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Abstract
Oil and gas platforms along the northwestern Gulf of Mexico (GOM) shelf have served as artiﬁcial reefs since oil
and gas exploration intensiﬁed in the 1950s. As these structures are decommissioned, they must be removed; however,
some are converted to permanent artiﬁcial reefs. Despite the potential effects these artiﬁcial habitats may have on
marine ﬁsheries, investigations that assess the ﬁsh communities inhabiting these structures relative to natural habitats
are rare. During fall 2012, we used remotely operated vehicle surveys to compare ﬁsh communities between artiﬁcial
reefs (i.e., reefed platforms; n = 5) and adjacent natural banks (n = 5) in the western GOM. Our surveys successfully
documented 79 species representing 28 families. Multivariate analyses suggested that ﬁsh communities at artiﬁcial
reefs were distinct from those at natural banks. Post hoc analyses indicated that the differences were driven by high
abundances of transient, midwater pelagics and other gregarious species at artiﬁcial reefs. Many ﬁsheries species, like
the Red Snapper Lutjanus campechanus, were found in both habitat types, with density at artiﬁcial reefs estimated to
be nearly eight times greater than at natural banks. Despite lower densities at natural banks, the disproportionately
large areas of these habitats resulted in relatively high total abundance estimates—approximately 5% of the 2012
GOM Red Snapper annual catch limit (3.67 million kg [8.08 million lb])—a ﬁnding that has signiﬁcant implications
for Red Snapper and artiﬁcial reef management in the GOM. Our study suggests that although ﬁsh community
structure may differ between these two habitats, artiﬁcial reefs serve as important habitat for species like Red
Snapper by potentially diverting ﬁshing pressure from natural habitats; however, future studies that address speciesspeciﬁc life history traits will be needed to better understand the function and performance of artiﬁcial reefs in
supporting ﬁsheries productivity.
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Artiﬁcial reefs are constructed from a diverse assortment of
materials and serve a variety of purposes, but they are often widely
regarded as habitat for ﬁshes (Bohnsack and Sutherland 1985;
Seaman 2000; Baine 2001; Baine and Side 2003; Broughton
2012). In the northwestern Gulf of Mexico (GOM), oil and gas
infrastructure represents the largest artiﬁcial reef complex in the
world (Dauterive 2000). Currently, about 2,300 oil and gas platforms (hereafter, “platforms”) are installed across the northern
GOM shelf (BSEE 2016), providing additional hard substrate (on
an otherwise unstructured bottom) that becomes suitable “reef”
habitat for a variety of marine life (Gallaway and Lewbel 1982;
Dauterive 2000; Stanley and Wilson 2000; Kaiser and Pulsipher
2005). Prior to the introduction of platforms, hard substrate was
relatively scarce, as the northwestern GOM shelf is dominated by
soft sediments consisting of clay, silt, and sand (Parker et al. 1983;
Rezak et al. 1985). Consequently, platforms and other artiﬁcial
reefs and the high abundances of ﬁsh that occur on these structures
have become an integral component of the region’s ﬁsheries.
Many of the platforms in the northwestern GOM are nearing
the end of their production life spans and will soon be decommissioned (Macreadie et al. 2011; Fowler et al. 2014). Typically, this
process entails severing the platform below the seaﬂoor and towing it to shore (i.e., complete removal); however, platforms may
also be accepted into a state-run reeﬁng program known as “Rigs
to Reefs” (RTR), in which structures can be retained as permitted
artiﬁcial reefs. Accepted structures can be towed to permitted
reeﬁng areas, toppled in place (i.e., laid on the seaﬂoor), or
partially removed (i.e., only the top portion of the steel jacket
removed) and thus continue to serve as habitat for ﬁsh and other
reef species (Dauterive 2000; Kaiser and Pulsipher 2005).
Although a proportion of these platforms will be accepted into
RTR programs, much of this habitat will be permanently removed
from the northern GOM ecosystem. As such, it is critical to
determine the effects these changes in habitat may have on marine
ﬁsh populations (e.g., Claisse et al. 2015).
Several studies assessing ﬁsh communities at artiﬁcial reefs
have shown that densities of many important ﬁsheries species are
higher on artiﬁcial reefs than in nearby natural habitats (Stanley
and Wilson 1996, 1997, 2000; Wilson et al. 2003, 2006; Love and
York 2005; Love et al. 2005, 2006; Reubens et al. 2013). Whether
these observed increases in ﬁsh densities represent increased production (i.e., stock enhancement) or simply the redistribution (i.e.,
aggregation) of existing biomass has been and is currently vigorously debated (Bohnsack 1989; Carr and Hixon 1997; Grossman
et al. 1997; Lindberg 1997; Shipp and Bortone 2009; Cowan et al.
2011; Claisse et al. 2014, 2015). Generally, this uncertainty is
driven by a lack of ﬁshery-independent studies comparing artiﬁcial
reefs with their natural counterparts, leaving signiﬁcant knowledge
gaps regarding the relative value and function of artiﬁcial reefs in
supporting ﬁsheries productivity.
Determining the effects of artiﬁcial reefs on marine ﬁsh
populations necessitates information on species composition
and abundances from both natural and artiﬁcial habitats (Carr
and Hixon 1997). In the northern GOM, previous investigations
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of community composition have primarily focused on assessing
the ﬁsh populations that inhabit standing platforms. Although
less common, natural banks providing hard substrate and substantial vertical relief are scattered across the mid- to outer shelf
(Rezak et al. 1985). In fact, these prominent bathymetric features
are thought to be the historical centers of abundance for diverse
reef species and also for the economically important Red
Snapper Lutjanus campechanus and Vermilion Snapper
Rhomboplites aurorubens (Camber 1955; Dennis and Bright
1988; Gledhill 2001). Despite the likely importance of these
habitats, limited studies comparing ﬁsh communities on artiﬁcial
reefs to those on nearby natural habitats in the northern GOM
have been conducted (e.g., Rooker et al. 1997; Wilson et al. 2003,
2006; Patterson et al. 2014; Langland 2015). With the exception
of Patterson et al. (2014), who compared ﬁsh community structure at smaller-scale artiﬁcial reefs and natural reef habitat in the
northeastern GOM, the studies to date have focused on comparisons of diapiric shelf-edge banks (e.g., the intensively studied
Flower Garden Banks), standing platforms, and a limited number
of artiﬁcial reefs in the northwestern GOM. Certainly, more
research is needed to better understand these dynamics.
Natural bank habitats farther south off the coast of Texas have
much different geological and physical characteristics than the
shelf-edge banks of the northern GOM (i.e., drowned coralgal
banks rather than diapiric banks with extensive vertical relief;
Berryhill 1987). In fact, relatively little is known about ﬁsh
community structure at natural banks or artiﬁcial reefs in the
western GOM region given the difﬁculties in sampling these
deep offshore habitats (Dennis and Bright 1988; Ajemian et al.
2015a). Dennis and Bright (1988) presented the ﬁrst quantitative
study of ﬁsh communities at natural banks off the coast of Texas
by using data from submersible transects. Using remotely operated vehicle (ROV) surveys, Ajemian et al. (2015b) recently
performed the ﬁrst comprehensive assessment of ﬁsh community
structure among artiﬁcial reefs (standing platforms, RTR artiﬁcial reefs, and liberty ship reefs) in the region. In their assessment, bottom depth alone best explained the observed patterns in
ﬁsh community structure, and Ajemian et al. (2015b) speculated
that variation in artiﬁcial reef ﬁsh communities was driven by the
ambient communities present among the various depth strata.
In this paper, we present the ﬁrst comparative study of reef
ﬁsh community structure among RTR artiﬁcial reefs and
drowned coralgal banks in the western GOM region. Despite
the importance of these two habitats for ﬁsh and ﬁsheries in the
GOM, such comparative investigations have not been conducted.
The primary goal of this study was to assess ﬁsh community
structure at mesophotic natural banks and RTR artiﬁcial reefs in
the western GOM by using ROV surveys. Our speciﬁc objectives
were to (1) compare and contrast ﬁsh community structure
between RTR artiﬁcial reefs and the nearby natural bank habitats
and (2) estimate Red Snapper densities at these artiﬁcial reefs and
natural banks. Considering the social and economic importance
of Red Snapper in the region, we discuss Red Snapper density
estimates with respect to the known area of the surveyed artiﬁcial
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and natural habitats, and we highlight the implications for artiﬁcial reef development and Red Snapper management in
the GOM.

STUDY AREA
Our study area encompassed ﬁve artiﬁcial reef sites and ﬁve
natural banks interspersed along the Texas shelf in the western
GOM (Figure 1). The region is characterized by a gently sloping
shelf, substrates dominated by terrigenous sediments consisting
of silt and clay muds, and a generally low availability of natural
hard substrates with 1-m or greater vertical relief (Parker et al.
1983; Rezak et al. 1985). The artiﬁcial reefs surveyed were part
of the Texas Parks and Wildlife Department’s Artiﬁcial Reef
Program and consisted of multiple RTR structures at each reef
site (i.e., within a permitted reef site, 2–4 structures were present). Ambient bottom depths of these reefs ranged from 36 to 75
m (mean = 58 m), while vertical relief ranged from 16 to 40 m
(mean = 25 m; Table 1). The natural habitats surveyed were part
of a group of bathymetric features collectively known as the

South Texas Banks (Rezak et al. 1985; Nash et al. 2013).
Unlike the natural banks in the northern GOM, which formed
atop diapiric salt intrusions, the South Texas Banks have been
classiﬁed as drowned remnant coralgal reefs that ﬂourished during the Pleistocene (Rezak et al. 1985; Belopolsky and Droxler
1999). The surveyed natural banks were characterized by ambient bottom depths ranging from 70 to 96 m (mean = 79 m) and
vertical relief ranging from 12 to 16 m (mean = 13 m; Table 1).
All of the sites surveyed in this study are inﬂuenced by a persistent but variable nepheloid layer, which can be up to 35 m thick
(Shideler 1981; Rezak et al. 1985). The nepheloid layer is formed
from re-suspended sediments and undoubtedly affects the ecology of biota inhabiting the reefs (Dennis and Bright 1988; Rezak
et al. 1990; Tunnell et al. 2009).

METHODS
Community surveys.—Surveys of ﬁsh communities were
conducted using the Global Explorer MK3 ROV (Deep Sea
Systems International, Inc.) during two cruises aboard the R/V

FIGURE 1. Map depicting locations of artiﬁcial reefs (blue squares) and natural banks (green circles) that were surveyed using a remotely operated vehicle, the
Global Explorer, in the western Gulf of Mexico (GOM) during September and October 2012. Bathymetric contours (gray lines) are displayed in 30-m intervals.
Inset map (bottom right) shows the study area relative to the western GOM region. Inset pictures provide examples of each habitat type.
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TABLE 1. Physical characteristics of natural banks and artificial reefs surveyed with a remotely operated vehicle (ROV) in the Gulf of Mexico along the Texas
shelf during fall 2012. Structure depth is the shallowest depth of structure at the site, while relief is the vertical extent from the seafloor to the top of structure.
Nepheloid thickness is the estimated vertical extent (m) of the nepheloid layer at each site at the time of the ROV surveys.

Site

Survey date
(2012)

Bottom depth
(m)

Baker Bank
Aransas Bank
Dream Bank
Blackﬁsh Ridge
Harte Bank

Sep
Sep
Sep
Sep
Sep

19
21
23
26
27

74
70
82
72
96

BA-A-28
PN-A-58
PN-A-72
PN-967
BA-A-132

Oct
Oct
Oct
Oct
Oct

9
15
15
15
16

46
75
72
36
61

Structure
depth (m)

Relief
(m)

Natural banks
58
16
58
12
68
14
60
12
83
13
Artiﬁcial reefs
27
19
52
23
32
40
20
16
32
29

Falkor spanning September 17–29, 2012 (natural banks), and
October 8–20, 2012 (artiﬁcial reefs). The Global Explorer is a
large, working-class ROV (1,451.5 kg [3,200 lb]; 3,000-m depth
rating) equipped with Ocean ProHD cameras (160° tilt and 105°
viewing angle), a digital camera with laser scaler, multibeam
imaging and scanning sonar, real-time conductivity–
temperature–depth sensor, LED lights, and a manipulator arm.
During ROV deployments, the R/V Falkor maintained a ﬁxed
distance away from the artiﬁcial reef or natural bank under
investigation by using a dynamic positioning system. The
position of the Global Explorer was logged by using a
Sonardyne Ranger 2 Ultra-Short BaseLine (USBL) acoustic
positioning system, which allowed for estimation of the
distance surveyed. The ROV lights remained on during all
ROV deployments. Real-time observations were made possible
via live-feed video in the ROV control room, and all video was
recorded and saved for further viewing and processing.
We surveyed the ﬁsh communities of both artiﬁcial reefs and
natural banks by using continuous transects that began as soon as
the ROV entered the water and terminated when the ROV surfaced (i.e., one continuous transect per site; artiﬁcial reefs: n = 5;
natural banks: n = 5). However, the distinct differences in physical constraints of the structure at the two habitats (e.g., artiﬁcial
reefs were complex with high relief; natural banks had a lower
relief and were spread over a large area; Table 1) necessitated
some slight modiﬁcations to our survey methods. Continuous
roving transects (CRTs) were used to survey reef ﬁsh communities at artiﬁcial reefs (Ajemian et al. 2015a). Generally, CRTs
entailed a horizontal rove around the top of the artiﬁcial reef and
then at 10-m depth intervals for 1-min periods until the bottom
was reached or until the nepheloid layer prevented further observations. When this depth was reached, the ROV performed
another rove around the outer surface of the down-current side

Survey
temperature (°C)

Area (km2)

24.0
24.0
24.6
25.5
22.9

1.33
0.50
2.29
1.12
0.31

27.1
27.1
27.1
27.3
27.0

3.90
1.65
1.08
1.60
6.73

Nepheloid
thickness (m)
3
1
4
1
6

×
×
×
×
×

10–3
10–3
10–3
10–3
10–3

2
3
3
2
0

of the reef. This method was recently demonstrated to be effective in documenting the reef ﬁsh community over the large
vertical expanse of RTR structures (Ajemian et al. 2015a,
2015b). Because artiﬁcial reef sites contained multiple RTR
structures, we attempted to survey at least two structures when
currents and other conditions allowed. During CRTs, the ROV
maintained a distance of approximately 1–2 m from the artiﬁcial
reef structures to minimize the possibility of entanglement.
Transect placement on natural banks was guided by georeferenced multibeam maps of bank bathymetry. Transects typically
started at the upper limit of the nepheloid layer on the bank slope,
ascended over the terraces and across the reef crest, and continued down the slope to the upper limit of the nepheloid layer on
the opposite side. Accordingly, ROV transects generally spanned
the range of habitat zones present at each natural bank surveyed.
We used direct observations from these ROV transects to document the ﬁsh communities inhabiting the ﬁve natural banks
surveyed. The ROV maintained a consistent camera tilt, viewing
angle (105°), and height above the bank (~1 m). Visual ﬁeld
width was estimated by using the laser scale to measure the ﬁeld
of view at approximately ﬁxed intervals along the transects.
Measurements were then averaged to provide a visual ﬁeld
width for each transect. Visual ﬁeld width (~3.5 m) and ROV
speed (0.1 m/s) during natural bank surveys were the same as
those for CRT surveys on artiﬁcial reefs except when the ROV
occasionally paused to photograph species with uncertain identiﬁcation or to obtain collections of rock, coral, or other invertebrate fauna.
Recorded video was examined in the laboratory by two independent viewers. Viewing began as soon as the ROV entered the
water and ended when the ROV surfaced. Fish were identiﬁed to
the lowest possible taxon, enumerated, and recorded each time
they entered the ﬁeld of view. If directionality of large schools was
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apparent, enumeration was completed by viewing paused frames
in succession and then summing the counts. Time of day, depth,
salinity, temperature, and ROV heading were also recorded with
each count. Species-speciﬁc counts produced by the two viewers
were compared and jointly reviewed only if the counts differed by
more than 5%. For each survey, we generated a minimum count
(MinCount) for each species that was observed (i.e., the minimum
number of individuals that were present during the survey). The
MinCount, also commonly referred to as MaxN, is a conservative
metric that minimizes the probability of double-counting. It represents the maximum number of individuals on the screen at any one
time during the survey, and its use as an index of relative abundance is widespread throughout the literature (Ellis and DeMartini
1995; Cappo et al. 2004; Wells and Cowan 2007; Campbell et al.
2015; Ajemian et al. 2015a, 2015b).
Community analyses.—We began our comparison of ﬁsh
communities on artiﬁcial reefs and natural banks by assessing
species frequency of occurrence and by identifying and
enumerating species that were unique to either habitat. Patterns
of diversity were investigated using traditional diversity
measures, including species richness, the Shannon diversity
index (H′), and Pielou’s evenness index (J′). Diversity metrics
were calculated using the DIVERSE routine in Primer version 7
(Clarke and Warwick 2001). Potential differences in richness, H′,
and J′ between artiﬁcial reefs and natural banks were tested using
Welch’s t-test. MinCounts were examined for each species
within each ROV survey.
Patterns in the observed ﬁsh community data were investigated
with multivariate methods in Primer version 7 (Clarke et al.
2014a). Species-speciﬁc MinCounts were ﬁrst square-root transformed to downweight the contribution of dominant species to
subsequent analyses. These data were then converted into a resemblance matrix by using Bray–Curtis similarities. Nonmetric multidimensional scaling (NMDS) was run on the resemblance matrix
to visually assess group structure among our samples. Overall
effects of habitat type on the observed reef ﬁsh communities
were tested with permutational multivariate ANOVA
(PERMANOVA; Anderson 2001). We used a one-way design to
test the null hypothesis that there was no difference in ﬁsh community structure between artiﬁcial and natural habitats. Speciesspeciﬁc contributions to the observed similarity within or dissimilarity between habitats were investigated with similarity percentage (SIMPER) analysis (Clark 1993). We followed this analysis
with hierarchical agglomerative clustering (via CLUSTER) and
similarity proﬁle (SIMPROF) testing to determine whether it was
appropriate to interpret the resulting NMDS groupings. We used
SIMPER to identify which species were responsible for the variation among resulting groups. Because species do not arrive independently in samples (Clarke et al. 2006), we also performed an
inverse analysis (e.g., Field et al. 1982) to determine whether
species were positively associated in our samples (i.e., whether
the MinCounts ﬂuctuated in proportion across samples). Prior to
beginning this analysis, we used type 2 SIMPROF testing to
evaluate the null hypothesis that species were not associated with

each other (Somerﬁeld and Clark 2013). The species-speciﬁc
count data set was reduced to include only those species with
MinCounts that accounted for over 5% in any one sample. A
species similarity matrix was then created using standardized
species counts and Whittaker’s index of association (Whittaker
1952). Hierarchical agglomerative clustering in combination with
type 3 SIMPROF testing were used to evaluate the null hypothesis
that species were coherently associated (Somerﬁeld and Clarke
2013). The MinCounts of identiﬁed species groups were visualized in a shade plot to qualitatively describe species’ associations
with habitat and habitat characteristics (Clarke et al. 2014b).
Considering that our surveys spanned two distinct habitats
with varying physical characteristics, we performed additional
analyses to determine whether abiotic factors, including structure
depth (i.e., depth to the top of the reef or bank), bottom depth,
relief, reef area, and survey water temperature (i.e., taken as the
temperature at the median depth of all ﬁsh observations; Table 1),
potentially inﬂuenced the ﬁsh communities we observed. Abiotic
data were normalized and converted to a resemblance matrix
based on Euclidean distance measures. We conducted a
RELATE test to assess the agreement between the biotic and
abiotic resemblance matrices. Given a signiﬁcant RELATE test,
we then performed a BEST analysis (i.e., BIO-ENV) to determine which combination of abiotic factor(s) best explained the
variation in observed reef ﬁsh communities (i.e., highest
Spearman’s rank correlation coefﬁcient ρ; Clarke 1993; Clarke
and Ainsworth 1993). All tests of signiﬁcance were conducted
using an α value of 0.05.
Red Snapper density estimates.—We estimated Red Snapper
density on artiﬁcial reefs and natural banks within the study area by
using standardized transects from the previously described ROV
community surveys. We standardized the abundance estimates by
estimating the area surveyed (mean visual ﬁeld width × transect
length). Visual ﬁeld width was estimated as described for
community transects, and transect length was estimated from the
USBL position data. On artiﬁcial reefs, 40-m transects (the
approximate length of a toppled RTR structure) representing
subsets of the entire CRT used for analysis of community
structure were selected if the ROV was traveling (1) forward at a
constant speed (0.1 m/s) and (2) along an approximately straight
path. To control visual ﬁeld width, only Red Snapper that were
within 1 m of the outer plane of the reef were counted (i.e., ﬁsh
were not counted if they were >1 m inside the reef). We chose these
criteria to help minimize double-counting of ﬁsh and to allow
better estimates of the surface area surveyed, thus providing
more accurate density estimates. Generally, transects at artiﬁcial
reefs were located along piles (toppled RTR structures) or
crossbeams (partially removed RTR structures) close to the
benthos because the ROV often traveled along these features as it
moved from one side of the structure to the next. One transect was
analyzed for each structure that was surveyed at an artiﬁcial reef
site (i.e., two transects were possible at the artiﬁcial reefs where
two structures were surveyed and where the ROV path during the
CRT met the two criteria described above). On the natural banks,
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transects included the entire distance surveyed from the base of the
structure, across the bank crest, and down to the opposite base. Red
Snapper counts from the community data set (i.e., counts that fell
within transect start and end times) were summed to generate a
total Red Snapper count for each transect. This total count was then
divided by the surface area of each transect surveyed to estimate
Red Snapper density (number of individuals/m2). Because we had
a limited number of transects (artiﬁcial reefs: n = 8 transects;
natural banks: n = 5 transects), nonparametric bootstrapping with
replacement (n = 1,000) was used to generate bias-adjusted 95%
conﬁdence intervals for Red Snapper density without making
assumptions about the population distribution (Efron 1987; Efron
and Tibshirani 1993). We used the nonparametric bootstrap test for
equality (n = 1,000) to determine whether there was statistical
evidence that mean Red Snapper density differed between
artiﬁcial reef and natural bank habitats (Bowman and Azzalini
1997). Signiﬁcance of differences was assessed at an α value of
0.05. All analyses of Red Snapper density were carried out in R
version 3.2.3 (R Core Team 2015) using functions from the “boot”
(Canty and Ripley 2015) and “sm” (Bowman and Azzalini 2014)
packages. Total Red Snapper abundance at each site was calculated
by multiplying the known area (m2; i.e., the “footprint”) of a given
bank or reef site by the density estimate (ﬁsh/m2) for that site.
Average total abundance was also calculated for each habitat type.
RESULTS
Community Analyses
Video-based surveys from the ROV deployments resulted in
22.2 h of footage. Survey times at artiﬁcial reef sites (mean =
118.0 min) and natural banks (mean = 148.8 min) were similar
(Welch’s t-test: t = 2.78, df = 4, P = 0.324), and these surveys
were successful in documenting 79 species representing 28
families (48 species at artiﬁcial reefs and 51 species at natural
reefs; Table 2). We observed the highest species richness at Baker
Bank, with 33 species. Among artiﬁcial sites, BA-A-132 had the
highest richness, with 30 species observed. The lowest species
richness was observed at the southernmost natural sites:
Blackﬁsh Ridge (15 species) and Harte Bank (16 species).
Water temperatures among survey sites ranged from 20.1°C to
29.2°C at the natural banks and from 23.1°C to 28.2°C at the
artiﬁcial reefs. Survey water temperatures ranged from 22.9°C to
25.5°C at the natural bank sites and from 27.0°C to 27.3°C at the
artiﬁcial reef sites (Table 1). Salinity was similar at both habitats
and averaged 36.5 psu.
Interestingly, no single species was observed at all 10 sites;
however, ﬁve species were observed at eight or nine sites, including economically important species like the Red Snapper (9
sites), Greater Amberjack (8 sites), and Almaco Jack (8 sites;
Table 2). Many of the documented species were only observed at
one of the habitat types we surveyed. For example, 28 species,
including seven species of carangid, were observed at artiﬁcial
reef sites but not at natural banks. Conversely, 31 species were
documented on natural banks but not at artiﬁcial reefs; these
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included eight species of small serranid (e.g., the Wrasse
Basslet, Roughtongue Bass, and several Serranus spp.) and
three species of pomacentrid damselﬁsh (Purple Reefﬁsh,
Sunshineﬁsh, and Yellowtail Reefﬁsh). Twenty species of ﬁsh
occurred on both artiﬁcial and natural habitats. Included in this
group was the invasive Red Lionﬁsh, which was observed at one
artiﬁcial reef (BA-A-132) and one natural bank (Baker Bank).
Species richness was not signiﬁcantly different between habitats
(t = 2.78, df = 8, P = 0.860). Diversity was generally higher at
natural banks (mean H′ = 2.31, SE = 0.09) than at artiﬁcial reefs
(mean H′ = 1.98, SE = 0.14; Table 2). We observed the highest
diversity at Baker Bank (H′ = 2.59) and the lowest diversity at
PN-A-58, an artiﬁcial reef (H′ = 1.73); however, the effect of
habitat type on H′ was not signiﬁcant (t = 2.31, df = 8, P = 0.078).
Similarly, J′ was also higher on natural banks (mean J′ = 0.74, SE
= 0.04) than on artiﬁcial reefs (mean J′ = 0.62, SE = 0.03), but
statistical evidence for an effect of habitat type on J′ was marginal (t = 2.31, df = 8, P = 0.056).
Species-speciﬁc MinCounts were highly variable between and
within habitats. At artiﬁcial reefs, proportional counts were dominated by pelagic schooling species, such as the Horse-eye Jack,
Blue Runner, Bar Jack, Rainbow Runner, and Lookdown. On
average, the pelagic schooling group accounted for 47% of the
total counts at artiﬁcial reefs, but among surveys this group represented as little as 3% (BA-A-132) or as much as 77% (PN-A-72)
of the total count. At natural bank sites, pelagic schooling carangids accounted for less than 1% of the total counts. As a group,
federally managed lutjanids, including the Red Snapper, Gray
Snapper, and Vermilion Snapper, accounted for similar proportions of the total ﬁsh counts at artiﬁcial and natural sites (20% and
21%, respectively), despite the fact that Gray Snapper were not
observed during any of the natural bank surveys. The MinCounts
of federally managed species were highly variable among sites and
between habitats (Table 3). Vermilion Snapper MinCounts ranged
widely among artiﬁcial sites: from a high of 255 ﬁsh at BA-A-28
to a low of zero at two different sites. The highest Vermilion
Snapper MinCount at natural habitats was observed at Aransas
Bank (76 ﬁsh). Red Snapper were observed at all ﬁve artiﬁcial
reefs, with MinCounts ranging from 4 ﬁsh at PN-A-72 to as many
as 65 ﬁsh at BA-A-132. Red Snapper were observed at four of the
ﬁve natural bank sites, with the highest MinCounts occurring at
Aransas Bank (31 ﬁsh) and Baker Bank (22 ﬁsh). Although no
Gray Snapper were observed on the natural banks we surveyed, as
many as 95 individuals were observed on artiﬁcial reefs (PN-967).
Gray Triggerﬁsh occurred sporadically in our surveys, and
MinCounts never exceeded 2 individuals at either habitat type.
Greater Amberjacks were consistently found in low numbers
across both habitat types, with the highest MinCount (8 ﬁsh)
recorded at Harte Bank—the deepest site surveyed in this study.
Ordination using NMDS revealed clear grouping of reef
ﬁsh communities by habitat type (Figure 2). When tested
using PERMANOVA, the effect of habitat type on reef ﬁsh
community structure was signiﬁcant (F1, 8 = 6.54, P = 0.007).
The SIMPER analysis revealed that this divergence was driven

Acanthuridae
Blue Tang Acanthurus coeruleus
Doctorﬁsh Acanthurus chirurgus
Apogonidae
Twospot Cardinalﬁsh Apogon pseudomaculatus
Balistidae
Gray Triggerﬁsh Balistes capriscus
Carangidae
African Pompano Alectis ciliaris
Bar Jack Caranx ruber
Black Jack Caranx lugubris
Blue Runner Caranx crysos
Crevalle Jack Caranx hippos
Horse-eye Jack Caranx latus
Yellow Jack Caranx bartholomaei
Rainbow Runner Elagatis bipinnulata
Lookdown Selene vomer
Almaco Jack Seriola rivoliana
Greater Amberjack Seriola dumerili
Carcharhinidae
Sandbar Shark Carcharhinus plumbeus
Chaetodontidae
Banded Butterﬂyﬁsh Chaetodon striatus
Reef Butterﬂyﬁsh Chaetodon sedentarius
Spotﬁn Butterﬂyﬁsh Chaetodon ocellatus
Bank Butterﬂyﬁsh Prognathodes aya
Ephippidae
Atlantic Spadeﬁsh Chaetodipterus faber
Epinephelidae
Atlantic Goliath Grouper Epinephelus itajara
Rock Hind Epinephelus adscensionis
Black Grouper Mycteroperca bonaci
Groupers Mycteroperca spp.
Scamp Mycteroperca phenax

Family, species, or metric

X
X
X

X
X

Baker

X

X
X

X

X

X

X

X
X

X
X

X
X
X

X

Blackﬁsh

X

X

Dream

X

Aransas

Natural banks

X
X

X

X
X

X

Harte

X

X

X

X
X

X
X
X

X

X

X

BA-A-28

X
X

X

X
X

X
X

X
X

X

X
X

BA-A-132

X
X

X

X

X
X

X
X
X
X

X
X

PN-A-58

Artiﬁcial reefs

X

X

X

X

X
X

X
X
X

PN-A-72

X
X

X

X
X

X
X

X
X

X

X

PN-967

TABLE 2. Record of the various fish taxa that were observed during remotely operated vehicle surveys at five natural banks and five artificial reef sites in the Gulf of Mexico along the Texas shelf
during fall 2012.
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Yellowmouth Grouper Mycteroperca
interstitialis
Atlantic Creoleﬁsh Paranthias furcifer
Gobiidae
White-eye Goby Bollmannia boqueronensis
Neon Goby Elacatinus oceanops
Haemulidae
Porkﬁsh Anisotremus virginicus
Tomtate Haemulon aurolineatum
Holocentridae
Squirrelﬁsh Holocentrus adscensionis
Deepwater Squirrelﬁsh Sargocentron bullisi
Kyphosidae
Bermuda Chub Kyphosus saltatrix
Labridae
Spanish Hogﬁsh Bodianus rufus
Spotﬁn Hogﬁsh Bodianus pulchellus
Creole Wrasse Clepticus parrae
Greenband Wrasse Halichoeres bathyphilus
Parrotﬁsh Sparisoma spp.
Bluehead Thalassoma bifasciatum
Lutjanidae
Gray Snapper Lutjanus griseus
Lane Snapper Lutjanus synagris
Red Snapper Lutjanus campechanus
Yellowtail Snapper Ocyurus chrysurus
Vermilion Snapper Rhomboplites aurorubens
Muraenidae
Spotted Moray Gymnothorax moringa
Ostraciidae
Scrawled Cowﬁsh Acanthostracion
quadricornis
Pomacanthidae
Cherubﬁsh Centropyge argi
Blue Angelﬁsh Holacanthus bermudensis
Queen Angelﬁsh Holacanthus ciliaris

Family, species, or metric

TABLE 2. Continued.

X

X
X

X
X
X

X

X

X

X
X

X

X

X

X

X

X

X

X

X
X

X

Dream

X

Aransas

X
X

X

Baker

X

X

X

Blackﬁsh

Natural banks

X

X

Harte

X
X

X

X

X

X
X

X

X

X

X

BA-A-28

X

X

X

X

X
X

X
X
X

X

X

X

BA-A-132

X

X
X

X

PN-A-58

Artiﬁcial reefs

X

X

X

X

X
X

X

PN-A-72

X

X
X

X

X
X

X
X

X

PN-967
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Townsend Angelﬁsh Holacanthus sp.
French Angelﬁsh Pomacanthus paru
Pomacentridae
Brown Chromis Chromis multilineata
Purple Reefﬁsh Chromis scotti
Sunshineﬁsh Chromis insolata
Yellowtail Reefﬁsh Chromis enchrysura
Bicolor Damselﬁsh Stegastes partitus
Damselﬁsh Stegastes spp.
Priacanthidae
Bigeye Priacanthus arenatus
Short Bigeye Pristigenys alta
Ptereleotridae
Blue Dartﬁsh Ptereleotris calliura
Rachycentridae
Cobia Rachycentron canadum
Sciaenidae
Jackknife-ﬁsh Equetus lanceolatus
Cubbyu Pareques umbrosus
Scorpaenidae
Red Lionﬁsh Pterois volitans
Serranidae
Threadnose Bass Choranthias tenuis
Candy Basslet Liopropoma carmabi
Wrasse Basslet Liopropoma eukrines
Roughtongue Bass Pronotogrammus
martinicensis
Freckled Soapﬁsh Rypticus bistrispinus
Orangeback Bass Serranus annularis
Snow Bass Serranus chionaraia
Tattler Serranus phoebe
Sparidae
Sheepshead Archosargus probatocephalus
Porgies Calamus spp.
Sphyraenidae
Great Barracuda Sphyraena barracuda

Family, species, or metric

TABLE 2. Continued.

X
X
X
X

X
X

X
X
X
X

X

X

X

X
X
X
X

X

X

X

X
X

X
X
X

X
X
X

X

X

Aransas

X

Baker

X
X

X
X

X

X

X
X

X

X
X
X

Dream

X

X
X

X

X
X
X

Blackﬁsh

Natural banks

X

X

X
X

X

X

Harte

X

X

X
X

BA-A-28

X

X

X

X

X

X

BA-A-132

X

X

X
X

PN-A-58

Artiﬁcial reefs

X

X

PN-A-72

X

X

X

X

PN-967

178
STREICH ET AL.

Baker

X
33
2.589
0.741

Family, species, or metric

Synodontidae
Inshore Lizardﬁsh Synodus foetens
Tetraodontidae
Pufferﬁsh Canthigaster sp.
Species richness (total = 79 species)
Shannon diversity (H′)
Pielou’s evenness (J′)

TABLE 2. Continued.

X
32
2.354
0.679

Aransas

X
26
2.146
0.659

X

Dream

15
2.366
0.874

Blackﬁsh

Natural banks

X
16
2.106
0.760

X

Harte

26
1.892
0.581

BA-A-28

30
2.518
0.740

BA-A-132

20
1.730
0.577

PN-A-58

Artiﬁcial reefs

18
1.960
0.678

PN-A-72

24
1.790
0.563

PN-967
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TABLE 3. Relative abundance (i.e., minimum counts [MinCounts]) of five federally managed species observed during remotely operated vehicle surveys of
artificial reefs and natural banks in the western Gulf of Mexico, fall 2012.

Artiﬁcial reefs
Species
Gray Snapper
Gray Triggerﬁsh
Greater Amberjack
Red Snapper
Vermilion Snapper

Natural banks

BA-A-28

BA-A-132

PN-A-58

PN-A-72

PN-967

Baker

Aransas

Dream

Blackﬁsh

Harte

15
2
3
7
255

37
0
5
65
3

0
0
1
10
0

9
0
1
4
21

95
2
0
32
0

0
0
0
22
39

0
1
1
31
76

0
0
2
1
5

0
1
2
0
0

0
0
8
3
0

2D Stress: 0.052
BA-A-28

Baker

Area

Aransas

PN-A-72

Dream

Relief
Temp
Structure Depth Blackfish
Bottom Depth

BA-A-132
PN-967
PN-A-58

Harte

FIGURE 2. Nonmetric multidimensional scaling ordination using square-roottransformed minimum counts (MinCounts) and Bray–Curtis similarities from
remotely operated vehicle surveys of artiﬁcial reefs (blue squares) and natural
banks (green circles) in the western Gulf of Mexico. Signiﬁcant groups determined with similarity proﬁle testing (P < 0.005) are denoted by the dashed
ellipses. The relationships among the ﬁve habitat variables (Temp = temperature)
tested with BIO-ENV are displayed in the blue vector plot.

by gregarious or schooling species, such as the Horse-eye
Jack, Atlantic Spadeﬁsh, Lookdown, and Vermilion Snapper,
all of which were more abundant on artiﬁcial reefs (Table 4).
A subsequent cluster analysis of the samples with SIMPROF
testing (P < 0.005) revealed four groups with distinct community structure: an artiﬁcial reef group containing all artiﬁcial
reef sites (37% similarity), a group containing the three northernmost natural banks (i.e., Baker, Aransas, and Dream banks;
57% similarity) and two groups containing only one site each
(i.e., Blackﬁsh Ridge and Harte Bank; Figure 2). Investigation
of these groups with SIMPER suggested that differences in
community structure between the artiﬁcial reef group and each
of the three natural bank groups were driven by higher contributions of pelagic schooling species. Higher MinCounts of
Vermilion Snapper, Purple Reefﬁsh, and Red Snapper at the
three northernmost natural banks differentiated that group
from Blackﬁsh Ridge. A prevalence of Threadnose Bass and
a lack of pomacentrid damselﬁshes at Harte Bank distinguished this single-site group from Blackﬁsh Ridge and the
other natural bank group (i.e., the three northernmost banks).

TABLE 4. Species that contributed most to the dissimilarity between artificial reefs and natural banks surveyed in the western Gulf of Mexico during fall 2012.
Mean abundance in each habitat (MeanArtificial and MeanNatural), contribution to mean dissimilarity (DIS), the dissimilarity : SD ratio (DIS : SD), and the percent
contribution of species derived via similarity percentage analysis using a 50% cut-off for cumulative percent contribution are presented.

Species
Horse-eye Jack
Atlantic Spadeﬁsh
Lookdown
Vermilion Snapper
Gray Snapper
Blue Runner
Rainbow Runner
Purple Reefﬁsh
Atlantic Creoleﬁsh
Red Snapper
Sunshineﬁsh

MeanArtiﬁcial

MeanNatural

DIS

DIS : SD

Contribution (%)

Cumulative contribution (%)

7.42
5.24
4.62
4.46
4.54
4.83
3.78
0.00
3.04
4.31
0.00

0.00
0.00
0.20
3.43
0.00
0.00
0.00
3.67
0.00
2.59
2.58

7.15
4.28
4.21
4.18
3.93
3.90
3.24
3.10
2.90
2.68
2.19

1.40
1.10
0.79
1.14
1.29
0.78
1.10
1.41
1.51
1.29
1.82

8.57
5.13
5.04
5.01
4.71
4.68
3.88
3.71
3.47
3.21
2.62

8.57
13.69
18.73
23.74
28.45
33.12
37.01
40.72
44.19
47.40
50.02
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Butterﬂyﬁsh, three pomacentrid damselﬁsh species, and
Roughtongue Bass. Generally, these species were consistently
observed across all natural bank sites and, with the exception of
Reef Butterﬂyﬁsh, were not observed on artiﬁcial reefs. The ﬁnal
species group identiﬁed (group D in Figure 3) contained a single
species, the Threadnose Bass, which was observed only on natural
banks and exhibited high abundances only on Harte Bank.
There was signiﬁcant agreement between biotic and abiotic
similarity matrices (RELATE: ρ = 0.76, P = 0.001). Among
the ﬁve abiotic variables tested, the BEST analysis (BIOENV) suggested that structure depth and survey temperature
best matched the observed patterns in reef ﬁsh communities (ρ
= 0.78, P < 0.001). Spearman’s ρ for individual variables was
greater for structure depth (ρ = 0.78) than for survey temperature (ρ = 0.68).

Harte

Blackfish

Dream

Aransas

Baker

PN-967

PN-A-72

Red Snapper Density Estimates
Red Snapper density was estimated from eight transects on
artiﬁcial reefs and from ﬁve transects on natural banks. The

PN-A-58

BA-A-132

BA-A-28

Our inverse analysis generated strong evidence of an association among species observed in our surveys, thus warranting
further investigation (type 2 SIMPROF: π [sum of absolute departures of observed proﬁle from mean proﬁle under H0] = 2.19, P <
0.001). After the removal of rare species (i.e., those that contributed <5% in any one sample), 22 species were retained for further
analysis. Clustering based on the resulting species similarity
matrix and type 3 SIMPROF testing (P < 0.001) identiﬁed four
species groups whose member species co-occurred in a similar
fashion throughout our surveys (Figure 3). The ﬁrst group (group
A in Figure 3) contained many of the gregarious or schooling
species that could potentially be found in extremely high abundances at artiﬁcial reefs and that—with the exception of Vermilion
Snapper—were not observed at natural banks. The second group
(group B in Figure 3) included Red Snapper and several other
ﬁsheries species that were generally detected at both habitats but
were usually found in higher abundances at artiﬁcial reefs (with
exceptions). The third group of species (group C in Figure 3)
typiﬁed natural bank habitats and comprised the Reef

Lookdown
Yellow Jack
Gray Snapper
Atlantic Spadefish
Blue Runner
Rainbow Runner
Vermilion Snapper
Horse-eye Jack
Atlantic Creolefish
Crevalle Jack
Creole Wrasse
Red Snapper
Almaco Jack
Stegastes sp.
Greater Amberjack
Scamp
Reef Butterflyfish
Sunshinefish
Purple Reeffish
Yellowtail Reeffish
Roughtongue Bass
Threadnose Bass

MinCount

Group
A

B

C

D

0

100

400

FIGURE 3. Shade plot of square-root-transformed species counts (only species accounting for ≥5% of the total counts in any one sample are shown) by sample
site in the western Gulf of Mexico. The linear gray scale shows back-transformed minimum counts (MinCounts). The dendrogram on the left displays the
hierarchical clustering of species groups based on Whittaker’s (1952) index of association resemblances computed on species-standardized MinCounts. Species
groups identiﬁed using type 3 similarity proﬁle testing (P < 0.001) are indicated by connected red lines in the dendrogram and by the symbols displayed next to
species names (e.g., red inverted triangles = group A).
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DISCUSSION
Concurrent surveys of artiﬁcial and natural habitats that provide basic information on species composition and abundance
0.35

A

RS Density (#/m2)

0.30

Artificial

0.25

Natural

0.20
0.15
0.10
0.05
0.00

RS Density (#/m2)

0.60

Artificial

Natural
B

0.50
0.40
0.30
0.20
0.10
0.00

FIGURE 4. Red Snapper (RS) density estimates (number of individuals/m2)
from remotely operated vehicle transects on artiﬁcial reefs (squares) and
natural banks (circles) in the western Gulf of Mexico during fall 2012.
Density is displayed for (A) each habitat type (error bars represent bootstrapped 95% conﬁdence intervals) and (B) each site (error bars represent
SEs for sites that had two transects) to show variation in individual estimates.

100,000
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10,000
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1,000
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0.10
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100

61
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10

0

1.00

Reef Footprint (km2)

Extrapolated No. of Red Snapper

bootstrap test of equality suggested that mean density at artiﬁcial
reefs and natural banks was signiﬁcantly different (P = 0.011). In
fact, estimated Red Snapper density at artiﬁcial reefs (mean =
0.169 ﬁsh/m2, 95% CI = 0.103–0.315) was nearly 7.8 times greater
than density on natural banks (mean = 0.022 ﬁsh/m2, 95% CI =
0.005–0.047; Figure 4A). Density estimates from artiﬁcial reefs
were nearly ﬁve times more variable than those from natural banks
(SD = 0.14 and 0.03, respectively; Figure 4). Estimated Red
Snapper densities from individual transects at artiﬁcial reefs ranged from a low of 0.03 ﬁsh/m2 at BA-A-28 to as high as 0.49 ﬁsh/
m2 at BA-A-132. Among natural banks, Blackﬁsh Ridge had the
lowest Red Snapper density (0 ﬁsh/m2), whereas Aransas Bank
had the highest estimated density (0.06 ﬁsh/m2; Figure 4B). Total
Red Snapper abundance estimates at artiﬁcial reef sites ranged
from 61 ﬁsh at PN-A-72 to 2,242 ﬁsh at BA-A-132 (Figure 5).
Mean total abundance at artiﬁcial reefs averaged 638 Red Snapper
(SE = 404). Red Snapper abundance estimates at natural banks
ranged from zero individuals at Blackﬁsh Ridge to 43,788 individuals at Baker Bank and averaged 16,028 ﬁsh/bank (SE = 9,124).
Scaling this estimate to the ﬁve banks examined here suggested
that approximately 80,140 Red Snapper (SE = 45,620) inhabited
natural bank sites at the time of the survey.

0

0.00

FIGURE 5. Estimated total abundance of Red Snapper (based on the sitespeciﬁc density estimate multiplied by the reef area [footprint]) at artiﬁcial
reefs (blue squares) and natural banks (green circles) in the western Gulf of
Mexico. Reef area (gray bars) is plotted on the secondary y-axis. Note that
both the number of Red Snapper and the reef area are plotted on log scales.
For ease of interpretation, the estimated number of Red Snapper is printed
above each data point.

are essential to gaining a better understanding of the role of
artiﬁcial reefs as habitat for marine ﬁsh populations (Carr and
Hixon 1997). Our study represents the ﬁrst attempt to quantify
the differences in ﬁsh communities at RTR artiﬁcial reefs and
coralgal banks, two disparate yet understudied habitats in the
western GOM. Despite the vast physical differences between
these two habitats, video-based ROV methods documented 79
species of ﬁsh ranging from small, reef-dependent species to
large, highly mobile apex predators. Our analyses suggested
that ﬁsh communities at artiﬁcial reefs were different than ﬁsh
communities at natural bank habitats—a ﬁnding that is supported
by several studies of community structure in the northern GOM
(Rooker et al. 1997; Wilson et al. 2003, 2006; Langland 2015).
Although many species were shared between natural and artiﬁcial habitats, several reef-dependent species were only observed
on natural banks, suggesting that artiﬁcial reefs may not be
suitable for all species. Nevertheless, many economically important species, including Red Snapper, Vermilion Snapper, Greater
Amberjack, Almaco Jack, and Scamp, were observed at both
natural and artiﬁcial habitats. Furthermore, our data suggested
that Red Snapper occurred in higher densities on RTR artiﬁcial
reefs than natural banks, consistent with the ﬁndings of Wilson
et al. (2003), who reported that Red Snapper densities at two
RTR artiﬁcial reefs were higher than at the West Flower Garden
Bank, where no Red Snapper were observed. The observation of
invasive Red Lionﬁsh at both natural and artiﬁcial habitats is
notable given their negative impacts on native ﬁsh recruitment
(Albins and Hixon 2008). Furthermore, subsequent ROV-based
surveys of artiﬁcial reefs in our region indicate that Red Lionﬁsh
have become more common (Ajemian et al. 2015b); therefore,
we recommend continued monitoring of these habitats to determine the Red Lionﬁsh’s potential impacts on ﬁsh community
structure.
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Differences in ﬁsh community composition at RTR artiﬁcial
reefs and coralgal banks were observed for several taxa—many
of which were undetected or absent in surveys of one habitat or
the other. For example, 31 species were only observed on natural
banks, and 28 species were only observed on artiﬁcial reefs.
Several species that we did not observe at the South Texas
Banks but that have been recorded in the literature included the
Gray Snapper (Tunnell et al. 2009), Great Barracuda (Dennis and
Bright 1988), and Blue Runner (Dennis and Bright 1988).
Although the majority of these presence/absence observations
are likely real (e.g., the Roughtongue Bass is an obligate natural
reef species), some may be attributable to varying environmental
conditions, sampling effort, or our ability to detect rare, cryptic,
or behaviorally secretive species (Gu and Swihart 2004). For
example, at all sites except for BA-A-132, the nepheloid layer
was present and generally prohibited observations from the bottom 2–6 m of structured habitat (mean nepheloid depth = 2 m at
artiﬁcial reefs, 3 m at natural reefs). Thus, MinCounts for more
benthic species were likely underestimated. In addition, the large
ROV and its lights may have caused some species to avoid the
ROV (e.g., gobies and other species that burrow or hide in
crevices). In contrast, species like the Greater Amberjack
appeared to be less disturbed by the presence of the ROV and
sometimes swam along with the ROV for brief periods. These
behaviors seemed to hold for both natural and artiﬁcial habitats;
however, differences in species behavior and detectability at each
habitat must be considered, as such differences may have led to
bias in the resulting MinCounts and subsequent analyses.
Our community indices suggested that species richness and
H′ were similar at natural banks and RTR artiﬁcial reefs,
supporting several previous studies (Clark and Edwards
1999; Fowler and Booth 2012). In contrast to this ﬁnding,
other investigations have indicated that natural habitats support higher species richness and higher diversity than artiﬁcial
habitats (Carr and Hixon 1997; Rooker et al. 1997; Patterson
et al. 2014; Langland 2015). In a comparative study of ﬁsh
communities in the northern GOM, Rooker et al. (1997)
reported higher species richness at the Flower Garden Banks
than at HI-389, a standing platform; those authors cited the
increased complexity of habitats available over a larger area at
the Flower Garden Banks as a possible driver of this difference. The Flower Garden Banks are well-developed coral
reefs, providing signiﬁcant amounts of reef habitat with high
diversity (e.g., 280 ﬁsh species have been reported; Schmahl
et al. 2008). However, unlike the Flower Garden Banks and
other diapiric shelf-edge banks in the northern GOM, the
South Texas Banks surveyed in this study are less complex,
providing relatively little true “reef” habitat due to the lack of
contemporary reef-building activity (Dennis and Bright 1988).
The South Texas Banks also have fewer benthic habitat zones
than the Flower Garden Banks—a difference that is driven
largely by their comparatively low relief (e.g., Flower Garden
Banks exhibit over 50 m of relief; banks in our survey averaged 13 m of relief) and consequently their more prevalent
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interaction with the nepheloid layer (Rezak et al. 1985, 1990;
Dennis and Bright 1988). Accordingly, lower species richness
and diversity at the South Texas Banks—comparable to those
at the RTR artiﬁcial reefs we surveyed—may be driven by
more frequent interactions with the nepheloid layer and its
associated high turbidity. Although potential differences in
species detectability could also play a role, these conditions
likely prevent the development of diverse epibenthic communities, which in turn may limit food and habitat availability for
reef ﬁsh (Dennis and Bright 1988).
Our multivariate analyses indicated that differences in reef
ﬁsh communities inhabiting RTR artiﬁcial reefs and natural
banks largely resulted from high counts of schooling species,
such as the Atlantic Spadeﬁsh, Vermilion Snapper, and carangids (e.g., Horse-eye Jack and Lookdown), at artiﬁcial reefs.
This ﬁnding is supported by previous work in the northern
GOM, which also demonstrated high abundances of transient
midwater carangids (Rooker et al. 1997; Ajemian et al.
2015b), Atlantic Spadeﬁsh (Gallaway et al. 1979; Stanley
and Wilson 2000), and Vermilion Snapper (Ajemian et al.
2015b) at artiﬁcial habitats. Several of these species, including
the Atlantic Spadeﬁsh, Blue Runner, and Lookdown, are generally less dependent on food resources living directly on
platform reefs, but they can often account for most of the
ﬁsh biomass (Gallaway et al. 1979; Gallaway and Lewbel
1982; Stanley and Wilson 1997, 2000). Increased concentrations of planktonic prey near platform reefs have been attributed to local changes in hydrographic conditions associated
with the high vertical relief of these structures—a ﬁnding that
may explain the high abundances of these more planktivorous,
reef-associated ﬁsh species at platform habitats (Hernandez
et al. 2003; Keenan et al. 2003; Lindquist et al. 2005). In
contrast, natural banks in our study were typiﬁed by more
reef-dependent taxa, including the Purple Reefﬁsh,
Yellowtail Reefﬁsh, Sunshineﬁsh, Reef Butterﬂyﬁsh, and
small serranids, such as the Roughtongue Bass and Wrasse
Basslet. Several previous studies have also identiﬁed species
of this reef-dependent assemblage as characteristic of the
South Texas Banks (Dennis and Bright 1988; Tunnell et al.
2009; Hicks et al. 2014). Certainly, food-web-based examination to better understand these ecological linkages is
warranted.
Although artiﬁcial reef communities in this study were
generally similar, our analyses suggested the relatively rare
natural banks could be further divided into three groups with
differing community composition: (1) the three northernmost
banks (i.e., Baker, Aransas, and Dream banks); (2) Blackﬁsh
Ridge; and (3) Harte Bank. Nash et al. (2014) derived similar
bank groupings based on geomorphic variables, including
regional depth, shallowest depth, rugosity, number of terraces,
distance to nearest neighbor, and bank area. In the present
study, Harte Bank and Blackﬁsh Ridge generally had lower
species richness, possibly because of the unique physical
characteristics of each site. Harte Bank differed from the
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other banks we surveyed because it was located in deeper
water (e.g., base depth at Harte Bank = 96 m; mean depth at
the other banks = 75 m). Blackﬁsh Ridge was unique because
PN-A-72, an artiﬁcial reef surveyed in this study, was located
in extremely close proximity to the main bank feature (~300
m). Interestingly, Blackﬁsh Ridge and PN-A-72 each represented the lowest species richness of their respective habitat
types. Previous work has reported that Blackﬁsh Ridge experiences persistent high turbidity that often covers the entire
bank, a condition that limits epibenthic primary production
and is generally associated with lower observed species richness (Rezak et al. 1985, 1990; Dennis and Bright 1988;
Tunnell et al. 2009); however, when we surveyed Blackﬁsh
Ridge, its terrace did extend out of the nepheloid layer.
Nevertheless, we noticed lower MinCounts for several pomacentrid damselﬁshes at Blackﬁsh Ridge, possibly an indication
of nepheloid effects on benthic primary productivity. The
proximity of the artiﬁcial reef to Blackﬁsh Ridge provides
another potential explanation for the lower species richness
and diversity—namely that the artiﬁcial reef may concentrate
high abundances of large piscivores, which in turn could
negatively inﬂuence community structure by increasing predation rates (Hixon and Beets 1993; Cowan et al. 2011) or by
decreasing postsettlement survival of ﬁsh that would normally
recruit to the natural habitat (Carr and Hixon 1997). Despite
this possibility, we documented low abundances of potential
predators like Red Snapper at both of these sites. Although the
effects of the nepheloid layer probably inﬂuenced the communities we observed, further investigation of the manner in
which proximity to artiﬁcial reefs can affect natural reef ﬁsh
communities is warranted, as new artiﬁcial reefs may fail to
meet management objectives depending on their proximity to
existing reef habitat (e.g., Mudrak and Szedlmayer 2012).
Environmental factors, including bottom depth and vertical
relief, have often been identiﬁed as important drivers of ﬁsh
community structure at natural and artiﬁcial reef habitats
(Gallaway et al. 1981; Stanley and Wilson 2000; Wilson
et al. 2003; Zintzen et al. 2012; Bryan et al. 2013; Patterson
et al. 2014). Seminal work by Gallaway et al. (1981) classiﬁed
standing platform communities across the Texas–Louisiana
shelf into three groups: a coastal group (<30 m), an offshore
group (30–60 m), and a blue water group (>60 m). In a more
recent study of artiﬁcial reefs across the shelf in our study
region, Ajemian et al. (2015b) detected a similar transition in
ﬁsh communities around the 60-m isobath. Our analyses identiﬁed structure depth (i.e., the shallowest depth of structure at
a site) and survey temperature as the most important factors
inﬂuencing the ﬁsh communities we observed—a difference
that may have been related to the bottom depths of the sites in
our survey. For example, with the exception of BA-A-28, PN967, and Harte Bank, the surveyed sites were located in
bottom depths of 61–82 m rather than a wide range of depths
across the shelf. Our analyses also suggested that survey
temperature was important for explaining the patterns in ﬁsh

community structure, but it is difﬁcult to assess the relative
importance of structure depth and survey temperature because
they were highly correlated. Speciﬁcally, survey temperature
was generally warmer on artiﬁcial reefs because the CRTs
spanned the greater vertical relief of the artiﬁcial reefs and
thus spent more time higher in the water column. Structure
depth, however, was nearly twice as shallow at artiﬁcial reefs
(mean structure depth = 33 m at artiﬁcial reefs and 65 m at
natural reefs). Previous studies have shown that many species
responsible for the dissimilarity between the two habitats we
surveyed (e.g., Atlantic Spadeﬁsh, Blue Runner, Horse-eye
Jack, Lookdown, and Vermilion Snapper) are commonly
found at high but variable abundances in the middle to upper
portions of the water column around reefs with high vertical
relief (Rooker et al. 1997; Stanley and Wilson 1997, 2000;
Wilson et al. 2006; Ajemian et al. 2015a, 2015b). Similarly,
the highest abundances for many of these species were
observed at BA-A-28 and PN-967, two artiﬁcial reefs with
the shallowest structure depths. While we recognize that bottom depth and vertical relief inﬂuence the structure depth at a
site, our data support previous studies suggesting that the
presence of structure high in the water column inﬂuences the
occurrence and possibly the abundances of these pelagic
schooling species (Wilson et al. 2003). Thus, as standing
platforms are removed throughout the northern GOM, the
RTR artiﬁcial reefs may become increasingly valuable habitat
for these types of ﬁsh. For these reasons, we recommend that
future video-based surveys for assessing ﬁsh community structure at these habitats apply more appropriate survey designs
and dedicate the effort necessary to assess species that are
more transient and that typically occur higher in the water
column.
Species-speciﬁc habitat requirements likely inﬂuenced the
occurrence of several species in our samples; we identiﬁed
several species groups that occurred in a similar fashion
throughout our samples. For example, species in the reefdependent group (i.e., group C in Figure 3 [excluding Reef
Butterﬂyﬁsh]) only occurred at the natural banks. Bright and
Rezak (1976) regarded one of these species, the planktivorous
Roughtongue Bass, as the most characteristic species of the
South Texas Banks. The Roughtongue Bass is reported as a
common member of the deep-reef ﬁsh community and is an
important forage base for larger ﬁsh, like groupers and snappers (Weaver et al. 2006). Among artiﬁcial habitats,
Sheepsheads were only observed at the two shallowest sites
(BA-A-28 and PN-967), aligning well with the species’ life
history and dependency on biofouling communities at shallower reefs (Gallaway and Lewbel 1982; Parker et al. 1994;
Stanley and Wilson 1997). Collectively, the consistency with
which these species appeared in our samples suggests that
their association is not by chance (Somerﬁeld and Clarke
2013). Indeed, different habitats are characterized by differing
food resources, shelter, and abiotic conditions—all of which
affect growth, survival, and successful recruitment—resulting
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in consistent and distinct ﬁsh assemblages (Rezak et al. 1985,
1990; Dennis and Bright 1988; Beck et al. 2001; Somerﬁeld
and Clark 2013).
Our analysis of Red Snapper density at platform reefs
compared to natural-bottom South Texas Banks suggested
that densities at artiﬁcial reefs were nearly 7.8 times greater
and were more variable than estimates from natural structure.
These results are supported by other studies that have also
found high but variable abundances of Red Snapper at standing platforms, likely due to the patchy nature of their populations over large expanses of structured habitat. For example,
Stanley and Wilson (1997) noted that Red Snapper abundance
varied up to a factor of 4 between months, a ﬁnding they
attributed to Red Snapper movement away from the platform.
Inferences regarding our density estimates must be made with
the following considerations. First, our ability to estimate Red
Snapper density was hindered by visibility constraints
imposed by the nepheloid layer (Shideler 1981; Ajemian
et al. 2015a). Because the Red Snapper is a demersal species
that derives a portion of its food resources from soft sediments
surrounding reefs (McCawley and Cowan 2007; Gallaway
et al. 2009), the Red Snapper densities in our study likely
represent conservative underestimates of the true densities.
For example, we routinely observed Red Snapper moving
into and out of the nepheloid layer, but observations within
this feature were not possible due to the near-zero visibility.
An exception was BA-A-132, where no nepheloid layer was
present; however, even when we excluded density estimates
from that site, the resulting mean Red Snapper density at
artiﬁcial reefs (0.115 ﬁsh/m2) was still 5.2 times greater than
the density estimated at natural banks (0.022 ﬁsh/m2). Second,
our density estimates were based on relatively few transects
given the nature of offshore research logistics, ship time costs,
and the self-imposed sample criteria that were used to minimize double-counting. Despite these issues, our results are
similar to those of previous investigations documenting higher
densities of Red Snapper at artiﬁcial reefs than at natural
habitats (Wilson et al. 2003, 2006; Patterson et al. 2014).
Furthermore, in a comparative study of reef ﬁsh community
structure at artiﬁcial and natural reefs in the northern GOM,
Patterson et al. (2014) reported that Red Snapper densities
were approximately 6 times greater at artiﬁcial reefs than at
natural reefs—remarkably similar to our estimate of 7.8-fold.
The Red Snapper total abundances we estimated at artiﬁcial
reefs were also similar to the range reported by hydroacoustic
surveys at standing platforms and RTR artiﬁcial reefs in the
northern GOM (Stanley and Wilson 1997, 2000; Wilson et al.
2003, 2006) and to Red Snapper abundance estimates based
on explosive platform removals (Gitschlag et al. 2003).
However, our estimates appear low, possibly due to characteristics such as the presence of RTR structures near some of our
reef sites (i.e., previous estimates of Stanley and Wilson
[1997, 2000] and Wilson et al. [2003, 2006] were based on
single structures). This difference could simply be attributed to
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visibility constraints causing the underestimation of density,
but it may also be a function of artiﬁcial reef density (i.e., the
number of structures in close proximity). Strelcheck et al.
(2005) observed decreasing Red Snapper abundance and size
with increasing artiﬁcial reef abundance and density. Our
estimates of Red Snapper density and total abundance at the
ﬁve natural banks in our study suggest that at least 80,140
(likely more) Red Snapper inhabited these sites at the time of
our survey (see Figure 5). If we multiply the estimated number
of individuals by the average weight of Red Snapper from
natural banks in our area (2.3 kg; estimated from ﬁsheryindependent vertical line surveys; M. K. Streich, unpublished
data), this implies that the ﬁve natural banks held approximately 184,322 kg (406,360 lb) of Red Snapper, or approximately 5% of the GOM annual catch limit (ACL) set by the
National Oceanic and Atmospheric Administration–Fisheries
in 2012 (3.67 million kg [8.08 million lb]; NOAA 2012).
Thus, despite higher Red Snapper densities at artiﬁcial reefs,
natural banks likely support much higher total abundances of
Red Snapper because of their comparatively large habitat area
(i.e., footprint). Given that the stock has recovered substantially since our survey was conducted (SEDAR 2015), these
Red Snapper estimates also likely underestimate the true current abundance based on visibility constraints and sampling
design and because our survey was performed in 2012.
Our estimate of Red Snapper total abundance on the ﬁve
relatively small natural banks (i.e., total area of the ﬁve banks
= 5.55 km2; Table 1), which account for less than 0.4% of the
estimated natural reef habitat area in the northern GOM (1,578
km2; Gallaway et al. 2009), indicates that the natural banks in
this region likely hold a large biomass of Red Snapper. Thus,
these areas warrant further investigation, particularly given the
Red Snapper management uncertainties in the GOM.
Moreover, there are hundreds of known bathymetric features
scattered across the northern GOM shelf (Ludwick and Walton
1957; Rezak et al. 1985; Shroeder et al. 1988, 1995; Weaver
et al. 2001; Rooker et al. 2004; Dufrene 2005; VERSAR
2009). Although the vast majority of these features have yet
to be characterized, many are well known from anecdotal
ﬁshing reports to harbor large concentrations of Red
Snapper. Moreover, many features have not yet been discovered; for example, a prominent unknown bank—now formally
known as Harte Bank—was described and mapped during this
cruise. Although Harte Bank was the smallest natural bank
surveyed in this study (0.31 km2), it represents a signiﬁcant
bathymetric feature and highlights the likelihood of additional
unmapped natural reef habitat for Red Snapper in the GOM.
The dynamics between natural and artiﬁcial reefs may also
have important implications for reef ﬁsh management. Other
work has shown that ﬁshing mortality and ﬁsh density are not
equally distributed between artiﬁcial and natural habitats, with
natural banks often serving as a refuge from at least some ﬁshing
mortality. The ﬁshing mortality refuge provided by known and
unknown natural banks may to some extent explain the observed

186

STREICH ET AL.

lack of a clear spawner–recruit relationship in this Red Snapper
population (Cowan et al. 2011; SEDAR 2015). For example,
Garner and Patterson (2015) observed that for-hire captains
ﬁshing during the open Red Snapper season targeted artiﬁcial
reef sites. Consequently, ﬁshing mortality may often be concentrated at artiﬁcial reefs (Polovina 1991; Grossman et al. 1997;
Garner and Patterson 2015). Although ﬁshing mortality can be
quite high at these habitats (e.g., Addis et al. 2016), artiﬁcial
reefs have the potential to divert ﬁshing effort away from more
sensitive natural habitats and—based on the ﬁndings here—
away from a large portion of the Red Snapper population in
the western GOM. This inference is supported by a recent
survey of recreational anglers in Texas, which suggested that
over 70% of the anglers used artiﬁcial reefs, with nearly 40% of
these anglers targeting standing platforms (Schuett et al. 2015).
Moreover, in a GOM-wide study, Porch et al. (2015) observed
the highest Red Snapper spawning frequencies at natural habitats in our region, further highlighting the potential beneﬁts of
the RTR artiﬁcial reefs and the diversion of ﬁshing pressure
away from natural habitats. Although more detailed study of
ﬁshing effort among habitat types is needed, these ﬁndings
certainly reveal several management implications for RTR habitats versus natural banks. As the number of standing platforms in
the GOM continues to decline (Pulsipher et al. 2001), RTR
artiﬁcial reefs will likely become increasingly important for
supporting the Red Snapper ﬁshery in the northwestern GOM,
which in recent decades has relied on the abundance of standing
platforms and the habitat they provide. Subsequently, future
levels of ﬁshing effort at natural habitats may increase if the
amount of RTR habitat or other artiﬁcial habitat available to
ﬁshermen does not replace the current abundance of standing
platforms. Nonetheless, we caution against strict interpretation
of our estimates for direct management advice due to the relatively small sample size and restricted geography. However, the
estimates clearly point to the beneﬁcial aspects of both natural
and artiﬁcial reef effects on ﬁsheries species, such as Red
Snapper, in the GOM. We recommend that future surveys
increase replication and geographic coverage of natural and
artiﬁcial reefs to gain better estimates across the northern
GOM. Although our study provides new information necessary
for evaluating the effects of RTR artiﬁcial reefs in comparison
with natural bank habitats of the western GOM, we stress the
need for additional comparisons of species-speciﬁc life history
traits (e.g., reproductive potential, age distribution, growth, mortality, and site ﬁdelity) at artiﬁcial and natural habitats as well.
Only with more thorough characterization of these habitat types
and comparative performance metrics will it be possible to fully
understand the value and function of natural and artiﬁcial reefs
as ﬁsh habitat.

ACKNOWLEDGMENTS
We are grateful to the Schmidt Ocean Institute for ship time
aboard the R/V Falkor and for making the Global Explorer

ROV available for this research. Additionally, we thank
Thomas Shirley and Wes Tunnell for leading the Coralgal
Banks of South Texas cruise and for sharing data and ROV
video from the natural banks for our analysis. While onboard
the R/V Falkor, our goals could not have been accomplished
without the help of the captain, crew, ROV pilots, and scientists. We extend thanks to the staff, students, and interns of the
Center for Sportﬁsh Science and Conservation at the Harte
Research Institute for Gulf of Mexico Studies for their support
of this work. We are especially grateful to Allison Lund and
Tara Topping for their help with video processing.
REFERENCES
Addis, D. T., W. F. Patterson III, and M. A. Dance. 2016. The potential for
unreported artiﬁcial reefs to serve as refuges from ﬁshing mortality for
reef ﬁshes. North American Journal of Fisheries Management 36:131–139.
Ajemian, M. J., J. J. Wetz, B. Shipley-Lozano, J. D. Shively, and G. W. Stunz.
2015b. An analysis of artiﬁcial reef ﬁsh community structure along the
northwestern Gulf of Mexico shelf: potential impacts of “Rigs-to-Reefs”
programs. PLOS (Public Library of Science) ONE [online serial] 10:
e0126354.
Ajemian, M. J., J. J. Wetz, B. Shipley-Lozano, and G. W. Stunz. 2015a. Rapid
assessment of ﬁsh communities on submerged oil and gas platform reefs
using remotely operated vehicles. Fisheries Research 167:143–155.
Albins, M. A., and M. A. Hixon. 2008. Invasive Indo-Paciﬁc Lionﬁsh Pterois
volitans reduce recruitment of Atlantic coral-reef ﬁshes. Marine Ecology
Progress Series 367:233–238.
Anderson, M. J. 2001. A new method for non-parametric multivariate analysis
of variance. Austral Ecology 26:32–46.
Baine, M. 2001. Artiﬁcial reefs: a review of their design, application, management and performance. Ocean and Coastal Management. 44:241–259.
Baine, M., and J. Side. 2003. Habitat modiﬁcation and manipulation as a
management tool. Reviews in Fish Biology and Fisheries 13:187–199.
Beck, M. W., K. L. Heck Jr., K. W. Able, D. L. Childers, D. B. Eggleston, B.
M. Gillanders, B. Halpern, C. G. Hays, K. Hoshino, T. J. Minello, R. J.
Orth, P. F. Sheridan, and M. P. Weinstein. 2001. The identiﬁcation, conservation, and management, of estuarine and marine nurseries for ﬁsh and
invertebrates. BioScience 51:633–641.
Belopolsky, A. V., and A. W. Droxler. 1999. Uppermost Pleistocene transgressive
coralgal reefs on the edge of the south Texas shelf: analogs for reefal
reservoirs buried in siliciclastic shelves. Pages 41–50 in T. F. Hentz, editor.
Advanced reservoir characterization for the 21st century. Society of Economic
Paleontologists and Mineralogists, Gulf Coast Section, Proceedings of the
19th Annual Bob F. Perkins Research Conference, Austin, Texas.
Berryhill, H. L. 1987. Late Quaternary facies and structure, northern Gulf of
Mexico: interpretations from seismic data. American Association of
Petroleum Geologists, Tulsa, Oklahoma.
Bohnsack, J. A. 1989. Are high densities of ﬁshes at artiﬁcial reefs the result
of habitat limitation or behavioral preference? Bulletin of Marine Science
44:631–645.
Bohnsack, J. A., and D. L. Sutherland. 1985. Artiﬁcial reef research: a review
with recommendations for future priorities. Bulletin of Marine Science
37:11–39.
Bowman, A. W., and A. Azzalini. 1997. Applied smoothing techniques for
data analysis: the kernel approach with S-Plus Illustrations. Oxford
University Press, Oxford, UK.
Bowman, A. W., and A. Azzalini. 2014. R package “sm”: nonparametric
smoothing methods (version 2.2-5.4). Available: www.stats.gla.ac.uk/~
adrian/sm. (March 2017).
Bright, T. J., and R. Rezak. 1976. A biological and geological reconnaissance
of selected topographical features on the Texas continental shelf. Bureau

COMPARISON OF FISH COMMUNITY STRUCTURE
of Land Management, Outer Continental Shelf Ofﬁce, Final Report,
Contract 08550-CT5-4, New Orleans, Louisiana.
Broughton, K. 2012. Ofﬁce of National Marine Sanctuaries science review of
artiﬁcial reefs. National Oceanic and Atmospheric Administration, Ofﬁce
of National Marine Sanctuaries, Marine Sanctuaries Conservation Series
ONMS-12-05, Silver Spring, Maryland.
Bryan, D. R., K. Kilfoyle, R. G. Gilmore Jr., and R. E. Spieler. 2013.
Characterization of the mesophotic reef ﬁsh community in south Florida,
USA. Journal of Applied Ichthyology 29:108–117.
BSEE (Bureau of Safety and Environmental Enforcement). 2016. Platform structures online query. BSEE, Washington, D.C. Available: www.data.bsee.gov/
homepg/data_center/platform/platform/master.asp. (September 2016).
Camber, C. I. 1955. A survey of the Red Snapper ﬁshery of the Gulf of
Mexico, with special reference to the Campeche Banks. Florida Board of
Conservation Marine Research Laboratory Technical Series 12.
Campbell, M. D., A. G. Pollack, C. T. Gledhill, T. S. Switzer, and D. A. DeVries.
2015. Comparison of relative abundance indices calculated from two methods of generating video count data. Fisheries Research 170:125–133.
Canty, A., and B. Ripley. 2015. Boot: bootstrap R (S-Plus) functions. R
package, version 1:3–18. Available: https://cran.r-project.org/package=
boot. (March 2017).
Cappo, M., P. Speare, and G. De’ath. 2004. Comparison of baited remote underwater video stations (BRUVS) and prawn (shrimp) trawls for assessments of
ﬁsh biodiversity in inter-reefal areas of the Great Barrier Reef Marine Park.
Journal of Experimental Marine Biology and Ecology 302:123–152.
Carr, M. H., and M. A. Hixon. 1997. Artiﬁcial reefs: the importance of
comparisons with natural reefs. Fisheries 22(4):28–33.
Claisse, J. T., D. J. Pondella, M. Love, L. A. Zahn, C. M. Williams, and A. S.
Bull. 2015. Impacts from partial removal of decommissioned oil and gas
platforms on ﬁsh biomass and production on the remaining platform
structure and surrounding shell mounds. PLOS (Public Library of
Science) ONE [online serial] 10:e0135812.
Claisse, J. T., D. J. Pondella II, M. Love, L. A. Zahn, C. M. Williams, J. P.
Williams, and A. S. Bull. 2014. Oil platforms off California are among the
most productive marine ﬁsh habitats globally. Proceedings of the National
Academy of Sciences of the USA 111:15462–15467.
Clark, S., and A. J. Edwards. 1999. An evaluation of artiﬁcial reef structures
as tools for marine habitat rehabilitation in the Maldives. Aquatic
Conservation: Marine and Freshwater Ecosystems 9:5–21.
Clarke, K. R. 1993. Non-parametric multivariate analyses of changes in
community structure. Australian Journal of Ecology 18:117–143.
Clarke, K. R., and M. Ainsworth. 1993. A method of linking multivariate
community structure to environmental variables. Marine Ecology Progress
Series 92:205–219.
Clarke, K. R., M. G. Chapman, P. J. Somerﬁeld, and H. R. Needham. 2006.
Dispersion-based weighting of species counts in assemblage analyses.
Marine Ecology Progress Series 320:11–27.
Clarke, K. R., R. N. Gorley, P. J. Somerﬁeld, and R. M. Warwick. 2014a.
Change in marine communities: an approach to statistical analysis and
interpretation, 3rd edition. PRIMER-E, Plymouth, UK.
Clarke, K. R., J. R. Tweedley, and F. J. Valesini. 2014b. Simple shade plots aid
better long-term choices of data pre-treatment in multivariate assemblage
studies. Journal of the Marine Biological Association of the United
Kingdom 94:1–16.
Clarke, K. R., and R. M. Warwick. 2001. Change in marine communities: an
approach to statistical analysis and interpretation, second edition.
PRIMER-E, Plymouth, UK.
Cowan, J. H. Jr., C. B. Grimes, W. F. Patterson III, C. J. Walters, A. C. Jones,
W. J. Lindberg, D. J. Sheehy, W. E. Pine III, J. E. Powers, M. D. Cambell,
K. C. Lindeman, S. L. Diamond, R. Hilborn, H. T. Gibson, and K. A.
Rose. 2011. Red Snapper management in the Gulf of Mexico: science- or
faith-based? Reviews in Fish Biology and Fisheries 21:187–204.

187

Dauterive, L. 2000. Rigs-to-Reefs policy, progress, and perspective. Minerals
Management Service, Gulf of Mexico Outer Continental Shelf Region,
OCS Report MMS-2000-073, New Orleans, Louisiana.
Dennis, G. D., and T. J. Bright. 1988. Reef ﬁsh assemblages on hard banks in
the northwestern Gulf of Mexico. Bulletin of Marine Science 43:280–307.
Dufrene, T. A. 2005. Geological variability and Holocene sedimentary record
on the northern Gulf of Mexico inner to mid-continental shelf. Master’s
thesis. Louisiana State University, Baton Rouge.
Efron, B. 1987. Better bootstrap conﬁdence intervals. Journal of the American
Statistical Association 82:171–185.
Efron, B., and R. J. Tibshirani. 1993. An introduction to the bootstrap.
Chapman and Hall/CRC Press, Boca Raton, Florida.
Ellis, D. M., and E. E. DeMartini. 1995. Evaluation of a video camera
technique for indexing abundances of juvenile Pink Snapper,
Pristipomoides ﬁlamentosus, and other Hawaiian insular shelf ﬁshes. U.
S. National Marine Fisheries Service Fishery Bulletin 93:67–77.
Field, J. G., K. R. Clarke, and R. M. Warwick. 1982. A practical strategy for
analysing multispecies distribution patterns. Marine Ecology Progress
Series 8:37–52.
Fowler, A. M., and D. J. Booth. 2012. How well do sunken vessels approximate ﬁsh assemblages on coral reefs? Conservation implications of vessel-reef deployments. Marine Biology 159:2787–2796.
Fowler, A. M., P. I. Macreadie, D. O. B. Jones, and D. J. Booth. 2014. A
multi-criteria decision approach to decommissioning of offshore oil and
gas infrastructure. Ocean and Coastal Management 87:20–29.
Gallaway, B. J., M. F. Johnson, R. L. Howard, L. R. Martin, and G. S. Boland.
1979. A study of the effects of Buccaneer oil ﬁeld structures and associated efﬂuents on biofouling communities and the Atlantic Spadeﬁsh
(Chaetodipterus faber). Pages 2.3.8-1–2.3.8-126 in W. E. Jackson, editor.
Environmental assessment of an active oil ﬁeld in the northwestern Gulf
of Mexico, 1977–1978, volume 2: data management and biological investigations. National Marine Fisheries Service, Southeast Fisheries Center,
Galveston, Texas.
Gallaway, B. J., M. F. Johnson, L. R. Martin, F. J. Margraf, G. S. Lewbel, R.
L. Howard, and G. S. Boland. 1981. The artiﬁcial reef studies, volume 2.
Pages 1–199 in C. A. Bedinger Jr. and L. Z. Kirby, editors. Ecological
investigations of petroleum production platforms in the central Gulf of
Mexico. Bureau of Land Management, SWKI Project 01-5245, New
Orleans, Louisiana.
Gallaway, B. J., and G. S. Lewbel. 1982. The ecology of petroleum platforms
in the northwestern Gulf of Mexico: a community proﬁle. U.S. Fish and
Wildlife Service FWS/OBS-82/27 and Bureau of Land Management, Gulf
of Mexico Outer Continental Shelf Regional Ofﬁce, Open-File Report
82-03, Metairie, Louisiana.
Gallaway, B. J., S. T. Szedlmayer, and W. J. Gazey. 2009. A life history
review for Red Snapper in the Gulf of Mexico with an evaluation of the
importance of offshore petroleum platforms and other artiﬁcial reefs.
Reviews in Fisheries Science 17:48–67.
Garner, S. B., and W. F. Patterson III. 2015. Direct observation of ﬁshing
effort, catch, and discard rates of charter boats targeting reef ﬁshes in the
northern Gulf of Mexico. U.S. National Marine Fisheries Service Fishery
Bulletin 113:157–166.
Gitschlag, G. R., M. J. Schirripa, and J. E. Powers. 2003. Impacts of Red
Snapper mortality associated with the explosive removal of oil and gas
structures on stock assessments of Red Snapper in the Gulf of Mexico.
Pages 83–94 in D. R. Stanley and A. Scarborough-Bull, editors. Fisheries,
reefs, and offshore development. American Fisheries Society, Symposium
36, Bethesda, Maryland.
Gledhill, C. T. 2001. Reef ﬁsh assemblages on Gulf of Mexico shelf-edge
banks. Doctoral dissertation. University of South Alabama, Mobile.
Grossman, G. D., G. P. Jones, and W. J. Seaman. 1997. Do artiﬁcial reefs increase
regional ﬁsh production? A review of existing data. Fisheries 2(4):17–23.

188

STREICH ET AL.

Gu, W., and R. K. Swihart. 2004. Absent or undetected? Effects of nondetection of species occurrence on wildlife habitat models. Biological
Conservation 116:195–203.
Hernandez, F. J. Jr., R. F. Shaw, J. S. Cope, J. G. Ditty, T. Farooqi, and M. C.
Benﬁeld. 2003. The across-shelf larval, postlarval, and juvenile ﬁsh
assemblages collected at offshore oil and gas platforms west of the
Mississippi River delta. Pages 39–72 in D. R. Stanley and A.
Scarborough-Bull, editors. Fisheries, reefs, and offshore development.
American Fisheries Society, Symposium 36, Bethesda, Maryland.
Hicks, D., L. Lerma, J. Le, T. C. Shirley, J. W. Tunnell, R. Rodriguez, and A.
Garcia. 2014. Assessing ﬁsh communities of six remnant coralgal reefs off
the south Texas coast. Proceedings of the Gulf and Caribbean Fisheries
Institute 66:244–254.
Hixon, M. A., and J. P. Beets. 1993. Predation, prey refugees, and the structure of
coral-reef ﬁsh assemblages. Ecological Monographs 63:77–101.
Kaiser, M. J., and A. G. Pulsipher. 2005. Rigs-to-Reef programs in the Gulf of
Mexico. Ocean Development and International Law 36:119–134.
Keenan, S. F., M. C. Benﬁeld, and R. F. Shaw. 2003. Zooplanktivory by Blue
Runner Caranx crysos: a potential energetic subsidy to Gulf of Mexico
ﬁsh populations at petroleum platforms. Pages 167–180 in D. R. Stanley
and A. Scarborough-Bull, editors. Fisheries, reefs, and offshore development. American Fisheries Society, Symposium 36, Bethesda, Maryland.
Langland, T. 2015. Fish assemblage structure, distribution, and trophic ecology at northwestern Gulf of Mexico banks. Doctoral dissertation.
Louisiana State University, Baton Rouge.
Lindberg, W. J. 1997. Can science resolve the attraction–production issue?
Fisheries 22(4):10–13.
Lindquist, D. C., R. Shaw, and F. J. Hernandez Jr. 2005. Distribution patterns
of larval and juvenile ﬁshes at offshore petroleum platforms in the northcentral Gulf of Mexico. Estuarine, Coastal, and Shelf Science 62:655–665.
Love, M. S., D. M. Schroeder, W. Lenarz, A. MacCall, A. S. Bull, and L.
Thorsteinson. 2006. Potential use of offshore marine structures in rebuilding an overﬁshed rockﬁsh species, Bocaccio (Sebastes paucispinis). U.S.
National Marine Fisheries Service Fishery Bulletin 104:383–390.
Love, M. S., D. M. Schroeder, and W. H. Lenarz. 2005. Distribution of
Bocaccio (Sebastes paucispinis) and Cowcod (Sebastes levis) around oil
platforms and natural outcrops off California with implications for larval
production. Bulletin of Marine Science 77:397–408.
Love, M. S., and A. York. 2005. A comparison of the ﬁsh assemblages
associated with an oil/gas pipeline and adjacent seaﬂoor in the Santa
Barbara Channel, Southern California Bight. Bulletin of Marine Science
77:101–117.
Ludwick, J. C., and W. R. Walton. 1957. Shelf-edge calcareous prominences
in the northeastern Gulf of Mexico. American Association of Petroleum
Geologists Bulletin 41:2054–2101.
Macreadie, P. I., A. M. Fowler, and D. J. Booth. 2011. Rigs-to-Reefs: will the
deep sea beneﬁt from artiﬁcial habitat? Frontiers in Ecology and the
Environment 9:455–461.
McCawley, J. R., and J. H. Cowan Jr. 2007. Seasonal and size speciﬁc diet and
prey demand of Red Snapper on Alabama artiﬁcial reefs. Pages 77–104 in
W. F. Patterson III, J. H. Cowan, G. R. Fitzhugh, and D. L. Nieland,
editors. Red Snapper ecology and ﬁsheries in the U.S. Gulf of Mexico.
American Fisheries Society, Symposium 60, Bethesda, Maryland.
Mudrak, P. A., and S. T. Szedlmayer. 2012. Proximity effects of larger
resident ﬁshes on recruitment of age-0 Red Snapper in the northern Gulf
of Mexico. Transactions of the American Fisheries Society 141:487–494.
Nash, H. L., S. J. Furiness, and J. W. Tunnell Jr. 2013. What is known about
species richness and distribution on the outer-shelf South Texas Banks?
Gulf and Caribbean Research 25:9–18.
Nash, H. L., J. W. Tunnell, and T. C. Shirley. 2014. Mapping the South
Texas Banks. Proceedings of the Gulf and Caribbean Fisheries Institute
66:365–367.
NOAA (National Oceanic and Atmospheric Administration). 2012. Final
rule–Gulf of Mexico Red Snapper quota increases and recreational season.

National Marine Fisheries Service, Southeast Fishery Bulletin FB12-038,
Saint Petersburg, Florida.
Parker, R. O. Jr., A. J. Chester, and R. S. Nelson. 1994. A video transect
method for estimating reef ﬁsh abundance, composition, and habitat utilization at Gray’s Reef National Marine Sanctuary, Georgia. U.S. National
Marine Fisheries Service Fishery Bulletin 92:787–799.
Parker, R. O. Jr., D. R. Colby, and T. D. Willis. 1983. Estimated amount of
reef habitat on a portion of the U.S. South Atlantic and Gulf of Mexico
continental shelf. Bulletin of Marine Science 33:935–940.
Patterson, W. F. III, J. H. Tarnecki, D. T. Addis, and L. R. Barbieri. 2014. Reef
ﬁsh community structure at natural versus artiﬁcial reefs in the northern
Gulf of Mexico. Proceedings of the Gulf and Caribbean Fisheries Institute
66:4–8.
Polovina, J. J. 1991. Fisheries applications and biological impacts of artiﬁcial
habitats. Pages 154–176 in W. Seaman Jr. and L. M. Sprague, editors.
Artiﬁcial habitats for marine and freshwater ﬁsheries. Academic Press,
New York.
Porch, C. E., G. R. Fitzhugh, E. T. Lang, H. M. Lyon, and B. C. Linton. 2015.
Estimating the dependence of spawning frequency on size and age in Gulf
of Mexico Red Snapper. Marine and Coastal Fisheries: Dynamics,
Management, and Ecosystem Science [online serial] 7:233–245.
Pulsipher, A. G., O. O. Iledare, D. V. Mesyanzhinov, A. Dupont, and Q. L.
Zhu. 2001. Forecasting the number of offshore platforms on the Gulf of
Mexico OCS to the year 2023. U.S. Department of the Interior, Minerals
Management Service, Outer Continental Shelf Study MMS-2001-013,
New Orleans, Louisiana.
R Core Team. 2015. R: a language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna. Available: www.R-pro
ject.org. (March 2017).
Reubens, J. T., U. Braeckman, J. Vanaverbeke, C. Van Colen, S. Degraer,
and M. Vincx. 2013. Aggregation at windmill artiﬁcial reefs: CPUE of
Atlantic Cod (Gadus morhua) and Pouting (Trisopterus luscus) at
different habitats in the Belgian part of the North Sea. Fisheries
Research 139:28–34.
Rezak, R., T. J. Bright, and D. W. McGrail. 1985. Reefs and banks of the
northwestern Gulf of Mexico: their geological, biological and physical
dynamics. Wiley, New York.
Rezak, R., S. R. Gittings, and T. J. Bright. 1990. Biotic assemblages and
ecological controls on reefs and banks of the northwest Gulf of Mexico.
American Zoology 30:23–35.
Rooker, J. R., Q. R. Dokken, C. V. Pattengill, and G. J. Holt. 1997. Fish
assemblages on artiﬁcial and natural reefs in the Flower Garden Banks
National Marine Sanctuary, USA. Coral Reefs 16:83–92.
Rooker, J. R., A. M. Landry Jr., B. W. Geary, and J. A. Harper. 2004.
Assessment of a shell bank and associated substrates as nursery habitat
of postsettlement Red Snapper. Estuarine, Coastal, and Shelf Science
59:653–661.
Schmahl, G. P., E. L. Hickerson, and W. F. Precht. 2008. Biology and ecology
of coral reefs and coral communities in the Flower Garden Banks region,
northwestern Gulf of Mexico. Pages 221–261 in B. M. Riegl and R. E.
Dodge, editors. Coral reefs of the USA. Springer Science and Business
Media, Dordrecht, The Netherlands.
Schroeder, W. W., A. W. Shultz, and J. J. Dindo. 1988. Inner-shelf hardbottom
areas, northeastern Gulf of Mexico. Gulf Coast Association of Geological
Societies Transactions 38:535–541.
Schroeder, W. W., A. W. Shultz, and O. H. Pilkey. 1995. Late Quaternary
oyster shells and sea-level history, inner shelf, northeast Gulf of Mexico.
Journal of Coastal Research 11:664–674.
Schuett, M. A., G. T. Kyle, R. Dudensing, C. Ding, C. Van Riper, and J. Park.
2015. Attitudes, behavior, and management preferences of Texas artiﬁcial
reef users. Final Report to the Texas Parks and Wildlife Department,
Artiﬁcial Reef Program, Texas A&M University, College Station.
Seaman, W. S. Jr. 2000. Artiﬁcial reef evaluation with application to natural
marine habitats. CRC Press, Boca Raton, Florida.

COMPARISON OF FISH COMMUNITY STRUCTURE
SEDAR (Southeast Data, Assessment, and Review). 2015. Stock assessment
of Red Snapper in the Gulf of Mexico 1872–2013, with provisional 2014
landings (update assessment). SEDAR, North Charleston, South Carolina.
Shideler, G. L. 1981. Development of the benthic nepheloid layer on the
south Texas continental shelf, western Gulf of Mexico. Marine Geology
41:37–61.
Shipp, R. L., and S. A. Bortone. 2009. A perspective of the importance of
artiﬁcial habitat on the management of Red Snapper in the Gulf of
Mexico. Reviews in Fisheries Science 17:41–47.
Somerﬁeld, P. J., and K. R. Clarke. 2013. Inverse analysis in non-parametric
multivariate analyses: distinguishing groups of associated species which
covary coherently across samples. Journal of Experimental Marine
Biology and Ecology 449:261–273.
Stanley, D. R., and C. A. Wilson. 1996. Abundance of ﬁshes associated with a
petroleum platform as measured with dual-beam hydroacoustics. ICES
Journal of Marine Science 53:473–475.
Stanley, D. R., and C. A. Wilson. 1997. Seasonal and spatial variation in the
abundance and size distribution of ﬁshes associated with a petroleum
platform in the northern Gulf of Mexico. Canadian Journal of Fisheries
and Aquatic Sciences 54:1166–1176.
Stanley, D. R., and C. A. Wilson. 2000. Variation in the density and species
composition of ﬁshes associated with three petroleum platforms using dual
beam hydroacoustics. Fisheries Research 47:161–172.
Strelcheck, A. J., J. H. Cowan Jr., and A. Shah. 2005. Inﬂuence of reef
location on artiﬁcial-reef ﬁsh assemblages in the north central Gulf of
Mexico. Bulletin of Marine Science 77:425–440.
Tunnell, J. W., D. C. Weaver, and T. C. Shirley. 2009. Recent research on
south Texas topographic features: ecology. Pages 202–209 in M. McKay
and J. Nides, editors. Proceedings of the 25th Gulf of Mexico Information
Transfer Meeting. Minerals Management Service, Outer Continental Shelf
Study MMS-2009-051, New Orleans, Louisiana.
Versar. 2009. Review and synthesis of biological information for use in
management decisions concerning decommissioning of offshore oil and
gas structures in the Gulf of Mexico. Minerals Management Service, Final
Report, Contract 1435-01-05-39082, Herndon, Virginia.

189

Weaver, D. C., G. D. Dennis, and K. J. Sulak. 2001. Northeastern Gulf of
Mexico Coastal and Marine Ecosystem Program: community structure and
trophic ecology of demersal ﬁshes on the Pinnacles Reef Tract; ﬁnal
synthesis report. U.S. Geological Survey, USGS-BSR-2001-0008,
Kearneysville, West Virginia and Minerals Management Service, Outer
Continental Shelf Study MMS-2002-034, New Orleans, Louisiana.
Weaver, D. C., E. L. Hickerson, and G. P. Schmahl. 2006. Deep reef ﬁsh
surveys by submersible on Alderdice, McGrail, and Sonnier banks in the
northwestern Gulf of Mexico. Pages 69–87 in J. C. Taylor, editor.
Emerging technologies for reef ﬁsheries research and management.
National Oceanic and Atmospheric Administration, Professional Paper
NMFS-5, Seattle.
Wells, R. J. D., and J. H. Cowan Jr. 2007. Video estimates of Red Snapper and
associated ﬁsh assemblages on sand, shell, and natural reef habitats in the
north-central Gulf of Mexico. Pages 39–57 in W. F. Patterson III, J. H.
Cowan Jr., G. R. Fitzhugh, and D. L. Nieland, editors. Red Snapper
ecology and ﬁsheries in the U.S. Gulf of Mexico. American Fisheries
Society, Symposium 60, Bethesda, Maryland.
Whittaker, R. H. 1952. A study of summer foliage insect communities in the
Great Smoky Mountains. Ecological Monographs 22:1–44.
Wilson, C. A., M. W. Miller, Y. C. Allen, K. M. Boswell, and D. L. Nieland.
2006. Effects of depth, location, and habitat type on relative abundance
and species composition of ﬁshes associated with petroleum platforms and
Sonnier Bank in the northern Gulf of Mexico. Minerals Management
Service, Outer Continental Shelf Study MMS-2006-037, New Orleans,
Louisiana.
Wilson, C. A., A. Pierce, and M. W. Miller. 2003. Rigs and reefs: a comparison of the ﬁsh communities at two artiﬁcial reefs, a production platform,
and a natural reef in the northern Gulf of Mexico. Minerals Management
Service, Outer Continental Shelf Study MMS-2003-009, New Orleans,
Louisiana.
Zintzen, V., M. J. Anderson, C. D. Roberts, E. S. Harvey, A. L. Stewart, and
C. D. Struthers. 2012. Diversity and composition of demersal ﬁshes along
a depth gradient assessed by baited remote underwater stereo-video. PLOS
(Public Library of Science) Biology [online serial] 7:e48522.

