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ABSTRACT 12 

The world’s oceans are under increasing pressure from anthropogenic activities, including significant 13 

and rapidly increasing inputs of plastic pollution. Seabirds have long been considered sentinels of 14 

ocean health, providing data on physical and chemical pollutants in their marine habitats. However, 15 

long-term data that can elucidate important patterns and changes in seabird exposure to marine 16 

pollutants are relatively limited but are urgently needed to identify and support effective policy 17 

measures to reduce plastic waste. Using up to 12 years of data, we examined the benefits and 18 

challenges of different approaches to monitoring plastic in seabirds, and the relationship between 19 

plastic and body size parameters. We found the mass and number of ingested plastics per bird 20 

varied by sample type, with lavage and road-kill birds containing less plastic (9.17-9.33 pieces/bird) 21 

than beach-washed or otherwise dead birds (27.62-32.22 pieces/bird). Beached birds therefore 22 

provide data for only a particular subset of the population, mostly individuals in poorer body 23 

condition, including those severely impacted by plastics. In addition, the mass and number of 24 

plastics in beached birds were more variable, therefore the sample sizes required to detect a change 25 

in plastic over time were significantly larger than for lavaged birds. The use of lavaged birds is rare in 26 

studies of plastic ingestion due to ethical and methodological implications, and we recommend future 27 

work on ingested plastics should focus on sampling this group to ensure data are more 28 

representative of a population’s overall exposure to plastics. 29 

 30 
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Capsule: Long-term data on plastic ingestion in shearwaters highlights significant changes over time, 33 
and the importance of different sampling strategies   34 
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1. Introduction 35 

The depletion of wildlife (IPBES, 2019), spread of invasive species (Bellard et al., 2016) and 36 

unsustainable inputs of pollutants (Borrelle et al., 2020; Lamborg et al., 2014) provides increasing 37 

evidence that the ocean, on which all life depends, is being altered drastically by human activities. 38 

Nowhere is safe: a concept highlighted by anthropogenic marine debris, now ubiquitous from the 39 

Arctic ice sheets (Obbard et al., 2014) to Antarctic waters (Waller et al., 2017). Visited by humans 40 

only a handful of times, the Marianas Trench (4 km depth) and even Mars (206 million km from 41 

Earth) now contain our plastic waste (NASA, 2012; Qui, 2016). Plastic pollution was highlighted 42 

during the United Nations Conference on Sustainable Development (Rio+20), where participant 43 

governments “commit to take action to achieve significant reductions in marine debris by 2025 to 44 

prevent harm to the coastal and marine environment” (United Nations, 2012). However, most of the 45 

Rio+20 targets are voluntary and progress has been hampered by an inability to agree on monitoring 46 

and management frameworks, and ambiguous stakeholder engagement mechanisms (Borrelle et al., 47 

2017; Cutter et al., 2013). Addressing this requires robust quantitative data on indicator species to 48 

provide critical insights into trends in the quantity and impact of plastic, and allowing for measures 49 

of progress over time (O'Hanlon et al., 2017). 50 

As apex predators, seabirds are widely regarded as indicators of ocean health (Burger and 51 

Gochfeld, 2004; Parsons et al., 2008). Countless studies have reported debris ingestion and 52 

entanglement rates for seabirds (Kühn and van Franeker, 2020) as these metrics are thought to 53 

reflect the amount or distribution of plastic pollution in the marine environment (Fossi and 54 

Depledge, 2014; Ryan and Fraser, 1988). Though there have been several recent studies that have 55 

evaluated trends in plastic ingestion over time (Bond et al., 2012b; Lavers and Bond, 2016a; Lavers et 56 

al., 2018; Moser and Lee, 1992; Perold et al., 2020; Robards et al., 1995), they are still uncommon 57 

and often opportunistic. A notable exception is the long-term monitoring of ingested plastic by the 58 

Northern Fulmar (Fulmarus glacialis) which has provided valuable insights into changes in the 59 

composition and abundance of debris in the North Sea (van Franeker and Kühn, 2019; van Franeker 60 

and Law, 2015).  61 

In Australia, data on the frequency of ingestion of marine debris by Flesh-footed 62 

Shearwaters (Ardenna carneipes) provided some of the earliest evidence of plastic accumulation in 63 

the Tasman Sea during 2005-2011 (Hutton et al., 2008; Lavers et al., 2014). High prevalence of 64 

plastic ingestion was linked to morbidity and mortality of shearwater fledglings, and the transfer of 65 

plastic associated co-pollutants such as mercury and polybrominated diphenyl ethers (PBDEs) (Bond 66 

and Lavers, 2011; Lavers et al., 2014; Szabo et al., 2020). Ingestion of plastics by adult Flesh-footed 67 

Shearwaters foraging at sea is likely influenced by factors such as particle abundance and colour 68 
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(Lavers and Bond, 2016b), and may contribute to the ongoing decline and recent uplisting of this 69 

species to Near Threatened on the IUCN Red List of Threatened Species (BirdLife International, 2021; 70 

Lavers et al., 2014; Lavers et al., 2019a). 71 

Seabirds, including shearwaters, are well known for their role as biological pathways, 72 

transporting nutrients from the ocean to the land by depositing organic material in their colonies 73 

(Vizzini et al., 2016; Wait et al., 2005). With debris accumulating in our oceans (Eriksen et al., 2014), 74 

and seabird populations in decline (Croxall et al., 2012), seabirds are unwittingly contributing to the 75 

degradation of their own habitat by depositing fewer nutrients, and increasing quantities of 76 

chemical and physical pollutants (Blais et al., 2005; Choy et al., 2010; Provencher et al., 2018). With 77 

the decline of Flesh-footed Shearwaters on Lord Howe Island comes a concomitant decline in 78 

nutrients, which are thought to have maintained the globally Vulnerable kentia palm (Howea 79 

forsteriana) forest where the shearwaters breed (Hutton, pers. obs.), and an increase in the quantity 80 

of plastic (Buxton et al., 2013; Grant et al., 2021) and associated pollutants. 81 

Here we investigate changes in the amount and composition of plastic being consumed by 82 

Flesh-footed Shearwaters on Lord Howe Island using data collected from four sources (beach-83 

washed birds, road-kill, necropsied (other), and lavaged live birds) collected during 2005-2021. Our 84 

objectives were to identify within- and among-year trends in the quantity of plastic ingested by this 85 

sentinel species, quantify the relationship between plastic and body size in young shearwaters , and 86 

suggest refinements for future monitoring of plastic ingestion in this and other highly-affected 87 

species. 88 

 89 

2. Methods 90 

2.1. Sampling birds 91 

Flesh-footed Shearwater fledglings (80-90 days old) were captured by hand at night on the 92 

colony surface on UNESCO World Heritage-listed Lord Howe Island, New South Wales (31.33°S, 93 

159.05°E) from late-April until mid-May during 2005-2021.  94 

To minimise disturbance to colonies, nightly capture effort was distributed across three sites 95 

(Ned’s Beach, Middle Beach, and Clear Place colony) and birds were captured within 10 m of well-96 

defined walking paths or roads. Individual birds were selected one at a time, at random, within this 97 

area and returned to a central processing station located outside of the colony. Body mass (±10 g) 98 

was determined using a spring balance, wing chord (flattened; ± 1 mm) using a stopped ruler, and 99 

culmen and head + bill length using Vernier callipers (± 0.1 mm). Not all measurements were taken 100 

from all individuals in all years because of animal welfare considerations or logistical constraints; 101 
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however, measurements were recorded by the same researcher to ensure consistent data across 102 

years.  103 

Ingested plastic was collected by stomach flushing (lavage category) following procedures 104 

outlined by Duffy and Jackson (1986). In brief, water (approximately 150 ml) at ambient temperature 105 

was gently pumped into the proventriculus through a tube, thus displacing any food or plastic items. 106 

Once fluid and stomach contents began to flow back up the throat (i.e., once the stomach was 107 

completely filled), the bird was inverted over a container to collect anything expelled. Lavage 108 

removes plastics from the proventriculus only, though in severely impacted birds it can only recover 109 

78-94% of pieces (Hutton et al., 2008; Lavers et al., 2014). 110 

Freshly deceased (< 24 hours) shearwater carcasses were collected from local beaches after 111 

unsuccessful fledging attempts (beach-washed category) and from roadsides (road-kill category) 112 

each morning during late-April to mid-May 2005-2021. Additional birds (referred to as “Other”) were 113 

provided through a range of sources, including birds found dead by researchers and community 114 

members in the colony and community. All dead birds were measured, weighed, and necropsied, 115 

with ingested items processed following the procedures outlined below. Unlike lavage, we were able 116 

to retrieve all plastics from both the proventriculus and gizzard of necropsied birds (Lavers et al., 117 

2014). 118 

Plastic items > 1 mm were washed, dried, and weighed (items from the proventriculus and 119 

gizzard separately) to the nearest 0.01 g using an electronic balance. Items were then sorted by 120 

colour (white, blue, green, red, yellow, and black) and type following the categories outlined by 121 

Provencher et al. (2017; industrial pellets, user plastic, foam, threads, sheet plastic, and other), with 122 

the exception of plastic strapping, which more closely resembled plastic fragments in our study 123 

system.  124 

 125 

2.2. Statistical methods 126 

We examined changes in the prevalence, number of pieces, and mass of plastics over time 127 

using a binomial (logit link), negative binomial (log link; see below), and Gaussian generalized 128 

additive model, respectively (Wood, 2017). Error structures were based on data (presence/absence, 129 

count, and ratio). In all cases, we used restricted maximum likelihood to determine the cubic spline 130 

smoothing parameters, and the number of knots was determined by generalized cross-validation 131 

during model fitting. In all cases, our sampling unit was the individual bird. 132 

To compare lavage and necropsied birds directly, we ran similar GAMs including the sample 133 

source (lavage, necropsy) and compared the odds ratio (number of pieces) and parameter estimates 134 
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(mass of plastics) for only plastics found in the proventriculus, which is sampled using both 135 

techniques. 136 

The relationship between ingested plastic mass and number of items on Flesh-footed 137 

Shearwater fledgling body mass, head+bill, culmen, and wing chord length was investigated using 138 

general linear models that included the effect of ingested plastic mass and sampling year. All 139 

analyses were done in R 4.0.5 (R Core Team, 2020) using the packages vegan (Oksanen et al., 2020), 140 

lubridate (Grolemund and Wickham, 2011), mgcv (Wood, 2019), and tidyverse (Wickham et al., 141 

2019), differences were considered statistically significant when p < 0.05 and values are reported as 142 

mean ± SD. 143 

We conducted a power analysis to determine the sample sizes needed for future monitoring 144 

to detect 5-100% change in prevalence, the number of pieces, and mass of plastic over time (Lavers 145 

and Bond, 2016a; van Franeker and Meijboom, 2002) using the equation below: 146 

𝑛𝑛 = 2 × �
�𝑧𝑧𝛼𝛼 2⁄ − 𝑧𝑧𝜋𝜋� × CV

100 × 𝜇𝜇I

𝜇𝜇𝐼𝐼 − 100 �

2

 147 

where n is the required annual sample size, z is the t-value, α is the Type I error rate, π is the Type II 148 

error rate, μI is the difference to detect (where a 5% change is μI = 10, a 10% change is μI = 110, etc.), 149 

and CV is the coefficient of variation (SD/mean) of the time series. We set α = 0.05 and π = 0.90, 150 

meaning 𝑧𝑧𝛼𝛼 2⁄ − 𝑧𝑧𝜋𝜋 = 3.242, which is a power of 80% to detect any trend (Provencher et al., 2015; 151 

van Franeker and Meijboom, 2002). 152 

Lastly, we compared the colour and type of ingested plastics among years and sampling 153 

types using the Jaccard Similarity Index (Bloom, 1981; Jaccard, 1912), which calculates the similarity 154 

in pairwise comparisons of proportions of groups in two samples, ranging from 0 (no overlap) to 1 155 

(completely identical). Values > 0.60 generally indicate significant overlap (Bond et al., 2012a). 156 

 157 

3. Results 158 

We sampled 718 birds using lavage, and examined a total of 172 beach-washed, 80 road-killed, and 159 

146 otherwise dead birds by necropsy during 2005-2021 (Table S1). Sample numbers change 160 

annually in relation to capture effort, not bird abundance. 161 

 162 

3.1 Frequency of occurrence of ingested plastic 163 

The frequency of occurrence (%FO; prevalence) of plastics in necropsied birds was 88.7% 164 

(361/407) and was 49.2% (353/718) in lavaged birds (Figure 1; Table S2). The FO of plastic ingestion 165 

in lavaged birds ranged from 39.1% in 2014 to 85.2% in 2005. There was a non-linear and decreasing 166 

trend in the proportion of lavaged birds that had ingested plastics (χ2 = 27.35, effective df = 3.86, p < 167 
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0.001), and a nearly linear but non-significant decrease in the frequency of plastic ingestion in 168 

relation to sampling date (χ2 = 3.50, effective d = 1.00, p= 0.06; Figure S1). Both models had k = 9 169 

knots. Conversely, there was no significant trend in the frequency of plastic ingestion in necropsied 170 

birds over years (χ2 = 0.807, effective df = 2.06, p = 0.64; Figure S2) or with day of year (χ2 = 0.52, 171 

effective df = 1.00, p = 0.47). Again, both models had k = 9 knots. 172 

 173 

3.2 Number of pieces ingested 174 

Lavaged and road-kill birds had slightly fewer pieces of plastic on average (mean ± SE: 8.61 ± 175 

2.72 and 8.72 ± 3.13 pieces, respectively) compared to beach-washed or otherwise dead birds (29.62 176 

± 15.49 and 25.86 ± 12.77 pieces, respectively; Figure 2, Table S3). Using a Poisson distribution, 177 

residuals were overdispersed. This was overcome using a negative binomial error structure for 178 

subsequent models of plastic number. There was significant inter-annual variation in the number of 179 

plastic pieces ingested by lavaged birds, peaking in 2011-2012, followed by a rapid decrease in 2014, 180 

and with an overall decreasing trend (z = 100.45, effective df = 8.59, p < 0.001; Figure 3), and with 181 

annual peaks around 7 May (z = 5.15, effective df = 1.00, p = 0.023; Figure 4). In necropsied birds, 182 

the number of pieces peaked in 2011-2012 before declining rapidly, and then gradually rising again 183 

from 2017-2021 (z = 86.38, effective df = 8.38, p < 0.001; Figure 3), while within years, there was no 184 

trend (z = 1.225, effective df = 1.87, p = 0.59; Figure 4). Birds that were necropsied had 1.38× (± 0.13 185 

SE) more pieces in their proventriculus than birds that were lavaged (z = 1.99, p = 0.046). 186 

 187 

3.3 Mass of ingested plastics 188 

 The mass of plastic ingested followed a similar pattern to the number of pieces: lavaged 189 

(mean ± SE: 0.80 ± 0.29 g) and road-kill birds (1.17 ± 0.74 g) tended to have less plastic than beach-190 

washed (4.34 ± 2.62 g) or otherwise dead birds (4.15 ± 2.10 g; Figure 3, Table S4). Among lavaged 191 

birds, the mean mass of ingested plastic ranged from 0.04 g in 2015 to 2.93 g in 2016 (Table S4). For 192 

the mass of plastic ingested by lavaged birds, there was no effect of day of year F = 0.015, effective 193 

df = 1.00, p = 0.91; Figure S4), but there was significant variation among years (F = 3.00, effective df 194 

= 6.02, p = 0.004; Figure S3). The mass of plastics declined to 2013 before rising again to 2016, and 195 

then declining and remining stable (Figure S3). There was a similar pattern for necropsied birds: no 196 

relationship with day of year (F = 0.54, effective df = 1.00, p = 0.46; Figure S4), and significant 197 

variation among years, but largely driven by high values in 2012 and remining relatively stable 198 

thereafter (F = 15.33, effective df = 7.71, p < 0.001; Figure S3). Necropsied birds also had a higher 199 

plastic mass than lavaged birds when looking at only the proventriculus (t1 = 3.39, p < 0.001; β ± SE: 200 

0.917 ± 0.270). Thus, necropsied birds had 9.0% more plastic by mass than lavaged birds. 201 
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 202 

3.4 Colour of ingested plastic 203 

The composition of ingested plastics was very similar among years, with a high Jaccard Index 204 

for colour (lavage: 0.817 ± 0.060, range: 0.667-0.936; necropsy: 0.788 ± 0.078, range: 0.610-0.943; 205 

Tables S5, 6, 9 and 11). Among all years, lavaged shearwaters ingested primarily white plastic 206 

(74.5%), with smaller contributions of green (8.5%), blue (7.0%), black (4.7%), yellow (2.9%), and red 207 

(2.3%). The same pattern was present in necropsied birds (pooled among all sources), white was 208 

again the most common colour (81.5%), followed by green (7.2%), blue (6.1%), black (4.6%), red 209 

(2.9%), and yellow (1.9%). Lavaged and necropsied birds were virtually identical in colour 210 

composition (Jaccard Index: 0.898). 211 

 212 

3.5 Plastic type 213 

The type of plastic was also highly similar among years (Jaccard Index: 0.765 ± 0.201, range: 214 

0.320-0.977), except for 2014, which differed from all others (Tables S7, S8, 10 and 12). In 2014, 215 

birds ingested considerably more industrial pellets (51.5%), and fewer fragments (48.5%). Overall, 216 

shearwaters ingested 91.7% fragments, 5.6% industrial pellets (nurdles), and <1% foam, threads, 217 

sheets, and other. And while the same types were observed in necropsied birds (fragments: 95.3%, 218 

industrial pellets: 7.2%, form, threads, sheets, and other <1%), there was more interannual variation 219 

(Jaccard Index: 0.608 ± 0.261, range: 0.180-0.952), largely driven by years with smaller sample sizes 220 

in 2013-2015 (Table S1). Overall, there was no difference in the types of plastics found in lavaged 221 

compared to necropsied birds (Jaccard Index: 0.943). 222 

 223 

3.6 Relationship between ingested plastic and body condition 224 

 Accounting for year of sampling, the mass of ingested plastic was unrelated to chick fledging 225 

body mass (F1,636 = 0.124, p = 0.73), culmen length (F1,564 = 0.02, p = 0.88), or head+bill length (F1,565 = 226 

0.85, p = 0.36) in lavaged birds, and unrelated to body mass (F1,373 = 2.45, p = 0.12), culmen length 227 

(F1,380 = 0.55, p = 0.46), head+bill length (F1,364 = 0.09, p = 0.76) and wing chord (F1,378 = 0.01, p = 0.91) 228 

in necropsied birds, accounting for sampling method. The only significant relationship was between 229 

wing chord and ingested plastic mass in lavaged birds (F1, 559 = 7.78, p = 0.005; Figure 1), which 230 

showed a negative overall relationship (β ± SE: -71.5 ± 153.4), which was primarily driven by 2011 231 

and 2016 (Figure 1). No interaction terms containing the mass of ingested plastic were significant in 232 

any model. 233 

 234 

3.7 Power analysis  235 
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 Based on the sample sizes of lavaged birds in each year (Table S1), and the coefficient of 236 

variation we observed from 2005-2021, we would require sample sizes of 247, 3064, and 4166 to 237 

detect a 10% change in the prevalence, number of pieces, and mass of plastic respectively. With an 238 

annual sample size of 60 ± 35 birds, we can detect a 20-25% change in the prevalence of plastic each 239 

year, but the high variability in the number of pieces and mass of plastic mean we could only detect 240 

changes of 285% and 400% respectively with current efforts (Figure 2). The same general patterns 241 

occurred among other sample types but requiring more annual samples given the increased 242 

variation in the coefficients of variation for the number of plastic pieces and mass of ingested 243 

plastics, but fewer samples for frequency of occurrence (Figure 2). 244 

 245 

4. Discussion 246 

The results of our study indicate the proportion of Flesh-footed Shearwater fledglings 247 

containing plastic decreased slightly from 85% in 2005 to 73% in 2019 (Table S2), though this change 248 

was not significant. The mass and number of ingested plastics per bird varied by source (sample 249 

type), with lavage and road-kill birds containing slightly fewer pieces than beach-washed or 250 

otherwise dead birds (Figure 2, Table S3).  251 

 252 

4.1 Source of samples 253 

Analysis of beached Short-tailed Shearwaters (Ardenna tenuirostris) and those collected as a 254 

result of light pollution (collisions; assumed to be a random sample of the population) suggests 255 

monitoring studies based solely on beached birds could overestimate plastic ingestion as these birds 256 

exhibit consistently higher plastic loads, poorer body condition and reduced isotopic variability, 257 

meaning this group is not representative of the population (Rodríguez et al., 2018). Similar patterns 258 

have been observed in Wedge-tailed Shearwaters (A. pacifica) with significantly poorer blood 259 

chemistry and morphometric parameters recorded in stranded fledglings compared to putatively 260 

healthy birds (Work and Rameyer, 1999), and on Lord Howe Island, beached Wedge-tailed 261 

Shearwaters weighed less, and were more likely to contain plastics (Lavers et al., 2018). On Lord 262 

Howe Island, 85% of necropsied Flesh-footed Shearwaters contained an average of 4.47-4.81 g of 263 

ingested plastic compared to only 0.38-1.29 g in just over 50% of lavaged birds (Table S2), 264 

demonstrating that beached birds provide data on only a particular subset of the population, and 265 

most likely individuals that are in poorer body condition or severely impacted by plastics (Table S13). 266 

This is counter to what was found in Northern Fulmars Fulmarus glacialis, where beached birds and 267 

a random sample from ship strikes and oiling events contained similar plastic burdens (van Franeker 268 

and Meijboom, 2002), highlighting the species-specific nature of this bias. The ingestion of plastic 269 
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has previously been linked with reduced health and condition of Flesh-footed Shearwater fledglings 270 

(Lavers et al., 2014; Lavers et al., 2019b) and is correlated with reduced wing chord length in lavaged 271 

birds in this study (Figure 1). These negative impacts may contribute to the likelihood of these same 272 

birds being detected on beaches as poorer overall health and shorter wings likely influences their 273 

survival post-fledging (Lavers et al., 2014; Morrison et al., 2009; Sievert and Sileo, 1993). 274 

We found that lavaged birds had lower plastic than necropsied birds, when considering only 275 

the proventriculus. Lavage is assumed to remove the majority of plastics from the proventriculus, 276 

and indeed it does so in most cases (Gales, 1987; Ryan, 1987). Hutton et al. (2008) posited that ca. 277 

5% of plastics remained in the proventriculus after lavage. This value almost certainly varies with the 278 

volume of plastic (higher volumes are more difficult to remove with lavage). We found that necropsy 279 

detected 1.38× more plastic pieces, but that this amounted to only 9% of additional plastic mass 280 

compared to lavaged birds.  281 

 282 

4.2 Patterns within and among years 283 

The fledging period is a critical stage in a seabird’s transition to independence, and is 284 

strongly influenced by phenology, such as hatching date (Dittmann et al., 2001; Harris et al., 1992). 285 

Birds in better condition have the energy reserves to support rapid and timely departure, while the 286 

body mass of the remaining chicks still in the nest often declines as the season progresses (i.e., with 287 

later departure date; Gaston, 2003). For Flesh-footed Shearwaters, fledging body condition likely 288 

follows this pattern, however this does not appear to be solely driven by plastic ingestion, as the 289 

number and mass of ingested items was not influenced by day of year. Instead, body mass in Flesh-290 

footed Shearwaters and most other Procellariforms, declines during the protracted (~10 day) pre-291 

fledging period (Oka et al., 2002) once the adult birds have ceased provisioning and initiated their 292 

post-breeding migration (Mauck and Ricklefs, 2005). 293 

There was no consistent pattern over time in the frequency or number of ingested plastics in 294 

either lavage or necropsied Flesh-footed Shearwaters, however, the mass of plastic ingested by 295 

lavaged birds varied with year. In the South Atlantic, incorporation of debris in the nests of three 296 

albatross species was similarly variable, with particular types and amounts of debris peaking only in 297 

some species and in some years (Perold et al., 2020). In contrast, a consistent decline of ∼75% in the 298 

abundance of ingested nurdles has been observed in North Sea Northern Fulmars since the 1980s, 299 

while user plastics (e.g., fragments) varied without a strong overall change (van Franeker and Law, 300 

2015). Similar trends were found in floating plastics in the North Atlantic subtropical gyre, suggesting 301 

the plastic types ingested by fulmars mirrors the abundance of debris in their foraging grounds (van 302 

Franeker and Law, 2015). Detailed information on plastics in the Tasman Sea where Flesh-footed 303 
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Shearwaters forage are limited (Reisser et al., 2013; Rudduck et al., 2017), however the ingestion of 304 

considerably more nurdles (51.5%), and fewer fragments (48.5%) in 2014 suggests there may have 305 

been a spillage event leading to increased availability of nurdles in the Tasman Sea. 306 

 307 

4.3. Other factors influencing plastic ingestion trends and impacts 308 

Our study demonstrates that plastic ingestion by breeding birds provisioning chicks is a 309 

flexible behaviour in Flesh-footed Shearwaters (Figure 3, Table S2-S4). This is perhaps the first time 310 

this has been recorded in seabirds, as other long-term studies broadly show consistency in plastic 311 

loads through time (e.g., Lavers et al., 2018; van Franeker and Law, 2015). While chick provisioning 312 

with plastic items is probably linked to environmental conditions, at present, a lack of data on the 313 

spatial and temporal patterns of oceanic plastic abundance, including in the Tasman Sea offshore of 314 

Lord Howe Island (Eriksen et al., 2014; Rudduck et al., 2017), limit our ability to directly link the 315 

abundance or types of polymers in the marine environment with trends and impacts observed in 316 

wildlife, including seabirds. Other unexplored factors may also play a significant role in driving inter-317 

annual variation, but our understanding of the mechanisms is also hampered by a lack of data. For 318 

example, it is unclear whether adult (parent) bird foraging behaviour or body condition influences 319 

the amount of plastic fed to chicks. In many seabirds, adult body condition varies within and among 320 

years, and influences chick provisioning (Chastel et al., 1995). The availability of prey can also 321 

influence adult foraging behaviour and chick provisioning (Cohen et al., 2014). Thus, disentangling 322 

whether adults in poorer condition actively seek out more plastic from the ocean’s surface or 323 

provision their chick with more plastic will be challenging. Answering this important question will 324 

require robust data on prey availability and plastic density in key seabird foraging areas that does 325 

not currently exist but would be a valuable avenue for future research. 326 

 327 

4.4 Recommendations for future study design 328 

While global plastic production continues to increase (Borrelle et al., 2020), in many cases 329 

the sample sizes required to detect a change in plastic ingestion in Flesh-footed Shearwaters, given 330 

the annual variability observed, was too low (Figure 2). The exception being the frequency of 331 

occurrence, where variation is lower (Table S2). In general, the variation found in lavaged birds was 332 

lower than that of necropsied birds, except for frequency of occurrence, and so future work on the 333 

number and mass of ingested plastics should focus on this sampling group. The use of lavaged birds 334 

is rare in studies of plastic ingestion (Provencher et al., 2017), as this requires extensive licensing, 335 

ethical approvals, and training. However, compared to many necropsied birds, it can provide a large 336 

random sample of the population that does not rely on opportunistic and unpredictable events. This 337 
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allows more a priori hypothesis testing and importantly, predetermined sample sizes based on 338 

power analyses to ensure that the study design can deliver the desired aims in a statistically robust 339 

way. In contrast, relying on beach-washed or otherwise dead birds will only be opportunistic, though 340 

these birds provide a unique opportunity to investigate the relationship between ingested plastic 341 

and breeding failure (poor fledging success). Given the variance and power to detect trends, but also 342 

the ease with which samples can be obtained, sampling of Flesh-footed Shearwaters should 343 

continue to examine both live birds using lavage, and dead birds from a variety of sources using 344 

necropsy to gain a more holistic assessment of the pressures, and responses, to plastic pollution. 345 

 346 

5. Conclusions 347 

For decades, researchers have relied on the wide-ranging habits of marine birds to sample remote 348 

corners of our seas, reliably returning to their island breeding sites. The birds have become our eyes 349 

and ears, providing a global “avian pulse” on the health of the oceans. In the lab, we interpret data 350 

collected by the birds, and in doing so, translate their story. Recommendations are made, and trends 351 

are highlighted, as has been done here. Our results have clear implications for existing and future 352 

long-term monitoring programs of seabird plastic ingestion, particularly those involving beach-based 353 

birds which may not be representative of a population’s overall exposure to plastics.  For 354 

researchers, it is essential to identify the type(s) of sample most appropriate to the question being 355 

asked. As a random sample of the population, lavage and road-kill birds are suitable for monitoring 356 

baselines/averages of presumably healthy members of a population while beach-washed birds may 357 

be suitable for other research questions such as assessing the pathology or cause of death where 358 

plastic may be a factor. 359 

Like the proverbial, “canary in the coal mine”, seabird populations worldwide have been 360 

sounding the alarm on ocean health for years (Dias et al., 2019; Gorta et al., 2019; Khan, 2018). 361 

Countless papers document rapidly increasing plastic debris in our oceans (Borrelle et al., 2020; 362 

Jambeck et al., 2015) with diverse and increasing consequences for marine wildlife (Kühn and van 363 

Franeker, 2020), even in the absence of well quantified population-level impacts (Senko et al., 2020). 364 

Impacts of pollution and nutritional condition, and variation at the individual level should not be 365 

discounted (Merrick and Koprowski, 2017; Richardson et al., 2019), and yet there is no evidence to 366 

suggest the pace of change in waste management and policy or behaviour change in our society 367 

reflects the urgency with which mitigation and prevention is needed. Long-term monitoring of Flesh-368 

footed Shearwaters and Northern Fulmars are considered the flagships of seabird plastics studies, 369 

but after more than 20 years of data collection and reporting, what we desire most is evidence these 370 

data are leading to meaningful change. 371 
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Figure 1. The wing chord of Flesh-footed Shearwater fledglings was negatively related to the mass of 564 

ingested plastics in lavaged birds in some years, but not others565 

  566 
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Figure 2. Power analysis graphs for ingested plastic by Flesh-footed Shearwater fledglings on Lord 567 
Howe Island during 2005-2021. Showing the number of individuals required to detect changes in 568 
plastic ingestion by source (sample type; see Methods). Frequency of occurrence (%FO), number of 569 
plastic items ingested, and mass (g) of ingested plastic.  570 
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Figure 3. Number of ingested plastics in Flesh-footed Shearwater fledglings on Lord Howe Island 573 
during 2005-2021 by year and source (lavage of live birds, necropsy of recently deceased birds) 574 
showing the GAM-fitted curve (top panels) and boxplots with median, interquartile range (grey 575 
boxes), 95% percentiles (whiskers) and final outliers (bottom panels). The top two panels omit 35 576 
cases (3%) of high numbers of plastics for visualisation only. 577 
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Figure 4. Number of ingested plastics in Flesh-footed Shearwater fledglings on Lord Howe Island 580 
during 2005-2021 by day of year and source (lavage of live birds, necropsy of recently deceased 581 
birds). 582 
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