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Abstract—Bottom trawling has been
shown to affect the seafloor and
associated biological communities
around the world. Considerably less
is known about the dynamics of im-
pacts to structural attributes of fish
habitat, particularly in unconsoli-
dated sandy sediments of the con-
tinental shelf. We collaborated with
commercial fishermen to conduct
experimental trawls, with the type
of small-footrope trawl required for
trawling on the continental shelf,
along the 170-m isobath in an area
off Morro Bay in central California.
The bottom trawling intensity we
applied was based on the historical
range of fishing effort in the study
area and included low-intensity and
high-intensity treatments. A remote-
ly operated vehicle was used to col-
lect continuous video and still photo-
graphs in trawled and in untrawled
control plots, before trawling and at
2 weeks, 6 months, and 1 year af-
ter trawling. Scour marks from the
heavy doors of the trawl were ob-
served in the seafloor and persisted
for at least a year. Although data
extracted from the collected imag-
ery showed some smoothing of the
seafloor in trawled plots, the mini-
mal differences between trawled and
control plots in microtopographic
structure on the seafloor were sta-
tistically significant only during one
sampling period. Further, there were
no significant differences between
trawled and untrawled plots with
respect to structure-forming inver-
tebrates (e.g., sea whips) and mobile
invertebrates (e.g., sea stars). The
results of our study, part of ongoing
efforts to understand and manage
fishing impacts, indicate that bottom
trawling with a small-footrope gear
may have limited effects in some
sand habitats.
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The ecological effects of bottom
trawling on continental shelves have
been documented in several regions
of the world (see reviews in Day-
ton et al., 1995; Kaiser et al., 1998;
Watling and Norse, 1998; Auster and
Langton, 1999; NRC, 2002). These ef-
fects include overfishing (NRC, 1999;
Jackson et al., 2001) and bycatch
(Alverson et al., 1994; De Alteris et
al., 2000; Machias et al., 2001; An-
derson and Clark, 2003), as well
as impacts to structural attributes
of the seafloor (Auster et al., 1996;
Lindholm et al., 2004). Indeed, bot-
tom trawling has been described as
the most significant impact on ma-
rine ecosystems below the effective
depth of storm penetration (Dayton
et al., 1995; Watling and Norse, 1998;
NRC, 2002).

In the context of impacts to the

seafloor, it has been established that
bottom trawling can smooth bed-
forms (Hall, 1994; Schwinghamer et
al., 1998), remove structure-form-
ing invertebrate fauna (the bodies
of such organisms provide habitat
structure) (Auster et al., 1996; Col-
lie et al., 1997; Kaiser et al., 2000;
Koslow et al., 2001), and remove
structure-building organisms that
create habitat (such as depressions
in the sediment), as a result of their
normal behavior (Auster and Lang-
ton, 1999). Bedforms and habitat fea-
tures formed or created by organisms
are used by fishes at a variety of life
history stages as refugia from preda-
tors and bottom currents (Auster et
al., 1991; Auster and Langton, 1999;
Stoner and Titgen, 2003).
Observations of the use of sand-
wave habitats on Georges Bank and
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in the western Gulf of Maine by silver hake (Merluc-
cius bilinearis) indicate a strong correlation between
individual fish size and sand-wave period; smaller
fishes use smaller sand waves (Auster et al., 2003a).
Acadian redfish (Sebastes fasciatus) have been seen to
have ontogenetic shifts from physical attributes (piled
boulder reefs) of the seafloor at early life history stag-
es to structure-forming invertebrates (erect Cerianthid
anemones) found in adjacent soft sediment habitats at
late-juvenile stages (Auster et al., 2003b). Sea pens (of
the order Pennatulacea) have been shown to harbor
fish larvae, potentially playing an important role in the
early life history of some redfishes (Sebastes spp.) (Bail-
lon et al., 2012). Sea whips have also been observed to
harbor dense aggregations of Pacific ocean perch (Se-
bastes alutus) in the Bering Sea (Brodeur, 2001). In
California, Hallenbeck et al. (2012), using a remotely
operated vehicle (ROV), found higher densities of small
fishes and invertebrate fauna inside naturally occur-
ring rippled scour depressions than densities in low-re-
lief habitats outside these depressions. These features
are now known to occur across the continental shelf
of California in sandy substrates (Davis et al., 2013).
Further, structural attributes of the seafloor have been
shown to enhance survival of postsettlement demersal
fishes, both in laboratory experiments (Lindholm et al.,
1999) and in field studies (Tupper and Boutilier, 1995).

Literature on the ecological effects of bottom trawl-
ing has grown over the past twenty years. There is
some evidence that low-relief sandy environments re-
cover more quickly after cessation of trawling than
higher-relief hard substrates and the fauna associated
them (NRC, 2002; Barnes and Thomas, 2005). The dy-
namics of recovery from trawling within soft sediments
are less clear. Studies in which bottom grabs were used
to sample organisms in unconsolidated sediments have
revealed a measurable impact from trawling on an in-
faunal community in the North Sea from a single pass
of a beam trawl, even in an environment that had
been trawled heavily for decades (Reiss et al., 2009),
but in a study in South Africa, no measurable impacts
of additional trawling to the epifaunal community in a
continuously trawled area (Atkinson et al., 2011). On
Georges Bank, Lindholm et al. (2004) observed trawl-
ing impacts to sand habitats below the 60-m isobath
in imagery collected with a video drift camera, but no
impact was evident at depths shallower than 60 m in
sand habitats, where grain sizes were similar to those
in the deeper habitats where regular storm and tidal
currents re-sorted the sediment. Important questions
remain, particularly with respect to the effects of bot-
tom trawling on the structural attributes of seafloor
habitat in unconsolidated sediments.

Insight into the ecological effects of bottom trawl-
ing in unconsolidated sandy sediments is particularly
important for California, where more than 80% of the
continental shelf comprises sand (Allen et al., 2006)
and bottom trawling has been an important component
of the groundfish fishery. However, a limitation com-

mon to the few existing studies of impacts of trawling
along the West Coast of the United States (Engel and
Kvitek, 1998; Freese et al., 1999; McConnaughey et al.,
2000; Hixon and Tissot, 2007; de Marignac et al., 2009)
was the fact that trawling effort was not controlled as
part of these studies. These studies, although instruc-
tive, have been either 1) snapshots based on data col-
lected after trawling, 2) studies with little knowledge of
the intensity of trawling effort in the area studied, or
3) both. Available historical data on the distribution of
trawling rarely exist, especially with the level of preci-
sion in georeferenced track lines that are critical for
the accurate quantification of impacts to the seafloor;
most available historical data occur as averaged esti-
mates of trawling intensity across large areas (Bellman
et al., 2005; Mason et al., 2012).

California has a long history of bottom trawling, and
many ports have relied on landings of trawl-caught
groundfishes. However, because of various regulatory
and socioeconomic factors, trawling effort has shifted
spatially and has diminished in recent years (Bellman
et. al., 2005; Mason et. al., 2012). Regulations on the
design of bottom-trawl gear have resulted in much of
the effort shifting away from rocky habitats (Bellman
et al., 2005). One regulation in particular restricted the
diameter of trawl footrope gear that was allowed for
use along the continental shelf. This regulation, enact-
ed by the Pacific Fishery Management Council in 2000,
required trawl vessels to use small-footrope gear (<20
cm in diameter) along the continental shelf, therefore,
inhibiting the use of large-footrope gear that can pass
over rocky terrain (Dalton, 1999). The level of trawl-
ing effort (number of active trawl permits) has also
been reduced over the last decade because of a federal
trawl buy back, and private purchase of trawl permits
in the Central Coast (Gleason et al., 2009). The trawl
fishery recently transitioned to an individual transfer-
able quota (ITQ) system, and there is increasing use of
nontrawl fixed gear that produces consistently higher
prices for groundfishes and is intended to reduce by-
catch of overfished species. However, trawling is still
the primary way to catch flatfish and remains an im-
portant component of California fisheries (Hilborn et
al., 2012).

The type and intensity of impact of bottom trawling
on the seafloor and associated ecological communities
are significant for effective management of trawling
activities. As of this writing, state and federal man-
agement agencies have implemented closures of broad
areas; these closures have limited the current trawl-
ing but also have constrained commercial fisheries and
reduced landings and local seafood supply (Hilborn et
al., 2012). A ban on trawling in California state wa-
ters, with the exception of some halibut trawl grounds,
was implemented through state legislation that was
enacted in 2004 (Calif. State Legislature, 2004). The
Rockfish Conservation Area (RCA), established from
2002 to 2007 and extending from northern Washington
to southern California, excludes trawling to help re-
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building efforts for overfished stocks and has resulted
in displacement of some trawling effort (Bellman et al.,
2005). Federal closures for trawl fishing in additional
areas were established in 2006 to protect essential fish
habitat (Copps et al., 2008; Gleason et al., 2013). To-
gether, these closures to trawling protect 61% of shelf
and slope habitat from bottom trawling in central Cali-
fornia, between Point Conception and Point Reyes from
the shore to a depth of 2000 m).

In this study, we collaborated with members of the
commercial fishing industry to conduct experimental
trawling with small-footrope gear at known intensities
in the unconsolidated sediments of the outer continental
shelf off Point Buchon and Morro Bay in central Califor-
nia. This directed trawling allowed us to quantify, with
a high degree of confidence, the impacts to physical and
biological attributes of fish habitat in the study area.

Materials and methods
Data collection

The primary study area was located on the outer con-
tinental shelf off Point Buchon and Morro Bay (Fig.
1). This study area was selected after discussions with
members of the commercial fishing industry in Morro
Bay and was situated immediately shoreward of the
federal RCA at the shelf-slope break in a location
that was historically trawled for flatfish, such as the
petrale sole (Eopsetta jordani) and Dover sole (Micro-
stomus pacificus). The study area had not been trawled
commercially since before 2000, according to vessel
monitoring system data (Masonl; Mason et al., 2012).
Prospecting with an ROV in 2008 and multibeam sonar
in 2009 revealed that the area comprises low-relief, un-
consolidated sediments. Our study was conducted be-
tween 2009 and 2012; in 2012, additional surveys were
conducted with an ROV along transects to the north
and south of the study area to compare different sub-
strates and biological communities at other locations
along the shelf (Fig. 1).

Along the 170-m isobath, 8 paired study plots were
identified (Fig. 1). Each plot measured approximately
1000 m by 300 m, and 500 m separated each adjacent
plot. Plots were numbered from 1 to 8 consecutively
from north to south; plots 3, 4, 7, and 8 were experi-
mentally trawled plots, and plots 1, 2, 5 and 6 were
untrawled (or control) plots.

Experimental trawling

All trawling activities were conducted aboard FV South
Bay, a 16.8-m trawler that operated from Morro Bay.
The South Bay was equipped with a bottom trawl that
had a small footrope, in accordance with gear require-

1 Mason, J. 2008. Personal commun. Pacific Fisheries Envi-
ronmental Laboratory, Southwest Fisheries Science Center, Na-
tional Marine Fisheries Service, NOAA, Pacific Grove, CA 93950.

ments under federal regulations for trawling shoreward
of the RCA. The trawl design consisted of a 2-bridle
trawl with a fishing circle of 300 meshes and a mesh
size of 11.6 cm. The funnel tapered down to the co-
dend at a 2:1 cutting ratio, and the mesh size at the
codend was 11.4 cm. The footrope was configured with
“mudgear” discs that measured 20.3 and 10.2 cm in di-
ameter. The larger 20.3-cm-diameter discs were spaced
evenly along the footrope at 1-m intervals, allowing the
smaller 10.2-cm-diameter discs to ride above the sea-
floor. The net was held open by trawl doors, each mea-
suring 1.1 by 1.4 m and weighing approximately 315
kg. Trawling operations were conducted at a speed of
2.1 knots, which is the speed typically used to harvest
most flatfishes and soles (Bothidae and Pleuronectidae)
in the federal groundfish fishery. An exception to this
typical speed is that speeds of 3.0-4.0 knots are used to
harvest California halibut (Paralichthys californicus) in
the state-managed fishery for that particular species. At
the speed used for this study, the trawl doors spread the
net width to 55 m and the net height to 2.4 m.

Experimental trawling operations were divided into
2 treatments according to intensity of effort: low inten-
sity and high intensity. The 2 treatments were designed
to broadly reflect the range of effort applied histori-
cally to the seafloor in the study area, on the basis of
published records (Mason et al., 2012) and unpublished
data collected by NOAA Fisheries (Mason!). The num-
ber of trawl passes per treatment was calculated by
using the width of the study plots and the width of the
trawl doors on the seafloor when underway. The low-
intensity treatment (October 2009) featured enough
passes through the study plots to ensure that every
square meter of each plot was trawled 3 times. The
high-intensity treatment (October 2010) doubled that
effort on the same plots so that each plot was impacted
an additional 5 times, for a total of 8 passes. For lo-
gistical reasons, the high-intensity trawling effort was
applied to the previously trawled plots and, therefore,
reflects 2 years of directed trawling. To minimize the
number of times the trawl gear was deployed and re-
covered during each treatment and to avoid accidental-
ly trawling in control plots, adjacent plots were paired
such that the trawl would remain on the seafloor from
the beginning of plot 3 to the end of plot 4, and the
same protocol followed at plots 7 and 8 (Fig. 1).

Imagery collection

Video and still imagery of the seafloor were collected
with a Vector L4 ROV (Deep Ocean Engineering, Inc.,
San Jose, CA) equipped with 3 georeferenced cameras
(forward-looking video, down-looking video, and digi-
tal still camera), 2 quartz halogen and 2 hydrargyrum
medium-arc iodide lights, paired forward- and down-
looking lasers, and a strobe for enhancement of still
photographs. The ROV was also equipped with an al-
timeter and forward-facing multibeam sonar. The posi-
tion of the ROV on the seafloor was maintained with
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North reference site

Experimental
trawing sites

Point Buchon

Avila

Figure 1

Map of the study area in waters off Point Buchon and Morro Bay in central California, where 4 con-
trol plots (black) and 4 trawled plots (white) were sampled between 2009 and 2012 and grouped into 4
analysis units (dotted lines). North and south reference sites (shown) were sampled in May 2012. Also
included are the state waters boundary (black line) and the extent of the Rockfish Conservation Area

(hatched area).

a Trackpoint 3 acoustic positioning system (EdgeTech,
West Wareham, MA) and the resulting coordinates
were logged into Hypack navigational software, vers.
2010 (Hypack, Inc., Middletown, CT). The ROV was
“flown” over the seafloor at a mean altitude of 0.8 m
and a speed of approximately 0.6 knots.

A before-after-control-impact (BACI) sampling de-
sign was employed for these visual surveys. Surveys
of the 8 study plots were conducted with the ROV in
September 2009, immediately before the low-intensity
trawling treatment. Subsequent ROV surveys were
conducted 2-weeks after trawling (November 2009), 6
months after trawling (April 2010), and 1 year after
trawling (September 2010). Visual surveys were again
conducted with the ROV at 2-weeks (November 2010),
6 months (May 2011), 1 year (September 2011), and
1.5 years (May 2012) after the high-intensity trawling.
During the final ROV surveys in May 2012, 3 addi-
tional transects were surveyed at similar depths to the
north and south of the study area (Fig. 1) to explore
the extent to which the substrate and biological com-

munity in the study area was reflective of the broader
region of the central California coast.

During each sampling period, 3 transects in each
study plot were surveyed with an ROV. Each ROV
transect measured approximately 300 m in length (20
min in duration) as determined by species and habitat
accumulation curves plotted from data collected previ-
ously in soft sediment communities (Lindholm et al.,
2004, 2009; de Marignac et al., 2009) and from a review
of preliminary data collected in the study area in the
fall of 2008. Surveys were initiated on transects ran-
domly from a set of pre-existing starting points located
at either the northwest or southeast ends of each study
plot. Determination of the starting point of a plot de-
pended on local conditions at the time of the dive so
that any effect of currents and wind was minimized.
After the starting point of a plot was determined, a
random number generator selected a starting point
from among twenty potential points, and the ROV sub-
sequently followed the 170-m isobath across the long
axis of the study plot.
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Digital still photographs were taken at 1-min inter-
vals along each transect for a minimum of 20 photo-
graphs. Each still photograph covered an area of ap-
proximately 0.42 m2. Paired, parallel, down-looking
lasers (spaced 10 cm apart on the ROV) provided a con-
sistent reference for still photographs to maintain con-
stancy in area of coverage for each image and to size
individual organisms where possible. Still photographs
were used to assess the primary metrics of the study,
namely 1) the percent cover of microtopographic fea-
tures, meaning the proportion of the seafloor that had
an elevation, burrow, or other microtopographic feature,
2) density of structure-forming macro-invertebrates,
and 3) density of selected mobile macro-invertebrates.

From our observations across multiple ROV surveys,
we determined that the microtopographic complexity
in the unconsolidated sandy sediments at the study
depths primarily resulted from bioturbation. Bioturba-
tion in this context refers to deviations from the plane
of the sediment—water interface (such as ridges and
mounds, burrows and hole) created by the movement
of organisms such as sea stars and fishes or organisms
such as mud urchins through the upper centimeters of
the sediment. Small features that result from biotur-
bation can serve as habitat for demersal fishes from
a variety of species, including many flatfishes found
in the study area. Digital still photographs were used
to quantify the spatial extent of microtopographic fea-
tures (i.e., bioturbation) in each of the 8 study plots.
The percent area covered was quantified for each still
photograph with a digitally rendered grid that was 5
by 5 cm and was superimposed over each photograph.
Any cell in which a microtopographic feature was evi-
dent was counted.

Digital still photographs also were used to quan-
tify the density of benthic invertebrate species in
each study plot. Structure-forming organisms (such
as those found in the study area, primarily sea pens,
sea whips, and anemones) are erect, mostly sedentary
creatures that extend above the plane of the sediment
and provide potential habitat structure for fishes and
mobile invertebrates. Mobile organisms, including
crabs, urchins, and sea stars, move along and across
the plane of the sediment, providing transient habitat
themselves (e.g., for small fish seeking cover adjacent
to larger sea stars) and altering the sediment itself,
as described previously. Densities of both structure-
forming and mobile invertebrates were extracted from
digital still photographs. Every organism that occurred
in still photographs was counted and identified to the
lowest taxonomic level possible and then grouped by
taxon or mobility for analyses.

Data analyses

Although a BACI sampling design was planned (similar
to the one used by Pitcher et al., 2009) with 8 random-
ly distributed plots, the limitations, described previ-
ously, in the distribution of trawling effort across those

plots required that we alter our analytical approach.
To optimize our ability to detect statistical differences
among paired plots and across years and to reduce the
probability of a type-II error, we randomly selected
50 photographs from each of 4 pairs of adjacent plots
for each treatment (identified as analysis units in Fig.
1) so that independent samples would be distributed
across the entire study area and across time. This prac-
tice effectively reduced the number of replicates for
each treatment from 4 plots to 2 pairs of adjacent plots
and allowed for a greatly improved number of samples
(N), when compared with a transect-based approach:
N=1600 for treatment-wide analyses, and N=200 for
year-to-year comparisons. This approach also reduced
the effect of spatial autocorrelation in data collected
along sequential transects and eliminated any inflated
statistical significance due to psuedoreplication (Hurl-
bert, 1984).

We used the 2-proportion Z-test to determine wheth-
er the hypothesized difference between population pro-
portions (arcsine transformed) in microtopographic
structure varied significantly between trawled and con-
trol plots and within treatments (high-intensity or low-
intensity trawling effort) over time. T-tests were used
to test for any differences in the densities of structure-
forming macroinvertebrates and mobile macroinverte-
brates between trawled and control plots and within
treatments over time. Post-hoc power analyses were
conducted with the statistical program R, vers. 3.1.0
(R Core Team, 2014) on the Z-test and #-tests for the 3
primary metrics to evaluate the power of each test to
detect significant differences, particularly given the low
densities observed for sessile, structure-forming inver-
tebrates and for mobile invertebrates.

Results

From September 2009 to May 2012, ROV surveys were
completed along 297 transects in the study area, and
6200 still photographs were taken on transects (an
additional 11,000 photographs were taken to support
species identifications and to capture unique features).
From those still photographs, we extracted data on 38
invertebrate species from 5 phyla—anthozoans (10),
echinoderms (11), molluscs (11), crustaceans (3), and
annelids (3). Polychaete worms (Chloeia pinnata) were
numerically dominant, followed closely by several spe-
cies of brittle stars (phylum Echinodermata: class
Ophiuroidea), all of which occurred on the surface of
the sediment in dense but spatially and temporally
variable patches.

Temporal and spatial variability

Although overall density of these observed species was
low (fractions of individuals per square meter) in the
study area, temporal variability in the densities of se-
lected invertebrate taxa was considerable across sam-
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Figure 2

Temporal variability in mean density (individuals m~2) of 6 members of the invertebrate commu-
nity found in the study plots, both control (untrawled) and trawled surveyed off central California
between 2009 and 2012. The 6 groups of invertebrates shown are (A) scale worms (polychaetes),
(B) brittle stars (ophiuroids), (C) sea slugs (notaspideans), (D) octopuses (octopods), (E) squids
(teuthids), and (F) sea stars (asteroids). Note that the scale on the y-axis differs among plots. Indi-
cated with error bars, 95% confidence intervals are provided for the organisms with densities >10
individuals m~2 (worms and brittle stars).
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after low-intensity trawling.

Figure 3

Photographs of scour marks created by doors of the bottom trawl used in this study conducted off central California.
Images were taken (A) in November 2009, immediately after low-intensity trawling, and (B) in September 2010, 1 year

pling periods and seasons (Figs. 2, A-F). The densities
of polychaete worms (Fig. 2A) peaked during 3 separate
sampling periods during 2 separate seasons; the larg-
est peak (480 individuals m~2 occurred in September
2009, followed by smaller peaks in May 2011 (430 indi-
viduals m-2) and May 2012 (390 individuals m-2). No
polychaetes were observed in either November 2009 or
November 2010. Occurrence of brittle stars (Fig. 2B)
was observed at much lower densities. For example,
absent from the study area in September and Novem-
ber 2009, brittle stars were present during every other
sampling period, peaking at 60 individuals m-2 in Sep-
tember 2011. Other organisms, including notaspideans
(Fig. 2C), octopods (Fig. 2D), teuthids (Fig. 2E), and as-
teroids (Fig. 2F) were present in very small, although
variable, densities over the course of our study.

In the broader study area, the north reference site
(Fig. 1) had an assemblage of sessile invertebrates that
was similar to the assemblage in the primary study
area, including sea whips (Halipteris spp.), sea pens
(Ptilosarcus gurneyi, Pennatula spp., and Stylatula
spp.), and anemones (Halcampidae, Urticina spp., and
Pachycerianthus fimbriatus). The south reference site
had invertebrates that were more mobile, primarily
ocean shrimp (Pandalus jordani), that were rarely ob-
served in the study plots. However, it should be noted
that the amount of recent trawling effort in the north
and south reference sites was unknown.

Low-intensity trawling

Trawl doors can create scour marks (or troughs) in the
sediment as they are towed along the bottom of the

seafloor. Scour marks from the low-intensity trawling
effort were clearly evident in the sediment immediate-
ly after the directed trawling (Fig. 3A) and were still
present 1 year after trawling in September 2010 (Fig.
3B). Demersal fishes, mobile invertebrates, and drift
kelp were all observed in and immediately adjacent to
these scour marks.

The mean percent cover of microtopographic fea-
tures was similar between the trawled and control
plots in September 2009 before the directed trawling,
at 75% and 72%, respectively (Fig. 4A). Immediately
following the low-intensity trawling treatment, the
percent cover of microtopographic features in control
and trawled plots diverged but did not differ statis-
tically (Z=0.109, P=0.460). The mean percent cover of
microtopographic features in the trawled plots declined
by 15%. Interestingly, the percent cover also declined
after trawling in the control plots, although by an
amount (9%) lower than the decrease in the trawled
plots. The small but insignificant difference in complex-
ity (Z=0.096, P=0.464) between trawled and control
plots persisted at 6 months after trawling, but values
in both types of plots stabilized. In August 2010, at 1
year after trawling, the mean percent cover of micro-
topographic features declined in both groups of plots
over the 6-month period (15% and 17% in control and
trawled plots, respectively) but were not significantly
different (Z=0.156, P=0.440). The cumulative decline in
mean percent cover at 1 year after trawling was —24%
and —-31% in control and trawled plots, respectively.

The densities of both sessile, structure-forming (Fig.
4B) and mobile (Fig. 4C) macro-invertebrates were very
low in both trawled and control plots before and after
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Figure 4

Results from visual surveys conducted with a remotely operated vehicle between 2009 and 2012 at
control (untrawled) and trawled plots before and after low- and high-intensity experimental trawl-
ing across the primary study area in waters off Point Buchon and Morro Bay in central California:
(A) percent cover of microtopography with bioturbation, (B) density of sessile invertebrates, and
(C) density of mobile invertebrates, Also shown are values from surveys completed in May 2012 at
reference sites north and south of the main study area. Error bars indicate 95% confidence intervals.
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low-intensity trawling. The densities of sessile inverte-
brates, which peaked at 2.3 individuals 100 m-2, were
not significantly different between trawled and control
plots at any point over the study period. The densities
of mobile macro-invertebrates were higher, peaking at
220 individuals 100 m~2 but did not differ significantly
between trawled and control plots after low-intensity
trawling activities.

High-intensity trawling

Scour marks were immediately visible on the substrate
during visual surveys conducted 2 weeks after high-
intensity trawling—an observation consistent with
those of the condition of the seafloor after low-intensity
trawling. The mean percent cover of microtopographic
complexity features (Fig. 4A) was not significantly dif-
ferent between the trawled and untrawled plots in Au-
gust 2010, 1 year after low-intensity trawling and ap-
proximately one month before the directed trawling in
the same study plots at a higher intensity. Immediately
after high-intensity trawling, the mean percent cover
microtopographic features in both control and trawled
plots declined precipitously, 27% and 25% respectively,
but did not differ statistically (Z=0.015, P=0.496).

However, in May 2011, at 6 months after high-in-
tensity trawling, the mean percent cover of microto-
pographic features had increased in both trawled and
control plots, and a significant increase of 24% in the
control plots versus 4% in the trawled plots (Z=2.802,
P=0.003). At 1 year after trawling, the mean percent
cover had declined again in both types of plots to 37%
in control plots and 27% in trawled plots and did not
differ statistically (Z=0.675, P=0.251). In May 2012,
approximately 1.5 years after trawling, mean percent
cover had declined further in both control and trawled
plots to 22.2% and 19.4%, respectively. The overall de-
cline in mean percent cover of microtopographic fea-
tures after the cumulative impact of both low- and
high-intensity trawling was -53.96% and -52.43% in
control and trawled plots, respectively.

The densities of both structure-forming (Fig. 4B) and
mobile (Fig. 4C) macroinvertebrate organisms continued
to be very low in both trawled and control plots after
high-intensity trawling. The densities of structure-form-
ing invertebrates, which peaked at 0.026 individuals 100
m~2 in the control plots, were not significantly differ-
ent between trawled and control plots at any point of
the study period. The densities of mobile macroinverte-
brates did not differ significantly between trawled and
control plots after high-intensity trawling activities.

Power analyses

The results of power analyses (Fig. 5) for our revised
sampling design for both overall comparisons (N=1600)
and year-to-year comparisons (N=200) indicated that
our ability to detect an impact from trawling on mi-
crotopographic structure with the Z-test was substan-

tial and, therefore, that even a small effect (0.2, as per
Lipsey, 1990) would be clearly discernible. That high
power declined very little with the ¢-tests (Fig. 5) for
identification of trawling effects on the densities of both
structure-forming and mobile macro-invertebrates.

Discussion

We aimed to quantify impacts of bottom trawling on
the structural attributes of fish habitat in unconsoli-
dated sandy sediments on the continental shelf off cen-
tral California. The persistence of scour marks from
the doors of the small-footrope bottom trawl was the
primary impact observed in our study. Some smooth-
ing of microtopographic structure on the seafloor was
observed in the trawled plots compared with control
plots (as measured by reductions in the percentage of
the seafloor that was observed to have bioturbation).
However, the minimal differences in microtopographic
structure were statistically significant only during one
of 8 sampling periods over the course of this study.
Further, even with a high statistical power to discern
such effects, no impacts from bottom trawling were
observed in the densities of sessile, structure-forming
invertebrates, declines of which are a common indica-
tor of trawling impacts on fish habitat in other stud-
ies worldwide (Auster and Langton, 1999; Kaiser et al.,
2002; Barnes and Thomas, 2005; Hiddink et al., 2007).
Given the considerable variability observed in the den-
sities of mobile macro invertebrates in the study area,
no significant differences attributable to trawling ex-
isted between trawled and control plots.
Microtopographic features on the seafloor have been
shown to provide habitat for demersal fishes of a vari-
ety of species (Auster et al., 1995; Auster et al., 1997;
Malatesta and Auster, 1999; Tissot et al., 2006), creat-
ing the potential for larger, population-scale impacts
from bottom trawling (Lindholm et al., 2001; Rooper
et al., 2011). Much of the global literature on the ef-
fects of bottom trawling has focused on hard substrates
(NRC, 2002) and associated high-relief structural
attributes (Freese et al., 1999; Henry et al., 2006;
Stone, 2006; Hiddink et al., 2006; Althaus et al., 2009).
The comparatively limited structural attributes in low-
relief, unconsolidated sediments (such as sand waves
and depressions or burrows) still can provide impor-
tant refugia for fishes (Auster et al., 1997; Gerstner,
1998; Gerstner and Webb, 1998; Sanchez et al, 2000).
We expected that impacts to the structural attributes
of fish habitat, including physical (microtopographic)
and biological (densities of structure-forming inverte-
brate) features would be discernible by a difference
between control and trawled plots after low-intensity
bottom trawling and that the difference would increase
following high-intensity trawling. These predictions
were based on our understanding of seafloor impacts
from other studies (Auster et al., 1996; Engel and Kvi-
tek, 1998; Hixon and Tissot, 2007; de Marignac et al.,
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Power

Sample size

Figure 5

Power curves for Z-test conducted on percent cover of microtopographic
features (solid curve) and ¢-tests conducted on densities of sessile and
mobile invertebrates (dotted curve) from surveys conducted off central
California between 2009 and 2012. The x-axis was log transformed to
resolve differences between the 2 curves. The sample size for all 3 met-
rics is also provided for overall tests (vertical dashed and dotted lines)
and interannual comparisons (vertical dotted line).

2009), global reviews (e.g., Auster and Langton, 1999;
Hall, 1994; NRC, 2002; Barnes and Thomas, 2005), and
the fact that, at a depth of 170 m, the entire study area
was well below the effective depth of storm penetra-
tion. For instance, elsewhere along the central coast of
California, approximately 375 km to the north of Morro
Bay, de Marignac et al. (2009) conducted a study at
similar depths and with similar substrate composition
and found that numbers of biogenic mounds and de-
pressions were significantly higher in a recovering area
than in an area that continued to be actively trawled.

Yet the expectation of clearly discernible impacts on
the seafloor was largely not borne out by the results of
our study. After low-intensity trawling, the small but
persistent difference in the microtopographic complex-
ity of the seafloor between control and trawled plots
was indicative of an impact from bottom trawling. We
attributed this difference to the smoothing of habitat
features by the trawl footrope as it passed over the bot-
tom of the seafloor (Auster and Langton, 1999), as well
as to the removal of the mobile organisms responsible
for bioturbation of the sediment (Lohrer et al., 2004;
Meysman et al., 2006). However, the difference was not
statistically significant in our analyses, despite a high
statistical power (Fig. 5). We expected that any impact

from trawling would be most pronounced in this study
after high-intensity trawling was conducted a year lat-
er at the same study plots; however, the trajectories
of the differences in microtopographic complexity at
the control and trawled plots were even less clear than
those for plots where low-intensity trawling was con-
ducted, converging at 2 weeks after trawling, increas-
ing while diverging significantly at 6 months, and then
converging again at 1 year after trawling.

Insofar as our trawling activities represented a type-I
disturbance, where a relatively small disturbed area is
surrounded on one or more sides by undisturbed habitats
or organisms (Connell and Keough, 1985), it is possible
that the lack of a significant impact to microtopographic
structure on the seafloor resulted from the rapid colo-
nization of the patches by bioturbating organisms from
surrounding areas. This colonization may also explain
why the temporal variation in the data was more pro-
nounced than the spatial variation. Despite the minimal
reduction in microtopographic complexity observed in
the trawled plots, we did find, on a larger scale, altera-
tion of the seafloor in the form of scour marks from trawl
doors that were visible immediately after both low- and
high-intensity trawling and that persisted for up to a
year after low-intensity trawling.
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The persistence of these tracks is not without prec-
edent (Friedlander et al., 1999), yet the ecological ef-
fects of these scour marks, which we estimated to be up
to 20 cm wide and 10 cm deep and to extend for many
meters, are not known. Still, scour marks do represent
an alteration of the seafloor. They could positively af-
fect organisms through mobilization of key prey items
(Shephard et al., 2009) or creation of additional habitat
structure (Kaiser and Spencer, 1994). Conversely, the
scour marks could negatively affect organisms depend-
ing on the nature and extent of their association with
the seafloor and the substrate type.

Our expectations also were not borne out with re-
spect to densities of sessile, structure-forming macro-
invertebrates. Biogenic structures on the seafloor have
been shown to be important for demersal and ben-
thic fishes at multiple life history stages (Baillon et
al., 2012; Auster et al., 2003a). However, in our study,
there were no significant differences between control
and trawled plots with respect to densities of sessile
macroinvertebrates, which were already at relatively
low densities at the start of the study. Further, the
densities of mobile invertebrates varied considerably
over the course of our study but did not differ signifi-
cantly between levels observed at control and trawled
plots with either low- or high-intensity trawling effort.
A brief investigation of infaunal organisms conducted
as part of this study (Kitaguchi, 2011) also revealed no
differences.

Most of the invertebrate groups that we assessed
had low densities but showed high spatial and tempo-
ral variability. Polychaete worms and ophiuroids were
especially patchy and variable in their distributions.
Information on the dynamics of organisms in and on
unconsolidated sediments of the outer continental
shelf off the central California coast continues to be
very limited, despite the fact that unconsolidated sedi-
ments characterize more than 80% of the continental
shelf in California (Allen et al., 2006). Indeed, the
dominant characterization of communities on soft sedi-
ments worldwide has been one of patchiness at mul-
tiple scales (Morrisey et al., 1992; Oliver et al., 2011),
where the distributions of organisms are frequently
more diffuse than the distributions of species associ-
ated with shallow-water reefs where habitats are more
discrete.

With this considerable variability as a backdrop, we
detected no anthropogenic impact from bottom trawling
despite the precisely georeferenced trawling effort and
post-trawling ROV surveys. However, we expect that
the time series data on invertebrate communities (both
sessile and mobile) collected as part of this project will
ultimately enhance our understanding of the ecology of
organisms in unconsolidated sediments, including sea-
sonal and interannual variability in the distribution of
mobile and epibenthic invertebrates, the patchiness of
opportunistic organisms, and interannual variability in
invertebrate community structure.

The results of any field research project, as well as

the implications of those results, must ultimately be
contextualized by a variety of factors. We planned sta-
tistical analyses to maximize our chances to capture
moderate-to-large effects on trawling metrics. This rel-
atively high statistical power strongly indicates that
moderate to large impacts to the metrics that we ana-
lyzed would have been detected if they had occurred.
However, the very limited impacts of bottom trawling
to the seafloor that we observed must be considered in
light of 2 primary factors: the use of a small-footrope
bottom and the location of the study area in unconsoli-
dated sand sediments.

The small-footrope gear was used at 2 distinct trawl-
ing intensities (3 and 8 times per trawled plot) that
were designed to reflect the low to moderate intensity
trawling historically seen in the region off central Cali-
fornia (Mason et al., 2012). Yet, with the heterogeneous
distribution of trawling effort among fishing vessels,
and more specifically, regular focusing of that effort on
favored locations that differ among captains, some ar-
eas of the seafloor may be impacted more intensively
(Auster et al., 1996; Mason et al., 2012). Additionally,
much of the historic effort (trawling before the imple-
mentation of the federal requirement for small-footrope
gear along the continental shelf in 2000) in the study
area was prosecuted with a variety of bottom trawls,
most of them likely employing larger footrope gear and
heavier trawl doors than those on the bottom trawls
that we used in our study. As such, the required small-
footrope gear may cause less impact than heavier gear,
and therefore the extent to which the lack of impacts
that we observed can be extrapolated to other gear
types is potentially limited.

Substrate type is also an important factor that must
be considered in any extrapolation of the results of our
study, as is the behavior of the organisms found in the
study area. Our study was located on the outer con-
tinental shelf in an area characterized by low-relief,
unconsolidated sandy sediments of relatively low di-
versity (Oliver et al., 2011). We considered the area
to be broadly representative of the shelf to the north
and south of the study area on the basis of prelimi-
nary exploratory surveys completed before this study
began and on the basis of additional research that we
completed elsewhere along the coast. The additional
reference sites that we sampled in May 2012 (Fig. 1)
appeared to be similar to the study area with respect
to the percent cover of microtopographic features (Fig.
4A). However, the density of sessile invertebrates was
higher at the north reference site (Fig. 4B), and the
density of mobile invertebrates was higher at both ref-
erence sites compared with results in the study area
(Fig. 4C). Again, the patchiness in the distribution of
organisms on the continental shelf may explain these
differences, and organism responses to trawling may
also play a role. A study by Troffe et al. (2005) sug-
gested that sea whips of the same genus observed in
our study may have the ability to rebound after be-
ing knocked over by a passing bottom trawl; however,
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Malecha and Stone (2009) found that recovery of sea
whips damaged by trawling was limited.

We focused on the potential impacts of bottom trawl-
ing with small-footrope gear on fish habitat on the sea-
floor off central California. In the context of ongoing
efforts to understand and manage fishing impacts (Din-
more et al., 2003; Hannah, 2003; Bellman et al., 2005;
Ellis et al., 2008; Hourigan, 2009; de Juan and Lieon-
art, 2010), the results of our study indicate that bottom
trawling with small-footrope gear may have limited im-
pacts in sandy habitats of the outer continental shelf
in California. Although the global literature clearly in-
dicates that communities on hard substrates are more
vulnerable to bottom trawling (see reviews in Dayton
et al., 1995; Kaiser et al., 1998; Watling and Norse,
1998; NRC, 2002; Barnes and Thomas, 2005), the lack
of impacts to unconsolidated sandy sediments at a
depth of 170 m as observed in this study indicates that
this type of sediment is much less vulnerable, at least
at the level of fishing effort undertaken for this study
with a bottom trawl that met the federal requirement
of a small footrope (<20 cm in diameter). Identification
of habitats and depth zones appropriate for bottom
trawling in the “working seascape” among closed areas
will be important for efforts to balance regulations of
local seafood and fish landings and the needs of fisher-
men’s livelihoods with environmental impacts of trawl-
ing across the continental shelf and slope habitats.
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