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Introduction 

 

Coral reef ecosystems are influenced by disturbances at many temporal and spatial scales. 

The magnitude, frequency, and duration of these events determine initial and continued 

impacts on the environment. Predation and grazing, bioerosion, storms and hurricanes, 

and epidemic disease in part make up a dynamic set of interacting disturbances referred 

to as the natural disturbance regime of coral reefs (Nyström et al., 2000). Coral reefs have 

been evolving within the context of these events for millions of years and this regime has 

shaped the diversity of species and structure of coral reef communities today (Pandolfi, 

1999; Kaufmann and Fagerstrom, 1993). Conversely, localized and widespread 

anthropogenic disturbances are a relatively recent addition to the suite of impacts coral 

reefs organisms must endure. An ever-growing body of scientific literature addresses 

current and predicted anthropogenic disturbance effects on coral reefs, including diverse 

topics such as ocean acidification, shoreline development, sedimentation, and overfishing 

(Hoegh-Guldberg et al., 2007, Jokiel and Brown, 2004, Friedlander and DeMartini, 

2002). However, it is still difficult to determine the relative contribution and importance 

of natural and anthropogenic impacts at varying temporal and spatial scales (Gardner et 

al., 2005). 

 

Our current understanding of disturbance on reefs is framed by studies that have largely 

examined only single-species interactions, representative guilds, or species with specific 

management implications (Hubbell, 2001). Disturbance events create a complex mosaic 

of interactions we have only begun to assess and interpret at the community level. Many 
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studies also focus on short-term effects at sites located in close spatial proximity to one 

another and long-term reef recovery patterns and processes are less well understood 

(Hughes and Connell, 1999).  Baseline data about the organisms present, as well as how 

they change over time and in the face of disturbance, is fundamental to understanding 

how an ecosystem responds to perturbations and rebounds from disturbance (Hofmann 

and Gaines, 2008). The analysis of these data using a multivariate framework has the 

capacity to help visualize patterns and processes at the community level and at larger 

spatial and temporal distributions. 

 

Our knowledge of the dynamic ocean landscape has also increased greatly in recent years 

as a result of a multidisciplinary approach to studying the environment. Largely the realm 

of nautical archaeologists in previous years, shipwreck sites provide the opportunity to 

examine localized anthropogenic disturbances that have occurred within a documented 

timeframe. These sites offer a unique time-series portrait ideal for researching the 

unintentional introduction of foreign materials onto coral reefs and the way communities 

respond and recover. Relatively few studies have investigated these community-wide 

patterns and processes on artificial reefs (in the form of intentionally-sunk vessels) and 

ship grounding sites (Baine, 2001; Sherman, 2002; Rinkevich, 2005) and even fewer 

have looked at community dynamics surrounding shipwrecks and other submerged 

cultural resources (e.g. downed aircraft, historic piers, and seawalls).  

 

The atolls of the Northwestern Hawaiian Islands (NWHI) offer ideal study sites to 

investigate these localized anthropogenic disturbances because they are considered one of 
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the world’s most pristine marine ecosystems (Pandolfi et al., 2005). Although a variety of 

other threats affect the natural habitats in the NWHI, it is possibly the best opportunity to 

observe and quantify the recovery patterns directly associated with shipwreck events. 

Sites in the Main Hawaiian Islands (MHI) also offer an ideal comparison to sites in the 

NWHI since many of the anthropogenic impacts found on reefs in more densely human-

populated areas are also found in the MHI. As the most remote and isolated archipelago 

on Earth, the islands and atolls of Hawai’i have been ‘intimately involved with maritime 

history and associated technologies’ for at least 1000 years (Van Tilburg, 2002). 

Shipwreck sites dating back to the early 1800s have been discovered in the MHI and the 

NWHI, also making these sites ideal for studying recovery across a range of temporal 

scales. 

 

The purpose of this research was to determine if each shipwreck site studied has a distinct 

ecosystem and if there are residual effects from shipwreck disturbances that manifest as 

differences between wreck and surrounding coral reef communities. The ecological 

survey data collected allowed for a comparative analysis among sites to identify patterns 

in reef recovery. These data also established a baseline for continued monitoring and 

conservation efforts. The results of this study will help inform future management 

decisions regarding the preservation and protection of these historic and cultural 

resources.  
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Materials and Methods 

 

Five sites spanning the Hawaiian archipelago were selected to study the localized effects 

of disturbance on coral reefs in the form of shipwreck events over a nearly 200-year time 

period (Figure 1). Site selection criteria also included the vessel’s material composition 

and size, accessibility to study sites in the MHI and the NWHI, and accessibility of the 

sites to the general public. A study site was defined as both a shipwreck disturbance area 

(wreck plot) and an area of comparable size and habitat composition (control plot) 

approximately 100 m away from the wreck plot on the contiguous reef (Table 1). All 

plots were located on exposed, hard-bottom reefs with water depths ranging from one to 

eight meters. The control plots were located in close proximity to the wreck plots to 

minimize differences in abiotic factors between the two areas.  

 

To define the boundaries of each wreck plot, standard methods for producing 

archaeological site plans (e.g. baseline trilateration) were used (Bowens, 2009). The site 

plans created by these archaeological methods are detailed surveys encompassing both 

the initial area of disturbance and the location of all remaining visible or known artifacts. 

A stratified random approach to data collection from these areas was taken to minimize 

bias in the face of limited replicate samples at each site. A grid consisting of 100 cells, 

numbered from one to 100 starting in the upper right-hand corner, was overlaid on each 

site plan to divide the wreck plot into smaller areas (approx. 35-80 m² each). Twenty cells 

were randomly selected to determine the starting points for 30 m transects for ecological 
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quantification. The directional heading for each transect was selected from a randomized 

list so the entire transect stayed within the boundaries of the study area and did not 

overlap with other transects. At each wreck plot, distinct artifacts identified on the 

archaeological site plans (e.g. anchors, engines) were first marked with surface buoys to 

allow the grid and the selected cell areas to be visualized from the surface. A weighted 

line was dropped from the surface to the first selected cell area and the weight used to 

mark one end of the transect line. The same design was used to quantify control areas. 

These areas did not have archaeological site plans, however, the same grid consisting of 

100 cells was generated and overlaid on an area of comparable size to the companion 

wreck plot and used to position the transects in the same fashion as the wreck plots.  

 

In the absence of pre-existing methods for the ecological quantification of shipwreck 

sites, two methods were selected to assess the benthic and fish communities along each 

transect. A three-person dive team conducted transects at wreck and control plots at each 

paired site on the same day or on successive days each field season. One observer 

assessed the presence/absence and abundance of all fish species in a 2 x 30 m wide belt 

(one meter on either side of the transect tape) and from the substrate to the surface. These 

dimensions were chosen to capture cryptic, site-attached species and transient reef 

species as well as species associated with remaining artifact structures rising from the 

substrate into the water column. A second observer took photoquadrat pictures of the 

benthos and substrate at five random points along each transect. At some sites the water 

depths were very shallow and the water movement extremely high, making it impossible 

to use a full 1 m² framer for the photographs at those sites. For consistency across all 
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sites, a full 1 m² photograph of each replicate point was obtained using a series of 

photographs taken with a 0.25 m² framer. This was achieved by placing the lower left 

corner of the 0.25 m² framer on the left side of the transect tape at a random point and 

then taking a photograph. The framer was then moved 0.25 m² to the right and a photo 

taken, then down, and then to the left, completing a full 1 m². Using Photoshop©, the 

framer was cropped from each photo and the four photos compiled manually to 

reconstruct the full 1 m² area. The resulting photoplots were quantified by placing 50 

random points on each 1 m² using CPCe from the National Coral Reef Institute (Kohler 

and Gill, 2006). Organisms were identified to species whenever possible. Percent cover 

estimates of the benthos were generated from the data points.  

 

All replicate wreck and control plot transect data were analyzed using non-parametric 

multivariate analysis software, PRIMER v 6.1.13 (PRIMER-E Ltd. Plymouth, UK; 

Clarke and Warwick, 2001). All fish abundance and benthic percent cover data were 

square-root transformed before analysis. Ordination of samples by non-parametric multi-

dimensional scaling (MDS), derived from S17 Bray-Curtis similarity matrices (Kruskal 

fit scheme 1, restarts=50, minimum stress=0.01), were used to visualize 

similarities/dissimilarities between sample groups. Replicate wreck plot transects were 

compared between sites to determine if differences exist in the benthic and fish 

communities. Replicate wreck and control plot transects were compared at each study site 

to determine if differences exist in the fish and benthic communities. All results were 

further tested for significance using one-way analysis of similarity (ANOSIM). ANOSIM 

values are analogous to a univariate ANOVA where the R-statistic reflects on variation 
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between treatment groups in contrast to variation among replicates within samples.  R-

statistic values range from -1 to 1 where the larger the value, the larger the degree of 

separation between sample groups or plots. In order to investigate community 

dissimilarities among paired wreck and control plots, fish species were grouped into 

families and benthic species were grouped into ‘benthic groups’. This approach was 

taken as generally fish in the same families and benthic species in the prescribed groups 

provide the same ecosystem services (e.g herbivory pressure, habitat structure). 

Contributions to community dissimilarities were quantified using one-way Similarity 

Percentages (SIMPER) tests, also derived from S17 Bray-Curtis similarity matrices, 

between each paired wreck and control plot. 

 

Results 

 

Benthic communities 

 

The total number of benthic species recorded from the photoquadrat pictures was 27; ten 

species of coral, two species of sponges, two species of anemones, three species of sea 

cucumbers, four species of urchins, three species of macroalgae, two species of crustose 

coralline algae (CCA), and one category for ‘turf’ algae not identifiable by photograph. 

Of the 29 species, all were represented at both wreck and control plots, although not at 

each site.  

 

Ordination of sample groups by non-parametric MDS and ANOSIM analysis using 
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replicate wreck plot transects revealed significant differences in the benthic communities 

between all sites (Figure 2a; Global R=0.886, p=0.001). MDS ordination and one-way 

ANOSIM analysis of the two sites on Hawaiʻi showed significant differences in the 

benthic communities between each wreck plot and the control plots (Figure 3a; R=0.889, 

p=0.002). MDS and ANOSIM analysis comparing wreck and control plot transects 

showed visual differences in the benthic communities between plots at all study sites 

except the French Frigate Shoals site (Figure 4; FFS: R=0.049, p=0.234; PH: R=0.258, 

p=0.004; Kure: R=0.929, p=0.001; Hawaiʻi [SS Maui]: R=1, p=0.10; Hawaiʻi [SS Kauai]: 

R=1, p=0.10), although only the Kure Atoll and Pearl and Hermes Atoll ANOSIM p-

values were statistically significant.  

 

One-way SIMPER analysis results suggest that although coral and CCA community 

composition differences account for approximately 20-50% of the average dissimilarity 

between wreck and control plots, the average percent cover of these communities are 

similar between wreck and control plots at each site (Tables 2-5). The average percent 

cover of macroalgae and turf algae is approximately even or higher at control plots at 

each site and contributes approximately 35-60% of the average dissimilarity between 

wreck and control plots at all sites. The average percent cover of urchins was always 

higher at control plots and contributed approximately 8-15% of the average dissimilarity 

between wreck and control plots at each site. 
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Fish communities 

 

The total number of fish species recorded during the study was 90, with 55 of the species 

recorded at both wreck and control plots and 23 species recorded only on wreck plots. Of 

those 23 species, three endemic species were recorded (Chromis ovalis, Cirripectes 

vanderbilti, and Parupeneus porphyreus) and three species were new records for their 

atoll (FFS: Rhinecanthus aculeatus; PH, Kure: Ctenochaetus hawaiiensis; Kure: Coris 

gaimard). The total number of fish families recorded on transects was 26, with 18 

recorded at both wreck and control plots and four families recorded only on wreck plots 

(Cheilodactylidae, Holocentridae, Muraenidae, Synodontidae). 

 

Ordination of samples by non-parametric MDS and ANOSIM analysis using replicate 

wreck plot transects revealed significant differences in the fish communities between all 

sites (Figure 2b; Global R=0.85, p=0.001). MDS ordination and one-way ANOSIM 

analysis of the two sites on Hawaiʻi showed significant differences in the fish 

communities between each wreck plot and the control plots (Figure 3b; R=0.617, 

p=0.002). MDS ordination and ANOSIM analysis using wreck and control plot transects 

showed visual differences in the fish communities between plots at all study sites except 

the Kure Atoll site (Figure 5; FFS: R=0.809, p=0.001; PH: R=0.837, p=0.002; Kure: 

R=0.229, p=0.786; Hawaiʻi [SS Maui]: R=0.741, p=0.10; Hawaiʻi [SS Kauai]: R=0.667, 

p=0.10), although only the French Frigate Shoals and Pearl and Hermes Atoll ANOSIM 

values were statistically significant. 
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One-way SIMPER analysis results suggest that despite overall community composition 

differences among wreck and control plots, most of the 10 common fish families (those 

contributing to 90% of the average dissimilarities) are represented at all sites and have 

average abundances that are similar between plots at all sites (Tables 2-5). There is a 

general trend that fishes in the damselfish, butterflyfish, parrotfish, and surgeonfish 

families have higher average abundances at wreck plots than control plots. These four 

families contribute to approximately 50% of the average dissimilarity at each site. Fishes 

in the chub family were only seen at sites in the NWHI and always had higher 

abundances at wreck plots. Fishes in the goatfish family had higher average abundances 

and were only found at wreck plots at three of the five sites. Fishes in the soldierfish and 

squirrelfish families were only seen at wreck plots. 

 

Discussion 

 

Each wreck event in this study is a unique disturbance and there is evidence to support 

the conclusion each site is associated with a distinct ecosystem. There is also support for 

the conclusion that ecosystems associated with each wreck site differ from their 

surrounding reefs. Documented variables such as the size, material composition, and time 

since the sinking of the vessel combine with stochastic environmental processes such as 

storm events and climate change to form the picture we see today at each site. Even 

though there is high site variability across the entire archipelago, results from the two 

spatially and temporally-similar sites on the island of Hawaiʻi suggest differences in the 
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communities are correlated with the continued effects of shipwrecks on their 

environment.  

 

A number of trends emerged across all sites that warrant further consideration. Most fish 

families had higher average abundances at wreck plots than their paired control plots. The 

increased spatial complexity provided by many wreck sites likely accounts for much of 

the increase in abundance and species/family richness (Gratwicke and Speight, 2005). 

Overhanging ledges and dark spaces created by the remaining wreck structures at the 

Pearl and Hermes and Kure Atoll sites also provide ideal habitat for nocturnal fishes in 

the Soldierfish and Squirrelfish family (Craig et al., 2007) and sanctuary from predation 

for larger reef fishes (e.g. goatfish and parrotfish; Ross et al., 2007). Even though fishes 

in the Holocentrid family were only recorded at these wreck sites, complexes of under-

hanging ledges and crevices may still result in decreased estimates of species richness 

and abundance using most accepted types of fish surveys. This is especially true where a 

band transect is conducted over the top of existing substrate. It is also worth noting the 

wreck site at French Frigate Shoals had a different community of fishes associated with it 

despite the absence of remaining complex structures. It is unclear what is driving this 

pattern. It is possible the fish communities changed as a result of the initial disturbance 

and never returned to ‘normal’ for this location of the atoll? Is even the limited amount of 

material remaining at the site still causing some intermediate level of disturbance to 

which the fish community is responding?  

 

Average percent cover estimates of corals and crustose coralline algae (CCA) were 
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approximately even between paired wreck and control plots at every site. Both of these 

groups were found growing on artifacts as well as the surrounding reef. Time since the 

wreck event and the composition of remaining material (e.g. iron, steel) did not appear to 

effect the distribution and abundance of these groups in the wreck plots. The average 

percent cover of turf and macroalgae, however, was lower at most wreck sites compared 

to their paired control plots. This may have helped support the higher average percent 

cover of grazing urchins at these plots. The trend towards higher average abundances of 

several families of herbivorous reef fishes at wreck sites likely contributes to the lower 

average percent cover of turf and macroalgae as a result of increased grazing pressures. 

 

The SS Kauai site on the island of Hawaiʻi had the most inconsistencies with overall 

trends seen at the four other sites. Although the age, size, and amount of remaining 

material is similar to the SS Maui site approximately 50 km south, the location of the SS 

Kauai in Mahukona and easy shore access to the wreck allows many more swimmers, 

snorkelers, spearfishers, and divers to visit the site. The SS Maui site is also accessible 

with kayaks from the shore and with dive charters from local shops. However, personal 

conversation with dive charter operators and rental shops in the area suggest only 

infrequent visits to the site. Although this study was not designed to study the direct 

effect of human interactions with these sites, the decrease in average fish abundance and 

species richness at the SS Kauai site may be due to collective activities and the pressures 

of human presence.  

 

For future studies, it would be beneficial to design custom methods for the ecological 
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quantification of shipwreck sites. One place to look for insights is the archaeological site-

formation processes proposed by Muckelroy (1975). Site-formation studies 

systematically investigate all of the factors influencing the observed seabed distribution; 

from ship construction and cargo, to the wrecking event and any salvage attempts, the 

continuing influence of oceanographic processes in the area, and even include the effects 

of the archaeologists’ excavation efforts on the material record (Gibbs, 2006). Using this 

framework, we could develop a ‘biological site-formation theory’ as it pertains to 

shipwrecks, taking into account a wide range of contributing factors such as annual 

fluctuations in larval dispersal and abundance (the exact date of wreck event is often 

known), substrate preferences for recruitment and settlement processes (foreign material 

enrichment), trophic webs, and the direct effects of the researchers on the resulting data 

sets (e.g. divers’ bubbles affecting fish counts; Smith, unpublished data).  

 

We could also use the existing archaeological site plans further by categorizing different 

areas (or artifacts) of the wreck sites based around selection criteria such as the 

size/volume/complexity of intact structures, amount of debris, altered hydrographic flow 

regimes, or scatter areas similar in spatial heterogeneity to surrounding natural reefs. 

These areas could then contribute to weighted averages with a variety of community-

wide assessment techniques, or at the very least ensure habitats are comparable when 

investigating differences between sites. Another important concept that must be taken 

into consideration is how far from the initial point-disturbance event effects are felt in the 

biological communities (radiation). Work et al. (2010) demonstrate the need to include 

gradations in their investigation of a phase shift from a coral to a corallimorph-dominated 
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reef as a result of a long-liner wreck at Palmyra Atoll in 1991. Specialized assessment 

techniques focused on functional groups such as trophic levels or diurnal activity also 

hold the possibility for a more accurate comparison of wreck sites and their surrounding 

natural reefs.  

 

Future studies and management efforts of these historic resources must take into account 

distinct differences at wreck sites throughout the Hawaiian archipelago. Data collected at 

each site can be re-investigated with specific questions to formulate site-specific 

recommendations for managers. Due to the coupled nature of the fish and benthic 

transects, it is also possible to study species-habitat relationships in an effort to build 

better artificial reef structures. It may be necessary in the future to directly repair the 

widespread damage humans have done to our coastal reefs. Studies of broad as well as 

focused ecological processes (e.g. recruitment, succession, formation of alternate stable 

states, genotypic variation) at shipwreck sites have the capacity to provide insights into 

modifying the environment in predictable ways to more closely mimic natural reefs and 

promote ecosystems with high levels of biodiversity. 

 

In conclusion, there is enormous complexity associated with shipwreck sites and at the 

broad scale of the Hawaiian archipelago the results of this study are not straight forward. 

The high site variability observed warrants further consideration. The ecological baseline 

data gathered from this study can form the basis of long-term monitoring of changes in 

fish and benthic communities at these sites and guide the future enhancement of in situ 

protection.  
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