
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 566: 17–29, 2017
doi: 10.3354/meps12058

Published February 27

INTRODUCTION

There are an estimated 3 million shipwrecks
worldwide, only a small fraction of which have been
investigated for archaeology or biology (UNESCO
2002). A good understanding of the communities that
colonize shipwrecks can inform important ecological
questions, such as how habitat heterogeneity affects
communities. Wooden wrecks demonstrate the im -
pact of allochthonous organic material on the benthic

fauna. If the sinking date of a wreck is known, it may
be used to observe succession or estimate how
quickly succession proceeds (Perkol-Finkel et al.
2005). Shipwrecks can be used as models for studies
of connectivity, larval dispersal, and recruitment
(Perkol-Finkel & Benayahu 2007, Amaral et al. 2010,
Lira et al. 2010). Wrecks composed of heavy metals
and synthetic paints also demonstrate the long-term
effects of these materials on benthic communities
(Walker et al. 2007, Work et al. 2008).
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Metal shipwrecks constitute islands of hard sub-
stratum on a seafloor that is mostly mud. They can
provide habitat for algae (dos Santos et al. 2010),
invertebrates (Pawlik et al. 2008, Lira et al. 2010), fish
(Mallefet et al. 2008, Ross et al. 2016), and mobile
benthic species (Kilgour & Shirley 2008). Even sibo -
glinid tube worms, typically found in chemosynthetic
habitats, have been discovered on degrading organic
matter (paper, cotton, pineapple, twine) in Mediter-
ranean and Atlantic shipwrecks (Dando et al. 1992,
Hughes & Crawford 2008, Gambi et al. 2011). Ship-
wreck communities vary based on age, distance from
natural hard-bottom habitats, and depth (Perkol-
Finkel & Benayahu 2005, 2007, Perkol-Finkel et al.
2005, 2006, Church et al. 2009, Amaral et al. 2010,
dos Santos et al. 2010, Lira et al. 2010). Some wrecks
can have profound effects on the surrounding ben-
thos, including the establishment of an entirely dif-
ferent community several meters beyond the physi-
cal structure of the wreck (Work et al. 2008).

In this study, we focused on a series of 8 ship-
wrecks at the edge of the continental shelf, located at
~100 m depth off the US Atlantic coast. The present
analysis concerns the invertebrate fauna on the ship-
wrecks only; fish communities were analyzed by
Ross et al. (2016).

We discuss 5 elements of classical island theory,
derived from MacArthur & Wilson’s (1967) equilib-
rium theory of island biogeography and Diamond’s
(1975) assembly rules. These elements are outlined
by Meyer (2017), and in each case, we test the
hypothesis that shipwreck fauna show the same dis-
tribution patterns as fauna on terrestrial islands
(areas of land surrounded by ocean). These 5 distrib-
utional patterns include (1) a log-linear relationship
between species richness and island (= shipwreck)
size (S = cAz, where S = richness, A = area, and c and
z are constants); (2) ‘incidence functions,’ or the pres-
ence of different sets of species on shipwrecks of
varying size; (3) isolation-by-distance, that wrecks
closer together have more similar communities; (4)
nested distribution patterns of the fauna, in which
ever-smaller sub-sets of fauna are found on ever-
smaller wrecks; and (5) non-random co-occurrence,
meaning some pairs of species are found together
less often (negative non-random co-occurrence) or
more often (positive non-random co-occurrence)
than expected by random chance.

Some of the above patterns have been applied to
island-like marine substrata (Abele & Patton 1976,
Schoener & Schoener 1981, Thiel & Vásquez 2000,
Huntington & Lirman 2012, Meyer et al. 2016), but
our dataset presents a rare opportunity to test these

hypotheses without the compounding factor of island
(= shipwreck) age. All of the investigated shipwrecks
were underwater for approximately the same amount
of time (88−91 yr at the time of sampling).

The degree of isolation of the shipwrecks (hypo -
thesis 3 above) deserves further clarification. Mac -
Arthur & Wilson (1967) discussed both the effect of
isolation from a mainland and the role of islands as
‘stepping-stones,’ facilitating connectivity between
other islands in the surrounding area. For marine
hard-bottom habitats, these concepts have been rein-
terpreted in the ‘island model,’ which states that
colo nists on isolated substrata are selected from a
well-mixed larval pool, and the ‘stepping-stone
model,’ which states that larvae disperse among sub-
strata, resulting in a positive correlation between
genetic and geographic distances (Vrijenhoek 1997).
These 2 models have been described for marine hard
substrata as diverse as coral reefs (Palumbi 2003) and
hydrothermal vents (Vrijenhoek 2010). In the present
analysis, we expect that shipwreck fauna produce
larvae that disperse to the surrounding wrecks, so we
tested the hypothesis that wrecks closer to one
another on the seafloor have more similar communi-
ties (the ‘stepping-stone’ or ‘isolation-by-distance’
model; Vrijenhoek 1997).

In addition to the 5 patterns described above, we
discuss the life-history traits of each of the shipwreck
species and the roles they may play in succession. In
classical island literature, MacArthur & Wilson (1967)
and Diamond (1975) each described a shift in the life-
history traits of island fauna in the course of succes-
sion, from long-distance-dispersing, fast-growing
generalist species to short-distance-dispersing, slow-
growing superior competitors. This shift has also
been observed in succession on artificial marine hard
substrata (Perkol-Finkel et al. 2005, 2006, Edwards &
Stachowicz 2010). In this study, we used what is
known about the life-history traits and dispersal
mechanisms of the shipwreck fauna to infer 2 mech-
anisms of colonization on the wrecks. We also com-
pare our data to known patterns of succession on
shallower substrata at similar latitude to infer the
wrecks’ present stage of succession.

MATERIALS AND METHODS

Study area

The shipwrecks in this study are located near the
continental shelf break, east of Chesapeake Bay
(Fig. 1). They include 7 ships that were sunk in a
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series of bombing experiments in June and July 1921
and belong to the ‘Billy Mitchell fleet’ (Wildenberg
2014). The eighth ship was sunk in artillery tests in
1924. The identity of each shipwreck is known, but in
order to protect the historical integrity of the ship-
wrecks until they can be fully cataloged, the names
will not be published here. Instead, the shipwrecks
will be referred to by numbers, following the nomen-
clature of Ross et al. (2016) (Table 1).

Sample collection

In 2012, the remotely operated vehicle (ROV)
‘Kraken II’ (University of Connecticut), a 1000 m
rated science-class vehicle, was deployed from
NOAA Ship ‘Nancy Foster.’ A Kongsberg OE14-502
high-definition digital camera was mounted on the
ROV during dives to collect video. The ROV’s path of

motion during the dives was driven
by archaeological objectives rather
than prescribed transects for analysis
of benthic fauna. Thus, videos were
re corded with no consistent speed or
distance from the wreck, and the
ROV’s lasers (used for distance cali-
bration) re mained off for the majority
of each dive. In order to analyze the
ROV videos, frame grabs were ob -
tained from each video whenever the
surface of the shipwreck was in clear
view and the invertebrate mega fauna
could be clearly discerned. Only
frame grabs in a narrow visual range
(apparent distance from the wreck)
were considered eligible for analysis.
The few frame grabs for which the
lasers were switched on were used to
calculate the average size of analyz-
able frame grabs of the shipwreck

surface (mean ± SE = 1.45 ± 0.13 m2, n = 29). Thirty
eligible frame grabs were then randomly sub-selec -
ted from each wreck and analyzed as described be -
low. Voucher specimens of the most common species
were collected using the ROV’s manipulator arm.

In order to estimate the percent cover of sessile
invertebrates, 200 random points were overlain on
each frame grab, and the number of points meeting
each species or morphotype was counted. Mobile
invertebrates were also recorded from each frame
grab by simple count. To estimate habitat hetero-
geneity, the percentage of points belonging to the
same plane was calculated, and this value was sub-
tracted from 100. This metric is here referred to as
‘surface complexity’ (surface complexity = 100 −
points in same plane/total number random points).
Morphotypes (putative species based on morpho -
logy), were designated for those organisms of un -
known identity for which no voucher specimen could

19

Fig 1. Shipwreck sites east of Chesapeake Bay, USA. Black lines indicate 
orientation of the major axis of each shipwreck

Shipwreck       Date sampled             Dive             Latitude      Longitude     Shipwreck     Maximum altitude    Depth (m)
number               (Sep 2012)       ROV-2012-NF-          (N)                 (W)            length (m)      above seafloor (m)

W1                              22                         22               37° 09.44’       74° 45.25’              45                           6                          90
W2                              23                         23               37° 09.39’       74° 34.56’             167                         18                        113
W3                              24                         24               37° 13.96’       74° 33.03’             141                          7                         125
W4                              26                         26               37° 11.51’       74° 34.46’              92                           3                         105
W5-1                           26                         27               37° 16.91’       74° 32.16’              64                           3                         117
W5-2                          26                         27               37° 17.23’       74° 32.03’              53                           2                         117
W6                              27                         29               36° 54.79’       74° 42.37’             150                         14                         85
W7                              28                         30               37° 11.93’       74° 45.43’              72                           3                          68

Table 1. Shipwrecks on the US Atlantic margin surveyed in September 2012. ROV: remotely operated vehicle
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be collected. Once the fauna had been quantified, we
noted the dominant taxa for each wreck, defined as
those species or morphotypes with a cumulative
abundance at least 1 order of magnitude greater than
other rarer taxa present on the wreck.

One morphotype, called the ‘brown tube complex,’
consisted of proteinaceous tubes with multiple spe-
cies living on them. The tubes resemble similar struc-
tures made by chaetopterid polychaetes, although no
living individuals were found in the ‘brown tube
complex’ voucher specimen collected from wreck
W1. Multiple species were epibionts on the tubes, in -
cluding at least 4 species of hydroids (Lafoea dumosa
[Fleming, 1820], Halecium sp. Oken, 1815, Modeeria
rotunda [Quoy & Gaimard, 1827], Nemer tesia ameri-
cana [Nutting, 1900]), 2 species of bryo zoans, a
caprellid amphipod, a pycnogonid, the ophi uroid
Ophio comina sp. Koehler, 1920, several errant poly-
chaetes, a serpulid polychaete, and a chiton, all living
on or around one another. Because each of the
epibionts was too small to be seen without magnifica-
tion, it was impossible to visually differentiate among
the many species in ROV video. ‘Brown tube com-
plex’ was thus treated as 1 morphotype for the pur-
poses of this analysis.

Data analysis

Dominance plots and multivariate statistics were
calculated using Primer v6 (Clarke & Gorley 2006). A
log(x + 1)-transformation was used to reduce the
effect of overly dominant species for an analysis of
similarity (ANOSIM) to test for differences in the
biotic communities among wrecks, and a multi-
dimensional scaling plot (MDS) to visualize these
 differences.

In order to determine whether a log-linear relation-
ship existed between species richness and area
(hypothesis 1), we graphed the total species richness
on each wreck against the relative surface area of the
wreck. It was impossible to find the absolute surface
area of each wreck, given the complex nature of the
wreck surfaces. Therefore, relative surface area was
found by multiplying the total length of the wreck, its
height (maximum altitude above the seafloor of the
wreck’s highest point), and its average surface com-
plexity (surface complexity was calculated for each
frame grab as described above).

We used a DISTLM procedure in the PERM-
ANOVA+ add-on to Primer (Anderson et al. 2008) to
discern the abiotic factors with the strongest influ-
ence on the biotic data. Alpha diversity (S, taxonomic

richness on each wreck) was used as the dependent
variable for a univariate test, and beta diversity (dif-
ferences in log-transformed abundances of all spe-
cies and morphotypes on each wreck) was used as
the dependent variable matrix for the multivariate
test. A multivariate test was also conducted using a
presence−absence transformation of the biotic data
to understand what factors influenced community
composition on the shipwrecks. Abiotic factors tested
included wreck relative surface area (hypothesis 2),
surface complexity alone (a measure of habitat het-
erogeneity), and distance to the nearest wreck
(hypothesis 3).

We tested for nested patterns of the fauna (hypo -
thesis 4) in the program Nestedness (Ulrich 2006)
using a fixed-fixed null model and the BR and N1

indices according to the recommendations of Ulrich
& Gotelli (2007). Finally, we tested for non-random
co-occurrence patterns of the fauna (hypothesis 5) in
the program EcoSim (Entsminger 2014) using a
fixed-fixed null model and the C-score index accord-
ing to the recommendations of Gotelli (2000).

RESULTS

A total of 34 invertebrate morphotypes were ob -
served on the 8 shipwrecks. Of these morphotypes,
21 were identified at least to genus. All morphotypes
with >2 individuals observed on the wrecks are
depicted in Fig. 2.

Table 2 lists the invertebrate fauna present at each
shipwreck and indicates the dominant taxa on each
wreck. On 4 of the wrecks (W1, W5-1, W5-2, and
W7), the most dominant taxon alone accounted for 60
to 80% of the fauna present on the wreck, and up to
85% of the fauna was accounted for by the 2 most
dominant taxa (Fig. 3). The other 4 wrecks (W2, W3,
W4, and W6) had more even communities, with only
20 to 40% of the fauna being accounted for by the
most dominant taxon (Fig. 3).

ANOSIM revealed significant differences among
the invertebrate communities on the 8 shipwrecks
(Global R = 0.612, p = 0.001). These differences are
shown graphically in an MDS plot (Fig. 4). An analy-
sis of the sessile species also showed significant dif-
ferences among wrecks (R = 0.577, p = 0.001); less
extreme but still significant differences were found
for the mobile species (R = 0.275, p = 0.001).

Larger shipwrecks, with greater relative surface
area, had higher taxonomic richness (alpha diver-
sity; hypothesis 1; Fig. 5). There was a logarithmic
relationship between taxon richness and wreck rel-
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Fig. 2. Morphotypes observed in remotely operated vehicle video from 8 shipwrecks on the US Atlantic margin (surveyed in
September 2012). (A) Pink encrusting sponge; (B) white didemnid ascidian; (C) yellow encrusting sponge; (D) pine hydroid;
(E) cf. Corynidae; (F) brown tube complex; (G) Plumularia setacea; (H) white zoanthid; (I) small white anemone; (J) Diodora
tanneri; (K) cf. Serpula sp.; (L) Paracyathus pulchellus; (M) cf. Hormathiidae; (N) Corynactis delawarei; (O) red shrimp; (P)
Crassostrea virginica; (Q) Munida sp.; (R) Rochinia crassa; (S) Halcurias pilatus; (T) Metridium dianthus; (U) Euchirograpsus
americanus; (V) Cancer borealis; (W) Paguristes lymani; (X) Henricia sp.; (Y) Odontaster hispidus; (Z) Henricia oculata; (AA)
Coronaster briareus; (AB) Sclerasterias tanneri; (AC) Sclerasterias sp.; (AD) Stylocidaris affinis; (AE) Stylocidaris lineata. Size 

scale is relative but not precise
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ative surface area for the sessile fauna
(R2 = 0.54) and for all taxa together
(R2 = 0.25); mobile fauna showed a gen-
eral increase in taxon richness with rel-
ative surface area (Fig. 5). A DISTLM
procedure re vealed that species rich-
ness on the wrecks was not signifi-
cantly related to distance to the nearest
wreck (R2 = 0.13, p = 0.36) or surface
complexity (R2 = 0.01, p = 0.84). Rela-
tive surface area had the strongest rela-
tionship to species richness, although
its influence was still non-significant in
the DISTLM test (hypothesis 1; R2 =
0.41, p = 0.07). A distance-based redun-
dancy ana lysis (dbRDA) plot shows
points belonging to the different wrecks
widely spaced with respect to the x-
axis and roughly parallel to the axis of
relative surface area, showing this fac-
tor’s influence on the species richness
on each wreck (Fig. 6A).

Variation in the biotic community
(abundances on each wreck, beta diver-
sity) was best explained by distance to
the nearest wreck (hypothesis 3; DIS-
TLM, R2 = 0.17, p < 0.001). Relative sur-
face area and surface complexity each
explained much lower proportions of
variation in the species abundance data
(R2 = 0.08, R2 = 0.07, respectively; p <
0.001). When a presence−absence trans-
formation of the species abundance data
was used, DISTLM revealed that the
community composition of each wreck

22

Species or morphotype                              Wreck
                                                W1   W2   W3   W4   W5-1  W5-2   W6   W7

White didemnid ascidian        x       x       x       x        x         x        x       x
Yellow encrusting sponge      x       x       x      D        x         x        D      D
Pink encrusting sponge          –       –       –       –        –          –        x       –
Metridium dianthus                D      –       –       –        –          –        x       –
cf. Hormathiidae                      x      D      x       x        x         x        x       –
Halcurias pilatus                      –       –       x       –        x         x        –       –
Small white anemone              –       x      D      –        D        D        x       –
Giant purple anemone            –       –       –       x        –          –        –       –
White zoanthid                        x      D      x       x        x         x        D      x
Corynactis delawarei              –       D      –       –        –          –        x       –
Brown tube complex               D      x       –       D        x         –        x      D
Plumularia setacea                  x       –       –       x        –          –        x       x
cf. Corynidae                            –       D      x       –        x         x        x       –
Pine hydroid                             –       –       x       x        –         x        –       –
Paracyathus pulchellus           x       x       x       x        –          –        x       –
Crassostrea virginica               –       x       x       –        –          –        –       –
Diodora tanneri                        –       x       x       x        x         –        –       –
Red shrimp                               –       –       –       –        –         D        –       –
Rochinia crassa                        –       x       x       x        D         x        x       –
Euchirograpsus americanus   –       x       –       x        –          –        –       –
Cancer borealis                        –       –       –       x        –          –        –       –
Paguristes lymani                    –       x       –       –        x         x        –       –
Munida sp.                               –       x       –       x        –          –        –       –
cf. Serpula                                –       x       x       x        x         x        x       –
Henricia oculata                      D      –       –       –        –          –        D      D
Henricia sp.                              –       –       –       x        –          –        –       –
Sclerasterias tanneri                –       D      D      x        x         D        x       –
Sclerasterias sp.                       –       –       –       x        –          –        x       –
Coronaster briareus                 x       –       –       x        x         –        –       –
Odontaster hispidus                –       x       x       x        x         x        –       –
Ophiocomina sp.                      –       –       x       x        –          –        –       –
Stylocidaris lineata                  –       x       –       D        –         x        –       –
Stylocidaris affinis                   –       x       x      D        –         x        –       –
Coelopleurus floridanis           –       x       –       –        –          –        –       –

Table 2. Species and morphotypes present at 8 shipwrecks on the US At-
lantic margin surveyed in September 2012. ‘x’ indicates presence; ‘D’ indi-
cates a dominant species on that particular wreck; dash (–) indicates ab-

sence. See Fig. 1 for photos of species and morphotypes

Fig. 3. Dominance plot showing cumulative percent commu-
nity composition of fauna observed at 8 shipwrecks on the 

US Atlantic margin

Fig. 4. Non-metric multi-dimensional scaling (nMDS) of the
invertebrate communities observed at 8 shipwrecks on the US
Atlantic margin. Each point represents 1 frame grab obtained 

from remotely operated vehicle video
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was again best explained by distance to the nearest
wreck (R2 = 0.17, p < 0.001). Relative surface area
and surface complexity explained much less varia-
tion in the community composition (R2 = 0.07, 0.05,
respectively; p < 0.001). dbRDA plots for log- and
presence−absence-transformed biotic data were
nearly identical and show the influence of each of the
abiotic factors on beta diversity on the wrecks
(Fig. 6B,C).

No evidence of nested faunal distribution patterns
was found for the shipwreck fauna (hypothesis 4); the
BR and N1 indices (30 and 46, respectively) fell within
the 95% confidence interval ranges generated by the
null model (27−33 and 40−58, respectively). In addi-
tion, the data showed no evidence of non-random co-
occurrence patterns (hypothesis 5, p = 0.07), indica-
ting that taxa were randomly distributed among the
shipwrecks.

23

 Fig. 5. Logarithmic relationships between richness of (A) all fauna, (B) sessile fauna, and (C) mobile fauna and relative surface 
area (height × length × surface complexity) of 8 shipwrecks on the US Atlantic margin

Fig. 6. Distance-based redundancy analysis plots showing how abiotic factors influence invertebrate communities on 8 ship-
wrecks on the US Atlantic margin. Biotic response variables include (A) species richness on each wreck, (B) log-transformed 

abundances of each species on each wreck, and (C) presence or absence of each species on each wreck
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DISCUSSION

Species−area relationship

Higher taxonomic richness was found on larger
wrecks, as predicted by MacArthur & Wilson (1967)
(hypothesis 1). The function S = cAz yields a linear
relationship when both axes are log-transformed but
a logarithmic relationship between taxonomic rich-
ness and island area when left untransformed. This
may reflect the finite nature of the species pool or a
maximum carrying capacity for each wreck. In fact,
each of the 8 investigated shipwrecks was inhabited
by sub-sets of the same 34 species or morphotypes.

On terrestrial islands, the species−area relation-
ship has been explained by a variety of proposed
 factors. These include habitat diversity, primary
 productivity, resistance to disturbance, equilibrium
achieved through a balance of immigration and ex -
tinction, clumped distributions of species, and suc-
cessional development (MacArthur & Wilson 1967,
Connor & McCoy 1979, Hill et al. 1994, Gotelli &
Graves 1996). However, for island-like substrata in
deep water, these explanations are not satisfactory
(Meyer 2017). No primary producers were observed
on the shipwrecks in this study, and differences in
successional development can be excluded because
all wrecks are approximately the same age. Habitat
diversity certainly varies for large marine island-like
habitats such as seamounts, but less so for smaller
island-like marine hard substrata that have been
studied, such as coral heads (Abele & Patton 1976,
Huntington & Lirman 2012), kelp holdfasts (Thiel &
Vásquez 2000), artificial substrata (Schoener &
Schoener 1981), and dropstones (stones released by
melting icebergs; Meyer et al. 2016). In the case of
these shipwrecks, habitat heterogeneity (quantified
as surface complexity) was not significantly related
to the total taxonomic richness on each wreck. The
higher taxonomic richness on larger shipwrecks can
be explained by the ‘passive sampling hypothesis’
(Connor & McCoy 1979), which states that larger
substrata are merely larger targets for larval disper-
sal (Huntington & Lirman 2012, Meyer et al. 2016).
Larger substrata have higher immigration rates and
‘fill up’ more slowly, allowing more species to accu-
mulate over time (Schoener & Schoener 1981).

Beta diversity, or variation in the biotic communi-
ties among wrecks, was most strongly influenced by
distance between the wrecks, not wreck size. This
result does not support ‘incidence functions,’ or the
presence of different sets of organisms on different-
size wrecks (hypothesis 2). ‘Incidence functions’ have

also not been found for other island-like marine hard
substrata that have been studied (Abele & Patton
1976, Schoener & Schoener 1981, Meyer et al. 2016)
and may not be important for island-like habitats in
the marine environment.

Our finding that the biotic community composition
was most strongly related to distance between ship-
wrecks leads to another interesting conclusion. Vari-
ation in the biotic community among wrecks is de -
fined as beta diversity. By contrast, alpha diversity, or
the species richness on each wreck, was most strongly
influenced by wreck size (relative surface area). Thus,
alpha and beta diversity on the shipwrecks appear to
be influenced by different factors: the size of a wreck
influences the number of species that can inhabit it,
while the proximity of a wreck to others influences
which species inhabit it. Shipwrecks located closer
together could seed one an other with larvae, causing
them to have increasingly similar communities. Our
data thus support the  ‘stepping-stone’ / ‘isolation-by-
distance’ model (hypo thesis 3) for shipwreck commu-
nities (but see below).

Faunal distribution patterns among wrecks

Our data showed no evidence of either nested fau-
nal patterns or non-random co-occurrence of taxa (hy-
potheses 4 & 5). In other words, the set of taxa present
on a given wreck did not appear to be selected from
the available taxon pool according to any ‘assembly
rule’ (used here in the general sense following Belyea
& Lancaster 1999). Rather, the taxa inhabiting a par-
ticular wreck seemed to be selected randomly from
the available taxon pool. This result is in line with the
‘island model’ for larval dispersal among isolated
marine habitats. It must therefore be considered
that the ‘island’ and ‘stepping-stone’ / ‘isolation-by-
distance’ models are not mutually ex clusive — larvae
may settle randomly on shipwrecks initially, but then
subsequent dispersal among close wrecks can cause
their communities to become increasingly similar.
Succession, if it is deterministic, may also cause wreck
communities to be come more similar over time. The
‘island’ and ‘stepping-stone’ models are not actually
the best way to conceptualize colonization of isolated
marine habitats; a better understanding of larval dis-
persal and recruitment among these island-like habi-
tats will be brought about by considering the life-
history and dispersal capabilities of each individual
species (Shank & Halanych 2007, Meyer 2017).

For island-like dropstones, Meyer et al. (2016) con-
cluded that taxa were randomly selected from the
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available pool, similar to the present shipwrecks.
However, they found evidence of non-random co-
occurrence among dropstones, whereas we found
only random co-occurrence on shipwrecks. It should
be noted that individual dropstones were inhabited
by a smaller fraction of the available taxon pool than
the present shipwrecks, i.e. 26 of 56, or 46% of the
available morphotypes (Meyer et al. 2016), whereas
up to 67% of the available 34 taxa were found on a
single shipwreck. Thus, the investigated shipwrecks
may have only random co-occurrence because they
are large enough to be inhabited by most of the avail-
able taxa. Non-random co-occurrence patterns may
be less common on large, taxon-rich substrata.

Life-history traits and succession

Taxa observed on the present shipwrecks gener-
ally had 2 modes of larval dispersal: the motile fauna
and solitary sessile species generally had long-dura-
tion (pelagic larval duration: months to >1 yr) plank-
totrophic larvae, while the encrusting or clonal fauna
generally had short-duration (pelagic larval duration:
days to weeks) lecithotrophic larvae but were also
capable of asexual reproduction as adults (Table 3
and references therein). For example, Stylocidaris
lineata Mortensen, 1910 has planktotrophic larvae
with a pelagic duration of >3 mo (Young et al. 1998,
2012), while Metridium dianthus has short-duration
planula larvae and also reproduces by budding or
fragmentation when well-fed as an adult (Bucklin &
Hedgecock 1982, Bucklin 1987).

Of the taxa observed on the wrecks, those with
lecithotrophic larvae and asexual reproduction by
budding as adults tend to be dominant species on the
wrecks (Table 2). ‘Yellow encrusting sponge’ was
dominant on W4, W6, and W7; M. dianthus domi-
nated W1. ‘Small white anemone’ dominated W3,
W5-1, and W5-2, while ‘cf. Hormathiidae’ dominated
W2. Short larval life and restricted dispersal range
make it less likely that a species with lecithotrophic
larvae would reach an isolated shipwreck. However,
successfully recruiting individuals of a lecithotrophic
species could generate a dense population on the
wreck through philopatry. Eight of the 13 suspected
or known taxa with lecithotrophic larvae and asexual
reproduction as adults were dominant on at least 1
wreck.

On the other hand, a planktotrophic larval stage
would allow for colonization of shipwrecks by long-
range dispersal from other hard-substratum habitats
and larval dispersal among the shipwrecks. Solitary

organisms would require many recruitment events
and/or migration of adults from the surrounding area
to generate a large population on a wreck. Only 3 of
the 19 solitary or motile species (with planktotrophic
larvae) were dominant on any wreck: S. lineata,
Rochinia crassa (Milne-Edwards, 1879), and Henricia
oculata (Pennant, 1777) (Tables 2 & 3).

Given the tendency for encrusting fauna with
lecithotrophic larvae to dominate the shipwrecks, we
hypothesize that the wrecks were each initially colo-
nized by a small number of individuals that built up
dense populations through philopatry and asexual
budding as adults. In fact, 4 of the wrecks showed a
high degree of dominance, with 60 to 80% of the
fauna belonging to the most common taxon alone.
These 4 wrecks are the smallest in our study, which
have the least surface area and can therefore be most
easily covered by asexually-reproducing encrusting
species. The remaining 4 wrecks, the largest ships,
also had 20 to 40% of the fauna accounted for by the
most common species, but this lesser degree of dom-
inance may be merely a result of the greater surface
area on these wrecks and the finite growth rates of
encrusting organisms.

Only 1 species found on the shipwrecks, H. ocu-
lata, is likely to brood its young to a crawl-away
stage. Two congeners of Henricia, H. sanguinolenta
and H. pumila, are known to brood their young (Chia
1970, Eernisse et al. 2010).

MacArthur & Wilson (1967) and Diamond (1975)
both discussed a shift from long-distance-dispersing,
fast-growing generalist species (such as the plankto -
trophic larval species above) to slow-growing supe-
rior competitors with restricted dispersal (such as the
lecithotrophic larval species above) in the course of
succession on islands. To explore the idea of succes-
sion, the invertebrate community composition on the
shipwrecks would need to be compared to that of a
natural (older) hard-bottom habitat with similar
depth and similarly high relief. Unfortunately, the
area surrounding the shipwrecks features mostly
sand or gravel habitats, with some low-relief boul-
ders (Steimle & Zetlin 2000, S. D. Brooke unpubl.
data). A direct comparison is therefore impossible.

Nevertheless, it is evident from other studies that
shipwreck communities undergo a shift in life history
characteristics of the fauna with time. Shallow
(<30 m) shipwrecks in the Red Sea, California, and
Florida were each characterized by opportunistic
species with far-dispersing larvae when young
(<20 yr underwater), but older artificial reefs
(>100 yr) in each location were characterized by
long-lived species with restricted dispersal and spe-
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cies that were superior competitors (Carter et al.
1985, Perkol-Finkel & Benayahu 2005, Perkol-Finkel
et al. 2005, 2006, Pawlik et al. 2008). Similarly, a
112 yr old shipwreck at 23 m off the coast of Brazil

was covered in sponges and corals, resembling a
 natural reef (Lira et al. 2010).

Our data constitute a single time-point, so we are
not able to observe the process of succession on the
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Species or morphotype           Reproductive strategy                                                                                      Source

White didemnid ascidian        Suspect lecithotrophic larva, asexual reproduction by budding as adult    

Yellow encrusting sponge      Suspect lecithotrophic larva, asexual reproduction by budding as adult    

Pink encrusting sponge          Suspect lecithotrophic larva, asexual reproduction by budding as adult    

Metridium dianthus                Planula larva, asexual reproduction by budding as adult                             Bucklin (1987), Bucklin &
Hedgecock (1982)

cf. Hormathiidae                      Larva unknown, suspect asexual reproduction by budding as adult           

Halcurias pilatus                     Unknown                                                                                                           

Small white anemone             Larva unknown, suspect asexual reproduction by budding as adult           

Giant purple anemone            Unknown                                                                                                           

White zoanthid                        Suspect lecithotrophic larva, asexual reproduction by budding as adult    

Corynactis delawarei              Congener C. californica has large planula larva, asexual reproduction     Holts & Beauchamp (1993), 
                                                 by budding as adult                                                                                          Chadwick & Adams (1991)

Brown tube complex               Not applicable — species complex                                                                  

Plumularia setacea                  Lecithotrophic planula, asexual reproduction by budding as adult             Carlton (2007)

cf. Corynidae                           Suspect medusa stage, asexual reproduction by budding as adult              

Pine hydroid                            Suspect medusa stage, asexual reproduction by budding as adult              

Paracyathus pulchellus           Congener P. stearnsii has large feeding planula, PLD: 4 wk                        Fadlallah & Pearse (1982)

Crassostrea virginica              Broadcast spawner, high fecundity                                                                 Buroker (1983)

Diodora tanneri                       Diodora spp. can broadcast spawn or lay eggs on substrata                        Carlton (2007)

Red shrimp                               Suspect planktotrophic larva                                                                           

Rochinia crassa                        Congener R. vesicularis has planktotrophic larva                                         Pohle & Marques (2003)

Euchirograpsus americanus   Planktotrophic larva                                                                                         Fransozo et al. (1998)

Cancer borealis                       Planktotrophic larva, PLD: 4 mo                                                                      Hines (1991)

Paguristes lymani                    Planktotrophic larva                                                                                         Fransozo et al. (1998)

Munida sp.                               Planktotrophic larva                                                                                         Wenner (1982)

cf. Serpula sp.                          S. vermicularis has feeding trochophore, nectochaete larva,                       Young & Chia (1982)
                                                 PLD: 41−50 d

Henricia oculata                      Congeners H. sanguinolenta and H. pumila brood young to                       Chia (1970), 
                                                 crawl-away juvenile stage                                                                               Eernisse et al. (2010)

Henricia sp.                              Congeners H. sanguinolenta and H. pumila brood young to                       Chia (1970), 
                                                 crawl-away juvenile stage                                                                               Eernisse et al. (2010)

Sclerasterias tanneri                Bipinnaria, PLD > 2 yr, juveniles capable of fission                                       Young et al. (2012), 
                                                                                                                                                                             Fisher (1925)

Sclerasterias sp.                       Congener S. tanneri has bipinnaria, PLD > 2 yr, juveniles capable            Young et al. (2012), 
                                                 of fission                                                                                                             Fisher (1925)

Coronaster briareus                Ecologically similar species in same family, Labidiaster annulata,             Janosik et al. (2008)
                                                 has bipinnaria, brachiolaria

Odontaster hispidus                Congener O. validus has planktotrophic, demersal, bipinnaria larva,        Pearse (1965), 
                                                 PLD: 7−9 mo                                                                                                      Chiantore et al. (2002)

Ophiocomina sp.                     Congener O. nigra has ophiopluteus larva, PLD: ~2 mo                               Lönning (1976)

Stylocidaris lineata                  Echinopluteus larva, planktotrophic, PLD: 3.5 mo                                         Young et al. (1998, 2012)

Stylocidaris affinis                   Congener S. lineata has feeding echinopluteus                                             Young et al. (1998, 2012)

Coelopleurus floridanis           Small eggs, planktotrophic larva                                                                     George et al. (1997)

Table 3. Reproductive strategies of fauna observed at 8 shipwrecks on the US Atlantic margin surveyed in September 2012. PLD: pelagic 
larval duration; see Fig. 1 for photos of species and morphotypes
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shipwrecks. However, we can compare our data to
studies of succession at shallower depths in the same
region to infer the stage of succession. Shallow hard
substrata at temperate latitudes undergo succession
in 3 stages: early colonizers such as acorn barnacles
and serpulid polychaetes are followed by intermedi-
ate colonizers (ascidians, bryozoans, hydroids) and
climax species that may outcompete or simply out-
live earlier colonists (Osman 1977, Dean & Hurd
1980, Chalmer 1982). The order of succession can
also depend on seasonal recruitment (Pacheco et al.
2011).

We speculate based on the fauna present that the
shipwrecks are in the second successional stage
described above, because they are dominated by a
variety of encrusting species and morphotypes —
ascidians, sponges, and hydroids. Crassostrea virgi -
ni ca and a serpulid polychaete were present on 2 and
6 wrecks, respectively, but were never dominant;
these fauna may be the last remnants of the early-
successional (typically calcareous) fauna. Three soft
coral colonies were also observed on W2, in frame
grabs not randomly sub-selected for analysis; this
slow-growing taxon could be the first of the late-
 successional colonists.

It is possible that the present shipwrecks’ isolated
location makes it less likely that short-duration lar-
vae will reach the wrecks. Short-duration larvae are
typical of late-successional species, so their absence
may cause succession to proceed slowly (Meyer
2017). Studies on deep-water isolated hard substrata
are typically limited to single time-point observations
(Church et al. 2009, Taylor et al. 2014), but this study
can serve as an effective baseline for characterizing
succession in the Billy Mitchell shipwreck communi-
ties in the future.

This study had some logistical limitations, all stem-
ming from the fact that no intentional transects along
the shipwrecks were recorded for the biotic analysis.
Nevertheless, our results show important differences
in the biotic communities among the wrecks and pro-
vide insights for the ecology of island-like habitats on
the seafloor.

Acknowledgements. This material is based upon work sup-
ported by the National Science Foundation Graduate
Research Fellowship Program under Grant No. DGE-
0829517. Funding for this project was supplied by the
Bureau of Ocean Energy Management (BOEM), under con-
tract to CSA Ocean Sciences, Inc. (contract M10PC00100) in
partnership with the National Oceanographic Partnership
Program. A.K.S. acknowledges funding from the European
Union’s Horizon 2020 research and innovation programme
under grant agreement 689518 (MERCES). We thank Greg

Boland (BOEM) and Steve Viada (CSA) for support during
the development of the cruise and the overall project. The
NOAA ship ‘Nancy Foster’ and the ‘Kraken II’ ROV were
provided by the NOAA Office of Ocean Exploration and
Research. The US Geological Survey contributed equipment
and personnel to this project. We thank the officers, crew,
and ROV team for their assistance at sea. Stephen Cairns
(Smithsonian Institution) and Lea-Anne Henry (Heriot Watt
University) assisted with taxonomic identification of voucher
specimens. Roderick Mather (University of Rhode Island)
consulted on the identity and history of each shipwreck.
Comments from Katherine Dunlop (International Research
Institute of Stavanger), Michelle Wood (University of Ore-
gon), Alan Shanks (OIMB), Craig McClain (Duke Univer-
sity), and 2 anonymous reviewers improved previous ver-
sions of this manuscript.

LITERATURE CITED

Abele LG, Patton WK (1976) The size of coral heads and the
community biology of associated decapod crustaceans.
J Biogeogr 3: 35−47

Amaral FD, Farrapeira CMR, Lira SMA, Ramos CAC (2010)
Benthic macrofauna inventory of two shipwrecks from
Pernambuco coast, northeastern of Brazil. Rev Bras Zool
4: 24−41

Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVA+
for PRIMER:  guide to software and statistical tools.
Primer-E, Plymouth

Belyea LR, Lancaster J (1999) Assembly rules within a con-
tingent ecology. Oikos 86: 402−416

Bucklin A (1987) Growth and asexual reproduction of the
sea anemone Metridium:  comparative laboratory studies
of three species. J Exp Mar Biol Ecol 110: 41−52

Bucklin A, Hedgecock D (1982) Biochemical genetic evi-
dence for a third species of Metridium (Coelenterata: 
Actinaria). Mar Biol 66: 1−7

Buroker NE (1983) Population genetics of the American oys-
ter Crassostrea virginica along the Atlantic coast and the
Gulf of Mexico. Mar Biol 75: 99−112

Carlton JT (2007) The Light and Smith manual:  intertidal
invertebrates from central California to Oregon, 4th edn.
University of California Press, Oakland, CA

Carter JW, Carpenter AL, Foster MS, Jessee WN (1985) Ben-
thic succession on an artificial reef designed to support a
kelp-reef community. Bull Mar Sci 37: 86−113

Chadwick N, Adams C (1991) Locomotion, asexual repro-
duction, and killing of corals by the corallimorpharian
Corynactis californica. Hydrobiologia 216–217: 263−269

Chalmer PN (1982) Settlement patterns of species in a mar-
ine fouling community and some mechanisms of succes-
sion. J Exp Mar Biol Ecol 58: 73−85

Chia FS (1970) Some observations on the histology of the
ovary and RNA synthesis in the ovarian tissues of the
starfish, Henricia sanguinolenta. J Zool 162: 287−291

Chiantore M, Cattaneo-Vietti R, Elia L, Guidetti M, Antonini
M (2002) Reproduction and condition of the scallop
Adamussium colbecki (Smith 1902), the sea-urchin
Sterechinus neumayeri (Meissner 1900) and the sea-star
Odontaster validus (Koehler 1911) at Terra Nova Bay
(Ross Sea):  different strategies related to inter-annual
variations in food availability. Polar Biol 25: 251−255

Church RA, Warren DJ, Irion JB (2009) Analysis of deep -
water shipwrecks in the Gulf of Mexico:  artificial reef

27

https://doi.org/10.2307/3038097
https://doi.org/10.2307/3546646
https://doi.org/10.1016/0022-0981(87)90065-7
https://doi.org/10.1007/BF00397248
https://doi.org/10.1007/BF00392635
https://doi.org/10.1007/BF00026473
https://doi.org/10.1016/0022-0981(82)90098-3
https://doi.org/10.1111/j.1469-7998.1970.tb01265.x
https://doi.org/10.5670/oceanog.2009.38


Mar Ecol Prog Ser 566: 17–29, 2017

effect of six World War II shipwrecks. Oceanography 22: 
50−63

Clarke K, Gorley R (2006) Primer v6:  user manual/tutorial.
Primer-E, Plymouth

Connor EF, McCoy ED (1979) The statistics and biology of
the species-area relationship. Am Nat 113: 791−833

Dando PR, Southward A, Southward EC, Dixon DR, Craw-
ford A, Crawford M (1992) Shipwrecked tube worms.
Nature 356: 667 

Dean TA, Hurd LE (1980) Development in an estuarine foul-
ing community:  the influence of early colonists on later
arrivals. Oecologia 46: 295−301

Diamond JM (1975) Assembly of island communities. In: 
Cody ML, Diamond JM (eds) Ecology and evolution of
communities. Belknap Press of Harvard University Press,
Cambridge, p 342−444

dos Santos DH, Silva-Cunha M, Santiago MF, Passavante J
(2010) Characterization of phytoplankton biodiversity in
tropical shipwrecks off the coast of Pernambuco, Brazil.
Acta Bot Bras 24: 924−934

Edwards KF, Stachowicz JJ (2010) Multivariate trade-offs,
succession, and phenological differentiation in a guild of
colonial invertebrates. Ecology 91: 3146−3152

Eernisse DJ, Strathmann MF, Strathmann RR (2010) Henri-
cia pumila sp. nov.:  a brooding seastar (Asteroidea) from
the coastal northeastern Pacific. Zootaxa 2329: 22−36

Entsminger G (2014) EcoSim Professional:  null modeling
software for ecologists, version 1. Acquired Intelligence
Inc., Kesey-Bear and Pinyon Publishing, Montrose, CO

Fadlallah YH, Pearse JS (1982) Sexual reproduction in soli-
tary corals:  synchronous gametogenesis and broadcast
spawning in Paracyathus stearnsii. Mar Biol 71: 233−239

Fisher WK (1925) Asexual reproduction in the starfish, Scle-
rasterias. Biol Bull (Woods Hole) 48: 171−175

Fransozo A, Cuesta JA, Negreiros-Fransozo ML (1998) The
first zoeal stage of two species of Grapsidae (Decapoda,
Brachyura) and a key to such larvae from the Brazilian
coast. Crustaceana 71: 331−343

Gambi MC, Schulze A, Amato E (2011) Record of Lamelli-
brachia sp. (Annelida:  Siboglinidae:  Vestimentifera)
from a deep shipwreck in the western Mediterranean
Sea (Italy). Mar Biodivers Rec 4: e24

George SB, Young CM, Fenaux L (1997) Proximate compo-
sition of eggs and larvae of the sand dollar Encope
michelini (Agassiz):  the advantage of higher investment
in plankotrophic eggs. Invertebr Reprod Dev 32: 11−19

Gotelli NJ (2000) Null model analysis of species co-
occurrence patterns. Ecology 81: 2606−2621

Gotelli NJ, Graves GR (1996) Null models in ecology. Smith-
sonian Institution Press, Washington, DC

Hill JL, Curran PJ, Foody GM (1994) The effect of sampling
on the species-area curve. Glob Ecol Biogeogr Lett 4: 
97−106

Hines AH (1991) Fecundity and reproductive output in nine
species of Cancer crabs (Crustacea, Brachyura, Can-
cridae). Can J Fish Aquat Sci 48: 267−275

Holts LJ, Beauchamp KA (1993) Sexual reproduction in the
corallimorpharian sea anemone Corynactis californica in
a central California kelp forest. Mar Biol 116: 129−136

Hughes DJ, Crawford M (2008) A new record of the vesti-
mentiferan Lamellibrachia sp. (Polychaeta:  Siboglinidae)
from a deep shipwreck in the eastern Mediterranean.
Mar Biodivers Rec 1: 1−3

Huntington BE, Lirman D (2012) Species-area relationships
in coral communities:  evaluating mechanisms for a com-

monly observed pattern. Coral Reefs 31: 929−938
Janosik AM, Mahon AR, Scheltema RS, Halanych KM (2008)

Life history of the Antarctic sea star Labidiaster annulatus
(Asteroidea:  Labidiasteridae) revealed by DNA bar cod -
ing. Antarct Sci 20: 563−564

Kilgour MJ, Shirley TC (2008) Bathymetric and spatial distri-
bution of decapod crustaceans on deep-water ship-
wrecks in the Gulf of Mexico. Bull Mar Sci 82: 333−344

Lira SM, Farrapeira CM, Amara FM, Ramos CA (2010) Ses-
sile and sedentary macrofauna from the Pirapama Ship-
wreck, Pernambuco, Brazil. Biota Neotrop 10: 155−165

Lönning S (1976) Reproductive cycle and ultrastructure of
yolk development in some echinoderms from the Bergen
area, western Norway. Sarsia 62: 49−72

MacArthur RH, Wilson EO (1967) The theory of island bio-
geography. Princeton University Press, Princeton, NJ

Mallefet J, vanden Berghe M, Vincx M, Massin C and oth-
ers (2008) Belgian shipwreck — hotspots for marine bio-
diversity (BEWREMABI). Belgian Science Policy, Brus-
sels. http: //www.vliz.be/ projects/ bewremabi/index.php 

Meyer KS (2017) Islands in a sea of mud:  insights for com-
munity assembly on isolated marine hard substrata from
terrestrial island theory. Adv Mar Biol 76: 1−40

Meyer KS, Young CM, Sweetman AK, Taylor J, Soltwedel T,
Bergmann M (2016) Rocky islands in a sea of mud:  biotic
and abiotic factors structuring deep-sea dropstone com-
munities. Mar Ecol Prog Ser 556: 45−57

Osman RW (1977) The establishment and development of a
marine epifaunal community. Ecol Monogr 47: 37−63

Pacheco AS, Laudien J, Thiel M, Oliva M, Heilmayer O
(2011) Succession and seasonal onset of colonization in
subtidal hard-bottom communities off northern Chile.
Mar Ecol 32: 75−87

Palumbi SR (2003) Population genetics, demographic con-
nectivity, and the design of marine reserves. Ecol Appl
13: 146−158

Pawlik JR, Henkel TP, McMurray SE, López-Legentil S, Loh
TL, Rohde S (2008) Patterns of sponge recruitment and
growth on a shipwreck corroborate chemical defense
resource trade-off. Mar Ecol Prog Ser 368: 137−143

Pearse JS (1965) Reproductive periodicities in several con-
trasting populations of Odontaster validus Koeler, a com-
mon Antarctic asteroid. Antarct Res Ser 5: 39−85

Perkol-Finkel S, Benayahu Y (2005) Recruitment of benthic
organisms onto a planned artificial reef:  shifts in commu-
nity structure one decade post-deployment. Mar Environ
Res 59: 79−99

Perkol-Finkel S, Benayahu Y (2007) Differential recruitment
of benthic communities on neighboring artificial and nat-
ural reefs. J Exp Mar Biol Ecol 340: 25−39

Perkol-Finkel S, Shashar N, Barneah O, Ben-David-Zaslow
R and others (2005) Fouling reefal communities on artifi-
cial reefs:  Does age matter? Biofouling 21: 127−140

Perkol-Finkel S, Shashar N, Benayahu Y (2006) Can arti -
ficial reefs mimic natural reef communities? The roles
of structural features and age. Mar Environ Res 61: 
121−135

Pohle G, Marques FPL (2003) Zoeal stages and megalopa of
Leucippa pentagona H. Milne Edwards, 1833 (Deca -
poda:  Brachyura:  Majoidea:  Epialtidae) obtained from
laboratory culture and a comparison with other epialtid
and majoid larvae. Invertebr Reprod Dev 43: 55−70

Ross SW, Rhode M, Viada ST, Mather R (2016) Fish species
associated with shipwreck and natural hard-bottom
habitats from the middle to outer continental shelf of the

28

https://doi.org/10.1086/283438
https://doi.org/10.1038/356667a0
https://doi.org/10.1007/BF00346255
https://doi.org/10.1590/S0102-33062010000400007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21141176&dopt=Abstract
https://doi.org/10.1890/10-0440.1
https://doi.org/10.1007/BF00397040
https://doi.org/10.2307/1536659
https://doi.org/10.1163/156854098X00293
https://doi.org/10.1017/S1755267211000261
https://doi.org/10.1080/07924259.1997.9672599
https://doi.org/10.1890/0012-9658(2000)081[2606%3ANMAOSC]2.0.CO%3B2
https://doi.org/10.2307/2997435
https://doi.org/10.1139/f91-037
https://doi.org/10.1007/BF00350740
https://doi.org/10.1017/S1755267206001989
https://doi.org/10.1007/s00338-012-0917-9
https://doi.org/10.1017/S0954102008001533
https://doi.org/10.1590/S1676-06032010000400021
https://doi.org/10.1080/00364827.1976.10411313
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28065293&dopt=Abstract
https://doi.org/10.1016/bs.amb.2016.09.002
https://doi.org/10.3354/meps11822
https://doi.org/10.2307/1942223
https://doi.org/10.1111/j.1439-0485.2010.00398.x
https://doi.org/10.1890/1051-0761(2003)013[0146%3APGDCAT]2.0.CO%3B2
https://doi.org/10.3354/meps07615
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15364510&dopt=Abstract
https://doi.org/10.1016/j.marenvres.2004.03.122
https://doi.org/10.1016/j.jembe.2006.08.008
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16167392&dopt=Abstract
https://doi.org/10.1080/08927010500133451
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16198411&dopt=Abstract
https://doi.org/10.1080/07924259.2003.9652522
https://doi.org/10.7755/FB.114.1.4


Meyer et al.: Shipwrecks as islands 29

Middle Atlantic Bight near Norfolk Canyon. Fish Bull
114: 45−57

Schoener A, Schoener TW (1981) The dynamics of the spe-
cies-area relation in marine fouling systems: 1. Biological
correlates of changes in the species-area slope. Am Nat
118: 339−360

Shank TM, Halanych KM (2007) Toward a mechanistic
understanding of larval dispersal:  insights from genomic
fingerprinting of the deep-sea hydrothermal vent tube-
worm Riftia pachyptila. Mar Ecol 28: 25−35

Steimle FW, Zetlin C (2000) Reef habitats in the Middle
Atlantic Bight:  abundance, distribution, associated bio-
logical communities, and fishery resource use. Mar Fish
Rev 62: 24−42

Taylor JR, DeVogelaere AP, Burton EJ, Frey O and others
(2014) Deep-sea faunal communities associated with a
lost intermodal shipping container in the Monterey Bay
National Marine Sanctuary, CA. Mar Pollut Bull 83: 
92−106

Thiel M, Vásquez JA (2000) Are kelp holdfasts islands on the
ocean floor? — indication for temporarily closed aggrega-
tions of peracarid crustaceans. Hydrobiologia 440: 45−54

Ulrich W (2006) Nestedness — a FORTRAN program for
 calculating ecological temperatures. http:// www. keib.
umk. pl/nestedness/?lang=en

Ulrich W, Gotelli NJ (2007) Null model analysis of species
nestedness patterns. Ecology 88: 1824−1831

UNESCO (United Nations Educational, Scientific, and Cul-
tural Organization) (2002) Convention on the protection
of underwater cultural heritage. Records of the General
Conference, Paris

Vrijenhoek RC (1997) Gene flow and genetic diversity in

naturally fragmented metapopulations of deep-sea
hydro thermal vent animals. J Hered 88: 285−293

Vrijenhoek RC (2010) Genetic diversity and connectivity of
deep-sea hydrothermal vent metapopulations. Mol Ecol
19: 4391−4411

Walker SJ, Schlacher TA, Schlacher-Hoenlinger MA (2007)
Spatial heterogeneity of epibenthos on artificial reefs: 
fouling communities in the early stages of colonization
on an East Australian shipwreck. Mar Ecol 28: 435−445

Wenner EL (1982) Notes on the distribution and biology of
Galatheidae and Chirostylidae (Decapoda: Anomura)
from the Middle Atlantic Bight. J Crustacean Biol
2:360–377

Wildenberg T (2014) Billy Mitchell’s war with the Navy:  the
interwar rivalry over air power. Naval Institute Press,
Annapolis, MD

Work TM, Aeby GS, Maragos JE (2008) Phase shift from a
coral to a corallimorph-dominated reef associated with a
shipwreck on Palmyra Atoll. PLOS ONE 3: e2989

Young CM, Chia FS (1982) Ontogeny of phototaxis during
larval development of the sedentary polychaete, Serpula
vermicularis (L.). Biol Bull (Woods Hole) 162: 457−468

Young C, Ekaratne SUK, Cameron JL (1998) Thermal toler-
ances of embryos and planktotrophic larvae of Archaeo -
pneustes hystrix (A. Agassiz) (Spatangoidea) and Stylo -
cidaris lineata (Mortensen) (Cidaroidea), bathyal
echi no  ids from the Bahamian Slope. J Exp Mar Biol Ecol
223: 65−76

Young CM, He R, Emlet RB, Li Y and others (2012) Dispersal
of deep-sea larvae from the intra-American seas:  simula-
tions of trajectories using ocean models. Integr Comp
Biol 52: 483−496

Editorial responsibility: Paul Snelgrove, 
St. John’s, Newfoundland and Labrador, Canada 

Submitted: July 18, 2016; Accepted: January 16, 2017
Proofs received from author(s): February 13, 2017

https://doi.org/10.1086/283827
https://doi.org/10.1111/j.1439-0485.2007.00146.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24793778&dopt=Abstract
https://doi.org/10.1016/j.marpolbul.2014.04.014
https://doi.org/10.1023/A%3A1004188826443
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17645028&dopt=Abstract
https://doi.org/10.1890/06-1208.1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9262010&dopt=Abstract
https://doi.org/10.1093/oxfordjournals.jhered.a023106
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20735735&dopt=Abstract
https://doi.org/10.1111/j.1365-294X.2010.04789.x
https://doi.org/10.1111/j.1439-0485.2007.00193.x
https://doi.org/10.2307/1548053
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18714355&dopt=Abstract
https://doi.org/10.1371/journal.pone.0002989
https://doi.org/10.2307/1540996
https://doi.org/10.1016/S0022-0981(97)00149-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22669174&dopt=Abstract
https://doi.org/10.1093/icb/ics090



