relevant abiotic variables should greatly enhance our under-
standing of the long-term ecological impacts of this grounding event and should 
further contribute to the scientific basis for management of Pacific atolls and other 
remote coral reef ecosystems. In the event of future groundings, containment or im-
mediate removal of the contaminant spill is imperative to prevent mass mortality 
of crustose coralline algae and corals, and removal of as much metallic debris as 
possible should help mitigate subsequent dominance by opportunistic algae. Fur-
thermore, monitoring of activities by large fishing vessels operating around Pacific 
islands and atolls would enable management authorities to identify vessels posing 
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a threat to reefs and hopefully avert groundings. Currently, all U.S. longline vessels 
in the Pacific are monitored by the NOAA National Marine Fisheries Service using 
satellite-based vessel monitoring systems (VMS) and universal use of VMS by tuna 
fishing vessels is under consideration by the multi-national Western and Central Pa-
cific Fisheries Commission.
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