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a b s t r a c t

Anthropogenic marine debris is an increasing concern because of its potential negative impacts on
marine ecosystems. This is a global problem that will have lasting effects for many reasons, including: (1)
the input of debris into marine environments is likely to continue (commensurate with population
increase and globalization), (2) accumulation, and possibly retention, of debris will occur in specific areas
due to hydrography and geomorphology, and (3) the most common types of debris observed to date will
likely persist for centuries. Due to the technical challenges and prohibitive costs of conducting research
in the deep sea, little is known about the abundance, types, sources, and impacts of human refuse on this
vast habitat, and the extreme depths to which this debris is penetrating has only recently been exposed.
We reviewed 1149 video records of marine debris from 22 years of remotely operated vehicle
deployments in Monterey Bay, covering depths from 25 m to 3971 m. We characterize debris by type,
examine patterns of distribution, and discuss potential sources and dispersal mechanisms. Debris was
most abundant within Monterey Canyon where aggregation and downslope transport of debris from the
continental shelf are enhanced by natural canyon dynamics. The majority of debris was plastic (33%) and
metal (23%). The highest relative frequencies of plastic and metal observations occurred below 2000 m,
indicating that previous studies may greatly underestimate the extent of anthropogenic marine debris on
the seafloor due to limitations in observing deeper regions. Our findings provide evidence that
submarine canyons function to collect debris and act as conduits for debris transport from coastal to
deep-sea habitats.

& 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The increasing rate of anthropogenic marine debris input into
the ocean is of global concern due to economic and ecological
impacts to coastal, pelagic, and benthic habitats (Ryan and
Moloney, 1993; Laist, 1997; Derraik, 2002; Thompson et al.,
2004; Barnes and Milner, 2005; Sheavly and Register, 2007;
Moore, 2008; Gregory, 2009; Ryan et al., 2009; Bergmann and
Klages, 2012). Sources, fates, and impacts of marine debris are not
well understood due to the wide variety and abundance of debris
encountered and the difficulty of conducting research in, and
enforcing management of, such vast and variable habitats (Barnes
et al., 2009; NAS, 2009; Ryan et al., 2009; Ramirez-Llodra et al.,
2011). Marine debris was technically defined by UNEP (2009) as
ublished by Elsevier Ltd. All rights
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Works License, which per-

ion in any medium, provided
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“any persistent manufactured or processed solid material dis-
carded, disposed of or abandoned in the marine environment”,
and described perhaps more acutely by Moore and Allen (2000) as
“a visible expression of human impact on the marine environ-
ment”. These impacts, so clearly manifested on shorelines and
sandy beaches are not yet as obvious on the seafloor, but are likely
to be as detrimental to ecosystem function (Hess et al., 1999;
Moore and Allen, 2000; Lee et al., 2006; Katsanevakis et al., 2007).
In addition to direct organism impacts such as entanglement or
ingestion (Laist, 1997; Pham et al., in press), debris may serve as
transport (Barnes and Milner, 2005; Moore, 2008) and habitat for
alien invasive species (Carter and Gregory, 2005; Gregory, 2009;
NAS, 2009) thereby altering natural community composition and
threatening biodiversity. Toxic chemicals from debris may leach
into the surrounding environment and accumulation of debris can
affect current flow and circulation for infaunal organisms
(Goldberg, 1997).

Due to the extreme technical challenges and prohibitive costs
of conducting research in the deep sea, few studies have examined
the types, quantities, or impacts debris may have on the habitats
reserved.
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beyond the continental shelf (Ramirez-Llodra et al., in prepara-
tion). Much of the existing data on benthic debris comes from the
examination of incidental litter by-catch in trawl surveys con-
ducted for commercial fisheries management purposes (June,
1990; Hess et al., 1999; Galgani et al., 2000; Keller et al., 2010;
Watters et al., 2010) and thus have been limited to relatively
shallow water habitats as it is expensive, risky, and time consum-
ing to trawl in deep, rugged terrain such as found within
submarine canyons (Spengler and Costa, 2008; Pham et al., in
press). Little is known about what happens to deep-sea debris
through time (Galgani et al., 2000; Lee, et al., 2006; Watters et al.,
2010; Bergmann and Klages, 2012) and less than a dozen studies
have looked at debris below 500 m (June, 1990; Galil et al., 1995;
Galgani et al., 1996, 2000; Keller et al., 2010; Miyake et al., 2011;
Mordecai et al., 2011; Bergmann and Klages, 2012; Wei et al., 2012;
Pham et al., in press; Ramirez-Llodra et al., in preparation). Galgani
et al. (2000) observed trends in deep-sea pollution over time using
large-scale benthic trawls combined with video surveys in multi-
ple locations off the European coast. They found the distribution of
marine debris to be extremely variable, and were the first to report
trash aggregating in submarine canyons, which they attributed to
more stable conditions and decreased water movement at deeper
depths. Miyake et al. (2011) reviewed video surveys and recorded
debris down to 7216 m depth in Ryukyu Trench. They noted that
litter had accumulated in deep-sea trenches and depressions and
the majority of items were composed of plastic. From deep
remotely operated vehicle (ROV) video surveys in submarine
canyons off of Portugal, Mordecai et al. (2011) concluded that
submarine canyons may act as a conduit for the transport of
marine debris into the deep sea.

Submarine canyons are globally numerous, complex features
with elaborate patterns of hydrography, flow, and sediment
transport and accumulation; however, they remain poorly studied
(De Leo et al., 2010; Ramirez-Llodra et al., 2010). Monterey Canyon,
in central California, is the largest and best-studied submarine
canyon on the west coast of North America (Breaker and
Broenkow, 1994; Petruncio et al., 1998; Greene et al., 2002; Paull
et al., 2005, 2010). Over a 22 year period (1989–2010), the
Monterey Bay Aquarium Research Institute (MBARI), in Moss
Landing, California, recorded more than 18,000 h of high-
resolution video from ROV dives, down to depths of 4000 m. Our
present study takes advantage of MBARI's long-term, deep-sea
video database to characterize marine debris observations in
Monterey Canyon and surrounding areas. We also utilize decades
of physical oceanographic measurements and research on canyon
dynamics to elucidate the transport mechanisms influencing
marine debris distribution within Monterey Bay.
2. Materials and methods

All dive footage was recorded by the ROVs Tiburon and Doc
Ricketts on the R/V Western Flyer and by the ROV Ventana on the
R/V Point Lobos. The majority of MBARI's dive expeditions took place
within the greater Monterey Bay area. MBARI's Video Annotation and
Reference System (VARS; Schlining and Stout, 2006) was queried for
all “trash” annotations recorded in the database from January 1, 1989
to January 31, 2011; the resulting observations were carefully
reviewed to more specifically identify the types of debris encoun-
tered and to note debris/organism associations (Fig. 1). The VARS
database contains over 3.9 million biological, chemical, and geologi-
cal observations combined with ancillary metadata (CTD, oxygen,
and position) from ROV dive footage.

Marine debris observations were normalized by dive effort
(total ROV observation time on the seafloor within 50 m2 grid
cells) for our study area, which included the greater Monterey Bay
area, south to Davidson Seamount (Fig. 2, upper inset). Normalized
data were mapped in ArcGIS (ESRI 2011, ArcGIS Desktop: Release
10. Redlands, CA: Environmental Systems Research Institute) to
visualize the distribution and relative abundance of debris over
high-resolution multibeam bathymetry (Caress et al., 2008) of the
study area (Fig. 2). Rugosity, the ratio of surface area to planar area,
was derived from bathymetry with 50 m2 grid cells (Jenness,
2012). To simplify analysis, rugosity was converted to slope angles
that would give the equivalent ratio of surface area to planar area.
Slope angles were classified in 5-degree bins from 0 to 40 degrees.
ROV effort was binned with respect to pixels occupied by the ROV
as well as by the time that the ROV occupied each slope class. We
analyzed the overall distribution of trash relative to the slope
classes. χ2 tests were conducted to determine if debris was
randomly distributed with respect to slope. The distributions used
for comparison to the observed distributions were created by
randomly selecting effort from the pixels that the ROV had
observed. The number of selected pixels was equal to the number
of trash sightings in the particular category. Each test was repeated
1000 times to account for variability in the random selection.

Debris observations were characterized using 16 broad cate-
gories including: abandoned research equipment, battery, cloth-
ing, other fabric, glass, concrete, manufactured wood, military
debris (e.g., unexploded ordinance), paper, rope, rubber, ship
wreckage, plastic, metal, fishing debris (traps, nets, and other
equipment obviously related to fishing practices), and unidentified
debris items (items that were too difficult to identify or did not fit
into any of the other categories, e.g., mop head). We quantified the
percentage frequency of marine debris items by category for our
study grid. Although likely associated with fishing activities, rope
was placed in a separate category because it was not possible to
determine specific use from video. Items that remained visible on
the seafloor over time were counted only when initially observed.

Normalized observations were used to plot the six most
common categories of debris (plastic, metal, rope, unidentified
debris, glass, and fishing debris) over time. Data were partitioned
by ROV platform because ROV Ventana was depth-limited to
1850 m while ROVs Tiburon and Doc Ricketts were capable to
4000 m. Frequency of occurrence for these major debris categories
were then plotted by depth and slope class. χ2 tests were
conducted to determine if debris categories were randomly dis-
tributed with respect to depth and slope class using ROV effort as
expected values and debris occurrences as observed values.
3. Results

3.1. Distribution of marine debris in Monterey Canyon

A total of 1537 trash observations were recorded in the VARS
database of which 1149 were located within in our study grid.
Correlating ROV position with high-resolution multibeam bathy-
metry within GIS, we found that 0.24% (48,581 of the 20,672,561
50 m2 cells within the grid) of the seafloor in our survey area had
been visited by MBARI's ROVs (Fig. 2). Marine debris items were
observed within 726 of those grid cells or 1.49% of the surveyed
area. Litter was observed at depths from 25 m (PVC pipe) to
3971 m (plastic bag). Debris was not randomly distributed
throughout Monterey Canyon. The null hypothesis for the χ2 test
on rugosity (that the expected and the observed distributions of
debris would be the same across all slope classes) was rejected for
both ROV effort binned by area (df¼7, x2(0.10)¼665.2392) and effort
binned by time (df¼7, x2(0.10)¼1470.7525). When normalized by
ROV effort, litter was evenly distributed across 0–301 slopes;
however, litter was encountered more frequently on the steepest
slopes of 30–401 (Fig. 3). In many instances, litter was observed



Fig. 1. Examples of marine debris items observed on MBARI ROV dives: (a) plastic chip bag, 3506 m in Monterey Canyon; (b) aluminum can, 1529 m at Axial Seamount;
(c) rope crab pot “ghost fishing”, 1091 m in Astoria Canyon; (d) plastic bag wrapped around a deep-sea gorgonian, 2115 m in Astoria Canyon; (e) lost fishing rope, 999 m in
Monterey Canyon; (f) foreign glass soda bottle, 1727 m at Davidson Seamount; (g) shoe with rockfish, 472 m in San Gabriel Canyon; (h) tire with rockfish, anemone, and sea
cucumber, 868 m in Monterey Canyon; (i) cardboard (paper) with an undescribed species of the sponge Hyalonema, 3950 m offshore of Santa Barbara.
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clustered just below the edge of canyon walls or on the outside of
canyon meanders (Fig. 2). This pattern of distribution closely
matches the pattern of distribution of natural debris such as wood,
sea grasses, and kelp in the VARS database (Fig. 3).

Within the canyon we identified four major locations of debris
accumulation based on our normalized data. The area with the
highest relative abundance of trash (600 m, Fig. 2, circle 1)
occurred on an upper section of the southern canyon wall. We
observed plastic items (buckets), a tire, rope, and monofilament
line in this location (41 items observed in six visits). Circle 2
(1800 m, Fig. 2), located on the outside of the sharpest meander in
the canyon, is the site of an emplaced whale-fall experiment. Here,
the majority of trash was plastic bags, with further down-canyon
movement obstructed by the whale carcass and by shallow
depressions (58 items observed in nine visits). Circle 3 (300 m,
Fig. 2) identifies a site just off the continental shelf break on the
upper section of a canyon wall to the north. Debris there consisted
of old fishing rope, beverage containers, plastic, metal, and a tire
(22 items observed in three visits). A fourth area (beyond the
detailed extent in Fig. 2) was in the deep canyon axis at an
interface with the northern wall. This is the location of a natural
whale fall at 2893 m, with plastic bags, plastic buckets, tools, and a
55-gallon drum located nearby (29 items observed in eight visits).

3.2. Characterization of debris

Over half of all debris items observed were categorized as
plastic (33%) or metal (23%) (Table 1). Within plastics, 54% of the
observations were plastic bags (N¼203). Of the metal observa-
tions, 67% were some type of can (i.e. aluminum, steel, or tin;
N¼180). Other commonly observed debris categories included
rope, glass, fishing debris, and unidentified debris. We did not
observe increasing or decreasing trends in trash abundance overall
or within any of these six major categories (Fig. 4) between 1989
and 2010, but other trends were noted. Once the deeper-diving
ROVs Tiburon and Doc Ricketts were put into service, more debris
was recorded and these observations were strongly dominated by
plastic and metal (Fig. 4). A χ2 analysis of distribution by depth
shows that depth plays a significant role in the distribution of
plastic, metal, rope, and unidentified debris (χ2 analysis rejected
the null hypothesis that each category was randomly distributed
with respect to depth (α¼0.1)). Plastic, metal, and unidentified
debris were found more frequently in deeper depths (2000–
4000 m), while the opposite was true for rope, which was found
most frequently above 2500 m (Fig. 5). There also appeared to be a
greater abundance of fishing debris at shallower depths, however
this trend was not significant (α¼0.1, 65 of 1000 tests accepted
H0). Depth was not a significant factor determining the distribu-
tion for glass (results were inconclusive with the χ2 test rejected
753 of 1000 times). Debris was found significantly more frequently
at the steepest slope classes (35–451) across all major categories
(χ2 analysis rejected the null hypothesis that each category was
randomly distributed with respect to slope class (α¼0.1)), with the
exception of fishing debris, which was found most frequently at
35–401, but missing altogether from the 40–451 category (Fig. 6).

3.3. Debris/organism associations

Video frame grabs existed for 1088 of overall debris observa-
tions and these images were analyzed for debris/organism asso-
ciations (Fig. 1). Debris was observed in close contact with
megafauna (invertebrates or demersal fishes) in 37% of the images
(Table 2). Common organisms noted on or near debris items
included hydroids, anemones, asteroids, serpulid worms, crinoids,
holothurians, and rockfish. Most organisms appeared to be using
the debris as habitat; however, several occurrences of obvious



Fig. 2. Distribution of marine debris observed in Monterey Bay (N¼1149). MBARI ROV surveys over the 22-year study period are shown in red. The relative abundance of
trash was normalized by the amount of time spent searching the seafloor; the largest circles depict areas of trash accumulation which tend to occur on the outside walls of
canyon meanders where high-energy water flow and erosion occur. The main study grid (upper inset) extended to the abyssal plain and included Davidson Seamount, about
130 km to the southwest.
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detrimental impacts were noted including entanglement in ghost
fishing gear or plastic bags (Fig. 1). No assessment could be made
for 5% of the observations due to distance from camera and other
visual obstructions.
4. Discussion

4.1. Distribution of marine debris in Monterey Canyon

The majority of trash items observed during 22 years of ROV
surveys in the greater Monterey Bay area were focused within the
Monterey Canyon system. Hydrography, geomorphology, and
anthropogenic activity determine the amount, type, and location
of debris reaching the seafloor. Previous studies have attributed
the majority of seafloor debris to marine vessel sources (June,
1990; Moore and Allen, 2000; Keller et al., 2010). Certainly bottles
and cans are dumped into Monterey Bay from recreational or
fishing vessels and discarded plastic bags and other light trash
items may get blown across the sea surface or float in the
midwater. The surface flow in Monterey Bay is typically cyclonic,
while the top 25–150 m is anticyclonic (Breaker and Broenkow,
1994). Internal waves in the canyon affect the sediment transport
(Petruncio et al., 1998) and could transport lighter litter items as
well. Often the flow is downcanyon during rising tides and
upcanyon during the falling tide, however, the predominant water
movement is upward from the canyon onto the continental shelf
(as measured in the top several hundred meters), with periodic
reversals at all depths (Breaker and Broenkow, 1994). Trash from
offshore sources could be transported shoreward over the con-
tinental shelf, and eventually wash up on shore or sink to the
seabed. Currents in Monterey Bay would affect marine debris
transport in complex and unpredictable ways depending on
seasonal circulation, tide, wind, weather, river discharge, canyon
topography, plus other factors (Breaker and Broenkow, 1994;
Petruncio et al., 1998).

Advancing technologies, such as ROVs and sophisticated navi-
gation and mapping tools, have enabled detailed investigations of
the transport mechanisms and geological features within Mon-
terey Canyon. This research on canyon dynamics also provides
insight into processes influencing debris deposition and retention
in Monterey Bay. Unpublished data fromMBARI AUV surveys along
the Monterey Canyon axis revealed that the highest concentra-
tions of sediments at and above the depth of the shelf break occur
nearshore in winter and are found further offshore in spring (John
Ryan, MBARI, pers. comm.). Debris flowing south from large
metropolitan areas (e.g., the San Francisco bay area, Santa Cruz)
may likewise be swept off the shelf and into the canyon,



Fig. 3. The relationship between rugosity and debris distribution in Monterey Canyon. MBARI ROV surveys over the 22-year study period are shown in blue. The distribution
of natural debris (drift kelp, wood) in Monterey Bay is indicated by the blue circles; the distribution of anthropogenic marine debris is indicated by the orange triangles. The
red box outlines a “clean” section of the canyon.

Table 1
Percentage frequency of total marine debris items by type observed
during MBARI ROV surveys in the greater Monterey Bay area (MB)
from 1989 to 2011.

Debris type %MB (N¼1149)

Plastic 33
Metal 23
Rope 14
Unidentified debris 7
Glass 6
Fishing debris 5
Paper 4
Other fabric 3
Rubber 2
Clothing 1
Manufactured wood o1
Abandoned research equipment o1
Ship wreckage o1
Military o1
Concrete o1
Battery o1
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accounting for the notable lack of marine debris observations,
either natural or anthropogenic, seen on the continental shelf.
Nearshore sediments are transported along the shoreline to the
canyon head via littoral drift where they accumulate until failure is
induced by triggers including storms and mass wasting events
(Paull et al., 2005). Down-canyon sediment transport processes are
extremely active on the floor of Monterey Canyon. Frequent
episodic mass transport events, such as slumping, turbidity flows,
and gravity flows have been documented in the upper canyon axis,
with current speeds as fast as 200 cm/s carrying large volumes of
sediment, and research equipment, deeper into the canyon system
(Paull et al., 2003, 2005, 2010). In addition, significantly higher
levels of pollutants (e.g., DDT) have been documented in sedi-
ments and fish from deep in Monterey Canyon versus nearby
continental-shelf sediments and fish, underscoring the transport
and subsequent accumulation of terrestrial materials in the deep
sea (Looser et al., 2000; Hartwell, 2004, 2008). Presumably, these
same mechanisms transport anthropogenic debris down-canyon
where specific types of debris, notably plastic and metal items,
were observed more frequently with the deeper diving ROVs
Tiburon and Doc Ricketts. In fact, the highest occurrences of plastic
and metal debris in this study were observed from 2000 to
4000 m, well below the depths surveyed by all but seven previous
marine debris studies (Galil et al., 1995; Galgani et al., 2000;
Miyake et al., 2011; Mordecai et al., 2011; Bergmann and Klages,
2012; Wei et al., 2012; Ramirez-Llodra et al., in preparation).

A recent preliminary study by the Bay Area Stormwater
Management Agencies Association (2012) reported that although
44% of trash that enters storm drains in the San Francisco Bay area
is successfully removed, there are an estimated 43,040,000 l/year
of trash entering Bay Area creeks via the storm-drainage system.
In that study plastic, plastic bags, and recyclable beverage contain-
ers accounted for 58–75% of the total trash identified, which
agrees with our results. From Cape Mendocino south to San Diego,
waves from the northwest create a southward net littoral drift of
sand. Some trash from this large metropolitan area may well be
transported all the way to Monterey Bay via known sand transport
paths within a littoral cell (Habel and Armstrong, 1978; Patsch and
Griggs, 2006). As Bergmann and Klages (2012) noted, it is
impossible to determine whether the debris is primarily ocean-
based or land-based without collecting samples for ground-truth-
ing, however we propose that the bulk of the debris in Monterey
Canyon comes from terrestrial or coastal sources and may include



Fig. 4. Relative frequency of marine debris observations of the six most common categories shown by year for MBARI's three ROVs (normalized by ROV effort indicated by
the dotted line overlay). ROV Ventana capable to 1850 m; ROVs Tiburon (1998–2007) and Doc Ricketts (2009, 2010) capable to 4000 m.
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inputs from Monterey, Santa Cruz, and even as far north as San
Francisco. The distribution patterns we observed for the anthro-
pogenic debris appeared to follow the general patterns for natural
debris (kelp and driftwood) quite closely (Fig. 3). This, coupled
with the high abundance of debris within the canyon relative to
the continental shelf areas, indicates shore- and continental-shelf-
based inputs that were subsequently transported into the canyon
system. Our findings are supported by other studies that have
likewise proposed submarine canyons may act as conduits for
anthropogenic debris, in particular transporting light litter items
(e.g., plastic bags, metal beverage cans) away from the coast, off of
the continental shelf, and into deeper waters (Galgani et al., 1996,
2000; Barnes et al., 2009; Mordecai et al., 2011; Ramirez-Llodra
et al., 2011).

The distribution of marine debris in the canyon was patchy.
Much like the concentration of pelagic debris in the North Pacific
central gyre (Moore et al., 2001) or benthic debris accumulations
in inlets (Hess et al., 1999) and shallow bays (Williams et al., 1993,
Katsanevakis and Katsarou, 2004), there are areas on the deep
seafloor where debris accumulates such as physical barriers (high-
relief outcrops) or in depressions (Galgani et al., 1996; Miyake
et al., 2011). Galgani et al. (2000), Watters et al. (2010), and Wei
et al. (2012) reported the highest density of debris in rocky and
canyon habitats. Our video records also showed debris on physical
barriers, such as whale falls, clam beds, and boulders on the
seafloor even in relatively flat terrain. However, the majority of our
observations of marine debris were concentrated upon the rugged
slopes of Monterey Canyon (Fig. 3), potentially impacting corals,
sponges, rockfish, and other sensitive marine organisms that
specifically use this high relief and hard rock substrate as habitat.
Areas with relatively fewer debris observations may be due to (a)
reduced sampling effort; (b) physical oceanographic conditions
transporting the trash out of those areas; or (c) litter being
buried by sediment flows. Convergent transport along the bottom



Fig. 5. Relative frequency of occurrence of marine debris observations of the six most common categories shown by depth. Categories significantly influenced by depth are
marked by *(α¼0.1).
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boundary of Monterey Canyon has been related to detrainment of
waters from the bottom boundary layer and associated transport
of suspended sediments out of the convergence zone (Kunze et al.,
2012). Persistence of such transport patterns could also export
trash that is nearly neutrally buoyant, thus creating zones of
relatively low trash accumulation. Approximate spatial coinci-
dence between a convergence zone observed by Kunze et al.
(2012) and low trash accumulation in our study points toward
this potential mechanism (Fig. 3, see red box). Our surveys likely
underestimate the amount of marine debris in the canyon,
particularly in the thalweg (with respect to the upper canyon
walls), as frequent mass wasting events undoubtedly bury and
render it unobservable. Unfortunately, the nature of video data
collection during our ROV surveys does not allow for quantitative
calculations other than relative abundance.

4.2. Characterization of debris

It is not surprising that plastic, due to its ubiquitous use in
modern society and remarkable durability, was the most common
category of marine debris identified in our seafloor study (1/3 of
total debris observed). Golik (1997) and Derraik (2002) report that
plastic typically dominates beach (60–80%) and floating-debris
surveys (60–70%). Plastic dominates the benthic debris found in
the Mediterranean Sea off the coast of France (Galgani et al., 1996)
and other European coastal regions (Galgani et al., 2000). Even on
remote Alaskan (Hess et al., 1999) and deep Arctic seafloors
(Bergmann and Klages, 2012), plastic items accounted for the
majority of litter recorded. Regardless of how it enters and travels
through the ocean, plastic litter will eventually sink to the seafloor
where low oxygen and lack of sunlight inhibit degradation rates,
resulting in debris that will persist for centuries (Moore, 2008;
Barnes et al., 2009; Gregory, 2009; O’Brine and Thompson, 2010).
As the plastic fragments into tiny particles (microplastics) it is
more likely to be ingested (Thompson et al., 2004; Browne et al.,
2008) thus delivering a source of chemical pollutants to the
marine food web with a largely unknown effect (O’Brine and
Thompson, 2010; Cole et al., 2011; Davidson and Asch, 2011). This
alarming accumulation of microplastics in the ocean (Thompson
et al., 2004; Cole et al., 2011; Ramirez-Llodra et al., 2011) is not
visible in the ROV video and therefore unaccounted for in the
scope of this study.

While Monterey Bay supports thriving commercial and recrea-
tional fishing industries, debris from fishing activities was not as
dominant in our observations (fishing debris 3%; rope 11%) as in
many previous studies that found fishing-related debris (i.e. nets
and monofilament line) to have the highest spatial coverage
(Moore and Allen, 2000; Lee et al., 2006; Watters et al., 2010;
Keller et al., 2010), even within a marine sanctuary (Chiappone
et al., 2005). This may be due to our video surveys including deep,
rugged sites within the canyon where fishermen and researchers
alike are unable to trawl. We noted the complete absence of
fishing debris observations in the steepest slope class (40–451;
Fig. 6). The greater abundance of fishing debris we saw in shallow
habitats compared to deep may be because more fishing activity
occurs in shallower habitats and lost gear can easily get hung up in
rocky outcrops and may not travel down-canyon as freely as
plastic, glass, and metal debris. We acknowledge that our fishing



Fig. 6. Relative frequency of occurrence of marine debris observations of the six most common categories shown by slope class. Categories significantly influenced by slope
class are marked by *(α¼0.1).

Table 2
Percentage of debris/organism associations visible
in frame grabs from all MBARI ROV surveys (1989–
2011).

Debris/organism
associations

% of total
N¼1088

No organism contact 58
Organism contact 37
Unable to determine 5
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debris observations may be biased because MBARI ROV pilots
actively avoid hazards like discarded fishing gear due to the risk of
entanglement.

4.3. Debris/organism associations

Approximately one third of our debris observations had visible
associated epibenthic megafauna (37%). By comparison, Bergmann
and Klages (2012) noted 67% of the debris items they observed
were entangled or colonized by organisms. Our estimate is likely
conservative as animals may be missed in the video due to small
size, location underneath or inside debris items, or distance from
the ROV. We observed a few instances of direct negative impacts of
trash on deep-sea organisms, such as a coral colony wrapped in a
plastic bag and several ghost fishing traps and nets with entangled
dead organisms (Fig. 1). However, in most cases it appeared that
the organisms were utilizing the debris items as habitat to hide in,
or adhere to, as was also reported by other studies (Backhurst and
Cole, 2000; Katsanevakis et al., 2007; Watters et al., 2010; Miyake
et al., 2011; Mordecai et al., 2011; Bergmann and Klages, 2012).
Multiple studies and anecdotal records have investigated the
detrimental effects of debris on coastal marine organisms, includ-
ing entanglement and ingestion (Laist, 1997; Browne et al., 2008).
These reports are abundant compared to verifiable data on the
effects of marine debris upon life in the deep sea. A recent research
collaboration between MBARI and the Monterey Bay National
Marine Sanctuary presents evidence for shifting structure in a
deep (1281 m) seafloor community following the accidental intro-
duction of a large shipping container (Josi Taylor, MBARI, pers.
comm.), but by and large, the impacts of debris on deep-sea
ecosystems are unconfirmed and require further study.
4.4. Other areas surveyed

The R/V Western Flyer has also conducted expeditions further
afield, including 3-month expeditions to Hawai’i and the Gulf of
California, as well as several expeditions to Southern California
and various parts of the Pacific Northwest. It is noteworthy that in
all regions MBARI has explored, marine litter was observed in the
deep sea (see Supplementary materials). Although direct compar-
isons with our quantitative Monterey Bay results cannot be made
due to the sparse availability of data as well as differences in
seafloor features and hydrographic conditions in these other
regions, we did discover that, similar to our Monterey Bay
findings, plastic and metal made up 55–67% of total observations
in these regions, with the exception of the Gulf of California, which
was dominated by plastic items (79%; see Supplementary
materials).
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5. Conclusions

Worldwide concern about marine debris has increased over the
last decade as scientists and media outlets have brought the issue
into the public eye. The majority of marine debris reports have
been based upon coastal and pelagic debris surveys, with recent
attention focused on the North Pacific central gyre (Moore et al.,
2001) or “The Great Garbage Patch”. Our study demonstrates that
debris does indeed reach deep ocean habitats, even in a national
marine sanctuary, and highlights the paucity of data available to
comprehend the full extent of this issue. The abundance of
information on the transport mechanisms and physical features
within Monterey Canyon provides insight into processes that can
affect debris deposition and retention in Monterey Bay. Our
research suggests that once it reaches the seabed, debris is swept
off the continental shelf into Monterey Canyon and is confined
there by topographical barriers; in addition, sediment transport
mechanisms act as a conduit, carrying debris (particularly plastic
and metal) into deep habitats. There are as many as 660 submarine
canyons worldwide with an estimated 15%, or 99 of them, with
nearshore heads that receive substantial coastal sediment inputs
(De Leo et al., 2010) potentially facilitating the transport of coastal
anthropogenic debris to deep-sea habitats.

Monterey Canyon is one of the best-studied areas of the world's
deep ocean. Yet, remarkably, in 22 years of exploration, MBARI
visited just 0.24% of the seafloor in our study area. With vast
regions of the deep sea remaining unexplored, we can presume
that the amount of marine debris greatly exceeds that reported to
date. It is encouraging to see the growing number of research
studies focusing on deep seafloor litter and bringing this hidden
problem to light. Multiple studies have concluded that, costs aside,
it would do greater damage to the benthic fauna and habitats to
remove colonized debris items than to leave them in place
(Backhurst and Cole, 2000; Watters et al., 2010; Mordecai et al.,
2011). Ultimately, preventing the introduction of litter into the
marine environment through increased public awareness remains
the most efficient and cost-effective solution to this dilemma
(Ryan et al., 2009; Watters et al., 2010).
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