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Plastics pollution has been documented for decades, yet repeatable methods for evaluating quantities are lacking.
For wildlife, the mass and number of ingested plastics are widely reported, but these are not without their
challenges, especially in field settings. Rapid methods for estimating the mass of ingested plastic could therefore
be useful, but the relationship with the number of ingested pieces has not been explored. Using a dataset covering

1278 individuals of 11 Procellariiform species, we investigated this relationship to determine if counts could act
as a proxy for the mass of ingested plastic by seabirds. Larger species ingested larger pieces of plastic, and birds
that consumed more pieces also ingested items that are physically larger. Across species, sample size significantly
influenced the slope of the relationship between the mass and number of ingested plastics. The mass-number
relationship is species-specific, highly driven by sample size, and varies temporally.

Though plastic pollution has been a widespread environmental issue
for several decades (Derraik, 2002; Eriksen et al., 2014; Karasik et al.,
2020; Kithn and van Franeker, 2020), repeatable, comparable and
ground-truthed methods for evaluating the amount of plastics in the
environment remains a significant shortcoming (O’Hanlon et al., 2017;
Serra-Gongcalves et al., 2019; Provencher et al., 2020; Keys et al., 2023).
Seabirds are highly prone to ingesting plastic (Azzarello and Van Vleet,
1987; Kiithn and van Franeker, 2020), though it was >50 years from the
first documented cases (Carpenter et al., 1972) to establishing stan-
dardized methods for data capture and reporting (Provencher et al.,
2017; Provencher et al., 2019). In terms of quantifying individuals’
plastic burden, mass is often more useful than the count of items because
a single piece can, obviously, range from a small single nurdle to a large
fragment (Provencher et al., 2017; Provencher et al., 2019). Birds can
also consume one piece that subsequently fragments into many, and the
size of ingested plastic will be necessarily limited by gape size.

It can sometimes be easier to count individual items, either during
necropsy or sample processing, and archive important details in sample
photographs (e.g., total number of items, particle dimensions, etc.) (e.g.,
Lavers et al., 2022). Recording mass with an appropriate precision given
the small size of many individual pieces can be challenging in the field,
and the mass of individual pieces found within a species can span several
orders of magnitude. For example, Leach’s Storm-petrels (Hydrobates
leucorhous) ingested pieces weighing from 0.2 to 16.9 mg (Bond and
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Lavers, 2013) while Flesh-footed Shearwaters have plastic burdens from
0 to 64 g (Lavers et al., 2021). So, while recording the mass of ingested
plastics by seabirds may be more meaningful for toxicological aspects, it
is an additional step that requires a precise enough balance, which may
be prohibitive in field settings.

Rapid methods for estimating the mass of ingested plastic could
therefore be useful, but the relationship between the mass and number
of ingested pieces has not been explored. Using a large dataset of
ingested plastics from several studies covering 1278 individuals of 11
species of Procellariiformes, we investigated the relationships between
the total mass and number of ingested plastic pieces to determine if
counts of ingested items can, in some cases, act as a proxy for the mass of
ingested plastic debris by seabirds.

We compiled data from Lavers and Bond (2016) for Laysan Alba-
trosses (Phoebastria immutabilis; n = 36 adults necropsied) and Bonin
Petrels (Pterodroma hypoleuca; n = 6 adults necropsied) from Midway
Atoll, Hawaii, Bond and Lavers (2013) for Leach’s Storm-petrels (n = 30
adults lavaged) from Gull Island, Witless Bay, Newfoundland, Canada,
Bond et al. (2014) for Northern Fulmars (Fulmarus glacialis; n = 115
adults necropsied), Great Shearwaters (Ardenna gravis; n = 68 adults
necropsied) and Sooty Shearwaters (Ardenna griseus; n = 30 adults
necropsied) from Sable Island, Nova Scotia, Canada, Kain et al. (2016)
for Newell’s Shearwaters (Puffinus newelli; n = 13 adults necropsied) and
Wedge-tailed Shearwaters (Ardenna pacifica; n = 18 adults necropsied)
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from Kauai, Hawaii, Puskic et al. (2020) and Keys et al. (2023) for Short-
tailed Shearwaters (Ardenna tenuirostris; n = 17 and 12 fledglings nec-
ropsied, respectively) from Tasmania, Lavers et al. (2018) and Lavers
and Bond (unpublished data) for Wedge-tailed Shearwaters (n = 118
fledglings necropsied and lavaged) from Lord Howe Island, Australia,
Lavers et al. (2021) and Lavers and Bond (unpublished data) for Flesh-
footed Shearwaters (n = 800 fledglings necropsied and lavaged com-
bined) from Lord Howe Island, Australia, and Lavers et al. (2022) for
Fairy Prions (Pachyptila turtur; n = 16 adults necropsied) from Tasmania,
Australia. This combined dataset included plastic ingestion data for a
total of 1278 individuals totalling 12,186 individual pieces of plastic.
We restricted our analysis to individuals that had ingested plastics, as we
were interested in quantifying the relationship between the mass and
count of plastics rather than population-level metrics that require in-
clusion of plastic-free birds (Provencher et al., 2017). There was no ef-
fect of sampling method (lavage vs necropsy) on the relationship
between the number and mass of ingested plastics in Flesh-footed
Shearwaters (Fq911 = 0.22, p = 0.64), so sampling methods were
pooled.

All analyses were conducted in R 4.2.1 (R Core Team, 2022). To
investigate the relationship between the mass of ingested plastic and
number of ingested pieces, we performed two analyses. First, we
examined the linear relationship between the mass and number of
ingested plastics for each species using a linear regression. Second, we
examined Flesh-footed Shearwaters (the largest contributor to the
overall dataset) to determine the nature of the relationship between the
mass and number of ingested plastics of individuals below vs. above the
mean number of pieces (12 pieces). To test the effect of sample size on
the relationship between the mass and number of ingested plastics, we
simulated 794 datasets representing the range of species sample sizes in
our study using data on plastic ingestion from Flesh-footed Shearwaters.
For each dataset, we ran a linear model to estimate the mass of ingested
plastic from the number of pieces. We then examined the range and
variation in the slope estimates to determine the effects of sample size on
this relationship. To examine the interannual variation in the relation-
ship between mass and number of ingested plastics, we performed linear
models using data from Flesh-footed Shearwaters covering 13 years.
Results were considered significant when p < 0.05.

The relationship between the mass and number of ingested plastics
varied considerably among species and was significant for 7/11 species
examined (Table 1). The steepest significant slope was for Laysan Al-
batrosses (p + SE = 0.300 + 0.022), while Leach’s Storm-petrels had the
shallowest (0.003 £ 0.0004). When the relationship was significant, the
number of plastic pieces explained 47-83 % of the variance in the mass
of ingested plastic at the individual level (Table 1, Fig. 1).

In Flesh-footed Shearwaters, the relationship between plastic mass
and the number of ingested pieces was significant (tygy = 39.308, p <
0.001), but differed for individuals with above and below average
plastic burdens (t;97; = 3.056, p = 0.002). The relationship between
ingested mass and number of pieces had a higher slope in individuals

Table 1
Results of linear regression models for the number and mass of ingested plastics
in 11 species of seabird. Significant values (p < 0.05) in bold.

Species i SE t P R? N

Bonin Petrel 0.015 0.014 1.067 0.346 0.222 6
Fairy Prion 0.011  0.006 1.742 0.103  0.178 16
Flesh-footed Shearwater 0.143  0.003  49.28 <0.001 0.753 800
Great Shearwater 0.013  0.001 8.961 <0.001 0.549 68
Laysan Albatross 0.300 0.022 13.43 <0.001 0.826 40
Leach’s Storm-petrel 0.003  0.000 7.111 <0.001 0.644 30
Newell’s Shearwater 0.002  0.003 0.624 0.545 0.034 13
Northern Fulmar 0.029 0.003 10.496 <0.001 0.494 115
Sooty Shearwater 0.003  0.004 0.832 0.412  0.024 30

Short-tailed Shearwater 0.014  0.003 4.929
Wedge-tailed Shearwater ~ 0.068  0.005  14.41

<0.001 0.474 29
<0.001 0.615 132
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with an above average number of pieces (>12 pieces; p + SE = 0.152 +
0.008, t;60 = 18.50, p < 0.001) than those with below average plastic
burdens (p &+ SE = 0.078 + 0.010, tg3¢ = 8.182, p < 0.001; Fig. 2).

When testing for the effect of sample size, we found that low sample
sizes produced large variations in the slope estimate, ranging from
0.0042 to 0.2993 (Fig. 3). There was marked interannual variation, with
the slopes ranging from 0.0187 to 0.2127 (Fig. 4).

Animal size, including gape size, has been identified as a factor
potentially affecting the size of plastics ingested by species (Botterell
et al.,, 2019; Duncan et al., 2019; Jams et al., 2020). In terns, young
chicks are fed smaller plastics, presumably due to their smaller body size
compared with adults (Caldwell et al., 2022). However, in some sea-
birds, body size does not appear to drive consumption trends with
Wandering Albatross (Diomedea exulans) consuming similarly sized
plastics to other, smaller albatross species (Phillips and Waluda, 2020).
While we did not examine gape size explicitly, our results do show at
least a broad pattern with the largest species (Laysan Albatross; up to
4000 g) having the greatest slope, indicating that they ingested larger
pieces per unit mass, and Leach’s Storm-petrels (45 g), the smallest
species, having one of the lowest slopes indicating that the mass of in-
dividual ingested items was, overall, much lower (Table 1). Examination
of the size of ingested plastics in relation to gape size is an area where
future research would be beneficial to our understanding of the pro-
cesses by which seabirds ingest and regurgitate plastics.

Overall, species was an important predictor of the mass and number
of ingested plastics (Table 1). The slopes of the significant relationships
span two orders of magnitude (0.003-0.300; Table 1) highlighting that a
universal relationship across all Procellariiformes is unlikely to have
high predictive power. The magnitude of the relationship seemed un-
related to body size, for example, the relationship for Sooty Shearwaters
(B = 0.003; not significant) was markedly lower than Flesh-footed
Shearwaters (p = 0.143) despite the species having similar body size
(650-950 and 580-750 g), respectively (Marchant and Higgins, 1990).
Non-significant relationships generally had a lower sample size (range
6-30) than did significant relationships (range 29-800; Table 1). This
suggests that in species where we did not find a relationship between
mass and number of ingested plastics, this could be related to sampling
effort. Sample size clearly had a large effect on the mass and number of
ingested plastics, with slope estimates following the central limit theo-
rem whereby the greater the sample size, the less the variance in slope
(Fig. 3). This highlights the issue of low sample size in species for which
the slope did not differ from zero (Table 1). In reviews of plastic
ingestion by seabirds in Canada, more than two-thirds of species had
sample sizes <100 (Provencher et al., 2015) and in the northeast
Atlantic, this was >70 % (O’Hanlon et al., 2017). None of the 61 species
examined by Roman et al. (2016) in Australia exceeded 100 individuals.
This highlights the challenges of determining the relationship between
mass and ingested plastics robustly given current sampling efforts. This
is a common issue in plastic ingestion studies where power analyses
regularly demonstrate the inability to robustly detect all but the most
extreme interannual changes (van Franeker and Meijboom, 2002; Pro-
vencher et al., 2015; Lavers et al., 2021).

The relationship between mass and number of ingested plastics also
differed based on the total amount of plastics consumed by the birds
(Fig. 2). For Flesh-footed Shearwaters that had <12 pieces, the slope was
half that with 12 or more pieces (Fig. 2). This demonstrates that the
relationship may not be linear across the range of plastic burdens
observed within a species. Capturing the range of plastic burdens is
therefore important when evaluating this relationship. This also in-
dicates the birds that ingest low numbers of pieces also ingest smaller
pieces, on average and that for birds that consume greater numbers of
pieces, that these also tend to be physically larger. Both particle size
classes pose unique pathological risks to wildlife, including small pieces
becoming imbedded in tissues and with a larger surface area to volume
ratio, these also potentially represent a greater exposure to contami-
nants, microbial communities, and could increase the formation of scar
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Fig. 1. Relationship between the mass (g) and number of ingested plastics in Bonin Petrels (BOPE), Fairy Prion (FAPR), Flesh-footed Shearwater (FFSH), Great
Shearwater (GRSH), Laysan Albatross (LAAL), Leach’s Storm-petrel (LHSP), Newell’s Shearwater (NESH), Northern Fulmar (NOFU), Sooty Shearwater (SOSH), Short-
tailed Shearwater (STSH), and Wedge-tailed Shearwater (WTSH). See Methods section for sampling details. Lines are linear regressions and shaded areas are 95 %
confidence intervals.
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Fig. 2. Relationship between the mass (g) and number of ingested plastics in Flesh-footed Shearwaters, grouped by the number of fledglings containing plastics
below vs. above the mean number of pieces (12 pieces).
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Fig. 4. Interannual variation in the relationship between the mass (g) and number of ingested plastics in Flesh-footed Shearwaters using 13 years of data from Lord
Howe Island, Australia. Lines are linear regressions and shaded areas are 95 % confidence intervals.

tissue (Fackelmann and Sommer, 2019; Charlton-Howard et al., in re-
view). Meanwhile, larger items can impact gross tissue structure and
morphology of the stomach (Rivers-Auty et al., 2023). Some items can
fragment rapidly after ingestion, though accurate measures of plastic
retention time in seabirds and other species are poorly described (Ryan,
2015) and this has important implications for the mass-number
relationship.

The number and mass of plastics ingested by seabirds can vary
significantly over time, with large changes in the proportion of affected
birds sometimes recorded over relatively short periods of time (e.g.,
43.4 % of lavaged Flesh-footed Shearwaters contained plastic in 2015,
which nearly doubled to 71.4 % the following year; Lavers et al., 2021).
Similarly, the relationship between the mass and number of ingested
pieces varies from year to year (Fig. 4). This again highlights the com-
plex variation in plastic ingestion by seabirds, and the highly dynamic
nature of plastics in the marine environment (Rudduck et al., 2017). The
relationship between the mass and number of ingested plastics is clearly
complex, varying among species and years, thus teasing apart what
drives these relationships will require ongoing and/or increased

investment in long-term monitoring. These two metrics are the most
fundamental and often reported in plastics ingestion research, and yet
for some species, we still struggle to answer the question posed in the
title of this paper: can the mass of plastics be predicted from the number
of ingested pieces?
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