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Abstract: Plastic pollution is threatening aquatic ecosystems and wildlife. Understanding the charac-
teristics and extent of plastic pollution is the first step towards improving management and therefore
the environmental impacts. Pre-production pellets are used in the manufacture of a range of con-
sumer items. The Avon–Heathcote Estuary/Ihutai in Aotearoa–New Zealand, an important wildlife
habitat, was assessed for the presence and characteristics of pre-production pellets. Following a
visual survey of the estuary’s perimeter to establish overall levels, seven accumulation hotspots were
identified, and surveyed in more detail. The enumeration and characterisation of pellet colour, size,
morphology, degree of weathering and polymer type was undertaken. A total of 3819 pellets were
identified, with pellets present at all sites. The pellets were predominantly clear (86%), 3 mm in size
(54%), cylindrical in shape (62%), showed moderate weathering (41%) and were made of low-density
polyethylene (LDPE) (53%). Pellet abundance and characteristics varied between sites. Accumulation
and abundance may be influenced by river inflows along which plastic manufacturers are located,
weather conditions, locality to stormwater outlets and pellet characteristics. Pellet pollution is a no-
table problem in the Avon–Heathcote Estuary/Ihutai and it highlights the need to better understand
the sources and improve best management practices.
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1. Introduction

Since the 1940s–1950s, plastic has been mass produced to create a range of everyday
items [1,2] that have greatly benefitted society. Its lightweight and durable design matched
with a low price point [3] has seen plastic’s popularity grow, with 368 million tonnes of
plastic produced in 2019, an increase of over 20 million tonnes since 2017 [4]. A lack of
effective end-of-life management and plastic’s resistance to natural degradation processes
has led to its accumulation in the environment as debris [5]. Globally, around 79% of used
plastic products are discarded into landfill or the environment, 12% are incinerated and
only 9% are recycled [6]. Once in the environment, plastic debris is susceptible to long
distance travel via wind and currents, assisted by its low density and high resilience. If
plastic is deposited in sediment, it can persist for hundreds to thousands of years [7].

In addition to the aesthetic impact that plastic pollution has, there are established and
growing concerns over the impacts it has on the health of ecosystems, with plastic now
being added to the United Nations’ Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and their Disposal, effective January 2021 [8]. Plastic in-
gestion has been recorded in a range of aquatic species across different habitats and feeding
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strategies, such as deposit feeders (Chironomus spp.) [9], sea turtles [10–12], seabirds [13–15]
and marine mammals [16]. Ingestion can cause obstruction of the digestive tract, leading to
death by starvation due to false satiation [17,18]. In addition, plastics can adsorb persistent
organic pollutants [19] and heavy metals [20], which may, in turn, be harmful when swal-
lowed [21]. Plastics also provide a vector of transport for invasive species and potential
pathogens [22,23].

The ingestion of microplastics by aquatic organisms and wildlife has been documented
for over a decade [24]. Microplastics are currently defined as plastic particles less than 5 mm
in size [25] and can be broadly categorised into either primary or secondary microplastics.
Primary microplastics have been intentionally created to be less than 5 mm in size [25], as
opposed to secondary microplastics, which are the fragmentation products resulting from
processes such as weathering and biological and UV degradation [26].

The bulk of the research into microplastic accumulation has focused on the marine
environment, and data from estuarine and freshwater environments are lacking in com-
parison [27]. Around 70–80% of plastic debris in the marine environment has land-based
sources [28]. A key medium of transport of plastic debris from land to ocean is freshwater
systems with influence from sewage outfalls [29] and flooding events [30]. The estuarine
environment is an important area to study, as it could indicate the mechanisms involved in
plastic transportation as the interface between freshwater systems and the open ocean.

Studies have indicated that pre-production plastic pellets are a pollutant in fresh-
water environments and shorelines [17,31]. During the manufacture of plastic products,
virgin pre-production plastic pellets are melted and formed into the desired plastic item,
often requiring thousands of pellets to create a single item. Between 58 and 70.6 million
tonnes of plastic pellets are produced in Europe each year [32], with the majority used
to produce packaging [2]. Chemical additives such as thermal stabilisers, colourants,
anti-oxidants, softeners and biocides are often included in this process depending on the
end product [2,16], which adds to their pollutant potential. The routes of entry of pellets
to the environment include accidental loss during transport, human handling error and
run-off from manufacturing plants [33–35]. Like other microplastics, pre-production pellets
pose a chemical and physical threat to wildlife by being mistaken for prey items, being
unintentionally ingested via filter-feeding [36] or indirectly ingested through the food
chain [16]. Pellet pollution in Aotearoa–New Zealand (A–NZ) has been documented since
the 1970s [37]. Notably, in 2011, 150 tonnes of pellets were lost from the MV Rena container
ship off the coast of Tauranga during a stranding event. In 2017, over 300,000 tonnes of
virgin resin for manufacture were imported into the country [38].

To reduce plastic pollution in the environment, effective management strategies should
be put in place. A lack of product labelling [39] and secondary microplastics appearing as a
fragment of the original product [40] make the origin of plastic pollution difficult to high-
light. However, pellets are property of the plastics industry and therefore the responsibility
for their presence in the environment can be assigned accordingly. Information gained by
identifying accumulation hotspots and the characterisation of pellets could help inform best
management practices used by the local plastics industry with positive implications for the
environment and wildlife. For example, Operation Clean Sweep (OCS) is an international
programme that has been adopted by 23 countries worldwide, including A–NZ. Its goal
is to help the plastics industry achieve zero pre-production plastic loss and pollution of
the environment. Algalita Marine Research Foundation (AMRF) found a reduction in
pellet loss at seven plastic industries in California after the adoption of Best Management
Practices (BMPs) encouraged by OCS [41]. The Industry Association in A–NZ, Plastics NZ,
aims to “maximise the development, growth and success of plastics-based technology in
an economically, socially and environmentally responsible manner” [42]. They currently
have 67 members who have adopted OCS’s BMP to keep plastics out of the environment.
Eight of these companies are based in the inner Ōtautahi/Christchurch area [43] (Figure 1).
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a white star represent plastic manufacturers that are members of Plastics NZ and that have adopted 
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suppliers or distributors that are members of Plastics NZ. The purple marker with a star represents 
a plastic recycler that is a member of Plastics NZ and has adopted best practice under Operation 
Clean Sweep. Green markers with a white dot represent plastic manufacturers/fabricators/distribu-
tors that are not members of Plastics NZ. Correct as of December 2021 using publicly available in-
formation. 

Plastic debris has long been documented on the shorelines of A–NZ [37,44,45], being 
attributed to the proximity of urban areas [44,45] with influences from stormwater [37] 
and wastewater [46]. This study aimed to assess the extent of pellet abundance in the 
Avon–Heathcote Estuary/Ihutai. The first objective was to identify whether pre-produc-
tion pellets, a primary microplastic, were present in the estuary, and the extent, pattern 
and level of pollution. In addition, the hotspots of pellet accumulation in the estuary were 
identified and the predominant characteristics of the pellets were recorded to infer poten-
tial point sources. Microplastic presence in aquatic ecosystems is frequently correlated 
with areas of high industrial activity [39,47,48]; thus, given the estuary’s close proximity 
to Ōtautahi/Christchurch, the second largest city in A–NZ, with a substantial plastics 

Figure 1. Map of study area and plastics industry around Ōtautahi/Christchurch. Created using
Google Maps “My Maps” software. The Avon–Heathcote Estuary/Ihutai is shaded grey. The
Ōtākaro/Avon River is lined in red and the Ōpāwaho/Heathcote River is lined in blue. Blue markers
with a white dot represent plastic manufacturers that are members of Plastic NZ. Blue markers with a
white star represent plastic manufacturers that are members of Plastics NZ and that have adopted
best practices under Operation Clean Sweep. Orange markers with a white dot represent plastic
suppliers or distributors that are members of Plastics NZ. The purple marker with a star represents a
plastic recycler that is a member of Plastics NZ and has adopted best practice under Operation Clean
Sweep. Green markers with a white dot represent plastic manufacturers/fabricators/distributors that
are not members of Plastics NZ. Correct as of December 2021 using publicly available information.

Plastic debris has long been documented on the shorelines of A–NZ [37,44,45], being
attributed to the proximity of urban areas [44,45] with influences from stormwater [37]
and wastewater [46]. This study aimed to assess the extent of pellet abundance in the
Avon–Heathcote Estuary/Ihutai. The first objective was to identify whether pre-production
pellets, a primary microplastic, were present in the estuary, and the extent, pattern and
level of pollution. In addition, the hotspots of pellet accumulation in the estuary were
identified and the predominant characteristics of the pellets were recorded to infer potential
point sources. Microplastic presence in aquatic ecosystems is frequently correlated with
areas of high industrial activity [39,47,48]; thus, given the estuary’s close proximity to
Ōtautahi/Christchurch, the second largest city in A–NZ, with a substantial plastics industry
(Figure 1), pellet contamination was not only expected, but predicted to be of a relatively
high level.

2. Materials and Methods
2.1. Study System

The Avon–Heathcote Estuary/Ihutai (43◦32′30′ ′ S, 172◦43′30′ ′ E) is located 12 km from
Ōtautahi/Christchurch city centre. The estuary is fed by two rivers: the Ōtākaro/Avon
and the Ōpāwaho /Heathcote, and one canal: Linwood Avenue Canal, draining into the
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Pacific Ocean. The estuary is made up of approximately 880 ha of intertidal mud flats and
salt marshes [49].

These habitats, along with surrounding areas of grassland, wetland reserves and the ox-
idation ponds at the municipal wastewater treatment plant, support more than 30,000 birds
at peak times of the year [50]. The estuary forms part of the East Asian–Australasian
Flyway for migratory bird species [50] and supports over 10 species of wetland bird at
1% of individuals in a biogeographic population, thus fulfilling the Ramsar Convention
criterion determined by Wetland International [51]. The estuary is also of historical and
cultural significance, with human settlement having occurred 600 years ago, with Māori
tribes Waitaha, Ngāti Mamoe and Ngāi Tahu utilising the area for settlement and food gath-
ering [52]. When the Europeans arrived, the waterway was a key site for trade and as a port
of entry [53]. Today, the estuary supports recreational activities such as windsurfing and
sailing, and small groups continue to gather shellfish such as the estuarine cockle/Tuaki
(Astrovenus stuchburyi) for consumption [53].

2.2. Rapid Estuary Assessment

At low tide, the perimeter of the 8 km2 Avon–Heathcote Estuary/Ihutai was walked
to determine the presence of pellets to gain a “snapshot” of relative abundance, spatial
location and potential accumulation hotspots. The tidal range of the estuary is from 2.1 m
at spring tides to 1.1 m at neap tides (approximately). Clunies-Ross et al. [45] recorded low
levels of microplastics using a sampling regime that focused on the strandline, but observed
large amounts of plastic waste accumulated on the estuary bank, therefore this area was
the focus of the rapid estuary assessment. Using the Epicollect5 data collection application
(https://five.epicollect.net accessed on 21 July 2021), when a pellet was observed, the GPS
coordinates were recorded. In addition, a 25 × 25 cm quadrat was placed where the pellet
was spotted and a ranked general level of surface pellet abundance determined (LOW:
5–10 pellets, MEDIUM: 10–20, HIGH: 20+).

2.3. Site Selection

The hotspot information gathered in the rapid estuary assessment was mapped using
QGIS software (Version 3.10.9 LTR, QGIS.org [54]) and the seven sites with the largest
clusters of hotspots were identified for more detailed sampling of the sediment. The seven
hotspot sites were also grouped according to geographical location (southwest, southeast
or east) to assess the influence of wind direction for the purpose of analysis.

2.4. Sediment Sampling

All seven sites were visited across a two-day period (8th October and 9th October 2020)
to reduce the impact of differences in time and weather conditions. A 50 m transect was
measured out at each site and samples were collected along the transect at 10 m intervals.
A 25 cm × 25 cm quadrat was placed on the substrate at the locations of the 10 m integers.
A trowel was used to remove the top 5 cm of sediment, as microplastic deposition tends to
be limited to the upper layers of the sediment (3.5 ± 0.5 cm) [55]. Where the quadrat was
placed on a hard substrate that could not be extracted (e.g., rock), the percentage area and
the extent to which it reduced the overall sediment volume was noted for consideration in
later density calculations. Visuals of the sample site transects and quadrats are available in
Table S1. To reduce the sample volume for ease of later analysis, density separation was
used to separate buoyant pellets [56] from the sand. The extracted sample was placed in a
metal bucket of seawater and floating debris was collected using a 2 mm mesh sieve. The
sieving method used may have underestimated the abundance of pellets that are smaller
than 2 mm, but visual examination of the material that passed through the sieve did not
show any evidence of smaller pellets being present. In addition, pre-production pellets tend
to be larger than 2 mm in diameter [57]. The sieved material was transferred to labelled zip
lock bags for transport.

https://five.epicollect.net
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2.5. Sample Analysis/Pellet Extraction

The samples were dried on metal trays at room temperature overnight and then the
sediment was passed through 4.75 mm or 2 mm sieves to remove excess organic matter,
making identification of the pellets easier. The pellets were visually identified using the
criteria set out by Turner et al. [57]: smooth surface, lentil/disc/cylindrical shape, usually
with a depression evident on one side of the pellet. The use of a ×2 magnifying glass and
physical manipulation using forceps, as recommended by Lusher et al. [58], were used
to rule out organic material that resembled pellets. The extracted pellets were stored in
labelled glass jars (one per sample).

The pellet density (pellet m−3 of sediment) was calculated and each pellet categorised
to the closest secondary colour level (red, orange, yellow, green, blue, violet) in addition to
black, white and clear, as advised by Lusher et al. [58]. To account for discolouration due to
weathering, any coloured pellet was held up to a light. If the light shone through, the pellet
was classified as clear. Pellet extraction was deemed complete for a sample after a period
of five minutes during which no pellets were identified.

2.6. Pellet Characterisation

To help identify possible point sources of pellets, their dispersal potential and longevity,
the extracted pellets were classified by size, shape and degree of weathering. A subsample
approach was used for characterisation [59]. The five samples collected for each site were
combined, mixed and 25% of the total pellets transferred into a petri dish for analysis. In
total, 956 pellets were characterised. Under a Philips 5.5 W LED light, the pellets were
measured to the nearest mm across the widest point and the shape was characterised
to be either cylindrical, spherical, lenticular or rectangular (Figure 2). Cylindrical was
determined if the pellet had linear edges connecting two circular faces, spherical if no edges
were present, lenticular if the edges met on one plane and rectangular if the edges met at
a 90◦ angle (Figure 2a). Each pellet was assigned a weathering score of “1”, “2” or “3”,
with 1 being the lowest degree of weathering and 3 being the highest. As categorisation
was carried out under the naked eye, pellets were assessed using two evident features
of photo-oxidative stress: (1) yellowing and (2) surface cracking [37,60]. Examples of the
visual features used to categorise weathering are illustrated in Figure 2b. A pellet was
given a weathering score of “1” when neither yellowing nor cracking were present, “2”
when either yellowing or cracking was present and “3” if yellowing and cracking were both
present. The sub-samples from each site were then sent to the Institute of Environmental
Science and Research (ESR) for polymer characterisation using density separation analysis,
whereby a polymer type is assigned relative to a pellet’s ability to float (see details of
solutions used in Table 1). Following density separation, shavings of a subset of pellets
(n = 40) were put in a diamond compression cell and analysed for their polymer type
with Fourier transform infrared (FTIR) spectroscopy using a Perkin–Elmer Spotlight 200i
instrument and attenuated total reflection sampling to check the accuracy of the density
separation method. Each pellet was scanned at 4× and only spectra with >75% matches
were accepted. If below 75%, a portion of the pellet was shaved and analysed in a diamond
compression cell to enhance the clarity of the spectra.

Table 1. Series of solutions used for density separation analysis of pre-production pellets. Pellets
that sunk in all solutions were assumed to be polyethylene terephthalate or polyvinyl chloride (both
1.38 g/cm3).

Solution Polymer Polymer Density (g/cm3)

100% Ethanol Expanded polystyrene 0.03–0.05
58% Ethanol Polypropylene 0.90–0.92
43% Ethanol LDPE 0.92–0.93

Water HDPE 0.93–0.97
Potassium Carbonate Polystyrene 0.96–1.04
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Figure 2. Pellet classification: (a) by shape, from left to right—spherical, cylindrical, lentil, (b) by
weathering, from left to right—category “1” no yellowing or cracking, category “2” yellowing only,
category “3” yellowing and cracking visible; (c) an exemplar pellet classified as 4 mm size, cylindrical
and category “1” weathering.

2.7. Statistical Analysis

Pellet abundance and density in sediment (pellets m−3) data were summarised using
the median and interquartile range (IQR), as both datasets took on a skewed distribution.
A negative binomial linear model was used to compare the abundance of pellets between
geographical locations (based on wind direction) and site (nested within geographical
location), to account for overdispersion in the data, with sediment volume included as a
weighting variable to account for differences between the samples.

In order to compare colour composition between sites, permutational multivariate
analysis of variance (the adonis function in “vegan” package for R) was used. The analysis
was undertaken based on Bray–Curtis dissimilarity index values.

In the analysis of the pellet characteristics, a Pearson’s chi-square test of indepen-
dence was performed to examine the relationship between site and the four characteristics
measured: pellet size, shape, degree of weathering and polymer type. If over 20% of the
expected counts had values less than 5, a Pearson’s chi-squared test with simulated p-values
(based on 1 × 106 replicates) was carried out instead.

3. Results
3.1. Rapid Estuary Assessment

The results of the rapid estuary assessment are depicted in Figure 3 and confirmed the
presence of pellets around the majority of the Avon–Heathcote Estuary/Ihutai perimeter. A
total of 318 pellet hotspots were recorded: 228 hotspots had LOW (5–10 pellets) abundance,
62 had MEDIUM (10–20 pellets) abundance and 28 had HIGH (20+ pellets) abundance.
Visual assessment along the “Estuary Green Edge” did not occur, as through access was
not granted prior to data collection.

From the data collected in the rapid estuary assessment (Figure 3), the seven sites
with the largest clusters of pellet hotspots and thus selected for sampling were Ferrymead
Bridge, Humphreys Drive, Sandy Point, Bridge Street, South New Brighton Park, Penguin
Street and Southshore Spit. For analysis, the seven sites were grouped according to their
geographical location in relation to wind direction. Ferrymead Bridge, Humphreys Drive
and Sandy Point were categorised as being in the southwest of the estuary, Bridge Street
and South New Brighton Park in the east and Penguin Street and Southshore Spit in the
southeast (Figure 4).
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Figure 4. The seven sites selected for sampling using the information obtained during the rapid
estuary assessment. The seven sites, indicated by star symbols, were categorised by three wind
directions common to the area that may influence pellet deposition.

3.2. Pellet Abundance and Density

Pellets were identified at all sites (n = 7) and 94% of samples (n = 33) had pellets
extracted from them. The total number of pellets observed was 3819 (Table 2). The
abundance of pellets per sample ranged from 0 (Ferrymead Bridge/Bridge Street/Sandy
Point) to 852 pellets (Sandy Point). The total pellet abundance per site ranged from 81
(Southshore Spit) to 1538 (Humphreys Drive) pellets (Table 2, Figure 5). Averaging across
the samples taken at all sites, the median pellet density was estimated at 7680 pellets m−3

of sediment (IQR: 3200–39,840 pellets m−3) and median pellet abundance was estimated at
24 pellets (IQR: 10–93 pellets).

The analysis of pellet abundance indicated that there was a significant difference in
abundance between all geographical locations (χ2 = 5299, df = 2, 32, p < 0.0001), with the
highest mean values in the southwest, followed by the east and southeast. There were also
significant differences in pellet counts between all sites within locations (χ2 = 2045, df = 4,
32, p < 0.0001), indicating significant variability at a site level within locations, as shown
in Figure 5 (which shows density rather than count to present information corrected for
sediment volume).



Microplastics 2022, 1 75

Table 2. Abundance of pre-production pellets found in the Avon–Heathcote Estuary/Ihutai, cate-
gorised by colour and site.

Clear White Black Red Blue Yellow Green Total per Site

Ferrymead Bridge 227 15 45 0 4 0 1 292

Humphreys Drive 1311 79 124 0 19 3 2 1538

Sandy Point 1081 15 105 2 21 2 1 1227

Bridge Street 401 21 17 0 6 0 1 446

South New Brighton Park 119 2 15 0 1 0 0 137

Penguin Street 87 2 8 0 1 0 0 98

Southshore Spit 73 1 7 0 0 0 0 81

TOTAL per colour 3299 135 321 2 52 5 5 3819
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In addition, at Humphreys Drive, hard substrate within most sampling quadrats could
not be extracted and density values had to be adjusted to reflect this. The variability of
this site justified its removal from the model. The pellet abundance at Bridge Street was
significantly higher than the Ferrymead Bridge, Southshore Spit and Penguin Street sites
(χ2 = 25.59, df = 5.23, p < 0.001). The mean pellet count at Ferrymead Bridge was 90%
lower (SE Range = 76–95%, p = 0.006), Southshore Spit was 82% lower (SE Range = 61–92%,
p = 0.027) and Penguin Street was 78% lower (SE Range = 52–90%, p = 0.050) than the mean
of 89 pellets observed at Bridge Street (SE Range = 52–15). In addition, the geographical
location associated with downwind direction (Figure 4) was significantly related to pellet
count (χ2 = 15.8, df = 2.32, p < 0.001). The mean pellet count for sites in the east was
58 pellets (SE Range = 38–90) (Figure 5). The mean pellet count at southwest sites was
3.50 times larger (SE Range = 2.00–6.18, p = 0.026) than that found in the east.

3.3. Pellet Colour Composition

Across the samples (n = 35), the colours of pellets identified were clear, white, black,
red, blue, yellow and green. Clear pellets were the most abundant, followed by black, white
and blue (Table 2). The permutational multivariate analysis of variance showed there was
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no significant difference in colour abundance between sites (R2 = 0.23, df = 6.25, p = 0.262),
with the average similarity of composition being 67%.

3.4. Pellet Size

The most common pellet size class overall was “3 mm” (54%). This size class of
pellet was found in the highest proportion at all sites. At every site, over 50% of the
pellets categorised were in the “3 mm” size class, ranging from 51% (Bridge Street) to 70%
(Southshore Spit). There were significant differences between sites in terms of frequency
of size classes (χ2 = 63.60, p = 0.01, Figure 6a). Penguin Street was the only site to record
pellets in the size class “1 mm” (4%) and Southshore Spit was the only site where pellets
in the size class “5 mm” were not observed. South New Brighton Park had the highest
percentage of “2 mm” pellets observed (21%) and Southshore Spit had the lowest (5%).
Sandy Point had the highest percentage of pellets of the size class “4 mm” (33%) and South
New Brighton Park had the lowest (18%).
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Figure 6. Percentage of pellet characteristics observed in the sub-sample of each site.
FB = Ferrymead Bridge (n = 73), HD = Humphreys Drive (n = 385), SP = Sandy Point (n = 307),
BS = Bridge Street (n = 112), SNBP = South New Brighton Park (n = 34), PS = Penguin Street (n = 25),
SS = Southshore Spit (n = 20): (a) Pellet Size—“1 mm”, “2 mm”, “3 mm”,”4 mm”, ”5 mm”; (b) Pellet
Shape—“Rectangular”, “Lentil”, “Cylindrical”, “Spherical”; (c) Pellet Weathering categories—“1”,
“2”, “3”; and (d) Pellet Polymer types—“PET/PVC”= polyethylene terephthalate and polyvinyl chlo-
ride, “EPS” = expanded polystyrene, “HDPE” = high density polyethylene, “LDPE” = low density
polyethylene, and “PP”= polypropylene.
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3.5. Pellet Shape

The most common pellet shape overall was cylindrical (62%). Cylindrical pellets were
also present in the highest proportion at all sites. The percentage of cylindrical shaped
pellets recorded at a site ranged from 56% (Ferrymead Bridge) to 70% (Southshore Spit)
(Figure 6b). There was a significant difference between sites in the frequency of pellet
shapes observed (χ2 = 67.56, p < 0.001, Figure 6b). Rectangular shaped pellets were the
least observed at all sites and percentages present at each site ranged from 0% (Ferrymead
Bridge) to 6% (South New Brighton Park). In addition, there was considerable variance
between sites in the proportion of lentil and spherical shaped pellets recorded. Lentil
shaped pellets range from 10% (Southshore Spit) to 35% (Sandy Point) and spherical pellets
from 6% (Sandy Point and South New Brighton Park) to 32% (Penguin Street) of the total
number of pellets categorised.

3.6. Pellet Weathering

Overall, the pellets were most frequently identified to possess either yellowing or
cracking and were recorded as category “2” weathering (41%). Across all sites, the pellets
in weathering category “2” were most abundant (n = 389), followed by those with no sign
of weathering in category “1” (n = 289) and those with both yellowing and cracking in
category “3” (n = 278). Per site, the estimated median number of pellets categorised as “2”
was 33 pellets (IQR: 12–80 pellets), for “1” was 20 pellets (IQR:15–63 pellets) and for “3”
was 22 pellets (IQR: 4–67 pellets). There were significant differences in the frequency of
different degrees of weathering between sites (χ2 = 31.84, p = 0.001, Figure 6c). Pellets with
a category “2” of weathering were most abundant at Ferrymead Bridge (45%), Humphreys
Drive (43%) and Sandy Point (40%). At Penguin Street, pellets in categories “1” and “2”
were jointly most abundant (44%). At Bridge Street, category ”3” pellets made up the
highest proportion of pellets recorded (38%). At South New Brighton Park and Southshore
Spit, category ”1” pellets made up the highest proportion of pellets recorded (59% and
45%, respectively).

3.7. Pellet Polymer Type

Low density polyethylene (LDPE) was the predominant (53.1%) polymer type identi-
fied, with high density polyethylene (HDPE) the second most common (38.8%) (Figure 6d).
Polypropylene (PP) (7.5%), expanded polystyrene (EPS) (0.4%) and polyethylene tereph-
thalate (PET) and polyvinyl chloride (PVC) (0.2%) were also seen. PET and PVC were
combined into a single category, as the similarity of their densities did not allow them to
be distinguished. There were significant differences in the frequency of polymer types
between sites (χ2 = 46.25, p = 0.04, Figure 6d). The most abundant polymer type at every site
was LDPE, with the exception of Ferrymead Bridge, where it was HDPE (55%, Figure 6d).
Southshore Spit was the only site where pellets made of polypropylene were not identified.
Humphreys Drive was the only site where EPS and PET were identified. Out of the 40 pel-
lets put through the FTIR analysis using the diamond compression cell, 33 matched the
results of the density separation analysis. Three more HDPE pellets, two less LDPE pellets
and one less PP were identified compared to the results of floatation.

4. Discussion

It is evident that, as has been reported in other estuarine ecosystems [47], pre-production
pellets are widely distributed and abundant within the Avon–Heathcote Estuary/Ihutai.
A total of 3819 pellets were identified across 7 sites and 35 samples, with a median pellet
density of 7680 pellets m−3 of sediment (IQR: 3200–39840 pellets m−3). The high concen-
trations of pellets and the presence of multiple plastic manufacturers within the immediate
catchment support the assertion that pellets are being lost from the plastics industry to
the environment and accumulating in the estuary. It is acknowledged that pellet density
estimates in this study may be overestimated, as only the top 5 cm of sediment was sampled.
Heterogeneity of pellet distribution, particularly in sediment deeper than 5 cm, is likely to
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occur [55]. It raises the need to establish a standard when reporting the results of sediment
sampling. A depth threshold should be established at which the abundance of microplastics
should be reported in terms of density (m−3) instead of area (m2). International studies
that evaluated microplastic contamination per area of sediment have also reported notable
densities of microplastics like in the Avon–Heathcote Estuary/Ihutai. On the beaches of
Hong Kong, a median of 298 items per m2 of sediment was identified [61] and an average
of 27 microplastic items per m2 were found on the continental coast of Chile and Easter
Island [62]. Specifically addressing pellet contamination, comparably high levels were
found upon water surface sampling of the River Rhine (8848 particles 1000 m−3 at Duisburg
and 11,050 particles 1000 m−3 at Rees) [31]. The explanation given for this was the presence
of plastic manufacturers along the length of the Rhine, which is also applicable for the
Ōpāwaho/Heathcote River (Figure 1). The present study focused solely on the presence
of pellets, but their abundance suggests pollution from other types of microplastics is
likely via similar mechanisms. In addition to pellets, pre-production plastic comes in flake
and powder forms that can also be lost from industry [33]. Moreover, other freshwater
environments have found a dominance of microplastic fibre contamination [63–65] and
these may pose a greater risk of ingestion by aquatic organisms [18]. Based on this, the
overall microplastic contamination in the estuary is likely to be much higher than the values
reported for pellets alone.

Although pellets were widely distributed across the estuary, there were a number of
hotspots where accumulation was particularly high. There are several factors that could
have influenced this pattern of accumulation. When the seven hotspots were divided into
three groups depending on their downwind location (southwest, east and southeast), the
southwest sites had significantly higher pellet abundance than the east or southeast sites.
The prevailing wind direction for the estuary area in September and October 2020 was
north-easterly which could explain the high abundance of pellets in downwind southwest
locations given that the sampling took place in early October. The downwind accumulation
of plastic debris is well documented in several studies, such as on the eastern coast of Goa,
India, following a southwest monsoon [60] and in the Tamar Estuary, UK [66]. Repeating
the study in a period of predominantly westerly/south-westerly winds with the hypothesis
that pellet abundance would be greater at easterly locations would confirm the influence of
wind in pellet distribution. Given that predominant wind patterns change throughout the
year in the Canterbury region [67], seasonality is also a confounding factor on microplastic
accumulation in the estuary, as found by other studies [61,68].

Both rivers that drain into the estuary are likely to be significant conduits of pellets,
which will receive them via stormwater outlets and drains from industry [67,69] and pellet
spills during transport or handling [33] occurring upstream. Field measurements of run-off
from these drains, or, better yet, the manufacturers themselves, could shed light on specific
sources [70].

Comparing the hotspots adjacent to the river mouths showed that there was higher
pellet abundance at Bridge Street (n = 446) than Ferrymead Bridge (n = 292). This could
suggest that the Ōtākaro/Avon is transporting more pellets into the estuary than the
Ōpāwaho/Heathcote River, which may, in turn, relate to the higher mean annual flow rate
(3.2 m3/s vs. 1.0 m3/s [71]). However, the pattern of abundance within the estuary would
suggest that there is significant redistribution by water circulation patterns driven by wind
and potentially also tidal action [66].

Within sites, there was a high degree of variation in the pellet abundance between sam-
ples. This sample heterogeneity aligns with previous studies in A–NZ [45], Belgium [70]
and Italy [72], emphasising spatial variability as a challenge when it comes to microplastic
quantification. Heterogeneity between samples could be accounted for by different sub-
strate types; for example, pellets have been shown to accumulate in higher abundance on
sandy shorelines compared to adjacent rocky areas [73]. Details of the substrate type of
each sample can be found in Table S1. For example, Humphreys Drive was the only site
where the complete volume of sediment could not be extracted from the sampling quadrat
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due to pellet accumulation occurring on a concrete flood wall and this site demonstrated
high variability, with samples containing between 28 and 777 pellets. To gain a better
understanding of the accumulation of pellets at these sites, more detailed sampling may be
required to characterise the patterns of spatial variation. Likewise, substrate type could
account for the lack of pellets observed during the rapid estuary assessment along the
southern border of the estuary. There are rip-rap walls in this location that prevented the
assessment for pellets in this area.

The inability to sample along the “Estuary Green Edge” is also a limitation to the
full assessment of the situation. This is adjacent to the municipal wastewater treatment
plant (Figure 3). Microplastics concentrations have been shown to positively correlate with
the proximity to sewage outfalls [66]. Historically, this area of the estuary was subject to
approximately 30 million gallons of effluent discharge per day [74] until 2010, when the
discharge was directed to an ocean outfall. Due to the persistent nature of plastic, any
discharged pellets prior to 2010 could still be retained in the system and be mobilised by
extreme weather events.

The most frequently identified characteristics of the pellets in the Avon–Heathcote
Estuary/Ihutai were clear, cylindrical, 3 mm size, made of LDPE and with a category “2”
of weathering. This aligns with the findings of Clunies-Ross et al. [45], where microplastics
between 2–5 mm and white or clear were most common, although the abundance of
pellets less than 2 mm may have been underestimated in this study. The wide distribution
of cylindrical pellets can be explained by the smooth sides allowing for further travel
than sharper edged pellets [56]. Clear pellet prevalence could be attributed to the high
demand for clear polymers for use in packaging production [4] and clear pellets give plastic
manufacturers the ability to add their desired colours at the remanufacturing stage [33].
Pellet colour can also influence a pellet’s potential to be mistaken for prey by wildlife.
For example, white/opaque pellets have been shown to be selectively consumed by some
fish [75]. This may be occurring when pellets are mobilised in the water column.

Category “2” weathering, whereby pellets displayed either yellowing or cracking,
was most prevalent, suggesting some amount of pellet retention in the estuary. The
dominant polymer type was PE, which is vulnerable to degradation [76]. Given that
pellet accumulation occurred above the strandline where pellets would be subject to
high UV radiation, temperatures and hydrolysis, it is not surprising that most pellets
were partly weathered. Of note is the high abundance of pellets with category “1” or
no weathering in South New Brighton Park (59%). This could be explained by recent
entry to the environment, close proximity of the point source to the sample area or the
resurfacing of pellets that had been buried and previously protected from weathering.
In contrast, over a third of the pellets categorised from Bridge Street had a category “3”,
high level of weathering, suggesting a long period of retention. This could explain the
high abundance of pellets at this site in comparison to Ferrymead Bridge, Penguin Street
and Southshore Spit, despite not being situated in a downwind location. Pellets could
have accumulated in that area during a period of westerly/south-westerly winds and have
become lodged due to local topography [77]. The presence of category “3” weathered pellets
raises further concern for local wildlife, as several studies have found a correlation between
the discolouration/brittleness of a pellet and the concentration of organic pollutants it
has absorbed [19,78]. Sandy Point has been recorded to have the highest concentration
of metals across estuary sites and both Southshore Spit and Sandy Point have presented
with copper concentrations above the recommended guidelines [79]. Metals such as copper
have been documented to be absorbed by plastic [20,80] and pellets made from LDPE and
HDPE, which are most prevalent in the estuary, have shown a higher potential to absorb
hazardous chemicals than other plastics such as PVC and PET [81]. This also suggests that
the pellets may present a direct chemical hazard to biota due to the associated chemicals.

The large spatial range of LDPE and HDPE pellets may be related to their low density
(specific gravity of PE: 0.91–0.97 vs. 1.025 for seawater), which allows for floatation [26]
and therefore dispersion from the source of pollution. The low abundance of PP in this
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study cannot be attributed to a lack of dispersion, as they are more buoyant and travel
further than PE pellets [56]. The low abundance of denser plastics such as PVC and PET
could be explained by localised sinking close to the pollution source. Wind has been
shown to be more influential on the dispersion of higher density plastics [66], which could
account for the presence of PVC and PET at Humphreys Drive, a downwind location. It
is acknowledged that the low representation of higher density plastics could have been
skewed by the reduction of sample material via floatation in the field. Pellets that have
been heavily bio-fouled or are of higher density will sink [33,82] and may not have been
collected in the sample. However, negatively buoyant polymers have been collected
while using surface sampling methods [65], suggesting that the dynamic nature of the
estuary and the sediment separation procedure would impede pellet settlement, reducing
pellet loss at this stage. Additional factors that can alter a pellet’s buoyancy include the
addition of additives during manufacture [2,26] and the introduction of air bubbles during
moulding [83]. It is clear that the location of pellet accumulation does not directly correlate
with the contamination source.

Identifying the dominant characteristics of the pellets (polymer, colour, size, etc.)
may help in efforts to reduce releases. Polymer type can be linked to product type: the
largest market for polyethylene is film [2] and packaging [6], with LDPE used in heavy
duty items such as protective sheeting, industrial pipes and long-life carrier bags, whereas
HDPE is used in thinner gauged carrier bags and food wraps [84]. This, in turn, can
help to localise likely sources and hence engagement with manufacturers to improve
management. A number of the local plastic manufacturers have adopted Operation Clean
Sweep’s (OCS) best management practices for zero pellet loss [43]. The high number of
pellets (n = 3819) recorded in this study suggests that further work is still required. An
evaluation could be made between the management practices of those companies who
have adopted OCS’s best management practices and are part of Plastics NZ, versus those
who are not associated (Figure 1) and highlight measures that are proving effective and
those that are not. Preventative measures such as the installation of effective filters in drain
pipes to capture pellets before release [69] are readily available and should be implemented.
The co-operation of the plastics industry in the prevention of release is a key component in
combating plastic pollution [41].

5. Conclusions

The present study confirms the presence of pre-production pellets in the Avon–
Heathcote Estuary/Ihutai at relatively high concentrations in comparison to international
studies on microplastics [31,61,62] and given that pre-production pellets are only one
type of microplastic, the overall concentration of microplastics is likely to be even higher.
This presents a hazard to local wildlife and overall ecosystem health. The most common
characteristics of the pellets found were clear in colour, cylindrical, 3 mm in the widest
dimension, partly weathered and made from polyethylene, which correlates to the high
usage of this polymer and also the manufacturers in the catchment. The widespread dis-
tribution of pellets in the estuary suggests there are many factors involved in where they
accumulate. Pellet characteristics will influence their dispersal, along with factors such as
wind, seasonality and tidal flows. Entry points are likely to be the Ōtākaro/Avon River
and the Ōpāwaho/Heathcote River in addition to stormwater and drain outlets. These
factors make highlighting a specific point source difficult, but the local plastics industry in
Ōtautahi/Christchurch has a responsibility to address pellet loss sooner rather than later in
order to protect this important ecosystem.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microplastics1010005/s1, Table S1: Visuals of sampling sites and
sample quadrats with details of substrate types.
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