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The Marine Strategy Framework Directive requires EU Member States to sample and monitor marine litter.
Criteria for sampling and detecting spatial and/or temporal variation in the amount of litter present have been
developed and initiated throughout Europe. These include implementing standardised sampling and recording
methods to enable cross-comparison and consistency between neighbours. Parameters of interest include; litter
occurrence, composition, distribution and source. This paper highlights the litter-related initiatives occurring in
Irish waters; presents an offshore benthic litter sampling series; provides a power analysis to determine trend
detection thresholds; identifies areas and sources of litter; and proposes improvements to meet reporting
obligations. Litter was found to be distributed throughout Irish waters with highest occurrences in the Celtic
Sea. Over 50% of litter encountered was attributed to fishing activities: however only a small proportion of the
variability in litter occurrence could be explained by spatial patterns in fishing effort. Issues in implementing
standardised protocol were observed and addressed.
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1. Introduction

The Marine Strategy Framework Directive (MSFD, 2008)
provides legally binding requirements for European member states
to establish and subsequently monitor European marine waters
for ‘Good Environmental Status’ (GES) by 2020. Based on 11 qualitative
descriptors, GES is defined as “The environmental status of marine
waters where these provide ecologically diverse and dynamic
oceans and seas which are clean, healthy and productive” (Article 3,
MSFD, 2008). Successful implementation of a monitoring program
for MSFD-Descriptor 10 (Marine Litter) is directly dependent upon
the availability of reliable and affordable detection and monitoring
techniques (TSG-ML, 2011, 2013). OSPAR is currently developing
indicators for adoption throughout its contracting parties which are
in line with both the MSFD and ongoing OSPAR monitoring
(Intersessional Correspondence Group on Marine Litter (ICG-ML);
TSG-ML, 2011). However, as a new reporting obligation, additional
surveying and monitoring will be required, a process which can be
tems Group, Marine Scotland
, PO Box 101, Victoria Road,

iarty).

., Spatial and temporal analys
), http://dx.doi.org/10.1016/j.
extremely costly (e.g. staff and ship time) and results in trade-offs in
survey flexibility (ICES, 2013a, 2013b; Galgani et al., 2013; TSG-ML,
2013).

In order to meet the challenges of increased sampling and reporting
obligations in a resource limited environment, efforts thus far have
largely required efficient integration of additional sampling into
existing monitoring networks (TSG-ML, 2013). One such approach is
the guidelines proposed and implemented by the International Bottom
Trawl Survey (ICES, 2012), whichprovide standardiseddata entry forms
to record the identification, weight, and size class categorisation of
marine litter. This coordinated effort is essential in order to enable
efforts between member states within regions to be complementary
(e.g. common lists of items and categories), to allow cross-
comparisons, and the examination of trans-boundary impacts and
features (TSG-ML, 2013).

The abundance and distribution of marine litter vary greatly in
both space and time, governed initially through human activities,
and subsequently influenced by hydrodynamics, geomorphology,
and biofouling accumulation rates (TSG-ML, 2011). Tidal influences
can carry litter to shore, riverine flushing can result in a clearance
zone along the shelf (Thompson et al., 2009; Galgani et al., 2000), and
strong marine currents can accumulate litter into ‘garbage patches’ in
oceanic gyres (Moore, 2003; Ebbesmeyer et al., 2007), and deep canyon
systems near urban developments (Galgani et al., 2000). It has been es-
timated that about 70% of marine litter reaches the sea floor (OSPAR,
2014). How long litter endures in these environments is further related
is of litter in the Celtic Sea from Groundfish Survey data: Lessons for
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to the physical environment in which it ends up, for instance; high en-
ergy environments contribute to fracturing litter into smaller particles,
increasing surface area for mechanical, microbial and/or chemical
degradation (Thompson et al., 2009; Andrady, 2011). Plastics,
the largest component of marine litter (CBD, 2012), are resistant to
biodegradation (Thompson et al., 2004), enabling them to persist in
the marine environment for centuries (Moore, 2003; Galgani et al.,
2013). The incorporation of plastics into everyday life in their multiple
guises has resulted in over 75% of marine litter being accounted for
by plastics (TSG-ML, 2011). The primary route of plastic degradation
on land is via photo-oxidative degradation from UVB radiation in
sunlight; however, at sea, degradation can take several orders of
magnitude longer than on land due to lower temperatures, lower
available oxygen, and blocking of sunlight by fouling organisms
(Andrady, 2011).

Fishing gear and related sectoral debris (e.g. ropes, cages, plastic
boxes) are highlighted throughout the literature as being one of the
most common forms of litter in the marine environment (Galgani
et al., 2000). Fishingderived litter has also been found to cause economic
repercussions on other coastal activities, such as tourism and shipping
(Gregory, 2009; Moore, 2008; Takehama, 1990; Nash, 1992; McIlgorm
et al., 2011).
2. Problems

Beyond being unsightly, litter has very real consequences for
our marine fauna. Up to 10% of all static fishing gear deployed annually
is lost (Moore, 2008), these tangled masses of abandoned nets
can continue to ‘fish’ for long periods of time (‘ghost-fishing’), resulting
in death for the majority of species and individuals encountered
(Brown and Macfadyen, 2007; Gregory, 2009). Globally, over
370 marine species are known to have been directly affected by
litter through ingestion or entanglement (CBD, 2012). The wide
range of marine species affected by litter through ingestion include
cetacean species (c. 50% of species affected), seabirds (N50%),
marine turtles (100%) and many fish (114 species) (CBD, 2012)
and invertebrate species (Katsanevakis et al., 2007; Murray and
Cowie, 2011). On a global scale, approximately 88% of all litter
damage to marine fauna is caused by plastics, 65% of which are linked
to fishing activities (CBD, 2012). In the majority of cases,
misidentification of litter items as prey is thought to be the primary
cause of ingestion due to their bright colours (plastics) and/or
behaviour (floating plastic simulate jellyfish) (Gregory, 2009; Moore,
2008), which result in impacts ranging from intestinal blockage
Table 1
Litter categories from IBTS for the North East Atlantic Region (TSG-ML, 2013). Categories relate

A: Plastic B: Metals C: Rubber

A1: Bottle B1: Cans (food) C1: Boots
A2: Sheet B2: Cans (beverage) C2: Balloons
A3: Bag B3: Fishing related C3: Bobbins (fishing)
A4: Caps/lids B4: Drums C4: Tyre
A5: Fishing line (monofilament) B5: Appliances C5: Other
A6: Fishing line (entangled) B6: Car parts
A7: Synthetic rope B7: Cables
A8: Fishing net B8: Other
A9: Cable ties
A10: Strapping bands
A11: Crates and Containers
A12: Plastic diapers
A13: Sanitary towel/tampon
A14: Other
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and internal damage to impacted reproduction and toxin
accumulation (Laist, 1987; Thompson et al., 2009; Teuten et al., 2009).
Furthermore, awide range of litter (plastic bags, six pack rings, and fish-
ing debris such as ropes and nets) present an entanglement risk for
many marine species (Brown and Macfadyen, 2007; Gregory, 2009).

Benthic fauna and habitats are also threatened by litter (particularly
fishing gear and plastic bags), through smothering and abrasion (Brown
and Macfadyen, 2007; Gregory, 2009). Floating debris can also aid
in alien species invasions, providing hard substrates for colonisation
and acting as rafts for transportation (Winston, 1982; Barnes,
2002; Derraik, 2002; Gregory, 2009; Katsanevakis et al., 2007; Gall
and Thompson, 2015). Plastics attract and concentrate a range
of potentially toxic chemicals (Thompson et al., 2009; Andrady, 2011;
Rochman et al., 2013), which may then enter the food chain
via ingestion (e.g. as microplastics). This has led to the call by some
for plastics to be classified as hazardous materials (Rochman et al.,
2013).

Microplastics (fragmented plastics b5 mm) have thus far been
detected in sand, sediment and biota (Depledge et al., 2013).
Microplastics generally result from the mechanical breakdown of
larger plastic items, but they can also enter the marine environment
directly, via spills of industrial raw materials such as plastic pellets
(Gregory, 2009; Andrady, 2011), or via sewerage systems due
to microbeads present in personal care products such as shampoos,
body washes and cosmetics (UNEP, 2015), or even microfibers
that are released when we wash our clothes (Browne et al., 2011).
Even so-called ‘biodegradable’ plastics are composites held together
with biodegradable materials such as starch but that leave behind
non-degradable plastic fragments (Thompson et al., 2004; Andrady,
2011). Because of their small size, they are readily ingested passively,
and available to smaller and more numerous organisms than larger
litter (Laist, 1987; Moore, 2008; Thompson et al., 2004; Browne et al.,
2007).

Despite a multitude of known negative impacts, we currently
know very little about the location, movement, behaviour and
sources of litter in Irish marine waters. This study sets out to
provide data on the extent and abundance of marine litter in
Irish waters, particularly based on trawl surveys. We identify
hotspot areas, investigate types and sources ofmarine litter, and predict
timelines for detection of trends under current sampling protocols.
Data and advice is also provided in relation to Irish current monitoring
methods, and recommendations upon which continued and extended
monitoring can be built in order to gain a better understanding
of the marine litter issue, such as sources, accumulation rates and
patterns.
d to fishing are highlighted in italics.

D: Glass/ceramics E: Natural products/clothes F: Miscellaneous

D1: Jar E1: Clothing/Rags F1: Wood (processed)
D2: Bottle E2: Shoes F2: Rope
D3: Piece E3: Other F3: Paper/cardboard
D4: Other F4: Pallets

F5: Other
Related size categories

Size categories
A: b5 ∗ 5 cm = 25 cm2

B: b10 ∗ 10 cm = 100 cm2

C: b20 ∗ 20 cm = 400 cm2

D: b50 ∗ 50 cm = 2500 cm2

E: b100 ∗ 100 cm = 1 m2

F: N100 ∗ 100 cm = 1 m2
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3. Methods

3.1. Collection methods

The Irish Groundfish Survey (IGFS), (Marine Institute, 2012) is
an annual fisheries survey coordinated by the International Council
Fig. 1. Stations sampled between 2010 and 2014 on the Irish Ground Fish Survey (IGFS). The a
strata; the shaded area shows the Celtic sea sub-region.
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for the Exploration of the Sea (ICES) as part of the International
Bottom Trawl Survey (ICES, 2013a). Carried out by the Irish Marine
Institute, the IGFS uses a high headline Grande Ouverture
Verticale (GOV) trawl with a 20 mm coded liner (Stokes et al.,
2014). Sampling is stratified into 17 strata based on depth and ICES
divisions, resulting in approximately 170 hauls each year (30 min
rea sampled each year remains the same but the individual stations may vary within the

is of litter in the Celtic Sea from Groundfish Survey data: Lessons for
marpolbul.2015.12.019

http://dx.doi.org/10.1016/j.marpolbul.2015.12.019


4 M. Moriarty et al. / Marine Pollution Bulletin xxx (2015) xxx–xxx
each at 4 knots; Stokes et al., 2014). Survey protocols for
data collection and processing are detailed in the western
IBTS manual (ICES, 2010). The Marine Institute has been
collecting IBTS coordinated seafloor litter data on this survey
since 2010, following the agreed ICES protocol (ICES, 2010; ICES,
2013a). Litter is categorised in line with this protocol (Table 1).
Weight and size classes are recorded for each item categorised, along
with a description of the item and any information on attached
organisms.
3.2. Statistical analysis

Litter presence, categories and types were investigated throughout
the study area (full IGFS sampling area: Fig. 1) and within specific
regions such as the Celtic Sea, ‘The Smalls’ and the ‘Labadie Bank’ fishing
grounds (Appendix Fig. 1). Litter categories were associated to
the source where possible. Those that were not inherently related to
a sector were assigned where possible on the basis of definitive
written descriptions on the survey forms. Where descriptions were
not recorded, items remained uncategorised as a precautionary
approach.
3.2.1. Spatial analysis
Analyses into the spatial patterns of the litter sampled during

the IGFS were carried out in ArcGIS 10.2 © (Esri, 2014). The data
was transformed to presence/absence data and interpolated using
Fig. 2. Interpolated distribution map of litter, showing the probability of encountering litter wi
from 2010 to 2014 (Fig. 1).
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a radial bases function (RBF) with a completely regularized
spline kernel function. A standard neighbourhood search was
performed with a minimum number of neighbours set at 10, and a
maximum number of neighbours set at 15. This is appropriate due to
the random sampling of litter throughout the study area (De Smith
et al., 2015; Mitasova and Mitas, 1993). Interpolation methods
are applied to estimate the concentrations of pollution at un-sampled
sites (Yunfeng et al., 2011). This process allows the development of
a mathematical representation of complex curves and surfaces (the
spline curve), creating a smooth, gradually changing curve enabling
visualisation of areas that consistently had litter present over the
5 year time frame examined. Simply put, a sequence of points is
used to construct a curve that passes through the sampled data points
(interpolating curve), allowing the production, and analysis of a
graphical representation of the litter data in space. The spline function
used is:

K rð Þ ¼ −
X∞

n¼1

−1ð Þn σ � rð Þ2n
n!n

¼ ln σ � r
2

� �2
þE1 σ � r

2

� �2

þ CE

where In is the natural logarithm, E1(x) is the exponential integral
function, and CE is the Euler constant. The smoothing parameter
function σ is found by minimizing the root-mean-square predic-
tion errors using cross-validation.
thin the surveyed area, based on presence/absence data (all categories) in all IGFS stations
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Fig. 4. Fishing effort in theCeltic Sea over the survey period (2010–2014). Allfishing vessel types
over the 5 year time frame. The data is smoothed for comparison with the litter map. Note the

Fig. 3. Proportions of each litter type encountered during the IGFS surveys (2010–2014)
throughout the sampled area, and within the Celtic Sea.
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Initial analyses highlighted discrete spatial areas where
litter was consistently present and fishing intensity was high.
Linear regression was carried out to investigate the relationship
between fishing activity and litter. Vessel Monitoring System
(VMS) effort data from 2010 to 2014 from all fishing vessels
(multi-national) in Irish waters was averaged per KwHrs/Km2

and plotted against the probability of encountering litter at the
same points. To minimise noise, effort below 25KwHrs/km2/yr.
was excluded from the analyses, as this was indicated as the
lower threshold from the effort mapping.
3.2.2. Temporal analysis
A power analysis was undertaken to inform on the minimum

sample size required in order to indicate the probability of detecting
a significant upward or downward trend in litter abundance
(i.e. slope significantly different from zero) with a given degree
of confidence (OSPAR, 2014). The power analysis was carried out
in the R statistical platform (R Core Development Team, 2014),
using the ‘fishmethods’ package (Nelson, 2015). The dependence is
1/√n (Gerrodette, 1987), the maximum number of year projected
here is 25, at 5 year intervals, Type 1 error (α) = 0.05, and a
two tail test was performed. Power analysis was predicted over
monitored in theVMS are pooled and the effort hours per km2 (KwHrs/Km2) are averaged
change in effort band widths in the legend.
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Fig. 5. Power trend for the Celtic Sea litter data indicating the average probability
of detecting a 10–50% change in litter in the study area. Sample size (n) is set to 90,
reflecting average number of stations sampled by the IGFS annually.
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25 years using an exponential function, with the proportional standard
error set to 0.156, based on the most conservative (i.e. largest) error
estimate calculated from the number of items surveyed over the
5 years.
Table 2
IGFS litter survey area data, separated by ICES divisions and indicating category. ICES areas VIIg
consistent between the Celtic Sea and the larger full IGFS surveyed area.

Row labels Plastic Metals Rubber Gla

IGFS2010 50 6 0 1
VIa
VIIb 10
VIIg 27 3
VIIj 13 3 1
IGFS2011 73 5 0 0
VIa 20 2
VIIb
VIIg 36 2
VIIj 17 1
IGFS2012 78 4 2 0
VIa 13
VIIb 16 3 1
VIIg 31 1 1
VIIj 18
IGFS2013 139 3 0 0
VIa 24
VIIb 20 1
VIIg 65 2
VIIj 30
IGFS2014 183 7 9 3
VIa 13 1 1 1
VIIb 46 1 1
VIIg 64 2 4
VIIj 60 3 4 1
Total 523 25 11 4
% of litter 84% 4% 2% 1%
Celtic Sea total 361 17 9 2
% of litter (Celtic Sea) 85% 4% 2% 0%

The total number of items collected in each category in each year are highlighted in bold.
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4. Results

Litter was encountered throughout the surveyed area; however
it was caught in relatively small amounts (0–8 items per trawl
in 2014). The probability of encountering litter was found to be consis-
tently higher in the Celtic Sea region than in the Atlantic (Fig. 2). (See
Fig. 3.)

Litter was found to be present in 57% of stations surveyed
(2010–2014). Where litter was encountered, the majority
was found to be plastic (84%, Table 2). Some inconsistency was
encountered in the data due to individual interpretations of
the reporting protocol; some individuals grouped all pieces
from a single category for weighing, whereas other weighed
each piece separately. Despite resulting in a loss in information,
those weighed separately were combined to ensure consistency
between observations. Additionally, subcategories were not
reported in 2010 and 2011; as such, in depth analyses of litter cat-
egories was only possible from 2012 onwards.

Analyses of litter sub-categories, highlighted that 51% of
all litter encountered throughout the IGFS survey area can be
linked directly to fishing activities (e.g. nets, rope, fishing
line, gloves, buoys, pots, etc.). The Celtic Sea demonstrated
the highest occurrence of litter observed throughout the
study area (Fig. 2). As such, an investigation was carried out to
explore the link between the spatial distribution of fishing effort
and the occurrence of litter in this area. Litter composition
was further examined in two particularly highly fished areas
within the Celtic Sea; ‘The Smalls’ and ‘Labadie Bank’ (Appendix
Fig. 1).

Litter was encountered in 70% of Celtic Sea stations, of
which 85% contained plastic. Of the litter items encountered,
51% (156 items) could be linked directly to fishing activities.
and VIIj cover the Celtic Sea. Proportional composition of the litter by type is remarkably

ss/ceramics Natural products Miscellaneous No litter

8 2 126
47

1 2 31
6 18
1 30
7 0 92

29
29

7 11
23

17 2 104
9 26
2 31
6 21

2 26
4 1 82
1 29
1 22
2 1 11

20
12 4 63
2 28
4 10
2 1 13
4 3 12
48 9 467
8% 1%
28 7 185
7% 2%
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Within ‘The Smalls’ fishing area, 63% (25 items) of litter was found
to be fishing related, all of which was plastic in composition
(e.g. fishing lines, synthetic rope, etc.). On the ‘Labadie
Bank’, 52% of litter could be attributed to fishing activities (35
items), 89% of which was from plastic products, with the
remainder comprising fishing gloves and rubber products such as
bobbins.

All fishing efforts monitored by the VMS were pooled and
the effort hours per km2 (KwHrs/Km2) are averaged over the
5 year time frame (Fig. 4). This information was then used to
investigate the relationship between the mean fishing effort
hours per km2 (KwHrs/Km2) and the probability of encountering
litter in the Celtic Sea. Fishing pressure only had a low explanatory
power on the probability of encountering litter (high scatter: R2 =
0.1152, p b 2.2e−16) (Appendix Fig. 2).

4.1. Power analysis

In order to assess the ability of the current IGFS sampling
regime to detect temporal trends in marine litter in Irish waters,
a power analysis was carried out on the Celtic Sea data.
Approximately 90 Celtic Sea stations are sampled by the IGFS
annually (Fig. 1), achieving a high spatial coverage. This area
was selected to enable a direct comparison to a similar power
analysis carried out by CEFAS in the Celtic Sea previously (OSPAR,
2014).

The analysis indicated that a ≤ 30% change is unlikely to
be detected within 25 years using the current sampling
regime; however a 40% to 50% change may be detected in 10
to 15 years (Fig. 5). These estimates are more conservative than
those reached by CEFAS (OSPAR, 2014). Both analyses agree that
detection of a b20% change over 5 or 10 years is unlikely
without very large sample sizes. However, with a sample size
of 90, CEFAS estimate that there is an 80% probability of
detecting a change between 40% and 50% changes over a 10 year
period, whereas our analysis indicates that sampling at that
rate is in practice just powerful enough to enable detection of a
50% increase in litter in 10 years, and it is likely to take up to
15 years to detect a change of 40%. The differences between the
two analyses may be due to a more conservative estimate of
standard error employed here or the spatial difference in the
sample locations.
5. Discussion

5.1. Irish marine litter

Temporal trends in Irish marine litter were not examined as
the power analysis indicated there was insufficient data to do so
at this point in time. Litter was found to be widespread in the
area sampled by the IGFS, with only one site found to never
contain litter over the five years. It must be borne in mind
however that the nature of the survey restricts the sampling
to trawlable grounds. The proportion of the area that can be
trawled varies between 4% off the northwest coast to 40% in the
Celtic Sea deep areas (estimates based on VMS data for otter
trawlers). Many other types of fishing (e.g. pots, gill nets) occur
on grounds that are not covered by the survey and therefore the
litter associated with these methods of fishing is not adequately
sampled. Likewise, litter found in the trawlable grounds are
more likely, but not exclusively, to be associated with trawl
activity, due to the presence of, and possible discarding from,
vessels from other sectors (e.g. shipping), or from fishing
vessels when not engaged in trawling activity (i.e. vessels
Please cite this article as: Moriarty, M., et al., Spatial and temporal analys
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are present, but not accounted for under the effort hours described
herein.).

The highest litter encounter rates occurred in the Celtic Sea —
a more highly fished area than the Irish Western Shelf.
The majority of the litter items encountered were plastic
based (84%). Fishing was identified as a major contributor to
marine litter in Irish waters (51–63% of all litter items in the
areas examined). Furthermore, this may be a conservative
estimate; not all items encountered had a description allowing
identification of the source, so many of the general items not
assigned to fishing (e.g. plastic sheets) could in fact be from
fishing. Overall in the IGFS study area discarded fishing line and
net accounted for 12.5%, while in the Celtic Sea this was 18%
(significantly higher at p = 0.05). For the two heavily fished
areas (‘The Smalls’ & ‘Labadie Bank’) we found that discarded
fishing line and discarded net together comprised 19–23% of all
litter encountered (significantly higher than the overall study area,
p-value b 0.004). These estimates exceed those of Macfadyen
et al. (2009) that fishing gear composes 10% of global marine
litter, but is very close to the 18% of Andrady (2011). Despite this,
the correlation between fishing pressure and the presence of litter
explained only 11% of the observed variation, likely due to the
large number of interacting influences on litter distribution
outlined above, such as currents, density, fouling rates, local
geomorphology etc., possibly combined with the effectiveness of
the sampling method, and the presence of other litter sources
(e.g. shipping).

5.2. Litter sampling

Despite the implementation of a standardised protocol,
inconsistency was found in the data where individuals had
differently interpreted the data sheet and reporting requirements.
This issue has been noted elsewhere (ICES, 2013a; Browne et al.,
2015) and serves to highlight how both sampling and recording
methods must be explicit if true standardisation is to be achieved
and to ensure the maximum amount of useful information is
obtained. It is highly recommended that each item is recorded
and weighed separately, to allow investigations into types, trends
and classes of litter, and their distributions. Furthermore, where
possible, efforts to identify and record litter sources are essential,
as preventing the problem at source is likely the only long term
solution to marine litter (Thompson et al., 2009; Galgani et al., 2013).

It has been suggested that a minimum of five years is
required in order to provide baseline data (Galgani et al., 2013).
Here we have demonstrated that we are unlikely to be capable
of detecting any trends in litter occurrence within 15 years
unless very striking changes occur. Indeed, a minimum of 25 years
would be required to detect even a 30% change in litter
occurrence under the current sampling regime. Reductions in
the input of litter to the marine environment are only likely
to occur in response to a strong political change, and even then
trends are expected to be difficult to identify due to the persistence
of plastic already present in the marine environment (Galgani
et al., 2013). An increase in the number of samples may aid in
detecting trends over less time, however, it is likely we would
be better served by employing techniques better suited to sampling
litter.

Although standard otter trawls have been found to provide
a satisfactory method for sampling litter (Galgani et al.,
2000), they are not designed for this purpose, and as such
likely underestimate the quantities present, and thus represent
relative densities rather than absolute values (TSG-ML,
2011). Fishing trawls are designed to catch fish based on
the behaviour of certain species rather than inanimate objects
like litter. As plastics are prone to drifting (Andrady, 2011)
is of litter in the Celtic Sea from Groundfish Survey data: Lessons for
marpolbul.2015.12.019
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they may be more likely to be retained in the cod end once
kicked up by the gear, whereas metals, glass and ceramics
and other heavier materials are more likely to drop out
through the mesh before reaching the coded. As such, different
types of litter have different catchabilities and therefore will
be differently represented in the catch (van der Sluis, and HalI, R,
2014).

5.3. Litter monitoring

In addition to the IGFS annual survey litter data, offshore
visual surveys for marine birds in Irish waters currently record
floating litter or debris during their transects (O'Brien et al.,
2014). Additional investigations into the feasibility of introducing
beam trawls to fisheries surveys in order to enable more
effective and representative benthic sampling are also currently
underway, and may lead to another source of litter data
(Moriarty et al. in submission). Furthermore, a coalition of
fishermen, harbour managers, the Irish Sea Fisheries Board and
Cork County Council located in the south of Ireland are currently
taking part in the E.C. funded MARELITT project, investigating
best practices and practicalities for initiating ‘fishing for litter’
activities.

Beyond these boat-based surveys, a number of additional
litter sampling programs are also currently carried out in Ireland.
Since 2008, coastal surveys have been carried out to meet the
OSPAR Ecological Quality Objectives (Brennan, 2013). Coast
Watch, an environmental non-governmental organisation
(eNGO) collects annual data on beach litter and recently added
investigations into microlitter into their purview (coastwatch.
org). Numerous coastal clean-up efforts are also carried out
annually through eNGOs (e.g. An Taisces ‘Clean Coasts’) and local
authorities. Recent initiatives such as ‘Green Divers’ (www.
greendivers.ie) have the potential to provide information
on sublittoral coastal litter, a habitat which is over-looked
by beach surveying, and too shallow for most boat-based investi-
gations (TSG-ML, 2013). Research is also currently underway
to assess the feasibility of implementing the OSPAR Ecological
Quality Objective on litter in the stomachs of fulmars as an
indicator for Ireland (Marine Institute, 2015). Currently, no
national coordination of these efforts exists, limiting the interpre-
tations that can be made on litter distribution and accumulation
patterns. For instance, beach surveyors must know if a beach
has recently been cleaned in order for accurate interpretation
of results (Somerville et al., 2003; Ryan et al., 2009; TSG-ML,
2013).

Together, the above programs report on a wide range
of habitat and litter types and could contribute to our reporting
obligations for MSFD (D10) and OSPAR (MSFD, 2015). Currently
only the IGFS and OSPAR beach surveys are being used for
MSFD D10 monitoring (Marine Institute, 2015). An increase
in the range of methods used for offshore sampling and
coordination of onshore sampling would greatly improve the
coverage, quality and understanding of marine litter pollution
in Ireland, and beyond. Furthermore, temporal coordination
between these surveys could prove extremely informative for
attempts to understand litter migration, distribution and
behaviour.

The Joint Research Centre (JRC) of the European Commission
(EC) has produced a technical recommendation toolbox for
litter sampling for the MSFD (TSG-ML, 2011). Recommendations
include standardised sampling protocols for all components
of marine litter. These include visual observations and surface
net trawls (bongo, manta, neuston, etc.) for floating litter of
various sizes, continuous plankton recorders (CPR) for pelagic
microplastics, scuba shallow water surveys, trawling (beam
Please cite this article as: Moriarty, M., et al., Spatial and temporal analys
monitoring, Marine Pollution Bulletin (2015), http://dx.doi.org/10.1016/j.
and/or otter) and grab or core samples for offshore areas, and
submersibles for deep waters. Further to these current and
proposed monitoring methods, novel methods (e.g. citizen
science: European Environment Agency Marine Litter Watch
mobile phone application) and automated monitoring may
provide a valuable contribution to future monitoring methods
(TSG-ML, 2013). It has been suggested that riverine monitoring
should also occur to examine influxes of litter into the marine
environment, seasonally and after heavy rainfall events to
allow litter input and distribution models to be built similar to
those developed for suspended particulate matter (Ryan et al.,
2009; Leslie et al., 2011).

To aid in the development of future management tools,
these JRC recommended additional sampling methods will require
the use of ships of opportunity, or ‘piggy-backing’ on existing
surveys in order to maximise data returns, and maintain cost-
efficiency in a resource-limited environment (ICES, 2013b). Although
not as ideal as a fully designed, fit-for-purpose ecosystems
survey, this would present an initial step towards meeting this
goal. However, difficulty is often met in attempting to ‘shoe-
horn’ additional sampling into already full sampling programs
designed for alternate purposes (e.g. time, staff, space, expertise
constraints; ICES, 2013a, 2013b; Galgani et al., 2013; TSG-ML,
2013).

5.4. Conclusion

Litter is pervasive and occurs in numerous different
forms, comprised of various compounds, demonstrating ‘behav-
ioural’ patterns, and polluting all components of the marine
environment. Just as fishermen use different gear to target
species according to their ecological and behavioural characteris-
tics, so must surveys when attempting to quantify and understand
litter abundance, distribution and dispersal patterns. These
additional litter sampling methodologies do not suggest the
termination of the current IGFS/IBTS sampling, but instead
encourage complimentary approaches, with GOV trawls providing
vital information on the distribution and occurrence of litter
types not sampled by other gears/methodologies (e.g. discarded
nets), and possibly contributing to the identification of litter
hotspots through widespread sampling, as highlighted in this
study.
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Appendix 1
Appendix Fig. 1.Major fishing grounds around Ireland, ‘The Smalls’ and the ‘Labadie Ba

Please cite this article as: Moriarty, M., et al., Spatial and temporal analys
monitoring, Marine Pollution Bulletin (2015), http://dx.doi.org/10.1016/j.
nk’ were assessed as examples of highly fished areas (Gerritsen and Lordan, 2014).
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Appendix Fig. 2. Scatterplot showingmean vms effort hours plotted against probability of encountering litter at each point in the Celtic Sea study area. To remove some of the noise, any
areas with b25 KwHrs in effort were not included in this analysis. A liner regression was plotted through the scatterplot. There is a positive correlation between high fishing pressure and
high litter content (R2 = 0.1152, p b 2.2e−16).
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