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A B S T R A C T   

“The Gully”, situated off Nova Scotia, Canada, is the largest submarine canyon in the western North Atlantic. This 
unique oceanographic feature, which became a Marine Protected Area (MPA) in 2004, is rich in marine biodi
versity and is part of the critical habitat of Endangered northern bottlenose whales (Hyperoodon ampullatus). To 
understand the potential impact of plastic pollution in the MPA and on this Endangered cetacean, we evaluated 
trends over time in the abundance and composition of plastics and compared these to the stomach contents of 
recently stranded northern bottlenose whales. From the 1990s–2010s, the median abundance of micro-sized (<5 
mm) and small plastics (5 mm–2.5 cm) increased significantly, while the median abundance of large plastics 
(>2.5 cm) decreased significantly. Plastic abundance from the 2010s for micro-sized and small plastics varied 
from 5586–438 196 particles km− 2, higher than previously measured estimates for surrounding offshore areas. 
Polymers identified using FTIR spectroscopy included polyethylene, polypropylene, polyethylene terephthalate 
polyester, nylon, alkyds (paint), and natural and semi-synthetic cellulosic fibers. The abundance of large debris 
ranged from 0 to 108.6 items km− 2 and consisted of plastic sheets and bags, food wrappers and containers, rope, 
fishing buoys, and small plastic fragments. Whale stomach contents contained fragments of fishing nets, ropes, 
bottle caps, cups, food wrappers, smaller plastic fragments, fibers, and paint flakes, consistent with the 
composition and character of items collected from their critical habitat. Despite being far from centres of human 
population, the unique oceanographic features of The Gully (i.e. currents and bathymetric complexity) may 
concentrate plastic debris, increasing exposure rates of whales to plastic pollution. The increase in micro-sized 
and small plastics over time suggests associated health and welfare impacts of ingested plastics should be 
accounted for in future recovery plans for this Endangered species.   

1. Introduction 

The first reports of noticeable quantities of floating plastic debris in 
the ocean occurred in the 1970s (Carpenter and Smith, 1972; Colton 
et al., 1974; Venrick et al., 1973). Since that time, a rapid, non-linear 
increase in total plastic production and use of plastic has occurred 
worldwide (Andrady, 2017; Geyer et al., 2017). Entering the ocean from 
multiple sources (Jambeck et al., 2015; Lebreton et al., 2022), plastic 
debris is now considered a ubiquitous marine pollutant, found in all 
oceans and throughout the water column, with the highest concentra
tions found floating at the surface or accumulating in sediments (Cózar 

et al., 2014; Egger et al., 2022; Van Cauwenberghe et al., 2015). The 
prevalence and distribution of plastic debris gives rise to concerns about 
its impacts on the marine environment and biota at all trophic levels 
(Galloway et al., 2017; Kühn and van Franeker, 2020). However, despite 
the rapid increase in studies of plastic pollution over the last decade 
(Schmid et al., 2021), major gaps in understanding of baseline plastic 
concentrations remain, particularly in the western North Atlantic (Haarr 
et al., 2022). 

Plastic debris is defined by its size, colour, morphology, abundance, 
and polymer composition (Hartmann et al., 2019), features which 
indicate its source, fate, and impact (Andrady, 2017; Wright et al., 
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2013). For marine mammals, particle size largely determines the degree 
and type of impact. Lethal impacts of large plastic debris (>2.5 cm) may 
result from entanglement or ingestion (e.g., blockage, suffocation, and 
starvation), while sublethal health impacts include injuries, infection, 
compromised feeding or digestive capacity, or malnutrition, all which 
may have long term fitness impacts on reproduction or growth (Baulch 
and Perry, 2014; Fossi et al., 2018; Senko et al., 2020; Zantis et al., 
2021). Small (5 mm–2.5 cm) and micro-sized (1 μm–5 mm) plastic 
debris ingestion has also become a growing concern due to potential 
health impacts and animal welfare concerns (Eisfeld-Pierantonio et al., 
2022), such as the transfer of chemicals and toxic additives from 
ingested particles into body tissues, further amplifying pollutant bur
dens (Hermabessiere et al., 2017; Ribeiro et al., 2019; Teuten et al., 
2009). While the impacts of large debris (e.g., entanglement) have been 
more frequently studied across marine mammal species, the impacts of 
smaller and micro-sized plastics remain poorly understood (Fossi et al., 
2018). In addition, the impact of plastic debris on cetaceans is relatively 
understudied compared to other marine mammal taxa (Zantis et al., 
2021). Due to the difficulty in studying wild cetaceans living in remote 
offshore environments, the impacts of plastic debris have largely been 
restricted to opportunistic sampling of stranded whales when and where 
they occur. 

In the western North Atlantic, a small, Endangered population of 
northern bottlenose whale (NBW, Hyperoodon ampullatus) inhabits 
offshore waters along the continental slope off Nova Scotia, Canada 
(O’Brien and Whitehead, 2013). In 2006, their status under the Cana
dian Species at Risk Act mandated legal protections, including identifi
cation of critical habitat and an assessment of current threats, to aid in 
ongoing monitoring and recovery measures (DFO, 2016). Their core 
habitat is concentrated around three submarine canyons along the edge 
of the eastern Scotian Shelf: The Gully, Shortland, and Haldimand 
canyons (DFO, 2016). Based on long-term sightings, passive acoustic 
monitoring, and population analyses, these three canyons, together with 
the inter-canyon areas, support all the life-history functions (foraging, 
socializing, reproduction) for NBW on the Scotian Shelf (Stanistreet 
et al., 2021). Since the end of commercial whaling, threats considered a 
high risk to NBW recovery include entanglement in fishing gear, ship 
strikes, military sonar, potential oil spills, and climate change. (DFO, 
2022a; Feyrer et al., 2021; Hooker et al., 2019; Whitehead and Hooker, 
2012). Beaked whale species (i.e. Ziphiidae sp.) have been documented 
to ingest plastics at a high rate (Eisfeld-Pierantonio et al., 2022; Kühn 
and van Franeker, 2020), and plastic has previously been reported as 
part of NBW stomach content analysis in other areas (Benjaminsen and 
Christensen, 1979; Fernández et al., 2014). However, the magnitude of 
the problem for the Scotian Shelf population is currently unknown. 
Determining the extent of exposure to plastic debris is necessary to 
assess the potential prevalence of plastic ingestion and whether it may 
impact the recovery of Scotian Shelf NBWs. 

In the 1990s, Dufault and Whitehead (1994) examined the amount of 
floating plastic debris in The Gully and surrounding area. Despite its 
offshore location, The Gully contained higher average abundances of 
both small and large floating plastic debris compared to the surrounding 
continental slope areas (Dufault and Whitehead, 1994). Large floating 
debris, such as grocery bags, nylon rope, Styrofoam, and pieces of 
commercial packaging, were found in greater density in The Gully than 
the North Pacific, North Sea, and Mediterranean Sea over a similar 
period (Dufault and Whitehead, 1994). High rates of plastic litter 
observed on nearby Sable Island beaches in the mid 1980s was also 
consistent with the levels of debris in this adjacent marine area (Lucas, 
1992). Plastic sources identified by the authors included the shipping 
and fishing industries, as well as recreational vessels and oil rigs, with 
most items originating from within Canada (Dufault and Whitehead, 
1994; Lucas, 1992). In the intervening decades, several changes in 
marine regulations and human activities in Canada have altered the 
anthropogenic seascape of these offshore waters, potentially influencing 
the amount, character, and/or quantity of plastic debris in the region. In 

the early 1990s, due to the collapse of commercial cod stocks, a number 
of fisheries were shut down across the Scotian Shelf (Myers et al., 1997). 
Then in 2004, The Gully was established as a Marine Protected Area 
(MPA) under Canada’s Oceans Act (2001), which restricted fishing and 
vessel activity in a small deep-water area (475 km2) of “Zone 1”. 
However, long-line fishing activities have continued in the outer zones 
of the MPA, within the nearby Shortland and Haldimand canyons, and in 
the adjacent shelf edge waters (Butler et al., 2019). From 1999 to 2018, 
the Sable Offshore Energy Project operated five natural gas extraction 
facilities and discharged produced water ~45 km eastward of The Gully 
(CNSOPB, 2022; Niu et al., 2016). In the last fifteen years, several or
ganizations in regional proximity of The Gully MPA have initiated 
programs to support responsible disposal of garbage from marine sec
tors, such as the Ship to Shore program, the Fishing Gear Coalition of 
Atlantic Canada, and Debris Free Fundy. It is unknown whether and how 
the levels of plastic debris reflect the changes in human activities in this 
area over the intervening period. 

With the creation of the no take zone within the MPA, The Gully now 
provides a small offshore oasis of reduced human impact (Feyrer et al., 
2021). This conservation area is however, surrounded by areas of human 
use along the shelf and slope for fishing, oil and gas exploration, and 
shipping (DFO et al., 2005; Rozalska and Coffen-Smout, 2020). The 
potential consequences of plastic pollution for Scotian Shelf NBWs from 
the variety of contemporary sources adjacent to their critical habitat are 
currently unknown. The limited geographic range and small size of this 
NBW population may make them more vulnerable to the range of po
tential impacts from ingested plastic pollution. In addition, mortalities 
from plastic consumption (e.g., linked to blockages), can have signifi
cant demographic impacts on small isolated populations, with the po
tential to undermine the persistence of this species (Eisfeld-Pierantonio 
et al., 2022). In this paper, we expand on the work begun by Dufault and 
Whitehead (1994) to estimate the current levels of marine debris in the 
region and characterize the composition of plastics in NBW critical 
habitat. We replicate the original study methods and include new 
investigative tools to examine the change over time in both large and 
small plastic debris, and finally, compare the composition of environ
mental plastics to those found in the stomach contents of three NBW 
stranded in the region. Our study provides rare longitudinal data on a 
persistent environmental pollutant in an understudied region of the 
global ocean. Further, understanding linkages between microplastic 
persistence in the environment and ingestion in the Scotian Shelf NBW 
population is vital information for species managers. Trends in marine 
plastic debris are also important to consider when assessing the full life 
cycle of risks and environmental impacts of human activities and eval
uating the efficacy of conservation areas at mitigating threats to con
servation targets. 

2. Methods 

2.1. Study area and sample design 

Plastic debris was sampled from three canyons along the edge of the 
Scotian Shelf, 200 km east of Nova Scotia, Canada: The Gully, Shortland 
Canyon, and Haldimand Canyon (Fig. 1). The Gully is the largest sub
marine canyon in the western North Atlantic, at 40 km long, 16 km wide, 
and over 2500 m deep. To the east, Shortland canyon (27 km long) and 
Haldimand canyon (20 km long) are smaller and only extend 1000 m 
deep (Table 2 in Moors-Murphy, 2014). The deep-water areas (>500 m) 
of these three canyons are recognized as critical habitat for the Endan
gered Scotian Shelf population of northern bottlenose whales (DFO, 
2016). 

Debris surveys were conducted over multiple years in two different 
periods: the 1990s (“historical”) and the 2010s (“contemporary”) 
(Table 1). Over this timeframe, three different methods were employed 
that targeted different size classes and types of plastic debris, although 
not every method was used in every year (Table 1). Data were collected 
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during cetacean focused research trips to the canyons typically during 
July and August. In 1990, surveys were conducted on board a 10 m 
sailing vessel (Elendil); all remaining years sampling was conducting 
aboard a 13 m Valiant 40 sailing vessel (Balaena). The sampling and 
laboratory processing methods, which were consistent across time and 
originally detailed by Dufault and Whitehead (1994), are briefly 
described below. Differences in laboratory processing from the original 
methods undertaken for contemporary samples are noted. 

2.1.1. Visual surveys for large debris 
Visual surveys were conducted by one observer who stood forward of 

the mast and scanned the surface of the water from the bow to 90◦, 
either port or starboard (after Day and Shaw, 1987). Items observed 
within 15 m were recorded, and distance from the boat was estimated. 
Surveys typically followed a single bearing of travel, lasting 30–40 min 
but were occasionally shortened (to ~20 min) due to whale sightings. 
Spatial coordinates were recorded at the start and finish of each survey, 
and when possible every 15 min. Positional data were used to calculate 
survey transect length and surface area (i.e. 15 m strip width * survey 
length) for abundance calculations. Whenever possible, surveys were 
paused, and large debris was brought on board for detailed identifica
tion. Occasionally, poor visibility due to fog, mist, and cloud cover was 

Fig. 1. (a) Location of The Gully in relation to 
Atlantic Canada, western North Atlantic. The loca
tions of stranded northern bottlenose whales (NBW) 
are denoted by numbered points for whales with 
plastics (purple circles) or without plastics (yellow 
triangles) in their stomachs. (b) Outline of critical 
NBW habitat (light blue polygons) in The Gully, 
Shortland, and Haldimand canyons and the locations 
of visual surveys (orange triangles) or neuston tows 
(red diamonds) conducted in 2015 and 2016.   

N.E. Kelly et al.                                                                                                                                                                                                                                 



Environmental Research 227 (2023) 115686

4

encountered, which would bias abundance estimates downwards. The 
visual survey protocol was identical across all years. 

2.1.2. Neuston net tows for small and micro debris 
A neuston net (0.4 × 0.4 m opening, 308 μm mesh size) (Sameoto 

and Jaroszynski, 1969) was towed alongside the boat outside of the 
wake at ~3 knots for approximately 1 nautical mile (1.85 km). Boat 
speed, sea state, and spatial coordinates (latitude and longitude) were 
recorded at the start and end of each tow. After a 20 min towing period, 
the net was hauled on board and the cod end removed. Contents were 
rinsed with seawater into a clean bucket, and obvious large organic 
material (e.g., algae, crustaceans, cnidarians, etc.) was carefully 
removed. The remaining contents were strained through a paper filter. 
The bucket was thoroughly rinsed to ensure all items were transferred to 
the filter. The filter was then folded closed, placed in a resealable plastic 
bag, and frozen for transport to the laboratory. 

In the laboratory, filters were rinsed with freshwater and dried in an 
oven (at 35–50 ◦C). Coffee filters were then cut open and visually 
examined under a dissecting microscope at 40–100× magnification. 
Suspected plastic particles were removed by hand and placed in separate 
jars (historical samples) or on double-sided tape in Petri slides 
(contemporary samples). For contemporary samples, all suspected 
plastic particles were counted and photographed using a microscope- 
mounted digital camera (Nikon SMZ-25 fitted with a Di-3 digital cam
era, Nikon Instruments, Inc.). All particles were classified according to 
colour and morphology following standard criteria (Hartmann et al., 
2019; Hidalgo-Ruz et al., 2012; Rochman et al., 2019; see Supplemen
tary Materials Table S1-1 for definitions used). Particle size (for 2019 
samples only), measured as the longest dimension of each particle, was 
determined from the microscope photographs using image analysis 
software (ImageJ, version 1.52 h; Rasband, 2018). For historical sam
ples, data were reported as total number of items per surface area 
covered by the neuston tow; numbers of particles in different 
morphology classes or sizes were not recorded and are not available for 
comparison. 

2.1.3. Bulk samples for micro debris 
As neuston net tows can underestimate the abundance of smaller- 

sized microplastics (<300 μm) present in seawater samples (Cover
nton et al., 2019), an additional sampling method was used to target 
micro-sized classes of particles and to supplement the information 
collected via neuston tows for the 2019 sampling year. Bulk surface 
water samples were collected at either the start or end of neuston tows 
using a canvas bucket and natural fiber rope to fill pre-rinsed 1 L glass 
jars (after Barrows et al., 2017; Green et al., 2018). Bulk samples were 
transported back to the laboratory and stored at room temperature until 
processed. In the laboratory, samples were vacuum filtered under a 
laminar flow hood onto 8 μm, 47 mm diameter polycarbonate mem
brane filters (PCTE, Sterlitech). Lids, jars, and sides of vacuum funnels 

were rinsed three times with ultrapure water (Milli-Q) to ensure all 
particles were transferred onto the filter. Filters were carefully removed 
and transferred to Petri slides then dried (covered) in a desiccator. All 
suspected particles were identified, counted, sized, and categorized as 
for neuston tow methods. 

2.2. Stomach contents from northern bottlenose whales 

Recent strandings of NBWs in Atlantic Canada (Fig. 1a) presented the 
opportunity to examine whales’ stomach contents for plastic debris and 
qualitatively compare materials with samples collected in their critical 
habitat. When possible (based on the condition of the carcass and state 
of internal organs), the stomach (n = 5 whales) was collected, opened, 
washed in a bucket of clean saltwater collected on site, again with fresh 
water at the stranding network head quarters, and contents were sieved 
and dried. Of the three stranded NBW that were found in an advanced 
stage of decay, only one was necropsied, with the stomach being visually 
assessed for plastics, and contents removed by hand. Overall, three out 
of six NBWs were found to have plastics in their stomachs during routine 
necropsies (Table 2). Stomach contents containing plastics (Whales 1 
and 3, Table 2) were bagged and submitted for laboratory analysis. A 
single glove from Whale 8 was collected and photographed but was not 
retained (see Supplementary materials S1, Fig. S1-3). The condition and 
measurements of these animals are further described in McAlpine et al. 
(2023) and stranding reports (Ledwell et al., 2020, 2021). While it is 
possible that some microplastic contamination was introduced along the 
chain of the collection protocol, the overall sieving methodology was 
focused on retaining larger plastics which were easily distinguished 
from airborne contamination. Consequently, it is most likely that 
microplastics (≤1.5 mm size fraction) reported from stomach contents 
are underestimated. 

In the laboratory, dried stomach contents were removed from the 
bags and the largest pieces placed in metal trays. These pieces were 
photographed using a digital camera (Olympus TG-5) mounted on a 
tripod, and size (as longest dimension) measured with a metal ruler to 
the nearest 0.5 mm. Since the larger pieces of debris (i.e. ropes and nets) 
were matted or tangled, they were carefully eased apart by hand with 
the aid of dissecting scissors and forceps, to separate the individual 
strands and extract smaller debris items that were either inside or 
wrapped around the larger pieces of debris (i.e. fragments, films, 
threads). When needed, the remaining contents from the bags were 
emptied into a stack of stainless steel sieves (4750, 2000, 1000, 500, 
250 μm) to facilitate sorting of the debris. The sieve stack was manually 
shaken twice for 2 min each. Items retained on each sieve and the 
receiving pan were then transferred to individual metal trays or glass 
Petri dishes. Items >4750 μm were inspected by eye and photographed; 
colour and morphology were recorded, and size (as longest dimension) 
was measured with a ruler. All sorting and photography was conducted 
in a laminar flow hood cabinet. The smaller items (≤2000 μm) were 

Table 1 
Summary of sampling conducted for plastic debris analyzed in this study. Sample types, year, time period, number of samples in each category, and related references. 
Values in cells are number of replicates taken for each year and sampling method. Size class sampled by each method in brackets. NBW = northern bottlenose whale. 
See methods for further details.  

Period Year Sample types Reference 

Bulk (μm – mm) Neuston tow (μm – cm) Visual survey (cm – m) NBW stomach contents (μm – m) 

Historical 1990 – 25 20 – Dufault and Whitehead (1994) 
Whitehead, unpublished 

1996 – – 8 – Whitehead, unpublished 
1997 – 10 16 – Whitehead, unpublished 
1999 – 10 10 – Whitehead, unpublished 

Contemporary 2015 – 26a  – This study 
2016 – – 22 – This study 
2019 15a 16a – 1a This study 
2021 – – – 1a This study  

a Subset of particles sent for FTIR spectroscopy. 
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visually observed under a dissecting microscope fitted with a digital 
camera at either 10X (for the 2000 and 1000 μm fraction) or 50×
(remaining sieve size fractions) magnification; suspected plastic parti
cles were counted, and colour and morphology recorded (using the same 
categories as for surface water samples), then photographed. Size (as 
longest dimension) for the smaller debris was measured using image 
analysis software (Image J) as for previous samples. 

2.3. Polymer identification via FTIR 

Polymer composition for select particles from contemporary samples 
(bulk, neuston tow) and NBW stomach contents were identified by 
Fourier Transform Infrared (FTIR) spectroscopy at Surface Science 
Western, University of Western Ontario, London, Ontario, Canada. 
Following Dimitrijevic et al. (2019), we randomly selected a subset of 
particles, aiming for 10% of particles from each major colour and 
morphology combination (i.e. red fibers, green fragments, black films, 
etc.) per sampling method. If a large debris item was selected (mostly 
from NBW stomachs), a smaller section (approximately 2 cm × 2 cm) 
was removed and sent for FTIR. 

Suspected plastic particles were transferred to a diamond compres
sion cell and analyzed by FTIR in transmission mode under the Hyperion 
2000 microscope attached to a Bruker Tensor II spectrometer. Items 
larger than 2 mm × 2 mm were analyzed using a Platinum attenuated 
total reflectance (Pt-ATR) attachment. For microfibers that had FTIR 
spectra consistent with a cellulosic material, the method of Cai et al. 
(2019) was applied to distinguish between natural and semi-synthetic 
cellulosic materials. Each spectrum in question was visually examined 
for a peak, shoulder, or no peak at ~1105 cm− 1. Particles with spectra 
that contained a peak at this wavelength were classed as natural cellu
losic fibers (see Data Analysis section below); particles with no peak or a 
shoulder at this wavelength were classed as semi-synthetic fibers. Thus, 
for the purposes of this study, we define natural cellulosic fibers as 
non-plastic particles made from natural sources but have been manip
ulated for human purposes (e.g., textile fibers made from processed and 
dyed cotton or linen), while semi-synthetic cellulosic fibers are particles 
comprised of rayon or viscose (and considered plastics). 

2.4. Contamination reduction protocols 

The contamination of microplastics from airborne or water sources 
has only recently been considered. As such, few contamination pre
vention protocols were implemented for the historical sample process
ing. One of the largest risks is the potential for airborne contamination 
during laboratory processing (N.K., unpublished observation, Woodall 
et al., 2015). However, as airborne contamination from indoor air is 
typically fibers in dust (e.g., Catarino et al., 2018), and most of the 
plastics recovered in the 1990s were readily distinguishable from these 
types of particles, we believe any potential contamination for the 1990s 
samples was likely to be small to negligible. 

For contemporary samples, consistent efforts were made to minimize 
sample contamination in the field and laboratory (following Dimitrijevic 

et al., 2019). In the field, researchers wore clothing made from natural 
materials (i.e. not fleece) and minimized the amount of time samples 
were exposed to air during the collection process. In the laboratory, all 
materials and instruments used were made of metal (stainless steel or 
aluminum) or glass (except for squirt bottles made of polyethylene), and 
all were rinsed 3 times with ultra-pure water (0.22 μm membrane 
filtered deionized water; Milli-Q Synergy, Millipore) prior to use. A 
100% cotton lab coat or Tychem 2000 (Dupont) coveralls, as well as a 
muslin cloth head scarf and nitrile gloves, were worn for all laboratory 
work, and all clothing was lint rolled prior to the start of any processing. 
Microscope covers were taped in place (after Woodall et al., 2015) to 
protect the samples from airborne contamination. A laminar flow hood 
cabinet was also used for sample sorting or processing when not under 
the microscope. All work areas and equipment were cleaned three times 
with ultra-pure water prior to opening and/or processing samples. 

Background and procedural blanks were also collected during labo
ratory processing of all contemporary and NBW stomach samples. For 
the bulk samples, one background blank was created for each sample, 
and consisted of a polycarbonate membrane filter placed in a Petri slide, 
which were opened whenever the samples were exposed to air. Three 
procedural blanks were conducted, and processed using identical labo
ratory methods as samples, except 1 L glass jars were filled with ultra- 
pure water instead of seawater. For the neuston tow samples, six back
ground blanks were used for each sampling year (i.e. n = 6 in 2015 and 
n = 6 in 2019), prepared in the same manner as for the bulk samples. It 
was not possible to conduct procedural blanks for neuston tows. For the 
NBW stomach samples, a polycarbonate filter was placed within a glass 
Petri dish on each sample processing date, for a total of 10 background 
blanks (n = 7 for Whale 1 and n = 3 for Whale 3). All blanks were 
analyzed under a dissecting microscope, and particles classified by type, 
colour, and size, in the same manner as for actual samples. 

2.5. Data analysis 

All calculations and statistical analyses were conducted using the R 
software environment (R Core Team, 2022) in RStudio (version 
2022.02.2). 

For contemporary samples, particles found in blanks were used to 
correct the final particle counts by establishing a limit of detection 
(LOD), following Waddell et al. (2020) and De Witte et al. (2014). The 
LOD was calculated as the mean + 3 * standard deviation (SD) for each 
particle colour and morphology combination. Background and proce
dural blanks were combined and treated equally for the calculation, 
which was applied within each sampling method (i.e. we created LODs 
separately for the sets of particles extracted from bulk and neuston tow 
sampling methods). Corrective action (subtraction of the LOD from the 
number tallied in the sample) was only taken if an item of the same 
colour and type was found in both the blanks and the samples. If the 
sample totals were < LOD (i.e. subtraction resulted in a negative num
ber), the value was set to zero. 

Following blank correction of contemporary samples, particle counts 
per sample were further adjusted following the results of FTIR 

Table 2 
Necropsy assessment of stomach contents of NBW stranded across the region. Stomach content assessment depended on the condition and size of the animal. See 
Supplementary Materials S1 Figs. S1-2, S1-3 for images of plastics collected from Whales 1, 3, and 8. ND = Not determined; Brackets after location names indicate 
Provinces (NL = Newfoundland and Labrador; NS = Nova Scotia; QC = Quebec).  

Whale Date Location Coordinates Sex Necropsy Stomach contents FTIR 

1 August 11, 2019 Harbour Mille (NL) 47.59◦N, 54.88◦W F Y Plastics, rope, squid beaks, fish otoliths, lenses Y 
2 February 16, 2021 Boyds Cove (NL) 49.47◦N, 54.75◦W F Y Squid beaks – 
3 March 7, 2021 Musgrave Harbour (NL) 49.25◦N, 53.51◦W F Y Plastic rope, plastic fibers, squid beaks Y 
4 March 15, 2021 Sable Island (NS) 43.93◦N, 59.97◦W F N – – 
5 September 30, 2021 Point-à-la-Croix (QC) 48.01◦N, 66.73◦W M Y Squid beaks, fish eye lenses – 
6 September 30, 2021 Point-à-la-Croix (QC) 48.01◦N, 66.73◦W F N – – 
7 October 1, 2021 Mortier Bay (NL) 47.16◦N, 55.14◦W M Y Squid beaks – 
8 June 12, 2022 Knights Cove (NL) 48.54◦N, 53.32◦W ND Y Nylon glove, squid beaks –  
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spectroscopy to report a final plastic particle count (Covernton et al., 
2019; Huntington et al., 2020). The number of particles in each 
colour-morphology combination were multiplied by a correction factor 
to account for the amount of visual identification error as identified by 
FTIR spectroscopy (i.e. if 10 blue fibers were analyzed by FTIR and five 
were confirmed as plastic, particle counts were multiplied by 5/10) 
(Covernton et al., 2019). This plastic particle count includes plastics as 
well as semi-synthetic fibers, and paint containing alkyds. Final counts 
were rounded up to the nearest whole integer (to maintain nature of 
count data) then standardized by sample volume (bulk) or surface area 
(neuston tows). For blank correction of NBW stomach samples, the 
smaller sample size allowed us to adjust final particle counts by directly 
subtracting particles in procedural and background blanks of the same 
colour and morphology from their corresponding sample (Battaglia 
et al., 2020). 

We examined the change in large and small plastic debris over time 
in two ways. While samples were collected from The Gully in every year, 
samples from Shortland and Haldimand canyons were not. Thus, com
parisons across time were analyzed only for samples collected from The 
Gully in order to match the historical data available (Table 1). First, we 
examined change across years using Kruskal-Wallis non-parametric 
ANOVA, followed by Dunn’s post-hoc test, as these data did not meet 
parametric test assumptions of normality nor homogenous variances 
(even after transformation, as determined by Shapiro-Wilk’s and Lev
ene’s tests). We adjusted p values (padj) to account for multiple com
parisons with the Benjamini-Hochberg method to control the false 
discovery rate. These analyses were carried out using the stats package, 
and the dunn_test function in the rstatix package (Kassambara, 2021). 
Second, we combined data into periods – contemporary (2010s) and 
historical (1990s) – and tested the difference in plastic abundance be
tween periods using a non-parametric Wilcoxon rank sum test. These 
tests were conducted separately for neuston tows and visual surveys. For 
all tests, significance was assessed at α = 0.05. Comparisons of 
contemporary plastic particle concentrations among canyons for each 
sampling method (bulk, neuston tow, visual survey) are presented in 
Supplementary Materials S2. 

To examine the potential for NBWs to ingest plastic debris from their 
critical habitat, we made qualitative comparisons of the plastic debris 
sampled in seawater to debris found in NBW stomach contents. We 

visually compared the size ranges and polymer types of particles 
sampled in 2019 (by bulk and neuston tow) to those removed from NBW 
stomachs in 2019 and 2021. All particles identified by FTIR that were 
sampled using bulk or neuston tows were pooled across canyons within 
sampling method where applicable to represent plastics removed from 
seawater in NBW critical habitat. For these comparisons, we also 
included natural cellulosic material (which were mostly fibers); 
although not plastics, these particles often contain colorants (dyes, 
pigments) and chemical additives (flame retardants, antimicrobial 
agents, formaldehyde), and may be equally harmful to marine biota as 
plastics (reviewed in Athey and Erdle, 2022). 

3. Results 

3.1. Historical vs. contemporary periods 

In The Gully, small plastic debris sampled using neuston net tows 
significantly increased over time (Kruskal-Wallis H(Х2) = 36.7, df = 4, p 
< 0.0001) (Fig. 2a). Significantly higher median values of small plastics 
(no. km− 2) were observed in 2015 and 2019 than in 1990 (padj < 0.001) 
and 1999 (padj < 0.05). There was no significant difference in values 
between 2015 and 2019 (padj = 0.8). Values in 1997 were intermediate 
between these two groups, being significantly greater than in 1990 (padj 
< 0.01), but not significantly different from values in 1999 after 
correction for multiple testing (padj = 0.076). 

Large plastic debris sampled using visual surveys significantly 
decreased over time (Kruskal-Wallis H(Х2) = 25.3, df = 4, p < 0.0001) 
(Fig. 2b; Supplementary Materials S2 Table S2-1). While median abun
dances in the 1990s were variable among years, there were significantly 
lower median values of large plastic debris observed after 1996 (all padj 
< 0.01). 

Comparing across periods, the abundance of small plastic debris was 
significantly greater in the 2010s than the 1990s (Wilcoxon W = 120, p 
< 0.0001) (Fig. 3a). In contrast, there was a significant decrease in large 
plastic debris from the 1990s to the 2010s collected via visual surveys 
(Wilcoxon W = 774.5, p = 0.0012) (Fig. 3b). 

Fig. 2. Plastic abundances in The Gully from 1990 to 2019 for (a) small plastic debris sampled via neuston net tows, and (b) large plastic debris observed in visual 
surveys. Numbers in parentheses are sample sizes within each year. Different red letters denote significant differences (p < 0.05) among years. Boxes show the 
interquartile range (IQR: 25th to 75th percentile), the solid black line represents the median, the whiskers represent the minimum and maximum values or 1.5*IQR 
from the first or third quartile, whichever is less. Circles represent outlying values which are larger or smaller than 1.5*IQR. 
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3.2. Contemporary analysis 

Plastics and other anthropogenic particles were found in all bulk 
samples (2019), in all neuston tows (2015 and 2019), and in 5 of 21 
visual surveys in 2016. After accounting for contamination and identi
fication errors in bulk and neuston tow samples, total plastic particle 
numbers were recorded as 246 (bulk 2019), 2970 (neuston tow 2015), 
and 886 (neuston tow 2019). A total of 14 large items were observed 
across all visual surveys in 2016. 

The concentration or abundance of floating plastic debris was 
spatially heterogeneous (i.e. patchily distributed across space), varying 
by 1–3 orders of magnitude, depending on sampling method, year, and 
canyon location (Table 3, Supplementary Materials S2 Fig. S2-1a). 
Micro-debris concentrations, as sampled using bulk methods, ranged 
from 3 to 30 microplastics L− 1, and were comprised primarily of fibers 
(Supplementary Materials S2 Figs. S2-2). Small and micro-sized plastic 
debris abundances, as sampled using neuston tows, ranged from 5586 to 
438 196 plastics km− 2 and captured a greater diversity of plastic mor
phologies (fibers, fragments, films, flakes, spheres) (Supplementary 
Materials S2 Figs. S2-1b, S2-2). Large debris abundance ranged from 0 to 
108.6 items km− 2 (Supplementary Materials S2 Figs. S2-1c). Large 
debris sampled via visual surveys consisted of plastic sheets, plastic 
grocery bags, food wrappers, a yogurt container, small plastic frag
ments, rope, and fishing buoys (Supplementary Materials S2 Table S2- 
1). 

When compared to studies employing similar methodologies, micro, 
small, and large debris estimates from The Gully and area canyons are 
greater (in all but one case) than those reported in other surface waters 
across the North Atlantic (Table 3). 

Of the 596 particles sampled from bulk and neuston tows analyzed 
with FTIR spectroscopy, 81.4% were plastic, another 6.5% were iden
tified as other anthropogenic material (i.e. glass, metal, rubber), 10.6% 
were organic (plant material, hair, wool, etc.), and 1.5% were unable to 
be identified (no match in FTIR library). A greater diversity of polymer 
types were sampled with neuston tows than bulk methods (Fig. 4). The 
most common polymer types found using bulk methods were fibers of 
polyethylene terephthalate polyester (PET) and natural cellulose. The 
most common polymer types collected by neuston tows were poly
ethylene (PE), polypropylene (PP), PET, and natural cellulose. Most 
natural cellulose, PET, nylon, and acrylic particles were fibers (Fig. 4a), 
while PE and PP were more frequently found as fragments (Fig. 4b). Less 

frequently encountered polymer types included paint flakes containing 
alkyds, semi-synthetic cellulose, and other plastics (e.g., polyvinyl 
chloride, polystyrene, and ethylene vinyl acetate). Sizes of particles 
sampled using the bulk method ranged from 35 μm to 12.5 mm (median 
size = 744 μm), while debris sampled by neuston tows ranged from 90 
μm to 39.1 mm (median size = 1207 μm; Fig. 5). The size distributions of 
fibers (Fig. 5a) were similar for both bulk and neuston tow samples, 
although fragments sampled in neuston tows tended to be larger than 
those sampled using bulk methods (Fig. 5b). 

3.3. Debris characterization in NBWs and their critical habitat 

Prey consumed by Whale 1 were preliminarily identified as Histio
teuthis from squid beaks, and redfish (Sebastes sp.), Atlantic cod (Gadus 
morhua), and long finned hake (Phycis chesteri) from otoliths; additional 
bones and eye lenses were not speciated. Differing amounts of plastic 
items were collected from the stomachs: 384 distinct plastic items were 
found in Whale 1, while 32 items were found in Whale 3. Most plastic 
items were biofouled or colonized by fauna (i.e. worms, small crusta
ceans), suggesting residency in the water column or at the surface for 
some time prior to ingestion. Smaller plastic pieces were often found 
entangled within the larger items (i.e. within mats or tangled fragments 
of rope), but it is unknown if this occurred within the stomach or in the 
ocean prior to ingestion. 

Multiple item morphologies were observed in the NBW stomachs: 
Large items (>2.5 cm) included fragments of fishing nets, ropes, bottle 
caps, cups, and food wrappers (similar to items observed during visual 
surveys in 2015 and 2016; Supplementary Materials S2 Table S2-1), 
while smaller items consisted of rope filaments (threads), smaller plastic 
fragments, fibers, and flakes (similar to particle morphologies sampled 
in neuston tows) (Supplementary Materials S1 Figs. S1-2, S1-3). The 
majority of particles in Whale 1 stomach (96%) were fibers or fibrous, 
from nets or ropes (as whole pieces, sections of rope or net, large fila
ments, or individual fibers); the remaining 4% of particles were frag
ments. We found only fibers (ropes, nets, filaments, fibers) in Whale 3’s 
stomach, with 84% of all plastic material recovered (by weight) was 
from a single large piece of matted rope (Supplementary Materials 
Fig. S1-2a). Items removed from NBW stomachs spanned the widest 
range of sizes, from 150 μm to 1.13 m (median size = 15 mm) for Whale 
1, and 800 μm to 20 cm (median size = 21.2 mm) for Whale 3 (Fig. 5). 

Of the 85 particles from the NBW stomachs analyzed by FTIR, 94.7% 

Fig. 3. Plastic abundance in The Gully sampled in historical (1990s) and contemporary (2010s) periods for (a) small debris sampled using neuston net tows; and (b) 
large debris observed in visual surveys. Values in brackets are sample sizes within each period. Boxplots with interquartile ranges as in Fig. 1. Asterisks denote 
significant differences between periods at p < 0.001 (**) or p < 0.01 (*). 
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were identified as plastic, 4% were natural celluloses, and 1.3% were of 
other anthropogenic origin (identified as an aluminosilicate fragment). 
Whale 1 had a greater diversity of polymer types than Whale 3, likely 
reflecting the larger number of items ingested (Fig. 4). The most 
commonly observed polymers in both whales included PP, PE, PET, and 
nylon, although the proportions differed between the whales (Fig. 4). 
Whale 1 had also ingested acrylic and semi-synthetic and natural 

cellulosic fibers, as well as paint fragments, but in smaller proportions to 
the other material types. 

The polymer types recovered from the NBW stomachs were similar to 
that sampled from surface waters in their critical habitat in 2019, 
although the pattern varied between the whales (Fig. 4). Both stomach 
contents and neuston and bulk samples all had high relative proportions 
of PP and PE fragments, and PP, PET, and nylon fibers. In contrast, NBW 
stomach contents contained PE fibers and PET fragments, which were 
not found in surface water samples (Fig. 4). For both fibers (Fig. 5a) and 
fragments (Fig. 5b), debris from the NBW stomachs ranged across all size 
classes (micro, small, and large) and overlapped with the size distribu
tions from the neuston tows and bulk methods that targeted the micro 
and small size classes. Overall, the polymer type and size distributions of 
Whale 1’s stomach contents (stranded in 2019) most resembled the 
surface samples collected via neuston tow in 2019 (Figs. 4 and 5). 

4. Discussion 

Here we present the first long-term study of concurrent change in 
multiple size classes of plastic debris in the western North Atlantic. Over 
the last three decades, the smallest size classes of debris have increased, 
while the largest size classes have decreased. The current abundance of 
plastic debris in The Gully, a marine protected area and critical habitat 
of Endangered Scotian Shelf NBWs, is higher than in surrounding 
oceanic surface waters, and displays a wide variation in size, polymer 
types, and particle morphologies. This mixture of plastic pollution ap
pears to be derived from fishing gear, commercial uses (food packaging 
and textiles), recreational activities, and vessels. NBWs are consuming 
plastic across all size classes of debris (micro to large), consistent with 
the polymer types and particle sizes collected from surface waters in 
their critical habitat. While the long-term consequences of plastic 
ingestion on NBWs is unknown, the current high abundance of plastic 
debris in their critical habitat, in combination with the increasing 
abundance of micro-sized and small plastics over time, suggests asso
ciated health (e.g., potential ‘plasticosis’; Charlton-Howard et al., 2023) 
and welfare impacts of ingested plastics should be accounted for in 
future recovery plans (Eisfeld-Pierantonio et al., 2022). 

The Gully and area canyons appear to be a regional hot spot of 
floating plastic debris in the western North Atlantic. Although abun
dances are not as high as levels found in some urbanized coastal envi
ronments (e.g., Mediterranean (van der Hal et al., 2017), Hong Kong 
(Cheung et al., 2018)), the abundance of small plastic debris measured 
in contemporary samples in The Gully and area canyons is higher by 1–2 
orders of magnitude than what has been measured in the surrounding 
continental shelf areas (Law et al., 2010; Rivers et al., 2019; de Men
donça et al., 2021, Table 3). In an earlier study, Law et al. (2010) 
examined the abundance of floating plastic debris across the western 
Atlantic, finding that the highest surface concentrations of plastic debris 
corresponded to convergence areas created by wind-driven Eckman 
currents and geostrophic circulation. From this analysis, Law et al. 
(2010) identified a small convergence area in the western North Atlantic 
which overlaps the geographic area of The Gully and area canyons. 
Surface circulation in The Gully region appears to be influenced by the 
presence of anticyclonic (clockwise) gyres that circle the surrounding 
banks (Sable and Banquereau), while a cyclonic (anticlockwise) partial 
gyre forms over the channels between the banks (Han, 2003; Ken
chington et al., 2014). Particularly for The Gully, exchange between the 
gyres appears to produce a south-westward flow over the canyon mouth, 
and a slow north-eastward drift across its head (Kenchington et al., 
2020). These gyres may be acting to concentrate or trap floating plastic 
litter in the area, particularly in summer months when wind forcing and 
current speeds are typically weakest (Shan et al., 2014a), increasing 
exposure of NBWs to marine plastic pollution. Sá et al. (2021, 2016) 
found a similar occurrence in eastern North Atlantic waters off the 
Portuguese coast, where areas under the influence of dynamic oceano
graphic features were acting as retention zones, concentrating nutrient, 

Table 3 
Concentration or abundance of items of micro-sized, small and large plastic 
debris found in this study and comparisons to studies conducted in the North 
Atlantic using similar sampling methodologies. NWA = Northwest Atlantic.  

Location Year Method Mean ± SD (n) Source 

Micro debris (no. L− 1) 
The Gully 2019 Bulk (1 L) 19.6 ± 7.5 (7) This study 
Haldimand 

canyon 
2019 Bulk (1 L) 17.7 ± 6.35 

(3) 
This study 

Shortland canyon 2019 Bulk (1 L) 11.2 ± 6.3 (5) This study 
Maine coast, USA 2014 Bulk (1 L) 5.9 ± 4.4 (17) Barrows et al. 

(2017) 
Plymouth Sound, 

UK 
2015 Bulk (1 L) 2.6 [5.42]c 

(10) 
Green et al. 
(2018) 

Micro and small debris (no. km− 2) 
The Gully 2015 Neuston 

net (308 
μm) 

136 832 ± 93 
183 (19) 

This study 

Haldimand 
canyon 

2015 Neuston 
net (308 
μm) 

194 175 ±
137 643 (7) 

This study 

The Gully 2019 Neuston 
net (308 
μm) 

112 017 ± 81 
027 (8) 

This study 

Haldimand 
canyon 

2019 Neuston 
net (308 
μm) 

40 354 ±
8710 (3) 

This study 

Shortland canyon 2019 Neuston 
net (308 
μm) 

21 534 ± 21 
259 (5) 

This study 

The Gully 
(station 
GULD03) 

2016 Manta net 
(200 μm) 

23 370 de Mendonça 
et al. (2021) 

The Gully 2016 Neuston 
net (300 
μm) 

423.59 ±
522.10 (4) a 

Rivers et al. 
(2019) 

NWA (44 ◦N) 1986–2008 Neuston 
net (335 
μm) 

3659 ± 1400 Law et al. 
(2010) 

Gulf of Maine 1986–2008 Neuston 
net (335 
μm) 

1534 ± 200 Law et al. 
(2010) 

Coastal Nova 
Scotia 
(Lunenburg) 

2018 LADI net 
(335 μm) 

4905.06 ±
4866.21 (6) 

Smith et al. 
(2022) 

Scotian Shelf 
(stations HL02, 
HL03, HL04) 

2016 Manta net 
(200 μm) 

9580–28 186 de Mendonça 
et al. (2021) 

Continental Slope 
(stations RS01, 
HL06.3) 

2016 Manta net 
(200 μm) 

14 669–58 
788 

de Mendonça 
et al. (2021) 

NWA (Gulf 
Stream Frontal 
Area 2 station) 

2016 Neuston 
net (300 
μm) 

4338.15 ±
7293.28 (4)a 

Rivers et al. 
(2019) 

Maine coast, USA 2014 Manta net 
(335 μm) 

213 709b (6) Barrows et at. 
(2017) 

Large debris (items km− 2) 
The Gully 2016 Visual 

survey 
10.4 ± 25.1 
(22) 

This study 

Portuguese 
coastal zone 

2011 Visual 
survey 

2.98 
(1.98–4.48 
95% CI) (13) 

Sá et al. 
(2016) 

Azores 
archipelago 

2015–2017 Visual 
transects 

1.39 ± 0.14 
(2406)d 

Chambault 
et al. (2018)  

a Reported fragments only. 
b SD not reported. 
c Reported as median [interquartile range]. 
d After observer correction. 
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plankton, and prey, but also floating marine litter, subsequently 
increasing interactions of marine mammals with plastic debris. 

The diverse nature of plastic products and the multiple routes they 
can take to enter the marine environment poses challenges in deter
mining their source. The current abundance of plastic debris in The 
Gully and area canyons displays a wide variation in size, morphology, 
and polymer type. At present, such an assortment of plastic suggests 
multiple origins, sourced from consumer products (particularly food 

packaging and textiles), vessels, industrial activities, fishing, and rec
reational activities. From field sampling in 2016, de Mendonça et al. 
(2021) found a lack of plastics on the Scotian Shelf but a higher abun
dance along the continental slope areas, and suggested a wider oceanic 
source for plastics in this area. The transport of plastic waste (i.e. food 
packaging, textiles) from more southern locations (e.g., the North 
Atlantic subtropical gyre (Law et al., 2010) or along the eastern 
seaboard of the US) into temperate waters via the Gulf Stream Current 

Fig. 4. Polymer composition of plastic fibers or 
fragments, as determined by FTIR spectroscopy, 
across bulk and neuston tow sampling methods and 
from northern bottlenose whale stomach contents. 
Particles are pooled among canyons for bulk and 
neuston tow samples. ‘Fibers’ category includes fi
bers, filaments, and fiber bundles; ‘Fragments’ cate
gory includes fragments, spheres, films, and flakes. 
PE = polyethylene; PET = polyethylene terephthalate 
polyester; PP = polypropylene; ‘other plastics’ 
include polystyrene, polyvinyl chloride, and ethylene 
vinyl acetate. Natural cellulose (cellulose N) repre
sents cellulose particles made from natural sources 
but have been manipulated for human purposes (e.g., 
textile fibers made from processed and dyed cotton or 
linen). Semi-synthetic celluloses (cellulose SS) are 
particles comprised of rayon or viscose, and were 
distinguished from natural celluloses following the 
method of Cai et al. (2019). See methods text for 
further details. No fragments were recovered from the 
Whale 3 stomach contents.   

Fig. 5. Size distributions of plastic particles by sam
pling method or northern bottlenose whale stomach 
contents for (a) fibers and (b) fragments. Size is 
length of longest dimension of each plastic particle. 
Boxplots (with interquartile ranges as in Fig. 1) with 
outliers (as open circles) are superimposed within 
each violin. No fragments were recovered from Whale 
3 stomach contents. Red dashed and dotted horizon
tal lines denote 5 and 25 mm size boundaries between 
micro and small, and small and large size classes, 
respectively.   
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could explain higher concentrations of floating plastic in The Gully area 
despite its offshore location and remoteness from dense centres of 
human population. Many particles collected using neuston tows in our 
study were weathered and/or degraded, suggesting a longer residence 
time in surface waters; however, little data are available on the rates of 
degradation of plastics in offshore waters (Andrady, 2017). In contrast, 
the mean annual surface currents in The Gully region are influenced 
primarily by Scotian Shelf waters flowing south-westward across the 
shelf-slope boundary (Greenan et al., 2014; Shan et al., 2014a), sug
gesting that plastics may be transported from the northeast, where there 
is higher fishing activity (Rozalska and Coffen-Smout, 2020). Given the 
contemporary diversity of plastic debris sampled, it is possible that the 
cumulative input from local sources (i.e. fishing and transportation 
vessels) and long distance transport (from areas of high human popu
lation) is converging in The Gully. 

While plastic production has dramatically increased, there have been 
few long-term studies quantifying trends in plastic debris in the marine 
environment. To date the overall findings have been equivocal, with 
some detecting increases in the open ocean (Ostle et al., 2019), in bi
valves (Halbach et al., 2022), washed up on beaches (Waluda et al., 
2020) or sinking to the deep-sea floor (Parga Martínez et al., 2020), 
while others have failed to detect a significant trend in surface water, 
biota, or sediments over several decades (Beer et al., 2018; Courtene-
Jones et al., 2019). Finding a significant increase in small- and 
micro-sized plastic debris in The Gully is consistent with the reality that 
large quantities of plastics continue to enter the ocean annually (Borrelle 
et al., 2020; Geyer et al., 2017). However, we also observed a concurrent 
and significant decrease in large plastic debris, suggesting this increase 
in small- and micro-sized debris may be the result of larger plastics 
fragmenting into smaller pieces. Macro- and meso-plastics are a major 
secondary source of microplastics; exposure to UV radiation at the sea 
surface results in their photodegradation and fragmentation by wave 
action (Gewert et al., 2015; ter Halle et al., 2016; Weinstein et al., 2016). 
Alternately, the increase could be the result of long-range transport of 
small plastic debris from areas of higher concentration that then accu
mulate in The Gully due to local oceanographic conditions and the 
long-term durability of plastic materials (Andrady, 2017; Barnes et al., 
2009). The decrease in large-size plastics we observed may also be 
related to regulations implemented between the 1990s and 2010s that 
eliminated some fishing activities and may have reduced vessel traffic in 
The Gully. However, this decline in large plastics may also reflect the 
fact that our visual survey results from the 2010s were dominated by 
samples taken within a single year, and it is difficult to discern whether 
2016 was a true representation of plastic debris within that decade. In 
contrast, these results do align with subjective observer experiences that 
large plastic concentrations in The Gully have decreased substantially 
over the 30 year period (H.W., unpublished observation). While many 
questions on the cycling, transport, and fate of marine plastics in the 
ocean remains to be answered (Galgani et al., 2021), plastic production 
is projected to increase (Lebreton and Andrady, 2019), suggesting 
plastics, both large and small, will continue to persist in The Gully and 
adjacent canyons into the near future. 

Globally there appears to be an increase in reports of ingestion of 
marine plastics by cetacean species (Eisfeld-Pierantonio et al., 2022; 
Fossi et al., 2018), however it is difficult to account for observer bias and 
increased attention to the issue. While we were only able to opportu
nistically analyse the stomach contents of two NBWs, the total counts of 
plastic items recovered were within the range of particles recovered 
from other beaked whales (Battaglia et al., 2020; Baulch and Perry, 
2014). Plastics found in two NBWs killed by whalers in the 1970s sug
gests ingestion may have been an issue for NBWs since plastics first 
entered the environment (Benjaminsen and Christensen, 1979). NBW 
are deep-divers that forage for squid and demersal fish at depths >500 
m, and ingest prey through suction feeding (Hooker et al., 2001; Werth, 
2006). Given higher ingestion rates observed in beaked and sperm 
whales (Physeter macrocephalus) (Alexiadou et al., 2019; Lusher et al., 

2018), it has been suggested that deep-diving cetaceans are more 
vulnerable to ingestion of plastic debris compared to other coastal or 
shallower water cetacean species (Eisfeld-Pierantonio et al., 2022). This 
may be due to their diving and feeding behaviour, rather than the 
concentrations of plastics within their habitats (Di Beneditto and Oli
veira, 2019). In addition to potential interactions with debris in the 
surface layer, NBW could be encountering plastics trapped or suspended 
in the deep slow-moving currents within the canyon, particularly in 
summer months when particles may be retained over several weeks 
(Shan et al., 2014b). Although some high-density plastics, which are 
negatively buoyant in seawater, were found in NBW stomachs (i.e. 
particularly PET, specific density 1.30–1.40 g cm− 3), plastic density can 
be affected by many factors, including changes in particle shape and 
size, weathering, presence of biofilms, and/or additives (Kooi et al., 
2017, 2016). More evidence is required to confirm whether NBWs are 
also exposed to demersal plastic pollution within their critical habitat. 

While we cannot conclusively determine that the plastic debris 
consumed by NBW was from The Gully or area canyons (nor that plastic 
was the cause of death), it appears the nature of The Gully and adjacent 
canyon environments concentrate surface water plastics relative to 
surrounding areas (Table 3). There is overlap in the morphologies, size 
classes, and polymer types of plastic debris found in NBW stomach 
contents and the debris collected from their critical habitat, which is 
where the majority of the Scotian Shelf NBW population are present 
year-round (O’Brien and Whitehead, 2013; Stanistreet et al., 2021). 
Overall, evidence indicates that this population of NBWs are both 
exposed to and are intentionally or accidently ingesting plastic items 
within their critical habitat. While more research is required to under
stand the potential chronic effects on marine mammal health (Zantis 
et al., 2021), given the large amount of plastic found in the NBW 
stomachs examined in this study, we agree with Eisfeld-Pierantonio 
et al. (2022) that ingestion of large, small, and micro-sized plastics are 
having health and welfare impacts on this Endangered population of 
NBWs. In future, NBWs may face increased risks from the ingestion of 
smaller plastic items if these size classes continue to increase in abun
dance throughout their habitat. Alongside entanglement, vessel strikes, 
and military sonar, we suggest plastic pollution is an anthropogenic 
threat posing a high risk to individuals and the recovery of the Endan
gered SS NBW population (DFO, 2022a; Feyrer et al., 2021). 

5. Conclusion 

Despite multiple changes in the surrounding anthropogenic seascape 
over the previous three decades, The Gully continues to sustain high 
rates of plastic floating debris. Although now recognized as an MPA, the 
cross-boundary nature of marine plastic debris makes management a 
challenging problem that transcends action within the boundaries of any 
protected area. Previous studies on plastic pollution in MPAs highlight 
the need for preventative measures at the source (Soto-Navarro et al., 
2021), as MPA status will not prevent the entry of plastic pollution into a 
given area (Barnes et al., 2018). The decrease in large debris in The 
Gully observed in this study likely reflects the decline in fishing effort 
due to the collapse of the cod fishery starting in the early 1990s (Myers 
et al., 1997; Sinclair et al., 2015), and no-take exclusions within Zone 1 
of the MPA established in 2004. However, additional efforts to mitigate 
and retrieve abandoned, lost or otherwise discarded fishing gear in the 
region may have also contributed to help reduce the input of large 
debris. Several fishing and non-government organizations have partici
pated in this work, while Fisheries and Oceans Canada has initiated 
programs that more closely track fishing gear over its life cycle (DFO, 
2022b). Once microplastics are in the marine environment, mitigation is 
nearly impossible; consequently, it is the responsibility of multiple 
different sectors and regulators to prevent debris and pollution from 
entering the marine environment in the first place. A multi-pronged 
approach (e.g., Konecny et al., 2018; Madricardo et al., 2020) will be 
necessary to prevent marine debris and address the health and welfare 
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impacts of plastics on the species the MPA was originally created to 
protect. 
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