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Abstract

Scant consideration has been given to the ingestion of synthetic micro-particles (eg
plastic particles such as micro-fibres and micro-fragments 0.5-5 mm in size) by
non-marine waterbirds, such as geese, residing in coastal and inland areas. In the
present study, we therefore assessed the occurrence of micro-particle ingestion for
five goose species across multiple locations throughout the United Kingdom and
Ireland. Micro-particle recovery was inclusive of synthetic micro-fibres and micro-
fragments, as well as treated textile micro-fibres such as dyed cotton fibres. Goose
faccal samples were collected opportunistically between May 2018 and October
2019. At least one micro-particle was detected in 46.5% of the samples (# = 809
samples in total; 0—21 micro-particles per sample), which were collected from Greater
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122 Ingestion of micro-particles by geese

White-fronted Geese Anser albifrons (n = 31 samples; 41.9% yielded micro-particles),
Greylag Geese A. anser (n = 2506; 58.6%), Pink-footed Geese A. brachyrhynchus (n = 606;
42.4%), Canada Geese Branta canadensis (n = 298; 36.6%) and Barnacle Geese
B. lencopsis (n = 158; 48.1%). Time of year and distance from the coast had significant

partial effects on the abundance of micro-particles recovered, with fewer micro-

particles recovered during winter months and from locations > 70 km from the coast.

Opverall, it appears that the ingestion of synthetic micro-particles is a widespread and

frequent occurrence, albeit in low quantities, in different goose species. Further

research is however needed to ascertain the extent of absorption and subsequent

impacts of chemical contaminants derived from synthetic micro-particles and textile

fibres, especially in relation to bird health and developmental life stages.

Key words: Anthropocene, micro-fibre, micro-fragment, plastic pollution, wetland bird.

The proliferation of anthropogenic debris
within natural environments, and their
subsequent ingestion by a variety of wildlife,
has become one of the most topical
environmental issues of the 21st century
(Gall & Thompson 2015; Cunningham ez a/.
2020). In particular, the production levels of
plastic now exceed 413 million tonnes per
year worldwide (Plastics Europe 2024),
while the input of plastic waste into Earth’s
oceans is estimated to be between 4.8—
12.7 million tonnes on an annual basis
(Jambeck e7 al. 2015). Given the downstream
movement of anthropogenic debris within
river catchments (Kooi ef a/. 2018), along
with coastal areas also being prone to the
ingress of oceanic plastic debris due to
tidal forces (eg Kurniawan & Imron 2019),
coastal locations appear to be particularly
susceptible to the accumulation of synthetic
debris. The ingestion of synthetic debris
(z.e. debris composed fully or partially of
synthetic polymers) by wildlife can lead to
greater levels of morbidity and mortality
(e.g Baulch & Perry 2014). For the most part,

the detrimental effects of debris ingestion
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have been attributed to physical damage,
reduced digestive capacity and appetite, and
blockage of the gastrointestinal tract caused
by large synthetic items (> 5 mm in length:
e.g. Pierce et al. 2004; Lavers ¢t al. 2014). Yet,
the ingestion of synthetic micro-particles
(€ 5 mm) by wildlife can also result in
deleterious effects due to the bioaccumulation
and biomagnification of toxic chemical
contaminants (Tanaka e a/ 2013, 2020).
Despite concerns for potential wide-ranging
environmental impacts, most studies have
focussed on the occurrence and effects of
synthetic micro-particles in marine rather
than freshwater or terrestrial ecosystems
(O’Hanlon ¢ al. 2017; Windsor e al. 2019;
Wong et al. 2020). Nonetheless, substantive
evidence indicates that synthetic micro-
particles can widely occur in surface waters
and terrestrial habitats (de Souza Machado
et al. 2018; Wong et al. 2020). For the
most part, it appears that synthetic micro-
particles enter the environment through
inadequate waste disposal practices, with
higher concentrations generally being linked

to greater human population densities and



urbanisation (de Souza Machado e/ a/. 2018;
D’Souza et al. 2020). Nevertheless, little is
known about the ingestion of synthetic
micro-particles by many species residing
within these environs.

While seabirds are frequently used as
sentinel species for anthropogenic pollution,
the ingestion of synthetic debris by other
bird species remains poorly studied (Holland
et al. 2016; Gil-Delgado et al. 2017; Rossi
et al. 2019). To date, only a handful of
studies have begun to explore synthetic
debris ingestion by non-seabird species of
waterbirds (eg Gil-Delgado ez al. 2017,
Coughlan ez al. 2020; D’Souza et al. 2020). As
a result, the occurrence and frequency of
synthetic debris ingestion by other waterbird
species, such as the Anatidae (ducks, geese
and swans), remains largely unknown.
Conversely, the accidental ingestion of non-
synthetic anthropogenic debris by Anatidae,
such as spent gunshot and discarded anglers’
weights, has been well documented with a
clear determination of their associated
deleterious effects (O’Halloran e a/. 1988;
Mateo et al. 2007; O’Connell e al. 2009;
Wood et al. 2019). Geese are obligately
herbivorous, and the inadvertent ingestion
of synthetic particles by Anatidae has been
linked to their tendency to ingest grit to aid
the mechanical breakdown of food items
within the gizzard (O’Halloran et al. 1988,;
Mateo ez al. 2000). There also appears to be
considerable potential for food web aided
transfer of synthetic micro-particles, given
that micro-particles can adsorb to plant
material (D’Souza ez al. 2020), along with
coincidental ingestion by geese feeding in
soil for buried vegetation such as tubers
(Amat & Varo 2008). In turn, these micro-
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debris may also pass through the food chain
when initially ingested by prey species
(Mateos-Cardenas ef al. 2020).

Flocks of migratory and resident geese
are a prominent feature of many wetland
areas worldwide, but will readily exploit a
mosaic of marine, freshwater and terrestrial
habitats for feeding opportunities (¢.g Doyle
et al. 2018; Mitchell & Hall 2018). Despite
this, little consideration has been given to
the potential ingestion of synthetic micro-
particles by geese, with most of the few
existing studies concerning Anatidae having
focused on duck and shelduck (English ez a/.
2015; Gil-Delgado e al. 2017; Reynolds &
Ryan 2018) or swan species (Coughlan ez al.
2021a). To date, the ingestion of synthetic
micro-particles by the “true geese” (Tribe
Anserini, genera: Anser and Branta) has been
restricted to a few selected species and
sampling sites, as well a limited number of
individuals (e.g Holland ez a/. 2016; Coughlan
et al. 2020). In particular, there is a scarcity of
information concerning the ingestion of
synthetic micro-particles by birds residing in
inland wetland or terrestrial environments
(Zhao et al. 2016; Reynolds & Ryan 2018;
Coughlan e al. 2021b).

To date, most studies have relied on the
examination of carcasses or regurgitated
boluses for the detection of synthetic micro-
particle ingestion by birds (Provencher
et al. 2017, 2018). As such, the availability of
assessable samples is often highly limited,
with sample size frequently being restricted
by temporal and spatial extents. Carcasses
may also be biased, as mortality could be the
result of debris-related morbidity for birds
that have ingested greater amounts of
synthetic debris. Contrastingly, non-invasive
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faccal sampling has the potential to provide
more reliable estimates of ingestion frequency
as well as toxicological effects (¢.g Martinez-
Haro e/ al. 2011). Faecal samples only
contain egested synthetic particles that
are small enough to have passed through
the entite gastrointestinal tract (Reynolds
& Ryan 2018; Provencher ez al. 2018;
Coughlan ez a/. 2020, 2021a), so this can
be complemented with an assessment of
carcasses or regurgitated boluses for some
species (e.g geese and raptors).

In the present study, we aim to determine
the occurrence and frequency of ingestion
of synthetic micro-particles (including
treated textile fibres) by various species of
geese, by analysing faecal samples collected
from across multiple sampling locations
for the presence and abundance of these
particles in the droppings. The species
and sites selected for assessment were
chosen largely on an opportunistic basis,
whereby study populations coincided with
contributors’ access to sampling sites
during routine geese monitoring, ringing
or site maintenance activities. Given the
proliferation of synthetic debris within
environments

natural during the

Anthropocene, we expected that the
ingestion of synthetic micro-particles by
geese would be a widespread and reoccurring
flocks

frequenting different areas. Further, given

phenomenon across of geese
the susceptibility of coastal locations to
the accumulation of synthetic debris, we
hypothesised that geese at coastal sites
would show higher levels of synthetic micro-
particles ingestion than those occurring in
inland areas. This analysis adds to the few

previous studies on the ingestion of
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synthetic micro-particles by non-marine
birds. Moreover, for the first time, ingestion
of synthetic micro-particles by Greater
White-fronted Geese Anser albifrons, Greylag
Geese A. anser and Pink-footed Geese
A. brachyrhynchus is investigated and reported.

Methods

Sample collection

Between May 2018 and October 2019 faecal
samples were opportunistically collected
from five goose species residing throughout
Great Britain and Ireland across 24 different
sampling sites (Fig. 1, Table 1). Samples
were collected alongside other field and
research activities, such as ringing, In all
instances, fresh faecal samples were
collected from monospecific roosting or
loafing sites. Samples were collected with
previously unused, clear polythene bags
(ze. freezer/sandwich bags). These were
inverted, shaken and used like a glove to
pick up the sample. For the present study, it
was not possible to collect field controls to
account for potential atmospheric deposition
of micro-particles. Samples were collected
at distances of at least one metre apart to
ensure that they were produced by different
individual birds (Coughlan e/ al 2020,
2021a). Samples were refrigerated for up to
five months prior to assessment.

A total of 809 faecal samples were
collected from Greater White-fronted Geese
(7 =1 sampling site), Greylag Geese (7 = 0),
Pink-footed Geese (2 = 3), Canada Geese
Branta canadensis (n = 9) and Barnacle Geese
B. lencopsis (n = 6) throughout Britain and
Ireland (Fig. 1, Table 1). Between 6-35
individual samples were collected on each
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Figure 1. Sample site locations for Greater White-fronted Geese (# = 1), Greylag Geese (2 = 6),
Pink-footed Geese (7 = 3), Canada Geese (7 = 9) and Barnacle Geese (7 = 6) throughout Britain and
Ireland. Number of individuals sampled is shown (sample 7). For specific location and sample details
see Table 1. The arithmetic mean (% s.e.) of sample wet-weight mass is shown for each species, as is the

range (minimum to maximum) in grams.
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sampling occasion. Samples were collected
from five sites on multiple occasions across
different seasons (Table 1). The linear
distance from sampling sites to the nearest
coastline was determined using Google
Maps. In turn, these measured distances
were grouped as: < 1.0 km, 5.0-10.0 km,
10.1-20.0 km, 20.1-30.0 km, 30.1-35.0 km,
and > 70.0 km. Samples were not collected
at between 1.01-4.99 km. Meteorological
seasons of spring, summer, autumn and
winter were also considered: March—May,
June—August, September—November, and
December—February, respectively.

Digestion, separation and microscopy

In the laboratory, following the protocol
outlined by Coughlan ez a/. (2020), each
sample was transferred into an individual
beaker and weighed on an analytical balance
(0.01 g: Mettler Toledo AB104). The mass
of each sample was recorded. Samples were
then digested in solutions of iron(II) sulfate
heptahydrate (FeH;,04;S: 0.05M) and 30%
hydrogen peroxide (H,O,) at 60°C (at a ratio
of 2:1 for H,0, to FeH,,0,,5), until total
digestion had occurred (Masura ef al. 2015).
The digestion process was used to eliminate
labile organic matter such as plant and animal
residues. Chemically treated textile fibres,
including dyed cotton and wool fibres, can
be resistant to complete digestion. An
application ratio of approximately 20 ml per
10 g of faecal sample was employed.

Once digestion was complete, a saturated
solution of NaCl (Ze. 360 g 171) was used
to isolate micro-particles from denser
undigested mineral components by flotation.
The resulting supernatant was carefully
decanted and vacuum filtered onto filter
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pads (Whatman 41: 47 mm diameter, 20 lm
pore). All filter pads were placed in clean
glass Petri dishes and dried at room
temperature within these glass lid dishes.
Once dry, samples were examined under
a stereomicroscope (Olympus SZX16). All
synthetic particles were visually identified,
using the criteria outlined by Zhao e/ 4.
(20106), and measured with a line-gauge ruler.
Recovered particles were classified into shape-
type categories, size range and colour tone
(Provencher ef al. 2017; Bessa et al. 2019).
Fibres can be considered as thread-like
strands of uniform thickness, while micro-
fragments (or shards) are non-thread-like
structures usually with irregular dimensions.
For simplification, colour tones were
subsequently regrouped as three colour
tones (either as light/clear, mid or dark tone:
Zhao et al. 2010). Identification of colour
is a recommended protocol to support
classification and can assist with the
determination of synthetic micro-particle
sources. This study focused on the detection
of synthetic micro-particles =2 0.5 mm in
size (Z.e. micro-fibres and micro-fragments),
as the analysis of smaller synthetic particles
is considered problematic given uncertainties
around airborne contamination by ultra-
small particles (Torre ef al. 2016). Despite
following the criteria outlined in Zhao ez 4.
(2016), treated textile micro-fibres such
as dyed cotton could not be definitively
isolated from purely synthetic micro-fibres.
Accordingly, all anthropogenic micro-fibres
detected were combined for analysis.

To curtail potential contamination of the
samples, glassware rather than plastic
apparatus was used throughout. Glassware

was acid washed prior to use and covered
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with fresh aluminium foil during the entire
extraction procedure. All apparatus was also
inspected through a stereomicroscope for
the presence of micro-particles prior to
sample processing. In addition, immediately
before processing the first sample of each
batch, all glassware was double rinsed with
distilled water and a procedural control
sample was processed using this distilled
water. This damp filter pad was then placed
in a Petri dish and used as a laboratory
contamination control (7 = 46; see
Coughlan ez al. 2020, 2021a). Analysts wore
100% white cotton lab coats, non-fibrous
cotton-based under-clothing and nitrile
gloves to reduce the potential for human
contamination. A lint roller was used to
remove any hair, dust and fluff from the
external surfaces of clothes and worksurfaces

immediately prior to handling the samples.

Statistical analyses

Given that so few were detected (# = 5
pieces), larger synthetic particles of > 5 mm
in length were not included in the analysis.
Geometric means are used to better account
for a skewed data distribution and variability
of faecal sample mass. The abundance of
synthetic micro-particles detected per sample
was compared among species, seasons
(spring, summer, autumn, winter), and
categories of linear distance from the
coast, all as fixed factors. Analyses were
undertaken for the total number of
synthetic micro-particles, and also for each
particle type separately (Ze. micro-fibres
and micro-fragments). Generalized Linear
Mixed Models (GLMM) with a negative
binomial error distribution and loglink
function in the ghumTMB package (Brooks
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et al. 2017) were used to account for the
many samples with zero wvalues and
overdispersion. Sample mass (.e. the weight
of the faecal sample) was used as a
continuous variable due to the variability of
sample masses, while sampling location was
considered as a random factor. Additionally,
a quasi-Poisson regression was used to
assess differences among sampling locations,
while linear regression was used to assess
the relationship between the number of
synthetic micro-particles detected and
sample mass. All statistical analyses were
performed using R version 4.3.3 (R Core
Team 2024).

Results

Potential contamination from the polyethene
field collection bags appeared negligible,
as only 0.32% of samples yielded micro-
particles with transparent colour tones (&g
clear, white-blue, yellow). In turn, potential
laboratory contamination was also negligible,
with only 22 synthetic micro-fibres being
detected by control filter pads; Ze. a rate of
0.03 per processed faecal sample. Therefore,
no adjustments were made to the results.
At least one synthetic micro-particle was
detected in 46.5% of the faecal samples
assessed (7 = 809 samples), with micro-
particles being recovered from each species
and every location. Among species, the
proportion of faecal samples that contained
at least one synthetic micro-particle ranged
from 36.6%-58.6%, for: Canada Geese
(36.6%), Greater White-fronted Geese
(41.9%), Pink-footed Geese (42.4%),
Barnacle Geese (48.1%) and Greylag Geese
(58.6%). Sample mass ranged from 0.27—
76.44 g with an arithmetic mean (F s.e.) of



6.22 + 0.24 g. Sample masses for individual
species are given in Fig. 1. In total, 940
synthetic micro-particles were recovered
(micro-particles per sample: geometric
mean * 95% CI = 0.66 £ 0.14; range = 0—
21), which consisted of 866 mictro-fibres
(0.61 £ 0.13; 0-21) and 74 micro-fragments
(0.05 = 0.04; 0-14) (Table 1). In addition,
five fibres of > 5 mm in length were also
detected. Four fibres were recovered from
Canada Geese (Chew Valley, » = 3; Miller
Ground, # = 1), while one fibre was detected
in a Pink-footed Goose sample (Webstet’s
Farm).

The majority of the synthetic micro-
fibres recovered had dark colour tones
(96.4%; eg navy-blue, black, dark red),
with very few micro-fibres showing mid
(3.1%; e.g blue, green, red) or light colour
tones (0.5%; eg clear, white-blue, yellow).
Although most synthetic micro-fragments
also had dark colour tones (60.8%), a greater
proportion of micro-fragments showed mid
(18.9%) and light colour tones (20.3%) than
observed for micro-fibres.

Mixed models indicated that season and
distance both had significant partial effects
on the total abundance of synthetic micro-
particles (levels “wintet” and “> 70 km”,
both P < 0.05; Table 2), with fewer micro-
particles being recovered during winter
months and at distances of > 70 km from
the coast (Fig. 2A,B). For the sub-category
of micro-fibres, season and distance again
displayed significant partial effects on the
total abundance of synthetic micro-particles
(evels “winter” at P < 0.01, with “5.0—
10.0 km” and “> 70 km” both at P < 0.05;
Table 2), with fewer micro-fibres being
detected for these sample categories. The
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abundance of synthetic micro-particles did
not significantly differ among species (Fig. 3A,
Table 2), nor was a difference detected
among geese for the sub-categories of
synthetic micro-fibres and micro-fragments
(Figs. 3B,C, Table 3). Sample mass had a
significant effect on the abundance of
synthetic micro-particles (P < 0.01; Table 2)
and micro-fibres (P < 0.05), but not on
micro-fragments (Table 3). A significantly
greater number of synthetic micro-particles
were detected at Horning Sailing Club
compatred to all other locations (GLM:
){%1 = 679.65, P < 0.001, with all post hoc
pairwise comparisons of P < 0.05; Fig. 4).
Larger faecal samples tended to contain
slightly greater numbers of synthetic micro-
particles compared to smaller samples
(R?2=0.25, P < 0.001; Fig. 5).

Discussion

Although the quantities of synthetic debris
ingested by geese tended to be low, the
present study demonstrates that synthetic
micro-particle ingestion is likely a frequent
and widespread phenomenon in flocks of
different goose species throughout Great
Britain and Ireland. At least one micro-
particle was recovered from 36.6-58.6%
of samples obtained from the species
considered, which is broadly similar to
amounts reported for Anatidae elsewhere:
4.3-53.8% (Canada: English es al. 2015),
0.0-50.0% (Canada: Holland ez a/. 2010),
and 43.8-60.0% (Spain: Gil-Delgado ez 4.
2017). Other studies have however reported
both higher and lower instances of synthetic
debris ingestion, at rates of 79.0% (Ireland:
Coughlan ez al. 2020), 81.8-91.7% (Great
Britain: Coughlan es a/. 2021a) and 0.0-
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Table 2. Effects of species, season, distance from the coast, and sample mass on the total
abundance of synthetic micro-particles recovered per sample, from negative binomial mixed
models. GWG = Greater White-fronted Geese, GG = Greylag Geese, PG = Pink-footed
Geese, CG = Canada Geese and BG = Barnacle Geese.

Variables Level of effect n B s.e. x? P
Species GWG 31 0.43 0.72 0.004 1.91
GG 256 0.19 0.28 0.43 1.02
PG 66 0.85 0.59 2.07 0.30
CG 298 -0.03 0.40 0.01 1.87
BG 158 - - - -
Season Spring 499 -0.21 0.24 0.78 0.75
Summer 177 0.19 0.25 0.57 0.90
Winter 70 —-0.82 0.31 7.05 <0.05
Autumn 63 - - - -
Distance (km) <1.0 214 — - - —
5.0-10.0 60 -1.37 0.76 3.20 0.15
10.1-20.0 80 —0.88 0.52 2.88 0.18
20.1-30.0 260 —0.60 0.46 1.63 0.40
30.1-35.0 79 —0.34 0.50 0.48 0.98
> 70.0 116 -1.38 0.58 5.69 <0.05
Sample mass (g) 809 0.02 0.01 8.80 <0.01

Location Random contribution (variance): 0.2882

Note: the species “Barnacle Goose”, season “autumn” and distance “< 1.0 km” are not
included in the table because the levels for these factors were aliased, so effectively had
estimates of zero. Sampling location was included as a random factor. The sample sizes (#),
regression coefficients () and their standard errors (s.e.), and the main effects (¥2 and
associated P value) are given for each variable included in the model. Significant values are
highlighted in bold.

17.0% (South Africa: Reynolds & Ryan
2018), which indicates that substantial
variation may occur between species and

sampling locations. Sample size could also
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be a cause of variability between studies,
with differences in the ingestion of synthetic
micro-particles potentially influenced by
inter-specific foraging habits, habitat choice,



Ingestion of micro-particles by geese 133

25
@ A
S
T 2 )
2
Q . °
Q 15 .
S
Q ¢
© 10
= . . .
S, . :
» 5 °
o . .
P oL —— — . —
Spring Summer Autumn Winter
Season
8 25 B
S
T 20
2
o : .
g 15 . )
S
0 °
© 10
£ . :
3 : . ° :
) 5 ° . —|- .
®© ° :
° ’L‘ T T [ ] [ i ] T
F oo . [—] [ I—] [ — [—]
<1.0 5.0-10.0 10.1-20.0 20.1-30.0 30.1-35.0 >70.0

Distance from coast (km)

Figure 2. Median values for synthetic micro-particles recovered from a total of 809 faecal samples for
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and the quantity of biomass ingested
and cgested daily, as well as the extent
of synthetic debris pollution among
locations. The number of species known to
ingest synthetic micro-particles is however
increasing with, we believe, this being the
first record of it occurring in Greater
White-fronted Geese, Greylag Geese and

Pink-footed Geese.

Widespread and reoccurring ingestion
of synthetic micro-particles by goose
species

It appears ingestion of synthetic micro-
particles can occur in remote coastal
locations, as well as in inland rural areas and
locations adjacent to large urban centres.
However, it appears that distance from the
coast correlates with the quantity of synthetic

Wildfowl (2025) 75: 121-145



134 Ingestion of micro-particles by geese

o 21 A

K}

Q o

£ 20

2

o .

8 15 . .

1S

Q °

T 10

s

3 : . :
> ° ° ° °
» 5 . .

© ° .

o ,Ll ’L‘
= 0 I__r_l [ 1 [ — 1 l__r_l

GWG GG PG CG BG
w 1B
o
2 .
Y °
é 20
0 o
E °
I 15
@ .
<
€ 10
>' °
@ . .
s : :
2

o} |
-
-

GWG GG PG CG BG

n 16 C

|5

g’ 14 °

g 12

T

© 10

k&)

€ 8

k)

@ 6

5 °

S 4

[} ° °

E 2 ° ° °

S . : . ; .
GWG GG PG CG BG

Species

Figure 3. Median values for synthetic micro-particles recovered from a total of 809 faecal samples for
Greater White-fronted Geese (GWG), Greylag Geese (GG), Pink-footed Geese (PG), Canada Geese
(CG) and Barnacle Geese (BG) throughout Britain and Ireland. (A) = all synthetic micro-particles, (B)
= shape-type sub-categories of micro-fibres and (C) = micro-fragments (C). Interquartile ranges (IQR),
maximum and minimum IQR values, and outliers are provided. A significant effect was not detected for
species (ze. all n.s.). Note: zero-inflated data yielded numerous median values of zero.

Wildfowl (2025) 75: 121-145



Ingestion of micro-particles by geese 135

"Ploq Ut pa1ySIySiy o3t sonfea ;X 1uedyrusdig Jowwns pue Sunds Ut uoyel so[dwes spremol pamoas AYSIY 97om S[OAJ] UONIOP ISNEII]
SIUOWISETJ-OIOTUW JO SIN[EA TOSEIS E[NO[ED 01 d[qIss0od 10U s 1 “TORLUL[dXd JOURING JOJ 7 L], 99G "PISEI[E 2TIM $T0108] dANI2dsOF

SU) JO S[9A] 9SO} 2SNELII I[ELI U} UT PIPN[OUT JOU 98 WY ()’ ,, 9OULISIP PUL , UWININE,, TOSLIS ¢, 9S00L) d[dkusey,, $9199ds a1 :910N]

mTOM X Owﬂ Nmmmo AOUC.QH.SVV QOﬁSﬁ:ﬁGOU EOTG.@M GOﬁ.@UO‘H
ce0 €81 ¥0°0 <00 10°0 > €98 100 200 (@) ssew odwreg
<01 0¥0 96°0 19°0 S0°0 > 6L°S 90  6¥1— 00L <
97’1 10 06°0 860~ 01t 0€°0 yS0  2E0- 0°SE-1°0¢
97’1 €0 8.0 8¢°0 0¥°0 99°1 6V0 €90~ 0°0€-1°02
9¢°0) 081 ¥L°0 01°0 ¥1°0 0¢°¢ 960  20'1— 002101
00C o0l X0¥%  81'TO8L 1881 S0°0 > 6SY 6L0 081~ 001-0°S (w) 2ouesiq
- - - - 10°0 > 686 1€0  L60— UL
- - - - 87’1 20 czT0 110 Pwwng
- - - - vL0 18°0 Y0 170~ Supdg UOSEIS
€60 €S0 S6°0 0L°0 A €ro o S1o— 1)
00T -010% 81’1008, 18°SI— 870 81C LLO €80 94d
€0 15 8.0 €Tl 171 LT0 620 S0 )
LLT 200 6¥'1 20 €61 2000 LLO €00 DD sapadg
d X 'S Q d X 'S Q

SIUWSeIJ-0IDIA!

SOIqIJ-OIOTIA

109JJ9 JO [2A9] SI[qelrep

*S[OPOW PIXTW [EIWOUI( 2ANEFIU WOIJ ‘SIUIWSEIJ-0IO[W PUE SIIIJ-0IOTW DIIYIUAS JO

m@@OMUuNUn—‘Dw OMUMHMNA*OMUME TO 20uepunge [e103 9y} UO sseld D?m—adw pue ‘1SB0OD 943l Wo1J 90ueIsIp ‘U0Seas nwvﬂuum—w JO $310943 *¢ 91qe],

Wildfowl (2025) 75: 121-145



136 Ingestion of micro-particles by geese

Location

TECEeT
AT T

A T
ERRERREEA

ALAL AL AL

*

?

PO

i

T

°
°

T EE

S0

T

o g" Pink-footed Geese

Greater White-
fronted Geese

; Greylag Geese

g Canada Geese
4 Barnacle Geese

T

5

T

10

15 20

Total synthetic micro-particles

25

Figure 4. Median values for synthetic micro-particles recovered from a total of 809 faecal samples for

geese at locations throughout Britain and Ireland. Interquartile ranges (IQR), maximum and minimum

IQR values, and outliers are shown. The star symbol denotes a statistical difference among H.S.C. and

all other locations (P < 0.05). All other counts were statistically similar (Ze. all n.s.). Note: zero-inflated

data yielded numerous median values of zero.

Wildfowl (2025) 75: 121-145



Ingestion of micro-particles by geese 137

324 X Greater White-fronted Geese
8 o Greylag Geese ° °
o 164 : @ °
1] Pink-footed Geese °
= L0
© 4 Canada Geese .
& 8 oo © ® ° ’
1) o Barnacle Geese o 2 & o s . ~
‘6 o0 A & ) o o o .2 °
s o oA o o o ,° o
S 4 ° sag AXo a® © oo® O L7 )
2 & biadbo gewon -7 oo R=02532
_°C> »” P < 0.001
S 24 o owvioo Yo HBiefammoeman gw’™ 00 0 o0
c P
> -
(D ”
E 14 oo B o® @(@Mmﬁmwmmmoom o o
] e
- S
0 == ik i i i e e =20y T T |
0.2 0.4 0.8 16 3.2 6.4 12.8 256 51.2 102.4

Faecal sample mass (g)

Figure 5. Log-log relationship for the total number of synthetic micro-particles detected per faecal

sample relative to the mass of each sample for the assessed geese. The coefficient of determination (R2)

for linear regression is shown. The y-axis log-scale commences at the zero value for ease of interpretation.

micro-particles ingested by geese, with fewer
micro-particles being ingested by geese
residing at the furthest inland points (> 70
km). Nevertheless, geese species appear to
be universally prone to ingesting synthetic
micro-particles irrespective of the location.
Ingestion of synthetic debris has previously
been documented for various seabirds
residing in coastal locations of Ireland
(Acampora e al. 2016). Yet records of
synthetic debris ingestion remain scarce for
birds inhabiting coastal locations in Britain,
perhaps reflecting there being fewer studies
in this area (see for example Harris & Wanless
1994; Coughlan ez al. 2021a). Nevertheless,
the detection of synthetic micro-particles in
geese dwelling at coastal sites in Britain is in-
line with international reports for seabirds
and waterbirds. In general, there is a paucity

of information available concerning the

fate of synthetic micro-particles in inland
terrestrial and wetland environments (Zhao
et al. 2016; Wong et al. 2020). In recent years,
various studies have indicated that synthetic
debris can be ingested by bird species
residing in terrestrial (Zhao er al. 2016;
Coughlan ¢ al. 2021b), and freshwater
habitats (Gil-Delgado ez al. 2017; Winkler
et al. 2020), often as a result of food chain
transfer for predatory and omnivorous
birds (e.g D’Souza ef al. 2020). The present
study amplifies these previous insights
by demonstrating that the ingestion of
synthetic micro-particles by waterbirds is
prevalent in non-marine environments.
Further, our study demonstrates that
obligate herbivores such as geese can
regularly ingest synthetic micro-particles.
Repeated sampling of five selected
locations, namely Ballygilgan Nature Reserve

Wildfowl (2025) 75: 121-145
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Chew Valley, Foula Island, Horning Sailing
Club and Twyning Green (Table 1), revealed
that ingestion of synthetic micro-particles
by geese is a reoccurring phenomenon.
Although Coughlan ez a/. (2020) previously
documented repeated micro-debris ingestion
for Barnacle Geese at a single location over
a four-year period, the present study
indicates that repeated ingestion in multiple
seasons occurs across species and sites.
While informative, a truly reliable assessment
of any change in debris ingestion
frequencies would require sampling events
consisting of > 14,000 birds (eg = 5%
detection rate with a sampling power of
80%,; Lavers & Bond 2016), which is simply
not feasible for the vast majority of study
systems. Further, movement ecology also
needs to be considered to identify locations
where synthetic debris is likely to be
ingested and subsequently deposited on a
daily (eg Martin-Vélez et al. 2021) or
seasonal timescale (eg Doyle e al. 2021).
Nevertheless, repeated multi-year assessments
should be pursued to better elucidate
temporal patterns of synthetic micro-
particle ingestion by geese and other
Anatidae over longer time periods.
Interestingly, very few debris particles
> 5 mm in length were detected (#» = 5),
despite it being likely that geese would
encounter synthetic debris > 5 mm in
size, given their abundance in European
environments (eg Vriend e al. 2023).
However, synthetic micro-particles can be
produced through the fragmentation of
larger particles due to biotic and abiotic
effects (eg Mateos-Cardenas ef al. 2020),
including within digestive tracts of birds
2018),

(Provencher e al. especially
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granivorous waterfowl with strong gizzards
(Mayhew & Houston 1993) that are potentially
capable of mechanically disintegrating
larger synthetic debris items over time
(Reynolds & Ryan 2018). Therefore, the
ingestion of debris > 5 mm in size may
result in the presence of synthetic micro-

particles of <5 mm in faecal samples.

Origin and fate of recovered synthetic
micro-particles

The exact origin of the recovered synthetic
micro-particles is unknown, but their
ingestion by geese is likely a result of
environmental contamination. The presence
of synthetic micro-particles in natural
environments is often due to the breakdown
of larger synthetic debris items (Law &
Thompson 2014) and has previously been
linked to the availability of historical or
current sources of synthetic debris at study
sites (eg Gil-Delgado e al. 2017; Reynolds &
Ryan 2018). Notably, synthetic micro-fibres
can be dispersed in high quantities locally via
shedding from synthetic clothing (Napper &
Thompson 2016; De Falco e al 2019).
Whilst spatial and temporal variation for the
distribution and abundance of synthetic
debris seems to regularly occur, these debris
are generally considered to be a widespread
contaminant of freshwater and terrestrial
environments worldwide (e.g Stanton e al.
2020; Wong ez al. 2020). The present study
would have benefited from inclusion of
field controls to account for potential
atmospheric deposition of micro-particles
(eg Allen et al. 2020); however, the
methodology focused on collection of
fresh samples which likely reduced risk

of atmospheric contamination. Ingestion of



synthetic micro-particles may also occur
when geese forage on agricultural lands,
especially farmland where plastic sheets
have been deployed for crop protection or
lands treated with biosolid sludges derived
from wastewater treatment plants, which
can harbour extremely high abundances of
micro-particles (> 15,000 synthetic particles
kg~1; Mahon ez al. 2017).

Although a detailed assessment of each
sampling location was not possible, coastal
areas were especially prone to the presence
of synthetic debris, which generally appear
to have been washed in from the sea along
low lying shorelines by tidal forces (eg
domestic waste and fishing gear; Coughlan
et al. 2020, 2021a). On Foula and the
Inishkea Islands, for example, this synthetic
debris can be blown further inshore during
storm conditions and can be found in geese
foraging areas. Our data indicate ingestion
rates appear to be similar among coastal and
inland locations situated < 35 km from the
coast. Although inland locations can be
susceptible to both urban and agricultural
sources of synthetic micro-particles. The
present study does not account for
urbanisation, human population densities,
land use or differences in agricultural
practices among regions, and these
landscape level vatiables could influence the
prevalence of synthetic micro-particles
among sampling sites. Future studies should
attempt to sample geese more widely across
Great Britian and Ireland, with greater
inclusion of inland areas and consideration
of landscape level effects.

The fate of synthetic micro-debris
following their excretion by geese will also
need to be considered to elucidate their
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complete impact on the environment. Due
to poor digestive performance, Anatidae
faeces can contain undigested food items
that will attract other organisms to forage on
these faeces, including other Anatidae such
as swans (Ze. coprophagy, e.g Shimada 2012).
Differences in the duration of retention
within bird gastrointestinal tracts will need
to be considered to reveal possible durations
of exposure to leached chemical compounds,
as well as likely vectoring of synthetic debris
and associated chemical contaminants
among environs. For example, as a long-
distance Ireland’s

migrant, wintering

Barnacle Geese population originates
exclusively from remote areas of north-east
Greenland, while British populations tend
to arrive from both Greenland and Svalbard
(Wernham ez al. 2002). As hypothesised
before by Coughlan e a/. (2020), with short
gut retention times of 1.9-3.1 h (Prop
& Vulink 1992), Barnacle Geese could
potentially vector synthetic particles and
other contaminants amongst remote areas
of Greenland, Iceland and Ireland. Further,
several Anatidae have demonstrated longer
gut retention times of up to 96 h, including
Greylag Geese (Garcia-Alvarez et al. 2015),
which increases their capacity to act as
biovectors considerably. On a local scale,
geese typically move several kilometres
during the day between favoured feeding
and roosting sites (Giroux & Patterson
1995), ranging from 1-20 km depending
on the time of year (Doyle e al. 2023).
Accordingly, the micro-particles recorded
were not necessarily ingested in the habitats
where faeces were collected. Biovectoring of
synthetic debris ingested in agricultural
fields to wetlands where the geese roost is a

Wildfowl (2025) 75: 121-145



140 Ingestion of micro-particles by geese

process that may be worth investigating, in
the same way that geese input nutrients into
wetlands (Dessborn e a/l. 2016).

Considerations for future research

Further in-depth assessments are required
to ascertain the overall impact of synthetic
micro-particles on individual Anatidae, as
well as potential long-term population
effects. In particular, the extent of absorption
and subsequent impacts of chemical

contaminants  requires  investigation,
especially in relation to bird health and
developmental life stages (7.e. embryotic and
neonate stages; Tanaka ez a/. 2020). Greater
quantification of the amounts and types of
synthetic debris available across different
environments is also required to elucidate
the level of contamination risk, as well as
the rates of ingestion and retention by
waterbird species (English ez al 2015;
Holland ez a/. 2016; Reynolds & Ryan 2018).
Although visual identification is considered
reliable (Zhao et al. 2016; Reynolds & Ryan
2018; Stanton ef al. 2019), there remains a
risk that some non-synthetic fibres may be
misidentified as synthetic fibres. Yet the
release of non-synthetic micro-fibres into
environments also trepresents a harmful
environmental contaminant and their
detection within faecal samples would also
be of concern (eg chemically treated
textiles; Stone ¢7 al. 2020).

Naturally originating textile micro-fibres,
such as treated cotton and wool fibres
modified for textile applications inclusive of
impregnation with dyes, colour stabilisers,
flame retardants, water and stain repellents
(eg Liu et al. 2022), have emerged as a

concerning environmental pollutant (Stanton
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et al. 2019; Stone et al. 2020). Although an
abundance of studies shows detrimental
environment, ecological and physiological
effects linked to the proliferation of pure
synthetic micro-particles across terrestrial
and aquatic ecosystems, the ecotoxicological
impact of treated natural fibres remains
poorly explored — particularly in relation to
persistence, toxicity, and chemical load
(Stanton ef al. 2024). Treated textile micro-
fibres and pure synthetic fibres could not
be definitively isolated from one another
by the present study, yet detection of any
anthropogenic material is concerning for
environmental health and conservation.
Future research seeking to distinguish
between synthetic and natural micro-fibres
should also consider the use of analytical
chemistry techniques, such as Raman and
Fourier Transform Infrared Spectroscopy
(FTIR), for identification of polymers
ingested by wildlife (Zhao e al. 20106;
Stanton ez al. 2019).

Conclusion

The present study demonstrates that
ingestion of low quantities of synthetic
micro-particles is a frequent and widespread
process within flocks of geese inhabiting
locations across Great Britain and Ireland.
Further research is however required to
provide a better understanding of the
types, sources and fates of synthetic micro-
particles in goose habitats, as well as their
possible impact on the birds’ physiological

and developmental processes.
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