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a b s t r a c t

Reliable data on reef fishes inhabiting the southeastern United States (North Carolina to Florida) conti-
nental shelf large marine ecosystem are difficult to obtain; catch quotas and time and area closures limit
the collection of fishery-dependent samples. Further, unbiased fishery-independent samples are expen-
sive to collect with conventional fishing gear. Consequently, stock assessments are often data-limited,
especially for deepwater reef species. We estimated the relative abundance of deepwater reef fish with
a double sampling approach using fisheries acoustics and conventional fishing gear (hook and line and
chevron traps). Double sampling occurred within the newly-created Snowy Wreck Marine Protected
Area and a nearby control site. Reef fish concentrations were identified by a single-beam Simrad ES60
transceiver with a transducer operating at 38 kHz. Hook and line samples were collected at 73 acoustic
events, and chevron trap samples were collected at 20 acoustic events. The relationship between fish-
eries acoustic data and catch-per-unit-effort (CPUE) data was examined to develop a model to predict
species-generic CPUE at unfished locations. Akaike’s Information Criteria (AIC) found equal support for

linear, exponential, and power relationships between acoustic backscatter and CPUE for each conven-
tional fishing gear. Further model development would be aided by refining acoustic target information
and applying complimentary fish sampling gears (i.e., split-beam fisheries acoustics gear, underwater
video). Given further development, a double sampling design should be useful to estimate the relative
abundance of important deepwater reef species over a wide area of the shelf break off the southeastern
United States, utilizing either survey vessels or vessels-of-opportunity to rapidly collect acoustic samples.
. Introduction

Most deepwater (80–200 m) reef fishes inhabit hard-bottom
abitat along the continental shelf break of the southeastern United
tates continental shelf large marine ecosystem (SUSLME; North
arolina to Florida). These species are difficult to assess. Inter-
ittent commercial operations, multiple landing sites, variability

f species targeted, and dynamic regulations hinder the collec-
ion of representative fishery-dependent information. Collection of
nbiased fishery-independent information, such as catch-per-unit-

ffort (CPUE) data, is often cost-prohibitive; the Marine Resource
onitoring Assessment Program (MARMAP) is the only long-

erm, fishery-independent survey for deepwater reef species of
he SUSLME, but occurs over only a fraction of the region, and
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only regularly from 16 to 91 m deep (McGovern et al., 1998). Esti-
mates of abundance using conventional fishing gears are plagued
by high variability (Hanselman and Quinn, 2004); this is espe-
cially challenging in the SUSLME because reef fish aggregations over
hard-bottom habitat are patchily distributed.

The current stock status of many deepwater reef species in
the SUSLME underscores the importance of developing new meth-
ods to estimate their abundance. The commercially-important
deepwater reef species, snowy grouper (Epinephelus niveatus), is
overfished and speckled hind (Epinephelus drummondhayi) and
warsaw grouper (Epinephelus nigritus) are species of concern.
Depleted or inherently low fish stock sizes hinder the ability
to develop reliable indices of relative abundance (Ressler et al.,

2009).

Development of effective approaches for sampling deepwater
reef fish habitat is needed across a wider area of the conti-
nental shelf break of the SUSLME. Eight marine protected areas
(MPAs) have recently been designated in the SUSLME. The intent

dx.doi.org/10.1016/j.fishres.2010.05.005
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
mailto:pjruders@ncsu.edu
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f these MPAs is to reduce overfishing of common deepwater
pecies and establish refugia for rare species. However, avail-
ble fishery resource data streams are currently inadequate to
valuate MPA efficacy. Additional coast-wide time closures have
ecently been instituted and broad area closures are being consid-
red which may further limit fishery-dependent samples. For these
easons, novel fishery-independent sampling techniques and ana-
ytical approaches need to be examined to measure the relative
bundance of reef species in deepwater and protected areas.

The purpose of double sampling (Thompson, 2002) in fish-
ry surveys is to improve the precision of CPUE estimates. This
pproach uses a statistical relationship between traditional, rel-
tively expensive CPUE data (e.g., trawling, trapping, hook and
ine) and inexpensive fisheries acoustics data collected on mobile
urveys; this improves sampling efficiency (Thompson, 2002;
anselman and Quinn, 2004; von Szalay et al., 2007). This rela-

ionship can then be used to predict CPUE of the traditional fishing
ear when only data from the fisheries acoustics gear are avail-
ble. Additionally, the expanded use of mobile fisheries acoustics
ocates patchily distributed reef fish associated with unknown or
phemeral habitat. This co-product may rapidly expand or verify
otential sampling sites.

Advances in fisheries acoustics gear, such as improvements
n quality, portability, and affordability, also make double sam-
ling more appealing. Commercial-grade acoustic gear have been
sed in combination with conventional sampling to improve fish-
ry surveys worldwide. For example, Honkalehto and Ryan (2003)
sed a single-beam Simrad ES60 and trawling to determine the
rst “quantitative biomass estimate” for a stock of orange roughy
Hoplostethus atlanticus) near Tasmania. Hanselman and Quinn
2004) used a Simrad ES60 to increase the precision of abun-

ance estimates for Pacific ocean perch (Sebastes alutus). Variance
eduction around CPUE estimates were possible for walleye Pol-
ock (Theragra chalcogramma) in the Bering Sea using a relationship
etween estimates of trawl CPUE and acoustic backscatter data

ig. 1. Map showing the location of Snowy Wreck Marine Protected Area (SWMPA) and
ivides SWMPA into an inshore (shelf break) area (4.63 × 27.78 km) and a total area. Samp
as sampled in 2008. The right panel displays a control shelf break area (4.63 × 27.78 km
esearch 105 (2010) 254–260 255

from a Simrad ES60 (von Szalay et al., 2007). Approaches that pair
conventional sampling and acoustic observations have been used to
resolve target species from within mixed-species fish aggregations
(Honkalehto and Ryan, 2003; Ressler et al., 2009).

In contrast, fisheries acoustic gears have received less attention
in sampling fishes in the SUSLME. In a Gulf of Mexico study on
a similar reef fish assemblage, Gledhill et al. (1996) related fish-
eries acoustics with video observations in an attempt to develop
more robust techniques to estimate reef fish abundance; a sig-
nificant but weak correlation was found between the two fishing
gears. In this study, we investigated the utility of hook and line
and trap sampling, coupled with fisheries acoustics gear, to rapidly
identify reef fish aggregations and predict CPUE of deepwater reef
fish species assemblages. We evaluated the relationship between
CPUE (dependent variable) and the strength of acoustic backscatter
(independent variable) in continental shelf break waters off North
Carolina, USA. Finally, we calculated a combined CPUE from the
observed and predicted estimates of CPUE.

2. Materials and methods

2.1. Study area, fishing gear, equipment settings, and operational
procedures

The Snowy Wreck Marine Protected Area (SWMPA) is approxi-
mately 80 nm south of Beaufort Inlet, North Carolina (Fig. 1). Water
depths in SWMPA range from 61–290 m. In February 2009, this
MPA was given ‘Type 2’ protection where harvest and possession
of reef species are prohibited. The MPA was named after a sunken
grouper and other reef species.
Sampling occurred in 2007 (June–October), 2008

(June–September) and 2009 (January–February) before SWMPA
closure. Data collection occurred during daylight hours. In 2007,

a nearby control area off the coast of North Carolina, USA (see inset). The left panel
ling occurred throughout SWMPA in 2007. Only the shelf break portion of SWMPA
) that was only sampled in 2008.
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coustic backscatter and hook and line data were collected inside
he SWMPA. Acoustic backscatter data were collected over 12
ays between 7 June and 16 October 2007 aboard the F/V Barbara
ynne, a 13-m diesel-powered fishing vessel. Hook and line data
ere collected over the same time interval aboard the F/V Barbara

ynne on eight out of the 12 days and the F/V Slow Poke (a 9-m
enter-console vessel) on the remaining four. In 2008–2009,
coustic backscatter, hook and line, and chevron trap data were
ollected on the F/V Barbara Lynne in the shelf break region of the
WMPA and a nearby control area of similar dimension and depth
Fig. 1). In both years hook and line and trap data were collected on
he day of or day after acoustic sampling. Each trip was attended by
minimum of two personnel with at least one scientific observer.

The original design for this study was to randomly sample lin-
ar transects oriented perpendicular to the long axis of the MPA.
ollowing six randomly selected transects in 2007, we found no
ubstantive fish aggregations in >120 m of water with the exception
f the actual Snowy Wreck itself. The inshore edge of the SWMPA is
onsidered to be the most biologically productive; thus, sampling
fforts were concentrated in that area (4.63 × 27.78 km; Fig. 1) for
he remainder of the 2007 study. This adjustment allowed us to

aximize the number of reef fish aggregations identified. Ten addi-
ional linear transects were then sampled parallel to the long axis of
he MPA in waters <120 m; these transects were spaced 0.463 km
part. In 2008–2009, the shelf break portion of the SWMPA and
ontrol area were acoustically sampled in a ‘zig-zag’ pattern by
ransecting through alternating points on the inshore and offshore
ong sides of each box; on each of these long axes, points were
paced 4.63 km apart. In each box, the starting point and direc-
ion of travel were varied among survey dates so that new benthic
abitat was sampled each day.

Fisheries acoustics gear consisted of a Simrad ES60 transceiver
utfitted with two single-beam transducers that operate simulta-
eously at frequencies of 38 and 200 kHz. We elected to use this
coustic gear because it was inexpensive and has potential for
ndustry use (i.e., study fleet). The 38 kHz transducer emitted an
lliptical beam; longitudinal (i.e., bow/stern) and transverse (i.e.,
ort/starboard) beam angles were 13◦ and 21◦, respectively. The
00 kHz transducer emitted a circular 7◦ beam. The transducer
ousing was affixed to the base of an aluminum pole and deployed
midship from the vessel’s port beam. When deployed, the face
f the transducer housing was 1 m below the water surface. Boat
peed ranged from three to five knots during acoustic data collec-
ion. The transceiver was connected to a Garmin 172C GPS plotter
hat referenced discrete locations where near-bottom backscatter
as observed, referred to as acoustic events. Raw ES60 acoustic
les were viewed and saved to a laptop computer. The qualitative
ize (small, medium, large, extra large) and visual characteristics
f backscatter (shape, color intensity, distance from bottom), and
ssociated bottom relief (flat, sloping, or ledges) were noted for
ach acoustic event.

Acoustic events sampled with hook and line or trap fishing gear
ere a subset of potential reef fish aggregations identified by fish-

ries acoustics gear. The first two days of hook and line sampling
7 and 11 June, 2007) involved randomly selecting events to be
shed with hook and line. During these 2 days, reef fish were only
aught when acoustic backscatter was relatively large. Therefore,
ubsequent hook and line and trap data were collected by ran-
omly selecting from large and extra large events when available,
nd small and medium events as time permitted or when large
r extra large events were absent. The captain of the F/V Barbara

ynne used the Simrad fisheries acoustics equipment and GPS to
elocate acoustic events. On days when the second vessel assisted,
he coordinates for events were relayed via VHF radio.

Hook and line fishing gear consisted of fiberglass rods, electronic
eels, and 130 pound low-stretch fishing line. Terminal tackle was
esearch 105 (2010) 254–260

a high-low bottom rig consisting of 200 pound monofilament line,
two three-way swivels, two 8/0 J-hooks, and lead weight rang-
ing from 0.68 to 1.36 kg. Bait consisted of cut squid (Loligo and
Ilex spp.). Chevron traps were constructed of 35-mm square vinyl-
coated wire, with one funnel entrance and one release panel, and
had maximum dimensions of 1.5 × 1.7 × 0.6 m (0.91 m3). Each trap
was baited with 24 whole menhaden (Brevoortia tyrannus); 16 were
hung on four stringers and eight were scattered inside.

When hook and line fishing, captains were permitted to keep
vessels in gear (i.e., hover over events) or out of gear (i.e., drift over
events) depending on sea conditions. Given the dimensions of the
transducer beam at 38 kHz, conventional gear was deployed within
50 m of an event. Hook and line sampling was terminated when
the boat drifted greater than 50 m from the event, whereupon the
captain repositioned the boat. Fishing continued at an event until
four consecutive drops (2 fishers × 2 drops per fisher) yielded no
fish. A trap set on an event was soaked for 90 min. Current speed
(km/h) and water depth (m) were recorded with each CPUE sample.
Depending on the conventional gear type, CPUE was measured as
catch-per-drop for each baited two-hook rig or catch-per-trap; at
acoustic events where multiple hook and line or trap drops were
made, CPUE observations were averaged.

2.2. Processing of acoustic samples

Data from acoustic events were processed using Myriax
Echoview software, v. 4.50. No raw data manipulations were
applied to correct the periodic systematic error inherent in ES60
systems (e.g., De Robertis and Wilson, 2006; von Szalay et al.,
2007). The research objectives of this study were not compro-
mised by permitting up to 1 dB of artificial measurement variability
within a single ping, as biased pings would be averaged with echo-
integrations. Volumetric backscatter data were reported in decibels
(dB), where signal returns approaching zero are stronger than more
negative values. To reduce background noise, data were limited
to signal returns stronger than −60 dB. Echo-integration (Brandt,
1996) was used to measure acoustic backscatter from 0.25 to 5.25 m
above the bottom and 100 m on either side of the event. We felt that
these distances were sufficient to capture the full vertical height of
reef fish distributions off the bottom, allow for inherent inaccura-
cies in GPS relocation, and cover a horizontal distance over which
vessels drifted while sampling an on- or off-axis acoustic event with
hook and line or trap fishing gear. Data processing yielded a mea-
sured acoustic volume backscattering coefficient value (Sv (dB)) for
each acoustic event.

2.3. Model fitting and demonstration

The 38 kHz acoustic data were used for analyses (described
below). We fit each y-axis CPUE metric to x-axis data (Sv (dB)) using
three different models: linear, exponential, and power. These mod-
els were examined because of the appearance of the raw data and
relationships from prior studies (Hanselman and Quinn, 2004; von
Szalay et al., 2007). To select a model, residual sums-of-squares
values were used to compute Akaike Information Criteria (AIC);
models differing by <4 �AIC were concluded to fit the data equally
well (Burnham and Anderson, 2002).

The resulting linear model was used to predict hook and line
CPUE data for 54 additional events measured acoustically but
unfished; estimates of mean CPUE and associated standard devia-
tion were calculated with and without additional events to test for

improvements in precision. Standard deviation for each approach
was estimated using residuals of the model fit following the regres-
sion approach of Cochran (1977) for double sampling. The low
sample size of trap data prevented us from predicting CPUE from
the acoustic backscatter-trap CPUE relationship.
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Table 1
Mean catch-per-drop (hook and line) and catch-per-trap (chevron trapping) for fishes captured from Snowy Wreck Marine Protected Area (SWMPA) (2007–2009) and a
nearby control area (2008–2009). We made 368 hook and line and 21 trap drops inside SWMPA and 143 hook and line and 28 trap drops inside the control area; individual
efforts were then averaged. This resulted in 73 data points double-sampled with fisheries acoustics and hook and line, and 20 data points double-sampled with fisheries
acoustics and chevron traps.

Species Hook and line Traps

SWMPA Control SWMPA Control

Red porgy Pagrus pagrus 0.076 0.154 0.619 0.143
Snowy grouper Epinephelus niveatus 0.073 0.021 0.524 0.071
Scamp Mycteroperca phenax 0.033 0 0 0.107
Speckled hind Epinephelus drummondhayi 0.022 0 0.095 0.036
Knobbed porgy Calamus nodosus 0.019 0.014 0 0
Red Grouper Epinephelus morio 0.016 0.014 0.238 0.286
Graysby Cephalopholis cruentatus 0.011 0 0 0
Greater amberjack Seriola dumerili 0.008 0 0 0.036
Tattler Serranus phoebe 0.008 0.007 0.048 0
Almaco jack Seriola rivoliana 0.005 0 0 0
Blueline tilefish Caulolatilus microps 0.005 0 0 0.036
Gray triggerfish Balistes capriscus 0.011 0 0.524 0.036
Rock hind Epinephelus adscensionis 0.005 0 0 0
Bigeye Priacanthus arenatus 0.005 0 0 0
Gag Mycteroperca microlepis 0.003 0 0 0
Lesser amberjack Seriola fasciata 0.003 0 0 0
Red cornetfish Fistularia petimba 0.003 0 0 0
Hogfish snapper Lachnolaimus maximus 0.003 0 0 0
Wreckfish Polyprion americanus 0.003 0 0 0
Vermilion snapper Rhomboplites aurorubens 0.003 0 0 0.036
Tomtate Haemulon aurolineatum 0.003 0 0.381 0
Queen snapper Etelis oculatus 0.003 0 0 0
Cuban dogfish Squalus cubensis 0.003 0 0 0
Coney Cephalopholis fulva 0 0.014 0 0
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species-generic CPUE of deepwater reef species in the SUSLME.
The technique provides spatially expanded CPUE estimates at a
less expensive rate than conventional fishing gear alone. Addition-
ally, it is an approach to use in the design phase of a survey when

Fig. 2. Scatterplot of potential reef fish aggregations inside Snowy Wreck Marine
Scorpionfish Neomerinthe hemingwayi 0.003
Whitebone porgy Calamus leucosteus 0
Lionfish Pterois volitans 0
Moray Gymnothorax spp. 0

. Results

Acoustic and CPUE data were collected from 93 events revisited
ith conventional fishing gear. These revisited events were a sub-

et of the total number of locations where near-bottom backscatter
as observed. There were 73 events revisited with hook and line

nd 20 with chevron traps. Hook and line CPUE ranged from 0 to
.75 fish per drop; forty-eight percent (35/73) of revisits landed
sh. Trap CPUE ranged from 0 to 3.67 fish per trap; sixty percent
12/20) of revisits trapped fish. Mean volume backscattering coeffi-
ient ranged from −79.25 to −49.76 dB for sites revisited with hook
nd line and from −83.90 to −60.85 dB for sites revisited with traps.

A total of 152 fish and 25 species was captured with hook and
ine and a total of 79 fish and 14 species was captured with chevron
raps. Red porgy and snowy grouper were the two most abundant
pecies captured with hook and line and traps (Table 1).

The linear, exponential, and power models fit the hook and
ine data equally well; this was also the case for trap data (Fig. 2;
able 2). The relationship between acoustic backscatter and hook
nd line CPUE allowed us to predict CPUE at 54 events sampled with
sheries acoustics gear only (open circles: Fig. 3). When in close
roximity or along similar depth contours, predicted and observed
PUE values were often similar in magnitude. Mean hook and line
PUE for fished sites (±standard deviation) was 0.206 (0.304). Pre-
icted mean CPUE for additional (unfished) sites was 0.166 (0.296)
or the linear regression model fit. The combined CPUE was 0.189
0.302) based on the linear regression model fit. This reduced the

ean overall estimated CPUE within the study area, but did not
ignificantly improve precision.
. Discussion

This study demonstrated how advanced fisheries acoustics
quipment may be used as a fishery-independent tool to estimate
0 0 0
0 0.048 0
0 0.048 0.071
0 0 0.071
Protected Area and a nearby control area that were sampled from 2007 to 2009
with a Simrad ES 60 echosounder and subsequently sampled with hook and line
(n = 73) (A) and chevron traps (n = 20) (B). Acoustic volumetric backscatter from 0.25
to 5.25 m off the bottom (dB) is the independent (x-axis) variable. Catch-per-unit-
effort (CPUE, all reef species combined) is the dependent (y-axis) variable. Each panel
displays a linear function fit (see Table 2) through the raw data.
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Table 2
Parameter estimates and Akaike’s Information Criteria (AIC) calculations for each of three models used to fit CPUE data (y-axis) as a function of acoustic backscatter data
(x-axis) for 73 events revisited with hook and line and 20 events revisited with traps. The AIC values and estimated parameters are provided for each model fit. The lowest
AIC score is typically deemed the best fitting model to the data for each metric of CPUE. The �AIC is the difference in AIC scores between the best fitting AIC model and other
models for each of the respective metrics of CPUE; here model performances differ by <4 �AIC and considered equivalent for each conventional fishing gear type.

Fishing gear Model Functional form Residual SS AIC �AIC a b c

Hook and line Linear Y = a + b × X 6.076 −175.14 0.47 1.001 0.012 –
Exponential Y = b × exp(−a × X) 6.043 −175.54 0.07 −0.060 9.226 –
Power Y = a + b × X + c × X2 6.037 −175.61 – 2.688 0.065 0.0004
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Chevron trap Linear Y = a + b × X 45.187
Exponential Y = b × exp(−a × X) 40.187
Power Y = a + b × X + c × X2 39.074

eef fish habitats are unmapped. Researchers can identify reef fish
ggregations more efficiently than by deploying conventional fish-
ng gear on pre-selected sites of unknown productivity. Finally,

odeling a relationship between CPUE and acoustic backscatter
llows researchers to estimate CPUE from unfished sites, increasing
ample sizes and area sampled.

Estimating abundance is more efficient if the sampling sites are
elected based on prior survey information (Wang et al., 2009). This
s the case with the technique developed here, as potential habitat
s acoustically sampled for the presence of biomass (backscat-
er) and then a subsample of locations with acoustic backscatter
re revisited with conventional fishing gear. Each CPUE is site-
pecific because acoustic backscatter data (independent variable)
re observed. This differs from standard techniques used to develop
egional abundance indices, where a global average CPUE is specific
nly to sites where biological sampling occurred.

Double sampling is most effective if the catch rate and magni-
ude of integrated acoustic backscatter are highly correlated (von

zalay et al., 2007). von Szalay et al. (2007) reviewed the correlation
etween trawl gear and acoustic data for studies on the abundance
f demersal and pelagic species. They found that the strength of this
elationship varied as a function of fish behavior in the vicinity of

ig. 3. Bubble plot displaying relative reef fish abundance (hook and line CPUE, catch-pe
he plot is comprised of 73 events hook and line fished and measured for backscatter (clo
ith hook and line CPUE estimated using the linear model, CPUE = 1.001 + 0.012 × backsc
23.80 2.91 12.201 0.160 –
21.46 0.57 −0.167 83491.720 –
20.89 – 70.554 1.826 0.0120

the boat and the selectivity of the fishing gear. Improvements to our
approach are warranted, such as sampling by a remotely operated
vehicle outfitted with cameras (Stanley et al., 2000; Ressler et al.,
2009), or using split-beam acoustic gear to better estimate reef fish
size (Ehrenberg and Torkelson, 1996). Ground-truthing exercises to
verify the empirical characteristics of reef fish backscatter would
improve this approach, as would theoretical laboratory experi-
ments to model target strengths expected from individual species
(Love, 1977) encountered in this study. Refining the model to
include data points more confidently thought to be reef fish species
will strengthen model-predicted catch rates. Ressler et al. (2009)
used a combination of fisher knowledge of historic species distri-
bution, fish school appearance on echograms, and an underwater
camera to classify acoustic backscatter to species in a mixed-species
Sebastes fishery. Incorporating these elements may be useful in
refining acoustic relative abundance estimates in the SUSLME.

The combination of single-beam fisheries acoustic gear and
conventional fishing gear was not used to predict the CPUE of

a single reef fish species; our chief goal was to demonstrate a
double sampling technique to estimate the relative abundance
of deepwater reef fish. To predict CPUEs of single species, our
statistical methodology could be used, but a more technically accu-

r-drop) in Snowy Wreck Marine Protected Area (SWMPA) and nearby control area.
sed circles), and 54 additional events (open circles) measured for backscatter, but

atter. The area of each event (circle) is proportional to its CPUE value (see legend).
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ate approach would be to use more complex fisheries acoustic
ears (e.g., split-beam, multibeam) and a novel deployment (e.g.
owed acoustic transducer). The former facilitates the measure-

ent of acoustic backscatter for individual fish targets, and the
atter can minimize acoustic dead zone effects. Thus, combining a
ouble sampling statistical approach with the use of more advanced
coustic technology and consistent, high-quality information from
PUE samples (Koslow, 2009) would allow researchers to apportion
coustic backscatter to individual species biomass (e.g., Cyterski et
l., 2003). Data processing could be further refined to exclude non-
arget fishes that fail to meet expected target strength or habitat
riteria (e.g., distance target is found above the bottom or away
rom relief).

The relationships between backscatter and CPUE of the two con-
entional fishing gears were highly variable. Hook and line and
rap sampling could result in biased catches because of fishing gear
electivity, sea conditions (current speed and wave height), or fisher
ehavior. Where large-scale conventional sampling is not possible,
pecies identification is a major challenge for acoustic research sur-
eys (MacLennan and Holliday, 1996). Some species contributing to
ntegrated backscatter may not be amenable to capture with either
f the two conventional fishing gears that we used. Further, the two
onventional fishing gears used in this study rely more heavily on
sh behavior than other fishing gears; fish have to be willing to feed
hook and line, trap) or seek shelter (trap) to be vulnerable to the
wo fishing gears. Relatively small acoustic events were difficult
o systematically revisit in depths greater than 150 m. We chose to
nclude all 73 hook and line CPUE points and all 20 trap CPUE points
n our respective models. As the sample size increases, predictive

odels may be strengthened by excluding small events, not sam-
ling during poor weather or in strong currents, or not sampling at
epths beyond which reef fish occur.

Backscatter integration near the sea floor is prone to bias.
onsidered vulnerable to an “acoustic dead zone” effect (Ona
nd Mitson, 1996), near-bottom acoustic backscatter sensed by
sheries acoustics gear such as the Simrad ES60 is especially con-

ounded by the physical properties of a wide beam. Quantitative
ackscatter integrations cannot completely separate near-bottom
sh backscatter from acoustic energy reflected by the ocean floor,
et reef species in this region are closely associated with bot-
om habitats. We chose a smaller offset (0.25 m) from the bottom
backscatter-integrating from 0.25 to 5.25 m) because we felt that
reater offset distances would ignore on-axis reef fish biomass.
s a result, there is a positive bias in the backscatter values
sed to develop the models. This bias should not be detrimen-
al in developing a relationship between variables of interest as
ong as acoustic survey gear remains consistent and inappropri-
te conclusions are not made about the acoustic backscatter of
ingle fish targets. Innovations such as deploying transducers on
rrays towed at depth would minimize the influence of the dead-
one. Issues hampering the use of fisheries acoustic equipment for
ingle-species stock assessments of demersal fishes include species
ecognition, near-bottom detection of biomass, and the presence of
mall, dispersed aggregations of fish (Stanley et al., 2000). Future
terations of the methods advanced here should include the use
f more advanced fisheries acoustic gear (such as split-beam tech-
ology) and novel methods (video camera) to ground truth species
omposition.

. Conclusions and relevance to management
The use of acoustic survey equipment confers several benefits to
shery-independent surveys of deepwater reef fish. First, it rapidly

dentifies the presence of reef fish habitats that are unmapped or
ynamic (e.g., covered with sand 1 year and exposed the next).
econd, the sampling is adaptive, improving sampling efficiency
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where reef fish aggregations are first identified. This differs from
the only regular (annual) fishery-independent survey of reef fish
in this region, MARMAP. MARMAP uses pre-determined sampling
sites that may or may not harbor reef fish, setting conventional fish-
ing gear on some sites where fisheries acoustics gear might have
instead pre-determined an absence of biomass. Third, estimates
of CPUE from unfished sites are determined from acoustic data.
This confers a substantial advantage in precision of CPUE estimates
because the acoustic sample allows the researcher to estimate CPUE
that is proportional to the intensity of acoustic backscatter at each
site, improving sample size. The techniques advanced here should
be further considered by management agencies charged with mon-
itoring deepwater reef fishes.

We have demonstrated a means by which deepwater reef fishes
in the SUSLME may be sampled in a repeatable, cost-efficient
fashion. This survey design could be efficiently conducted if com-
mercial vessels proximal to protected areas are used to census
deepwater reef fishes. Industry involvement in data collection may
increase their faith in indices of relative abundance of reef fishes
and subsequent management actions (Melvin et al., 2002). Addi-
tionally, harvest of target species is reduced by employing acoustic
methods, and surveys without harvest could be undertaken dur-
ing closed seasons. A towed video camera system has been used
to determine the species composition of demersal fish aggrega-
tions sampled acoustically (Ressler et al., 2009); such verification
of species composition for robust estimates of relative abundance
will be important in developing this method for the reef fishery off
the southeastern United States. Fisheries acoustic gear will likely be
one of the tools used in the collection of data for ecosystem-based
fishery management (Koslow, 2009).

It is not known whether the eight MPAs recently established in
the SUSLME will help restore populations of overfished reef species.
A before-after-control-impact statistical comparison between the
SWMPA and control areas could help answer this question. In 2008,
we collected data from the shelf break portion of SWMPA and a
similarly sized and configured control area that is open to commer-
cial and recreational fishing. Our pre-closure data collections may
be compared to future surveys to determine whether the relative
abundance of deepwater reef species has changed.

Acknowledgements

We thank Tom Burgess for his assistance with this work. Four
anonymous reviewers improved the quality of the manuscript. This
project was funded through North Carolina Sea Grant, project num-
bers 07-FEG-15 and 08-FEG-10.

References

Brandt, S.B., 1996. Acoustic assessment of fish abundance and distribution. In:
Murphy, B.R., Willis, D.W. (Eds.), Fisheries Techniques, 2nd edition. American
Fisheries Society, Bethesda, MD, pp. 385–432.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference:
A Practical Information-Theoretic Approach, 2nd edition. Springer-Verlag, New
York, 520 pp.

Cochran, W.G., 1977. Sampling Techniques, 3rd edition. Wiley Series in Probability
and Mathematical Statistics, New York, 428 pp.

Cyterski, M., Ney, J., Duval, M., 2003. Estimation of surplus biomass of clupeids in
Smith Mountain Lake, Virginia. Trans. Am. Fish. Soc. 132, 361–370.

De Robertis, A., Wilson, C.D., 2006. Walleye pollock respond to trawling vessels. ICES
J. Mar. Sci. 63, 514–522.

Ehrenberg, J.E., Torkelson, T.C., 1996. Application of dual-beam and split-beam target
tracking in fisheries acoustics. ICES J. Mar. Sci. 53, 329–334.

Gledhill, C.T., Lyczkowski-Shultz, J., Rademacher, K., Kargard, E., Crist, G., Grace, M.A.,

1996. Evaluation of video and acoustic index methods for assessing reef-fish
populations. ICES J. Mar. Sci. 53, 483–485.

Hanselman, D.H., Quinn III, T.J., 2004. Sampling rockfish populations: adaptive sam-
pling and hydroacoustics. In: Thompson, W.L. (Ed.), Sampling Rare or Elusive
Species: Concepts, Designs, and Techniques for Estimating Population Parame-
ters. Island Press, Washington.



2 ries R

H

K

L

M

M

M

O

tic data in the eastern Bering Sea: a first step toward improving biomass
60 P.J. Rudershausen et al. / Fishe

onkalehto, T., Ryan, T.E., 2003. Analysis of industry acoustic observations of orange
roughy (Hoplostethus atlanticus) spawning aggregations on the Cascade Plateau
off southeastern Tasmania in June and July 2003. CSIRO final report publication,
December 2003.

oslow, J.A., 2009. The role of acoustics in ecosystem-based fishery management.
ICES J. Mar. Sci. 66, 966–973.

ove, R.H., 1977. Target strength of individual fish in any aspect. J. Acoust. Soc. Am.
62, 1397–1403.

acLennan, D.N., Holliday, D.V., 1996. Fisheries and plankton acoustics: past,
present, and future. ICES J. Mar. Sci. 53, 513–516.

cGovern, J.C., Sedberry, G.R., Harris, P.J., 1998. The Status of Reef Fish Stocks off

the Southeast United States, 1983–1996, vol. 50. Gulf and Caribbean Fisheries
Institute, pp. 871–895.

elvin, G., Li, Y., Mayer, L., Clay, A., 2002. Commercial fishing vessels, automated
acoustic logging systems and 3D data visualization. ICES J. Mar. Sci. 59, 179–189.

na, E., Mitson, R.B., 1996. Acoustic sampling and signal processing near the seabed:
the deadzone revisited. ICES J. Mar. Sci. 53, 677–690.
esearch 105 (2010) 254–260

Ressler, P.H., Fleischer, G.W., Wespestad, V.G., Harms, J., 2009. Developing a
commercial vessel-based stock assessment survey methodology for moni-
toring the U.S. west coast rockfish (Sebastes entomelas) stock. Fish. Res. 99,
63–73.

Stanley, R.D., Kieser, R., Cooke, K., Surry, A.M., Mose, B., 2000. Estimation of a widow
rockfish (Sebastes entomelas) shoal off British Columbia, Canada as a joint exer-
cise between stock assessment staff and the fishing industry. ICES J. Mar. Sci. 57,
1035–1049.

Thompson, S.K., 2002. Sampling, 2nd edition. Wiley, New York, 343 pp.
von Szalay, P.G., Somerton, D.A., Kotwicki, S., 2007. Correlating trawl and acous-
estimates of walleye pollock (Theragra chalcogramma) and Pacific cod (Gadus
macrocephalus)? Fish. Res. 86, 77–83.

Wang, Y.-G., Ye, Y., Milton, D.A., 2009. Efficient designs for sampling and sub-
sampling in fisheries research based on ranked sets. ICES J. Mar. Sci. 66,
928–934.


	Developing a two-step fishery-independent design to estimate the relative abundance of deepwater reef fish: Application to...
	Introduction
	Materials and methods
	Study area, fishing gear, equipment settings, and operational procedures
	Processing of acoustic samples
	Model fitting and demonstration

	Results
	Discussion
	Conclusions and relevance to management
	Acknowledgements
	References


