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Problem

Deep-sea mobile macrofauna appear to be more wide-

spread within fewer zoogeographic provinces compared

with fauna in shallower ecosystems. This is often attrib-

uted to fewer physical barriers in the deep sea, especially

horizontally, and a relatively uniform environment with

respect to some variables such as temperature and salinity

(Gage & Tyler 1991; Merrett & Haedrich 1997). Vertical

zonation beyond 200 m, however, is a common theme,

appearing to be more pronounced than latitudinal or

meridional zonation (Grassle et al. 1975; Haedrich et al.

1980; Hecker 1994; Carney 2005). Koslow (1993)

reanalysed large deep-sea fish databases from the North

Atlantic (Haedrich & Merrett 1988) and suggested that

horizontal faunal zones existed in slope depths

(< 1500 m), but were less apparent at depths > 1500 m.

Uniformity of fish communities over large horizontal
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Abstract

Deep-water coral habitats are scattered throughout slope depths (360–800 m)

off the Southeastern United States (SEUS, Cape Lookout, North Carolina, to

Cape Canaveral, Florida), contributing substantial structure and diversity to

bottom habitats. In some areas (e.g. off North Carolina) deep corals form

nearly monotypic (Lophelia pertusa) high profile mounds, and in other areas

(e.g. off Florida) many species may colonize hard substrata. Deep coral and

hard substrata ecosystems off the SEUS support a unique fish assemblage.

Using the Johnson-Sea-Link submersible (in 2000–2005, 65 dives), and a remo-

tely operated vehicle (in 2003, five dives), fishes were surveyed in nine deep

reef study areas along the SEUS slope. Forty-two benthic reef fish species

occurred in deep reef habitats in these study areas. Species richness was greatest

on the two coral banks off Cape Lookout, North Carolina (n = 23 and 27 spe-

cies) and lowest on the two sites off Cape Canaveral, Florida (n = 7 and 8 spe-

cies). Fish assemblages exhibited significantly (ANOSIM, Global R = 0.69,

P = 0.001) different patterns among sites. Stations sampled off North Carolina

(three study areas) formed a distinct group that differed from all dives con-

ducted to the south. Although several species defined the fish assemblages at

the North Carolina sites, Laemonema barbatulum, Laemonema melanurum, and

Helicolenus dactylopterus generally had the most influence on the definition of

the North Carolina group. Fish assemblages at three sites within the central

survey area on the Blake Plateau were also similar to each other, and were

dominated by Nezumia sclerorhynchus and L. melanurum. Synaphobranchus spp.

and Neaumia sclerorhynchus differentiated the two southern sites off Cape

Canaveral, Florida, from the other station groups. Combinations of depth and

habitat type had the most influence on these station groups; however, explicit

mechanisms contributing to the organization of these assemblages remain

unclear.
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distances may be more characteristic of the deeper parts

of the oceans below upper-middle slope (> 1500 m)

depths. The increase in horizontal faunal uniformity with

increasing depth is consistent with increased uniformity

of environmental parameters and large-scale ocean basin

circulation patterns (Koslow 1993).

In contrast to past suggestions (see Haedrich 1997),

the fish fauna of the upper-middle slope, encompassing

the data presented here, does not seem to be horizontally

continuous over large distances and may support many

distinct fish assemblages (Koslow 1993; Sulak & Ross

1996). Distinct fish assemblages were identified in slope

depths of the North Atlantic, sometimes over small dis-

tances (Markle & Musick 1974; Merrett 1992; Koslow

1993; Gordon et al. 1996; Sulak & Ross 1996). However,

results are difficult to compare across studies due to dif-

ferent sampling (mostly trawls) and analysis strategies

(Merrett et al. 1991a; Koslow 1993; Gordon et al. 1996).

Trawls in particular often yielded variable or conflicting

results (Merrett et al. 1991a,b; Gordon et al. 1996). Small

sample sizes in most deep-sea studies also negatively

affected analyses (Levin et al. 2001; Carney 2005).

Regardless, faunal differentiation is apparent on the

upper-middle slope and may be more pronounced than

in deeper waters because: (i) the upper slope fish fauna

is somewhat influenced by light penetration from the

surface (Denton 1990) which delivers seasonal and diel

signals that vary with latitude; (ii) environmental factors

vary more than in lower slope and abyssal depths; (iii)

habitat diversity may be greater on the upper slope; and

(iv) the quality and quantity of labile carbon decline

rapidly below slope depths (Levin et al. 2001; Carney

2005).

The concept that groups of deep-sea fishes respond

similarly to deep-sea environments, forming interacting

communities, was challenged (Sulak 1982; Haedrich &

Merrett 1988, 1990; Haedrich 1997). Subsequent analyses

supported different conclusions that slope fish groupings

were non-random and that communities (sensu Mills

1969) do exist in the deep sea (Koslow 1993; Koslow

et al. 1994; Sulak & Ross 1996; Ross & Quattrini 2007).

The influence of habitat association was generally ignored

in previous analyses probably because trawl sampling can-

not deliver adequate data on habitat occurrence or fish

associations with habitat (Ross & Quattrini 2007). It was

often assumed that most deep-sea trawl data were from

relatively homogeneous soft sediment bottoms.

Deep-sea (> 200 m) or cold-water corals contribute

significantly to slope habitats (Roberts et al. 2006; Ross

& Nizinski 2007), and deep-sea coral habitat appears to

support a higher diversity and abundance of fishes com-

pared with surrounding non-reef habitats (Costello et al.

2005; Ross & Quattrini 2007). Even so, this habitat may

not be universally essential to deep-sea fishes (Auster

2005; Stone 2006; Tissot et al. 2006), and the ichthyofa-

una using deep-sea coral habitats in some areas is not

taxonomically different from the overall regional fauna

(Husebø et al. 2002; Costello et al. 2005). A noteworthy

departure from this pattern was exhibited by fishes using

extensive deep-sea coral and hard bottom systems off the

southeastern United States (SEUS, North Carolina to

east-central Florida) (Ross & Quattrini 2007). Ross &

Quattrini (2007) found several species to be specific to

deep reef habitats, which has not been well documented

for deep-sea fishes. In addition, the known ranges of

numerous fish species were extended throughout

the SEUS, and two new fish species (a third is pending)

were described (McCosker & Ross 2007; Fernholm &

Quattrini 2008). The large amount of new fish data for this

region at these depths (356–910 m) is probably attributable

to the rugged habitat that provides shelter for the ichthyo-

fauna. The new data coupled with vast areas of unexplored

deep coral ⁄ reef habitat are evidence that more extensive

surveys are required in the SEUS region to refine our

understanding of these fish populations.

Having established the existence of a unique deep reef

fish community (Ross & Quattrini 2007), we now exam-

ine how this reef fauna is distributed along the SEUS

slope. Does the reef fish fauna of the slope change with

depth or latitude, or is it similar over the SEUS slope

wherever reef habitat occurs? Are there consistent group-

ings of reef fishes and, if so, how could these be

explained? How does the SEUS deep reef fauna compare

with adjacent regions? In this paper we used data

collected via consistent direct observation methods to

examine distribution patterns of only those fishes closely

associated with deep reef habitats (Ross & Quattrini

2007) over a large geographic region (covering 6.3� of

latitude, or 700 km, and a 404-m depth range).

Study Area

Based on literature and our surveys, we designated eight

general study areas along the SEUS slope where deep reef

habitat occurred to conduct replicate sampling over

several years (2000–2005, Fig. 1). In addition, Odyssey

Marine Exploration provided video data collected in 2003

with a remotely operated vehicle (ROV) at a deep-water

wreck site within our study region. All nine sites lie

beneath the Gulf Stream, but differ in depth, bottom

topography, substrata, and coral development. The topo-

graphic highs that characterize these unique habitats

accelerate bottom currents, which increase in strength on

and near the tops of mounds. Reed & Ross (2005),

Ross & Nizinski (2007), and Partyka et al. (2007)

presented brief overviews of the eight deep reef sites, and
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we provide general descriptions of all nine study areas

below. Recent multibeam mapping (S.W. Ross et al.,

unpublished data) allowed more detailed descriptions of

the Cape Lookout, Cape Fear, and Stetson study areas.

Cape Lookout A

This coral bank system is located �75 km southeast of

Cape Lookout, North Carolina, and appears to be the

northernmost deep coral ecosystem on the SEUS slope.

Numerous coral mounds in the Cape Lookout A area

form a nearly continuous system that covers � 1 km in

an east to west direction. Mounds in this system rise as

much as 100 m above the sea floor and exhibit slopes up

to 60�. Cape Lookout A deep coral mounds are formed

by the deep or cold-water scleractinian coral, Lophelia

pertusa. Mounds appear to be formed by successive coral

growth, collapse, and sediment entrapment. The sides and

tops of the mounds are covered with small to large

bushes (up to 5 m in height) of living and dead L. pertusa.

Extensive coral rubble zones occur on the slopes and

bases of the mounds, and in places seem to be quite thick

(several cm). There are low-profile, rock rubble and rocky

outcrops (type unknown) scattered in areas off the main

coral bank system. Other coral species and sessile inverte-

brates occur in the Cape Lookout A area, including

Madrepora oculata, hexactinellid sponges, brisingid sea-

stars, hydroids, and anemones. On the tops of some

mounds, anemones blanket dead coral bushes. We con-

ducted 17 Johnson Sea-Link (JSL) submersible (Harbor

Branch Oceanographic Institution) dives on reef habitat

(366–443 m) in the Cape Lookout A area. Mean tempera-

tures for each dive ranged from 6.3 to 11.0 �C (± 0.0 SE)

(Table 1).

Cape Lookout B

Cape Lookout B North Carolina coral banks are located

� 11 km southwest of the Cape Lookout A deep coral

system. Mounds in the Cape Lookout B area also appear

to be formed by L. pertusa as described above. The Cape

Lookout B coral banks are oriented in a north-south

direction and cover � 18 km2. Cape Lookout B banks

consist of isolated groupings of mounds that are current

scoured at the bases. Individual mounds can rise up to

60 m from the sea floor and exhibit slopes up to 60�.

Extensive fields of coral rubble occur on the slopes and

bases of the mounds. Both living and dead corals are

common, and some living bushes are quite extensive.

Sessile fauna at this site are similar to Cape Lookout A.

We completed nine JSL dives (366–450 m) on a few of

the isolated banks in the Cape Lookout B area. Mean

temperatures for each dive ranged from 5.8 to 10.6 �C

(± 0.0 SE) (Table 1).

Fig. 1. Nine deep reef study sites along the southeastern United

States slope, sampled by submersible and remotely operated vehicle

from 2000 to 2005.

Table 1. Data for nine deep reef locations along the southeastern United States slope sampled by submersible and ROV, 2000–2005.

Cape

Lookout A

Cape

Lookout B Cape Fear

Republic

wreck Stetson Savannah Jacksonville

North

Cape

Canaveral

South

Cape

Canaveral

depth range (m) 366–443 366–450 368–443 487–496 540–721 497–544 517–674 709–770 679–745

number of dives 17 9 9 5 9 7 8 4 2

total video time (h) 29.1 15.4 17.0 5.3 16.9 9.8 13.9 6.0 3.2

mean video time

per dive (h) (±SE)

1.7 (0.1) 1.7 (0.2) 1.9 (0.1) 1.1 (0.2) 1.9 (0.1) 1.4 (0.2) 1.7 (0.1) 1.5 (0.2) 1.6 (0.0)

mean temp. range (�C) 6.3–11.0 5.8–10.6 8.0–11.7 7.6–12.2 7.4–9.2 7.3–10.5 6.6–6.8 6.3
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Cape Fear

The Cape Fear coral mounds are located � 140 km east

of Cape Fear, North Carolina, and � 80 km southwest of

the southernmost Cape Lookout B coral mound. The

Cape Fear coral bank encompasses an area � 0.65 km2

and consists of two large peaks ⁄ mounds that are con-

nected on the southern side by a ridge. This system rises

� 80 m from the sea floor and exhibits slopes up to 80�.

There is a deep current-scoured trench around the base

of the coral bank. The Cape Fear coral mounds appear

to be of the same general construction as the Cape Look-

out banks, constructed of coral rubble matrix with

trapped sediments topped with live (rarely) and dead

L. pertusa bushes. Dead corals dominate this study site

and occur as low to high profile bushes, compacted

branches, thickets, or rubble. In several areas, anemones

cover the dead corals. Fauna at this site is similar to

Cape Lookout A and B. Nine dives were completed on

reef habitat in the Cape Fear area (368–443 m), and

mean temperatures ranged from 8.0–11.7 �C (± 0.0 SE)

for each dive (Table 1).

Stetson

Stetson et al. (1962) gave the first detailed accounting of

SEUS coral banks in an area now known as the ‘Stetson

Banks’, located � 300 km east of the Georgia-South

Carolina border. The Stetson area is a large region of

extremely diverse, rugged topography and bottom types

(Stetson et al. 1962; Reed 2002; Reed et al. 2006). Multi-

beam mapping of a northern portion of the Stetson area

revealed an expansive plateau with several peaks, ridges,

valleys, and trenches, with a very deep trench expanding

into a plain on the eastern side (S.W. Ross et al., unpub-

lished data). Sessile invertebrates are diverse and abun-

dant in the Stetson area and are quite different from the

North Carolina sites. The sessile fauna includes solitary

colonies of living L. pertusa and Enallopsammia profunda,

Leiopathes spp., Bathypathes spp., Plumarella spp.,

zoanthids, cup corals, sponges, hydroids, and anemones.

Generally, corals were most abundant on slopes and crests

of topographic highs and all sessile species were attached

to hard substrata or rubble-consolidated sand. This

rubble–sand substratum possibly covered hard bottom;

however, this was difficult to discern. We completed

seven JSL dives (592–721 m) on reef habitats within the

Stetson area where mean temperatures were 7.6–12.2 �C

(± 0.0 SE) (Table 1).

An additional two JSL dives were conducted on reef

habitat on two coral mounds (540–646 m) located

� 30 km north of the other Stetson dives. Mean tem-

peratures for each dive were 8.0–8.6 �C (± 0.0 SE)

(Table 1). These coral mounds appear to be constructed

like the North Carolina banks, with L. pertusa as the

dominant reef-forming coral. Other sessile invertebrates

at these sites include hexactinellid sponges, anemones,

soft corals, and cup corals. Multibeam mapping of this

area revealed several topographic highs 20–50 m in relief

(S.W. Ross et al., unpublished data). Dives conducted

on these two coral mounds were included within the

Stetson study area because of their proximity to the

other Stetson dives.

Republic wreck

This study site included a deepwater wreck and the

surrounding habitat. The SS Republic was a wooden

sidewheel steamer (64 m long by 10 m beam) that sank

during a hurricane in October 1865. Because of salvage

concerns, the position plotted (Fig. 1) for this site

(� 250 km east of the GA–SC border) is approximate.

In this area, wreck debris is scattered over the sea floor

at 489–492 m depth, exhibiting mostly low (< 1 m)

profile, but rising to � 4 m above the bottom where

the paddle wheels occur. The wreck is sparsely covered

with attached fauna, including sponges, hydroids, cup

corals, zoanthids, and soft corals. Patches of low-profile

reef habitat surround the wreck site. The surrounding

substrata consist mostly of coarse sand interspersed

with rock rubble, dead coral rubble, and ⁄ or wreck deb-

ris. Sparse to abundant attached fauna (e.g. L. pertusa,

cup corals, sponges, zoanthids, hydroids, soft corals)

occur throughout the surrounding habitat. We viewed

video collected from five ROV dives at 487–496 m

depth.

Savannah

The Savannah area, located � 160 km east of Savannah,

Georgia, is composed of numerous mounds and ridges of

varying topography. One of the first direct observations

in this area came from submersible dives in 1967 using

the DSRV Alvin, and Enallopsammia (= Dendrophyllia)

profunda and L. pertusa were confirmed from certain

areas (Milliman et al. 1967). The Savannah area appears

to have a heavier sediment load compared to other sites.

The bottom is covered with mostly dead L. pertusa, both

rubble and standing thickets. Scattered low-profile living

corals (Pseudodrifa spp., Stylaster spp., L. pertusa) and

sponges occur along the slopes and crests of the mounds

(Milliman et al. 1967; Reed 2002; Reed et al. 2006;

S.W. Ross et al., unpublished data). Seven JSL dives were

completed in the Savannah reef area (497–544 m). Mean

temperatures for each dive ranged from 7.4 to 9.2 �C

(± 0.0 SE) (Table 1).
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Jacksonville

Paull et al. (2000) surveyed deep reef habitats along the

slope off the Florida–Georgia border, noting several topo-

graphic highs with attached corals. Our study area is

located � 170 km northeast of Jacksonville, Florida.

Bottom types in the Jacksonville area are diverse. In the

northern portion of this sampling area, there are large

rock ledges with attached corals (e.g. Keratoisis spp.,

Leiopathes spp., L. pertusa). Areas to the south are com-

posed of a variety of bottom habitats, including Lophelia

mounds and rock ledges with attached fauna (e.g. Keratoi-

sis spp., Leiopathes spp.). The L. pertusa mounds consist

of both live and dead coral branches, thickets, and small,

low profile bushes. These hard coral structures are not as

extensive as those off North Carolina. Several diverse

and abundant sessile species (e.g. hexactinellid sponges,

crinoids, Madrepora oculata, Stylaster spp., hydroids, cup

corals) occur in mixed communities with the L. pertusa.

Eight JSL dives were conducted on reef habitats through-

out the Jacksonville study area (517–674 m), and mean

temperatures for each dive ranged from 7.3 to 10.5 �C

(± 0.0 SE) (Table 1).

North Cape Canaveral

Cape Canaveral L. pertusa mounds were first documented

in 1982 by a ROV dive, and later several mounds in the

area were mapped and surveyed (Reed 2002; Reed et al.

2006; S.W. Ross et al., unpublished data). The reefs in the

North Cape Canaveral area, located � 95 km northeast of

Cape Canaveral, Florida, are sediment mounds with

L. pertusa growth at the crests and varying degrees of

rubble and encrusted sand on the slopes and surrounding

bases. Besides Lophelia, other hard corals occur in this

area, including E. profunda, M. oculata, and Stylaster spp.

A variety of sessile invertebrates (crinoids, antipatharians,

alcyonaceans, primnoids, hexactinellid sponges, hydroids)

occur mostly in mixed communities with live or dead

L. pertusa. Reefs in the Canaveral area are some of the

deepest reported along the SEUS and are overall the

deepest surveyed in the present study. The four dives

conducted in the North Cape Canaveral area were on a

series of moderately sized mounds (20–60 m) at depths

of 709–770 m. Mean temperatures for each dive were

6.6–6.8 �C (± 0.0 SE) (Table 1), which were generally the

coldest mean temperatures of all study areas (along with

South Cape Canaveral).

South Cape Canaveral

The South Cape Canaveral area is located � 80 km south

of the North Cape Canaveral sites. This broad feature con-

sists of a series of ridges and valleys, rising � 50 m from

the sea floor. The slopes are covered with coral rubble with

various amounts of attached fauna. Peaks are capped with

mostly dead L. pertusa (relief < 2 m) tipped with live coral

and encrusted with various sessile invertebrates, including

hydroids, sponges, alcyonaceans, anemones, antipatharians

and isidids. Shallow valleys of mostly sand and small

amounts of coral rubble occur between the peaks. Only

two dives were completed in the South Cape Canaveral

area. The JSL transected reef habitats (679–745 m) where

mean temperatures were 6.3 �C (± 0.0 SE) (Table 1).

Material and Methods

Collection methods

Demersal fishes were documented in nine deep reef study

areas (366–770 m) along the SEUS slope using the JSL

submersible (Fig. 1; for station details see Ross &

Quattrini 2007). Usually two daytime dives (� 1.5–3 h

each) were made daily during annual cruises conducted

in the summer–fall of 2000–2005. Scientists in both bow

and stern JSL compartments made frequent observations

and operated hand-held digital, color video cameras and

digital audio recorders. In addition, an external, bow-

mounted digital color video camera recorded continu-

ously throughout most dives. Two (2001–2005) or four

(2000) laser pointers (25 cm apart) were mounted on this

camera to measure fishes and habitat characteristics.

Depth, temperature, salinity, date, and time were logged

at £ 1 scanÆs)1 intervals (data were overlaid on the exter-

nal video tapes) using a Sea-Bird SBE 25 or 19plus CTD

(conductivity–temperature–depth) attached to the

submersible. Digital still images were taken periodically

during dives in 2003–2005. During all dives, the submer-

sible’s position was tracked from the surface support ship

using a Trackpoint II system.

Despite variable, rugged bottom topography and strong

currents, video operations were standardized as much as

possible. When the JSL was moving, it remained as close

to the bottom as practical, while attempting to maintain

a slow speed. The external camera was tilted somewhat

downward (toward the sea floor), and generally video-

taped on wide-angle view. When the JSL stopped, the

camera was variously set from wide-angle to close-up

views depending on subject matter and objectives. During

these frequent stops, fishes were videotaped and often

collected using a suction device, occasionally supple-

mented with rotenone. These voucher specimens

facilitated visual identification of various species, many of

which have rarely or never been seen in situ. Specimens

were preserved at sea in 10% formalin sea-water solution,

and later transferred to 40% isopropanol, identified and
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measured. Many specimens (see Ross & Quattrini 2007)

were deposited at the North Carolina Museum of Natural

Sciences Ichthyology Collection.

The Republic wreck was surveyed using a ROV

(Odyssey Marine Exploration). The ROV videotaped the

wreck and surrounding habitat in generally the same

manner as the JSL. For three dives the ROV transected

over reef habitat with the camera tilted downward toward

the sea floor recording on wide-angle view. At times the

ROV stopped and zoomed in to videotape substrata and

fauna. The main structure of the wreck was observed only

during two of these dives. During two other dives, the

ROV remained stationary and continuously videotaped

the surrounding habitat (no wreck debris present) in both

wide-angle and close-up views.

Data analyses

External video camera recordings were the main source of

data used to describe demersal fish assemblages in the

nine study areas. Videos from all dives were divided chro-

nologically into segments, during which fishes were iden-

tified and counted and habitats were classified to general

categories (for details see Ross & Quattrini 2007). Video

recorded when the JSL or the ROV was in non-reef habi-

tats was excluded from these analyses in addition to video

that was out of focus, clouded by sediment, or recorded

when the camera was elevated in the water column. When

data were difficult to extract from the JSL external camera

videotapes, the internal bow videotapes provided a valu-

able supplement.

To examine reef fish assemblages along the SEUS slope,

we only used video data that were recorded when the JSL

or the ROV occupied one of two general reef habitat

types, prime and transition habitats (see Ross & Quattrini

2007 for habitat details). In general, prime reef habitat

had high profile (‡ 1 m), occurred on or near tops of

mounds, and had dense coverage of corals, sponges,

and ⁄ or rock ledges. The main structure of the Republic

wreck was also considered to be prime reef habitat. Tran-

sition reef generally had low (< 1 m) profile, included

areas of mostly dead coral rubble with occasional scat-

tered live corals and ⁄ or sponges, and occurred on slope

faces or adjacent to prime reef. Occasionally, small rock

outcrops were present in transition habitat. Because fish

assemblages were similar between prime and transition

habitats (Ross & Quattrini 2007), we combined data from

these habitat types for each dive so that one dive equaled

one sample, for a total of 70 samples (70 dives). For each

sample, we only included numbers of demersal species

that we considered to be reef fishes (Ross & Quattrini

2007) (Table 2). The criteria for selection included all

fishes observed at least once in prime reef habitat and

those that were only observed in transition reef habitat.

We excluded 10 demersal species that were abundant in

non-reef habitat but were occasionally observed in tran-

sition habitat (Ross & Quattrini 2007).

Data were then analysed with multivariate techniques

to determine whether fish assemblages differed among the

nine study areas. All analyses were conducted in PRIMER

6, based on guidelines in Clarke & Warwick (2001) and

Clarke & Gorley (2006). First, species’ abundances were

standardized per sample by dividing the number of indi-

viduals per species by the total number of fishes per sam-

ple. Secondly, standardized abundances were square-root

transformed to down weight the common species relative

to the rare species. Thirdly, similarities between samples

were calculated using a Bray–Curtis similarity coefficient.

Hierarchical clustering with group average linking and

non-metric multidimensional scaling (MDS) analyses

were then performed on the resulting Bray–Curtis simi-

larity matrix. Clusters defined at 30% and 40% similarity

levels on the cluster analysis dendrogram were superim-

posed on the MDS plot. A one-way analysis of similarities

(ANOSIM) was then used to test whether fish assem-

blages were significantly different (R = 0 when groups are

similar and R = 1 when groups are different, Clarke &

Warwick 2001) among the nine study sites defined prior

to analysis (a prerequisite of ANOSIM; Clarke & Warwick

2001). All dives from all years of sampling were used in

ANOSIM comparisons because the same site differences

were observed in each year where multiple sites were sur-

veyed. Finally, SIMPER analyses were used to determine

which species contributed to fish assemblage similarities

within sites and fish assemblage differences between sites.

A series of bubble plots were generated based on the indi-

cator species identified by SIMPER analysis. For each spe-

cies, abundances observed during each dive were

superimposed as bubbles on the original MDS plot.

In addition, mean depth and mean temperature

(determined from the CTD data) during each dive

were superimposed as bubbles onto the original MDS

ordination. However, temperature data were not recorded

during the Republic wreck dives.

Species abundance and richness were examined at each

study site. Relative (%) abundances were calculated for

each species by study site (number of individuals per spe-

cies per site, all dives combined ⁄ total number of individ-

uals observed per site, all dives combined * 100). Species

accumulation curves were plotted to compare species

richness among the study sites. Curves were calculated

using the Colwell et al. (2004) analytical method in the

program EstimateS (version 8.0). Analysis of covariance

(ANCOVA) followed by a Tukey post hoc multiple

comparison test (STATISTICA 7; Statsoft) on log

transformed data was used to determine whether species
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accumulations were significantly different between sites.

Accumulation data calculated for the South Cape Canav-

eral site were not included in statistical analyses because

there were only two dives.

Table 2. Relative (%) abundances of demersal reef fishes (listed in phylogenetic order) observed during 70 dives on deep reefs along the south-

eastern US slope.

Species

Depth

range

Cape

Lookout

A

Cape

Lookout

B

Cape

Fear

Republic

wreck Stetson Savannah Jacksonville

North

Cape

Canaveral

South

Cape

Canaveral n

Eptatretus lopheliaea 382–700 0.9 1.8 1.3 21

Eptatretus minora 561 0.2 1

Chimaera monstrosa 506–528 0.9 2

Cirrhigaleus aspera 367–412 0.6 0.6 7

Squalus cubensis 422–632 0.2 2.8 0.9 7.9 1.4 35

Scyliorhinus hesperius 493–604 0.4 0.7 3

Scyliorhinus meadi 374–442 1.4 0.4 0.4 12

Scyliorhinus retifera 386–641 4.9 0.4 0.7 2.6 1.4 45

Dactylobatus armatus 671 0.4 1

Dysommina rugosaa 368–525 2.7 4.0 0.9 39

Synaphobranchus spp.b 525–770 1.8 2.2 75.3 47.7 105

Conger oceanicus 368–679 7.2 7.5 8.6 1.1 0.7 109

Nettenchelys exoriaa 374–748 0.2 0.8 0.4 1.1 0.7 1.2 1.5 15

Ateleopodidae 443 0.2 1

Bellottia n.spa,d 629 0.4 1

Bythites cf. gerdaec 383–687 1.3 0.2 0.4 1.5 11

Diplacanthopoma

brachysomaa

688 1.5 1

Nezumia cf. bairdii 633–687 0.4 1.5 2

Nezumia sclerorhynchusa 373–770 0.2 8.2 2.5 52.3 43.0 54.5 11.8 38.5 545

Laemonema barbatuluma 367–714 21.1 22.4 13.4 11.3 0.9 5.3 3.6 1.2 335

Laemonema melanuruma 369–743 10.7 13.5 7.3 7.1 34.7 32.5 28.9 5.9 6.2 490

Physiculus cf. fulvus 368–396 0.6 0.2 0.4 6

Physiculus karreraea 383–424 0.3 0.4 4

Urophycis cf. chuss 373–403 0.2 0.2 2

Lophiodes beroea 388–721 2.0 0.2 0.2 2.4 17

Lophiodes monodia 407 0.2 1

Lophius gastrophysusa 411–507 0.2 0.4 2

Chaunax stigmaeusa 375–627 0.2 0.2 1.7 0.2 7

Hoplostethus occidentalisa 367–636 11.3 9.3 5.6 2.2 137

Beryx decadactylus 366–661 10.2 10.1 31.5 67.0 0.7 380

Zenopsis conchifera 390 0.2 1

Helicolenus dactylopterusa 366–603 17.9 24.6 7.8 0.7 0.7 1.8 1.1 266

Idiastion kyphosa 374–570 2.0 0.4 0.4 0.4 0.4 19

Phenacoscorpius nebrisa 499 0.4 1

Pontinus rathbunia 374–384 0.3 0.9 4

Setarches guentheria 543–563 0.2 0.9 3

Trachyscorpia cristulataa 375–769 1.3 1.2 0.4 3.8 1.3 2.2 2.4 1.5 44

Synagrops sp. A 678 0.2 1

Synagrops sp. B 425–429 0.5 0.4 4

Polyprion americanus 369–699 11.6 7.1 0.7 50

Anthias woodsi 367–407 1.3 1.2 14

Hemanthias aureorubens 368–369 0.5 3

total number of fishes 636 495 232 282 447 228 277 85 65 2747

total number of species 27 23 18 9 18 14 14 7 8 42

Depth ranges (m) are minimum and maximum occurrences from submersible observations.
aCollected by submersible.
bTwo collected, positively identified Synaphobranchus kaupii included.
cOne collected, positively identified Bythites gerdae included.
dUndescribed species referred to as B. apoda in Ross & Quattrini (2007).
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Results

Seventy dives were completed in the nine SEUS deep reef

study areas (Fig. 1, Table 1). Dives resulted in 117 h of

useable video time over reef habitat, with a range of

mean video time of 1.9 (± 0.1 SE) to 1.1 (± 0.2 SE) h per

dive. Numbers of dives, depths and temperatures varied

among the deep reef sites (see above; Table 1). The three

North Carolina sites were the shallowest (366–450 m) of

the nine study sites, and generally the southernmost sites,

including North and South Cape Canaveral, were the

deepest (679–770 m) and coldest. All other sites (Republic

wreck, Stetson, Savannah, and Jacksonville) were in the

middle (487–721 m) of the overall depth range sampled.

For this study 42 demersal fish species, representing

2747 individuals, were identified as characterizing reef

habitat at the nine study sites (Table 2). Species richness

(Table 2) was highest at Cape Lookout A (n = 27 species)

and Cape Lookout B (n = 23 species), and species accu-

mulations (Fig. 2) at each of these sites were significantly

different (ANCOVA, P < 0.05) from all sites to the south.

Species richness was lowest (n = 7 species) in the North

Cape Canaveral area (Table 2), and species accumulation

(Fig. 2) was significantly less here than at all other sites

(ANCOVA, P < 0.05) except for the Republic wreck.

Species accumulation at the Republic wreck (n = 9) was

also significantly less (ANCOVA, P < 0.05) than at other

sites except Jacksonville (n = 14 species). The Jacksonville

site also did not differ in species accumulation from the

Stetson (n = 18 species) and Savannah (n = 14 species)

areas, yet it differed from Cape Fear (n = 18 species)

(Table 2, Fig. 2). While we believe that we documented

the dominant reef fishes in these areas, the species accu-

mulation curves did not reach asymptotes at most sites.

Thus, we expect additional sampling to produce more

species on these reefs.

Multivariate analyses based on the 42 demersal fish

species (Table 2) across 70 dives indicated differences in

fish assemblages among sampling sites. MDS ordination

adequately represented the relationships among samples

in two-dimensional space (Stress = 0.16; see Clarke &

Warwick 2001) and illustrated distinct sample groupings

(Fig. 3). Three major groupings were defined at a 30%

similarity level and four sub-groups were defined at a

similarity level of 40%. The first major grouping included

all dives from the three North Carolina sites, two dives

that were conducted at the Republic wreck, and one dive

from the Jacksonville site. In this first grouping, one sub-

group contained three Cape Fear dives, and a second sub-

group included all remaining dives of the first major

grouping. The second major grouping included the three

dives conducted in low-relief reef habitat in the Republic

wreck study area. The third major grouping included

dives from all other sites; one sub-group included all

dives from the Stetson, Savannah, and Jacksonville sites

(termed ‘central sites’), and another sub-group included

the North and South Cape Canaveral dives.

Mean depth and temperature data from each dive were

superimposed as bubbles onto the original MDS plot

(Figs 3 and 4). Mean depths at the Cape Canaveral and

the central study sites were the greatest among all sur-

veyed sites, and dives at these sites (except for the

Jacksonville dive) formed a major grouping. The

40% sub-groups within this major grouping also

displayed distinct depth zonation; mean depths at the

central and Canaveral sites ranged from 506 to 687 m

and from 688 to 769 m, respectively. The three Republic

wreck dives that formed a distinct grouping at a 30%

similarity level exhibited mean depths of 489–494 m.

Mean depths per dive ranged from 370 to 632 m in the

30% similarity grouping that included the North Carolina

sites; no pattern in mean depths was apparent between

the two 40% sub-groups. For mean temperature, no

patterns emerged across dives or sites. Even though the

Cape Canaveral sites were generally the coldest

(6.3–6.8 �C), mean temperatures at two dives conducted

off North Carolina were even colder (5.8 and 6.3 �C).

Fish assemblages among sampling sites (defined a

priori, see Material and Methods) were significantly differ-

ent (ANOSIM, Global R = 0.69, P = 0.001; Table 3). The

fish assemblage at each Cape Lookout site was largely

dissimilar (R-values ‡ 0.95, P < 0.05) compared with

each of the central and Cape Canaveral sites. Fish assem-

blages at the Cape Lookout sites were not significantly

different (R = 0.03, P > 0.05) from each other. The fish

Fig. 2. Species-accumulation curves plotted using the Colwell et al.

(2004) analytical method. A, Cape Lookout A; B, Cape Lookout

B; CF, Cape Fear; RW, Republic wreck; S, Stetson; SA, Savannah;

J, Jacksonville; NCC, North Cape Canaveral; SCC, South Cape

Canaveral.
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assemblages at the Cape Fear and Republic sites were also

similar (R = 0.20, P > 0.05) to each other, but were sig-

nificantly different from all other sites (R ‡ 0.37,

P < 0.05). There were no significant differences in fish

assemblages between the two Canaveral study sites

(R = 0.36, P > 0.05), but they were both significantly dif-

ferent from the three central sites (R-values ‡ 0.75,

P < 0.05). The fish assemblages at the central study sites

were similar to each other (R = )0.05–0.23); however,

there was a weak, but significant difference (R = 0.23,

P < 0.05) between Savannah and Stetson fish assemblages.

Fourteen species (SIMPER, Fig. 5) contributed the

most (90%) to the average similarities in fish assemblages

within sites and to the average dissimilarities in fish

assemblages between sites (SIMPER, Table 4). Average %

similarities within sites ranged from 45% at Cape Fear to

72% at North Cape Canaveral (Table 4). These results

appear to be due to varying abundances of species across

Fig. 3. Multidimensional scaling (MDS)

ordination of 70 dives based on the

Bray–Curtis similarity matrix calculated from

standardized, square-root transformed fish

abundances (42 species). Clusters are defined

at 30% (dotted line) and 40% (black line)

levels of similarity. The three Republic wreck

dives also formed a 30% cluster, not shown

on plot.

A 

B 

Fig. 4. The MDS plot from Fig. 3 with

superimposed bubbles of (A) mean depth (m)

and (B) mean temperature (�C) observed

during each dive. In each plot 2D

Stress = 0.16.
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dives within each site (Fig. 5). Between site average %

dissimilarities were highest (> 84% dissimilar) when com-

paring each Cape Canaveral site with each North Carolina

and Republic site (Table 4). Average % dissimilarities were

lowest between the two Cape Canaveral sites (35%),

among the three Central sites (34–39%) and between the

two Cape Lookout sites (46%).

Species distributions across dives and study sites were

illustrated (Fig. 5) by superimposing abundances of each

of the 14 species observed during each dive as bubbles on

the original MDS plot (Fig. 3). Two species that differen-

tiated the Cape Canaveral sites from sites to the north

were Synaphobranchus spp. (Fig. 5D) and Nezumia

sclerorhynchus (Fig. 5F). Synaphobranchus spp. was the

most abundant (Table 2) and uniformly distributed

species across dives in the Canaveral area (Fig. 5D). In

the central study areas, Laemonema melanurum (Fig. 5H)

and N. sclerorhynchus (Fig. 5F) were both abundant

(Table 2) and uniformly distributed. They contributed

to the similarities in fish assemblages within the three

sites and differentiated this area from other sites. In

addition, Squalus cubensis (Fig. 5A) was common in the

Savannah area, and Trachyscorpia cristulata (Fig. 5M) was

common in the Stetson area, contributing to differences

in fish assemblages between each of these sites and the

others.

Fish assemblages at the North Carolina sites were dif-

ferent from the sites to the south. There was a large

amount of variability in species abundance and distribu-

tion patterns among the diverse North Carolina sites;

however, Laemonema barbatulum (Fig. 5G), L. melanurum

(Fig. 5H), and Helicolenus dactylopterus (Fig. 5K) were

abundant (Table 2) and consistently observed during the

majority of North Carolina dives. Thus, these species dif-

ferentiated North Carolina deep coral bank fish assem-

blages from sites to the south. Conger oceanicus (Fig. 5E)

and Beryx decadactylus (Fig. 5J) were also abundant

(Table 2) indicator species, exhibiting similar occurrence

patterns in the North Carolina study areas. Other species

that contributed to fish assemblage differences included

Hoplostethus occidentalis (Fig. 5I), Dysommina rugosa

(Fig. 5C), and Idiastion kyphos (Fig. 5L), all common to

abundant (Table 2) in the Cape Lookout coral areas, and

Scyliorhinus retifer (Fig. 5B), which was observed during

53% of the Cape Lookout A dives. In the Cape Fear area,

N. sclerorhynchus (Fig. 5F) and Polyprion americanus

(Fig. 5N) were also abundant (Table 2), contributing to

the dissimilarities between this site and others. The

Jacksonville dive probably grouped with the North

Carolina dives based on the presence of six H. occidentalis

observed during that dive under a large, continuous rock

ledge (Fig. 5I).

There were also differences in fish assemblages between

the Cape Fear and Cape Lookout study sites. In addition,

there was variability in species distributions among dives

within the Cape Fear site, reflected by the 45% average

similarity (SIMPER, Table 4). Three Cape Fear dives

formed a sub-group (at a 40% level of similarity) from

the other North Carolina dives. During these three dives,

the JSL only occupied transition reef habitat, mostly on

the slope of the northeast side of the coral bank. Species

that were abundant (e.g. B. decadactylus, C. oceanicus,

L. melanurum) during other North Carolina dives were

not observed during these three Cape Fear dives (Fig. 5).

At a higher level of similarity (50%; not shown on the

MDS plot), the other six Cape Fear dives formed a dis-

tinct sub-group, which appears to be based mainly on the

presence of N. sclerorhynchus and P. americanus (Fig. 5F

and N). The presence of those two species, the absence of

I. kyphos and D. rugosa at the Cape Fear site, and the

varying abundances and distributions of several other spe-

cies (e.g. B. decadactylus, H. occidentalis, L. barbatulum)

contributed to the differences between the Cape Fear and

Cape Lookout fish assemblages.

Table 3. R-values from the ANOSIM pairwise comparison tests between southeastern US deep reef locations.

Cape

Lookout

A

Cape

Lookout

B

Cape

Fear

Republic

wreck Stetson Savannah Jacksonville

North

Cape

Canaveral

Cape Lookout B 0.03 n.s.

Cape Fear 0.56 0.37

Republic wreck 0.83 0.68 0.20 n.s.

Stetson 0.99 0.99 0.76 0.92

Savannah 0.96 0.96 0.67 0.75 0.23

Jacksonville 0.96 0.95 0.71 0.87 )0.05 n.s. 0.09 n.s.

North Cape Canaveral 1.00 1.00 0.85 0.93 1.00 0.98 0.93

South Cape Canaveral 1.00 1.00 0.80 0.89 0.96 0.94 0.75 0.36 n.s.

R-values close to 1.0 indicate large dissimilarities in species assemblages between locations. Global R = 0.69, P = 0.001. Values denoted by n.s.

are not significant; all other values are significant at P < 0.05.
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Fig. 5. The MDS plot from Fig. 3 with superimposed bubbles of fish abundances observed during each dive. Data are for the 14 discriminating

species indicated by SIMPER analyses. In each plot, 2D Stress = 0.16.
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Fig. 5. Continued
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The fish assemblage at the Republic wreck study area,

located closest to the Savannah study site, was most similar

to the Cape Fear study site. However, there was high vari-

ability in species distributions among dives at the Republic

site; this was reflected in the 47% average similarity within

this site (SIMPER, Table 4). Only two of five dives at the

Republic site grouped with the Cape Fear dives, and this

was because of the presence of B. decadactylus and P. amer-

icanus. The wreck and its high profile areas were only

observed during those two dives. During the other three

dives (on low-profile reef habitat near the wreck), which

clustered together at 30% similarity level, a few S. cubensis

and L. barbatulum were observed.

Considered together, the results revealed distinct pat-

terns in fish assemblages among the SEUS deep reef

study sites. Seven major points resulted from the multi-

variate analyses: (i) fish assemblages were largely different

between the North Carolina sites and sites to the south;

(ii) within the North Carolina sites, fish assemblages at

Cape Lookout A and B were the most diverse and not

different from each other; (iii) within the North Carolina

sites, there were some fish assemblage differences

between Cape Fear and Cape Lookout; (iv) fish assem-

blages at the Cape Fear and Republic wreck sites were

similar; however, there was high variability in species

distributions among dives within each site; (v) there was

a common indicator species (N. sclerorhynchus) shared

between the three central sites and the two Canaveral

sites; however, overall the fish assemblages were largely

dissimilar; (vi) a large similarity existed between Stetson,

Savannah and Jacksonville (central sites) fish assem-

blages; and (vii) fish assemblages were largely similar

between the two Cape Canaveral sites.

Discussion

The premise that there are no differences in assemblage

structure among fishes occupying SEUS slope reef habitats

seems to be the most plausible. Existing data on water

masses, zoogeography, water temperatures, habitat avail-

ability, and lack of fishery exploitation support arguments

for a homogeneous regional fauna. Yet, our fish distribu-

tion data strongly refute that the benthic deep reef

ichthyofauna is uniformly structured in the region. The

four distinct sub-groupings (40% level) of deep reef fish

assemblages within the SEUS region displayed remarkable

geographic cohesion over a relatively small distance

(700 km north to south range of these data). In addition,

limited data from the Charleston Bump area (Weaver &

Sedberry 2001) suggest that deep reef fishes there may

also compose a unique grouping (Ross & Quattrini

2007). The fish fauna around the SEUS deep reefs could

be better defined with additional sampling. Nevertheless,

with 70 submersible ⁄ ROV dives spread over 5 years of

sampling, we have likely identified the major compo-

nents of the deep reef ichthyofauna at most locations

(Ross & Quattrini 2007). Thus, additional data might

refine, but not substantially change, the general summer

through fall deep reef fish assemblage patterns described

here.

Differences in depth among the study sites may explain

some assemblage patterns. The separation of the two

Cape Canaveral areas (deepest and coldest sites) from the

other sites appears depth related, as the Cape Canaveral

fish communities were dominated by Synaphobranchus

spp., which are generally most common at slope depths

below 500 m throughout the North Atlantic Ocean (Sulak

& Shcherbachev 1997). In addition, other fishes that were

prominent at shallower sites (C. oeanicus, H. occidentalis,

I. kyphos) are not yet known to occur at the Cape Canav-

eral depths sampled. Changes (usually declines) in abun-

dance and ⁄ or species richness with increasing depth have

been reported in surveys covering greater depth ranges

than our study (Haedrich & Merrett 1988; Chave &

Mundy 1994). Depth played a significant role in the

distributions of fishes associated with cold-water coral

Table 4. Average % dissimilarities in fish assemblages between southeastern US deep reef study sites calculated using the SIMPER test.

Cape

Lookout

A

Cape

Lookout

B

Cape

Fear

Republic

wreck Stetson Savannah Jacksonville

North

Cape

Canaveral

Cape Lookout A (54)

Cape Lookout B (55) 46

Cape Fear (45) 60 59

Republic wreck (47) 69 65 61

Stetson (66) 78 75 74 77

Savannah (64) 73 72 72 66 39

Jacksonville (65) 77 75 74 75 34 37

North Cape Canaveral (72) 91 89 86 87 68 69 67

South Cape Canaveral (55) 89 87 84 88 56 59 54 35

Average % similarities at each site are in parentheses.
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habitats in the northeastern Atlantic (Costello et al.

2005), but that study covered a much larger depth

range (39–1015 m) than ours. On most continental

slopes there is high species turnover from about 200–

500 m and a faunal change usually occurs around 1000 m

(Carney 2005). Documentation of such patterns relies

mostly on benthic invertebrate studies, and the vertical

zonation of demersal fishes seems less clear (Haedrich

1997). Even so, the depth range sampled in this study

(366–770 m) generally appears to be a zone of faunal

variability; thus, clear depth-related patterns may not

be expected. Although depth may play a role in the

separation of the shallower North Carolina sites,

habitat type and structure also appear to influence fish

distributions.

Observed differences in reef habitat structure among

the SEUS deep reef study sites may influence fish assem-

blages. On shallow reefs, more fish species and individuals

are generally associated with larger or more complex reefs

(Friedlander & Parrish 1998; Almany 2004; Chittaro

2004). Our data suggest that size, especially profile (or

relief), and perhaps complexity, of the deep reefs may be

associated with fish community structures. The three

study sites (North Carolina sites) that exhibited the great-

est species richness also exhibited the most extreme

changes in habitat over small distances (< 1 km), with

mounds of up to 80–100 m topped with large L. pertusa

bushes. The two Republic dives that grouped with the

shallower North Carolina sites included the highest profile

of the wreck, and they were an exception to the

otherwise geographic station groupings. Three fish species

(B. decadactylus, P. americanus, C. oceanicus) that were

common on the high-profile parts of the Republic wreck

(as well as the rugged North Carolina banks) were not

present at the lower relief Savannah sites, which were in

similar depths and were < 40 km from the Republic

wreck. This suggests that over a range of deep reef mor-

phologies certain species are attracted to higher relief,

more complex structures.

Faunal distribution patterns (zoogeography) are often

influenced by large-scale oceanographic processes (Koslow

1993; Koslow et al. 1994). Since our study region is

strongly influenced by the Gulf Stream, obvious physical

or chemical barriers are not apparent, and most of the

fishes considered here have pelagic larvae capable of wide

dispersal, a more uniform benthic species assemblage

might be expected along the SEUS slope. For example,

the small temperature differences observed across the

SEUS slope sites did not seem to explain the deep reef

fish groupings. However, long-term monitoring of ben-

thic physical conditions is needed for these sites to cap-

ture the potential variability in abiotic factors that may

impact benthic biology. Constructing long-term (decadal

to millennial scale) records of environmental parameters

throughout the SEUS slope using coral proxies may also

help establish the degree and consistency of environmen-

tal differences that may influence community patterns.

Williams et al. (2006, 2007) documented a long history of

carbon and nitrogen stable isotopes in black corals from

our Jacksonville and Stetson sites, suggesting some differ-

ences in nutrient input between sites. Variations in surface

productivity over large distances could explain horizontal

changes in deep-sea Atlantic benthic fish communities

(Anderson et al. 1985; Merrett 1987, 1992). SEUS slope

fish assemblage patterns may also be caused or main-

tained by more local scale variations in oceanographic

processes around deep reef habitats that are not yet well

documented, including variable input of material from

the shelf, meanders of the Gulf Stream and subsequent

upwelling (Atkinson et al. 1982; Osgood et al. 1987),

regional current anomalies (as at the Charleston Bump,

Bane et al. 2001), benthic fronts (Seim et al. 1999), tidal

signatures (Grasmueck et al. 2006), and patchy surface

productivity (Bontempi & Yoder 2004; Johnson et al.

2007). These continental margin ‘edge effects’ (Merrett

1992) also include impingement of the vertically migrat-

ing mesopelagic fauna on the benthos. Dense benthic

aggregations of mesopelagic fauna were observed around

the North Carolina coral banks more frequently than at

the other sites (Gartner et al. 2008), and their potential

impact upon the benthic community warrants further

investigation. Fish distributions, even in the deep sea, are

often bounded by latitudinal limits (Merrett 1992;

Gordon et al. 1996); however, deep reef fish assemblages

on the SEUS slope are not explained by range limits.

Most of the fishes in this study occupy geographic and

bathymetric ranges much greater than the SEUS slope

area we sampled, and despite a large amount of new dis-

tributional data (Caruso et al. 2007; Ross & Quattrini

2007), few fishes were restricted to the SEUS slope. Lack

of obvious range restrictions leads to an expectation for a

more uniformly structured fauna, implying that species

are more or less continuously distributed within their

overall ranges. In fact, this study and others (Sulak &

Ross 1996) suggested that individual species and groups

of species occur in patches that are likely influenced by

some aspects of the environment (e.g. currents, benthic

habitat structure or availability, temperature). As deep

reef habitat is relatively abundant on the SEUS slope

(Ross & Nizinski 2007) and latitudinal extremes of most

fishes reported here are not approached, range or habitat

limitations do not seem to explain the deep reef fish

assemblage patterns we observed.

Deep reef fish assemblage patterns may result from

directed movements of benthic juveniles and adults or by

current-mediated movement of pelagic larvae before or
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during settlement. Distance between reef areas may influ-

ence both pre- and post-settlement processes, which in

turn could control the assemblage patterns. The North

Carolina sites in particular seemed to be more isolated

from other reef habitats, as they are more surrounded by

soft substrata. Also, stations with the most faunal

similarities were often those closest to each other

(e.g. Cape Lookout A and B, North and South Cape

Canaveral). Once settled, fishes may maintain assemblage

patterns by remaining on preferred habitats. Species such

as P. americanus may move great distances (Sedberry

et al. 1996), whereas others such as H. dactylopterus are

mostly sedentary (Aboim et al. 2005), but there is almost

no information on the movements or site fidelity of any

fish species on SEUS deep-sea reef habitats. Moore et al.

(2008) documented potential territoriality in Neocyttus

helgae occupying western North Atlantic sea mounts with

coral and sponge habitat and suggested such behavior

may be an exception in deep-sea fishes facilitated by

unique conditions on seamounts. The deep-sea coral

and hard-bottom habitats of the SEUS slope provide

similar conditions as sea mounts (rugged, complex habitats,

faster currents, prey concentrations), thus many fishes that

inhabit these sites could also display a high degree of site

fidelity.

Ecological patterns among SEUS deep reefs appear to

be pervasive, extending beyond the fish communities.

Some invertebrates occupying deep reef habitats also

appear to exhibit regional patterns (e.g. Brooks et al.

2007; Henry et al. 2008). Antipatharian corals and hexac-

tinellid sponges are common south of the North Carolina

coral banks, but relatively rare on the North Carolina

banks. Preliminary analysis of genetic data on population

structure of L. pertusa from the Gulf of Mexico (GOM)

to North Carolina suggest a surprising amount of differ-

entiation among samples (C. Morrison et al., unpublished

data). Genetic population structuring has also been

demonstrated for open ocean deep-water fishes, which

were expected to be panmictic (Aboim et al. 2005;

Hemmer-Hansen et al. 2007; Knutsen et al. 2007). Popu-

lation differentiation on the upper to middle slope may

be much greater and operate on smaller scales than previ-

ously thought, and a variety of isolating mechanisms

associated with complex habitats may be involved (Etter

et al. 2005). Genetic patterns in the dominant SEUS deep

reef fishes (or invertebrates) may mirror the community

structure patterns presented here, and this is a viable ave-

nue for future research. If true, this implies that similar

mechanisms may influence the community structure of

L. pertusa, other invertebrates, and the demersal slope reef

fish community of the SEUS.

As noted by Ross & Quattrini (2007), the overall SEUS

continental slope fish fauna (> 200 m) is poorly docu-

mented compared with other deep regions of the western

North Atlantic (Haedrich & Merrett 1988; Diaz et al.

1994; Sulak & Ross 1996; Moore et al. 2003; Powell et al.

2003). There are relatively few publications describing

habitats and biota for specific parts of the SEUS slope

(e.g. Weaver & Sedberry 2001; Reed et al. 2006; Caruso

et al. 2007; Fernholm & Quattrini 2008). Abundant high-

profile, rugged substrata on the SEUS slope and a lack of

deep-water commercial fisheries have contributed to the

region’s lack of fishery research. Nevertheless, fish

communities on the SEUS slope (300–1000 m, Ross &

Quattrini 2007), especially those of deep reefs, differ from

those that are shallower than 200 m (Miller & Richards

1980; Quattrini & Ross 2006) and those deeper than

1000 m. None of the 99 species and few families

reported by Ross & Quattrini (2007) overlapped with the

demersal fishes found > 2000 m in the Caribbean Basin

(Anderson et al. 1985). Similarly, only six species were

shared between SEUS slope samples (Ross & Quattrini

2007) and those from the Bahamas > 1000 m (Sulak

1982).

Despite faunal overlap, the SEUS slope reef ichthyofa-

una is also generally different from that of adjacent

regions at similar depths (300–1000 m). North of our

study area, the soft sediment canyon system of the

Hatteras Middle Slope (HMS, 314–800 m) and the soft

bottom Virginia Middle Slope (VMS, 491–818) were

sampled using methods similar to this study (Sulak &

Ross 1996; S.W. Ross, unpublished data), and these areas

shared 29 species with SEUS reefs (Ross & Quattrini

2007). However, with the exception of Synaphobranchus

spp. at VMS, the dominant species on the HMS and

VMS were either absent (Lycenchelys verrillii,

Glyptocephalus cynoglossus) or rare (Myxine glutinosa,

Nezumia bairdii) on SEUS reefs (Ross & Quattrini 2007).

Similarly, overlap of fish species (16 shared species)

occurs between the SEUS deep reefs (Ross & Quattrini

2007) and the upper slope (315–785 m) of the GOM

(Powell et al. 2003); however, the dominant species

of the Gulf upper slope (Caelorinchus caribbaeus,

Steindachneria argentea, Yarella blackfordi) were not

observed or collected on SEUS reefs. These differences

are explained by a combination of zoogeographic effect

(most of the dominant species are not reported from

SEUS) and habitat (most species appear more oriented

toward soft substrata throughout their ranges). Those

that overlapped with the SEUS study were mostly from

off-reef or transition habitats (Ross & Quattrini 2007).

Comparing similar habitats, deep reef fish communities

of the GOM also differ in composition and dominance

patterns compared with the SEUS. Comparing submersi-

ble data from two L. pertusa sites (308–536 m) in the

north–central GOM (Sulak et al. 2007), only 13 reef fish
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species overlapped with our data, and some of the domi-

nant reef-associated GOM fishes were not observed on

any SEUS deep reefs. As discussed by Ross & Quattrini

(2007), these differences cannot yet be adequately

explained and do not appear to be zoogeographically

based, as the majority of the species reported from

GOM slope reefs also range through the SEUS.

The SEUS deep reef fauna (Ross & Quattrini 2007)

seems most similar (40 species shared) to that of the

Straits of Florida > 200 m (Staiger 1970). This may be a

result of habitat similarities between the two areas. Like

the SEUS, the Straits of Florida has abundant deep coral

habitat (Neumann et al. 1977; Reed et al. 2005;

Grasmueck et al. 2006) and is influenced by the Florida

Current–Gulf Stream system. Although Staiger (1970)

described substrata associated with fish groupings, his

trawl data do not allow an explicit association of

individual fish species with habitat sampled. The Straits

of Florida may represent a southern boundary to the

SEUS deep reef ichthyofauna or a transition area between

the SEUS and GOM.

In summary, we propose a general model of fish

grouping patterns for a large part of the western North

Atlantic slope (300–1000 m). From north to south, the

Virginia slope fish community is different from the HMS

in composition and size structure, probably as a result of

differing environmental conditions between these areas

(Moser et al. 1996; Sulak & Ross 1996), but the ichthyo-

faunas of these areas are more similar to each other

(typical of the Middle Atlantic Bight slope) than to sites

sampled south of Cape Hatteras. Deep reef (and also

probably soft substrata) fish communities from North

Carolina to Cape Canaveral differ from those north of

Cape Hatteras as a result of zoogeographic limits and

habitat differences. Within the SEUS slope, clinal sub-

groupings of deep reef fish assemblages appear to be

related to differences in habitat (including structure and

depth). The deep reef assemblages of the central GOM

are different from those of the SEUS slope, partially

explained by shallower depths (to 300 m) of some Gulf

reefs. While deep reef areas of the eastern GOM and

Straits of Florida require better characterization, these

areas may be faunal transition zones between the Gulf

and SEUS. Using these islands of data (i.e. site specific

concentrations of data), as opposed to more continuous

surveys, to represent such large regions may have influ-

enced the patterns reported here. Better resolution of fau-

nal patterns requires more extensive habitat-specific

sampling. Unlike the Gulf of Mexico, Middle Atlantic

Bight, and the Gulf of Maine, there are no large-scale

fishery-independent surveys of the Blake Plateau. To con-

firm and refine the community distribution model pro-

posed here, we need better habitat mapping combined

with standardized, site-specific, direct observation data

(ROV, submersible) in a variety of habitats, coupled with

large-scale sampling (trawling).

It is also clear that additional, more specific data are

needed for a variety of potential causative factors to

explain deep-sea fish community patterns. Microhabitat

details (e.g. coral diversity, live and dead coral coverage,

vertical relief) and more intensive long-term abiotic mea-

surements coupled with better data on the biology of the

dominant species are required. Recent multibeam sonar

mapping of parts of the SEUS slope revealed extensive

fields of mounds, illustrating that deep reef habitat covers

a much larger area than the locations we examined.

Surveying the sites presented here more extensively and

adding additional sites would help determine more exact

boundaries between faunal groups as well as confirm the

existence and consistency of these patterns. Even in

shallow coral ecosystems where data are much more

abundant than in the deep sea, the search for factors

causing observed geographic fish community structuring

remains elusive (Thresher 1991). The need for long-term,

comparative studies in different areas to help identify fac-

tors causing geographic community structure, suggested

by Thresher (1991) for shallow reefs, is required even

more for deep reef systems.
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