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Abstract 21 

 22 

Anthropogenic marine debris is a recognised global issue, which can impact a wide range of organisms. This has led 23 

to a rise in research focused on plastic ingestion, but quantitative data on entanglement are still limited, especially 24 

regarding seabirds, due to challenges associated with monitoring entanglement in the marine environment. 25 

However, for seabird species that build substantial surface nests there is the opportunity to monitor nest 26 

incorporation of debris that individuals collect as nesting material. Here, we monitored nest incorporation of 27 

anthropogenic marine debris by Northern Gannets (Morus bassanus) from 29 colonies across the species’ range to 28 

determine a) the frequency of occurrence of incorporated debris and b) whether the Northern Gannet is a suitable 29 

indicator species for monitoring anthropogenic debris in the marine environment within their range. Using data 30 

obtained from visual observations, digital photography and published literature, we recorded incorporated debris 31 

in 46% of 7280 Northern Gannet nests, from all but one of 29 colonies monitored. Significant spatial variation was 32 

observed in the frequency of occurrence of debris incorporated into nests among colonies, partly attributed to 33 

when the colony was established and local fishing intensity. Threadlike plastics, most likely from fishing activities, 34 

was most frequently recorded in nests, being present in 45% of 5842 nests, in colonies where debris type was 35 

identified. Comparisons with local beach debris indicate a preference for threadlike plastics by Northern Gannets. 36 

Recording debris in gannet nests provides an efficient and non-invasive method for monitoring the effectiveness of 37 

actions introduced to reduce debris pollution from fishing activities in the marine environment. 38 

 39 

Keywords: Marine; Nesting material; Plastics; Pollution; Seabird; Sentinel species; Sulidae 40 

 41 

Capsule: Monitoring nest incorporation of anthropogenic debris by Northern Gannets (Morus bassanus) revealed 42 

that 46 % of nests, from 28 of 29 colonies, contained debris, specifically threadlike plastics, providing a useful 43 

method of monitoring debris from fishing activities in the marine environment. 44 

 45 

Highlights: 46 

 47 

1. Nest incorporation of debris by Northern Gannets occurred in 28 of 29 colonies  48 

2. Of 7280 Northern Gannet nests examined, 46% contained debris  49 

3. Debris was largely threadlike plastics thought to originate from fishing activities 50 

4. Gannets are a useful indicator species for monitoring fishery related debris  51 

 52 

 53 

 54 

 55 

 56 
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Introduction 57 

Anthropogenic marine debris, including plastics (hereafter referred to simply as ‘debris’), is a global issue that is a 58 

recognised threat to marine species (IPBES Global Assessment 2019). Debris can disperse far and wide from its 59 

origin, becoming widely distributed throughout the oceans, even in remote areas (Lavers & Bond 2017; Lebreton et 60 

al. 2017; Chiba et al. 2018). In the marine environment, debris can impact a wide range of organisms, from 61 

crustacea and fish to apex predators such as marine mammals and seabirds, largely through ingestion and 62 

entanglement (Laist 1997; Gall & Thompson 2015). Seabirds are particularly impacted with 36% of species reported 63 

to have been entangled in debris, and 39% to have ingested debris (Gall & Thompson 2015; Ryan 2018). 64 

 65 

The increased awareness of the prevalence of debris in the marine environment has resulted in a rise in the 66 

number of scientific publications documenting incidences of ingestion (Gall & Thompson 2015). However, we still 67 

have little quantitative information on entanglement and nest incorporation of marine debris for most seabird 68 

species, and locations (Provencher et al. 2015, O’Hanlon et al. 2017; Jagiello et al. 2019). Seabirds are particularly at 69 

risk of entanglement from marine debris (Kühn et al. 2015), but monitoring entanglement of seabirds with debris is 70 

challenging as the probability of detecting an entangled bird is low (Laist 1997). Therefore records of entanglement 71 

away from breeding colonies are largely anecdotal (although see Camphuysen 2001; Rodríguez et al. 2013; Ryan 72 

2018). Conversely, entanglement of seabirds, or potential entanglement risk, can be monitored at breeding 73 

colonies, as several species incorporate debris into their nests (reviewed in Tavares et al. 2016; Jagiello et al. 2019). 74 

Incorporation of debris in nests can result in direct injury and mortality of chicks and adults (Votier et al. 2011; 75 

Seacor et al. 2014). Seabird species that collect nesting material to build surface nests, such as gannets, boobies, 76 

and cormorants (Sulidae and Phalcrocoracidae), appear to be particularly susceptible to incorporating debris 77 

(Podolsky & Kress 1989; Montevecchi 1991; Grant et al. 2018; Ryan 2018, Tavares et al. 2019).  78 

 79 

In addition to providing information on how nest incorporation of marine debris may affect seabird species, 80 

monitoring debris in seabird nests can also provide a relatively straightforward measure of local debris pollution 81 

(Montevecchi 1991; Tavares et al. 2016). Northern Gannets (Morus bassanus) are north Atlantic sulids that build 82 

nest mounds from mud, vegetation, and increasingly debris (Votier et al. 2011; Bond et al. 2012). Nest mounds can 83 

be used over multiple years, meaning they are often large structures up to 100 cm tall (Nelson 2002). Though some 84 

colonies have been the focus of individual studies, and relationships with debris availability have been explored 85 

(Bond et al. 2012), the extent of debris in Northern Gannet nests across their range, and what factors may be 86 

driving its abundance have not been investigated. By quantifying the extent of nest incorporation of debris by 87 

Northern Gannets from multiple locations across its entire range, we aim to establish whether gannets can be a 88 

useful monitor of debris in the marine environment of the N Atlantic Ocean. 89 

 90 

 91 
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Methods 92 

During early egg incubation of the 2018 breeding season (11 – 27 May) we visited six gannet colonies across 93 

northern Scotland (Figure 1, Table 1): one on the Scottish mainland (Troup Head), four in the Shetland Islands (Fair 94 

Isle, Noss, Foula and Hermaness) and one in the Orkney Islands (Noup Head). In addition, we visited Sule Skerry, 95 

Orkney (9 – 13 July) and Ailsa Craig, Firth of Clyde (2 – 3 August) during early to mid-chick-rearing 2018, and 96 

Mykineshomur, Faroe Islands during mid-incubation 2019 (7 – 10 June). Active gannet nests were observed, by the 97 

same observer (NJOH), from vantage points on land using a 20-60× telescope, with the exception of Sule Skerry 98 

where 8 × 30 binoculars were used at the edge of the colony. The mean maximum (± SD) distance from which plots 99 

were viewed was 93 ± 49 m (range 20-190 m, n = 44). Only nests where the surface facing the observer was 100 

unobscured were included. For each colony we recorded the frequency of occurrence (FO) of nests containing 101 

visible debris at their surface. For nests that contained debris, we recorded the percentage by surface area of each 102 

nest that was comprised of different debris, estimated to the nearest 5%. In cases where < 5% of the nest’s surface 103 

was comprised of that debris, the surface area of visible debris was estimated to the nearest 1%. Debris was 104 

categorised by type (sheet, thread, foam, hard, other including non-plastic items) as specified by Provencher et al. 105 

(2017), and potential source (fishing activities, consumer items, unknown). As the size of the nest, and its position 106 

within the colony, may influence the amount of debris incorporated, we also scored each nest as being small (ca. 107 

<10 cm tall), medium (ca. 10-30 cm tall) or large (ca. >30 cm tall), using nearby Northern Gannets for size reference. 108 

Where feasible, multiple plots were monitored per colony, otherwise, single plots were selected that were 109 

representative of the colony. Plots were categorised as being located either in the colonies’ core or periphery 110 

(approximately within 10% of the colony edge). The number of nests monitored at each colony varied depending 111 

on colony size, visibility of nests from accessible vantage points on land and time available. Data from visual 112 

observations by different observers were also obtained from three additional colonies: Grassholm, Wales (3 113 

August, from within the colony); Bempton Cliffs, England (6 – 7 June, from land vantage points); and Bonaventure 114 

Island, Canada (multiple visits in May and June). Data on FO were recorded from all three colonies, whilst data on 115 

FO and the percentage by visible surface area of individual nests by debris type and potential source were recorded 116 

from Bempton Cliffs and Bonaventure Island. 117 

 118 

For 14 additional colonies (Table 1) we obtained photographs of nests or plots, which we used to determine the FO 119 

of nests containing debris. From visible nests within these images, we also recorded FO by type and potential 120 

source. All digital images were taken from land or boat with the exception of Bass Rock, Scotland and Karlinn, 121 

Iceland, which were taken from an aeroplane and unmanned aerial vehicle (UAV), respectively. The methods used 122 

to obtain data on nest incorporation were selected based on the accessibility of the colony. Where feasible, nests 123 

were observed from a suitable vantage point, however aerial and UAV images were used where this was not 124 

possible. Finally, we obtained published data on nest incorporation of debris by Northern Gannets from Bond et al. 125 

(2012) for two Canadian colonies, Funk Island and St. Cape Mary’s, and Merlino et al. (2018) for Porto Venere, Italy. 126 
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Where data on nest incorporation was available for multiple years we used data from the most recent year that the 127 

colony was monitored (previous years data are listed in Table S1).  128 

 129 

To establish whether the type and potential source of debris found within Northern Gannet nests represented that 130 

found in the local environment, we obtained data on beach debris from Marine Conservation Society (MCS) 131 

organised beach clean-ups. We extracted information on the type and potential source of all debris collected 132 

during beach surveys between 2012 and 2017 within 20 km of each UK colony. To explore whether variation in the 133 

FO of nests containing debris varied in relation to fishing activity (Bond et al. 2012), we extracted mean fishery 134 

effort within 100 km of each colony between 2012 and 2016, from Global Fishing Watch 135 

(www.globalfishingwatch.org; Merten et al. 2016; Kroodsma et al. 2018) measured as  log-transformed fishing 136 

hours. Using scripts available from Global Fishing Watch, we calculated the mean total fishery effort between 2012 137 

and 2016 at 0.25 degrees resolution in R 3.5.1 (R Core Team 2018). A buffer of 100 km was created around each 138 

gannet colony to extract a value for the mean fishery effort for each colony using the spatial join operation in 139 

ArcGIS (ArcMap ver.10.7. ESRI, USA).  140 

 141 

Statistical Analysis 142 

All statistical analyses were performed in R 3.5.1 (R Core Team 2018). To test for any spatial structure in the FO of 143 

nests containing debris among colonies we performed Moran’s I Index autocorrelation analysis (Moran 1950, 1953, 144 

Legendre & Fortin 1989) using the ape R package (Paradis & Schliep 2019), including colony specific latitude and 145 

longitude. Moran’s I Index ranges from -1 (spatially dispersed) to +1 (spatially clustered) (Moran 1950, 1953, 146 

Legendre & Fortin 1989).  147 

 148 

In some colonies, all nests contained debris leading to a lack of variance. Consequently, to compare the FO of nests 149 

containing debris among colonies we used a generalized estimating equation (GEE) with a binomial error structure 150 

and logit link function (Grant et al. 2018) in the R package geepack (Højsgaard et al. 2005), followed by Tukey post-151 

hoc tests using the lsmeans package (Lenth 2016). We performed a generalized linear model (GLM) with a binomial 152 

error structure to explore whether spatial variation in FO of nests containing debris related to the year a colony was 153 

established (Table 1) and the level of fishing activity in the vicinity. The presence or absence of debris within an 154 

individual nest was included as the binomial response variable (1 and 0, respectively) with year established since 155 

1900 (earlier established colonies were dated as 1900, the approximate advent of plastic production, Thompson et 156 

al. 2009; Hammer et al. 2013), and local fishing intensity, and their interaction, included as fixed effects. To 157 

investigate overall similarity in the FO of debris type between the nests and MCS beach debris data we calculated 158 

Jaccard's Index (J) of similarity for each of the eight colonies where MCS data was available (Real & Vargas 1996; 159 

Lavers & Bond 2016; Grant et al. 2018) using the R package jaccard (Chung et al. 2018). Jaccard's Index values range 160 

from 0 (complete dissimilarity) to 1 (complete similarity), with values of J > 0.6 considered significant (Catry et al. 161 

http://www.globalfishingwatch.org/
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2009; Bond et al. 2012; Grant et al. 2018). To investigate whether observed frequencies of threadlike plastics and 162 

debris thought to be from fishing activities differed between the nests and MCS beach debris data we carried out χ2 163 

tests (Sergio et al. 2011). 164 

 165 

To determine whether the size or location of the nest in the colony (within a core or periphery plot) influenced the 166 

FO of debris, for the eight Scottish colonies where visual observations were completed, we constructed a 167 

generalized linear mixed model (GLMM) with a binomial error structure; colony was included as a random effect to 168 

account for multiple plots monitored per colony, and nest size and colony section, and their interaction, as fixed 169 

effects. The presence or absence of debris within an individual nest was included as the binomial response variable 170 

(1 and 0, respectively). Tukey post-hoc tests were undertaken using the glht function in the R package multcomp 171 

(Hothorn et al. 2008). To check whether the overall FO % was influenced by the number of nests of different sizes 172 

that were monitored, we carried out Pearson's product-moment correlations to determine whether the FO of 173 

debris in all nest sizes were related to the FO of debris within each size category. To explore among and within 174 

colony variation in FO of debris we performed a one-way analysis of variance (ANOVA), to determine the variance 175 

within and between groups, with colony as a fixed effect.  176 

 177 

Results 178 

In total, across all sites, 46% of 7280 monitored Northern Gannet nests across the species range contained debris. 179 

In 2018 and 2019, 4991 Northern Gannet nests from twelve colonies were examined in the field for debris (Table 1, 180 

Figure 1). Incorporated debris was detected in nests from all twelve colonies. Among colonies, 40% (2003) of these 181 

nests contained debris, however the FO of nests containing debris among these colonies varied (mean FO across 182 

colonies = 41 ± 27 SD, Range = 4 – 100%, Table 1). A further 1840 nests were examined in digital images taken from 183 

14 additional Northern Gannet colonies, between 2014 and 2018, including Grassholm as data from visual 184 

observations did not include debris type or potential source (Table 1, Figure 1). Nest debris was also detected in all 185 

these colonies except for the small, recently established colony on Machias Seal Island, Canada. From the digital 186 

images, 61% (1123) of all nests contained debris (mean FO across colonies = 64 ± 41 SD, Range = 0 – 100%, Table 1).  187 

 188 

There was significant variation in the FO of nests containing debris among Northern Gannet colonies (Table 1), with 189 

slight spatial clustering with respect to FO of debris (Moran’s I = 0.08, P = 0.02). Part of this weak spatial clustering 190 

is likely attributed to local fishing intensity. The among colony variation in FO of nests containing debris was 191 

significantly related to both the year a colony was established since 1900 and mean fishing effort within 100 km of 192 

each gannet colony between 2012 and 2016, with a significant interaction between the two factors (X2
1 = 67.3, P < 193 

0.001; Figure 2). Colonies located in areas of higher fishing effort within 100 km of the colony had a higher 194 

occurrence of nests containing debris than those in areas of lower fishing effort, with more recently established 195 

colonies containing fewer nests with incorporated debris than older colonies.  196 
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 197 

For the colonies in Scotland where visual observations were conducted, we found a significant interaction between 198 

nest size and location in the colony (core or periphery) on the FO of incorporated debris (X2
5 = 1197.6, P < 0.001, R2 199 

= 0.38). This interaction was attributed to more large nests being located in the core areas of colonies (mean 200 

number of large nests = 33.0 ± 31.5 SD) than on the periphery (mean number of large nests = 9.2 ± 19.0 SD). Nests 201 

that were classified as small (FO = 16% ± 0.1 SD) contained significantly less debris than those classified as medium 202 

(FO = 35% ± 0.2 SD) or large (FO = 67% ± 0.3 SD), with medium nests also having a lower FO than large nests (all 203 

post-hoc tests P < 0.001; Table S2). Therefore, plots in the core of colonies had a significantly higher FO of debris 204 

than periphery plots (core: FO = 52.1% ± 27.6 SD; periphery: FO = 11.2% ± 9.4 SD. Table S2). Among colonies, the FO 205 

of debris in all nests was significantly correlated to the FO of debris within each size category (Small: t25 = 5.83, P < 206 

0.001, Rp = 0.76. Medium: t33 = 6.84, P < 0.001, Rp = 0.77. Large: t28 = 6.52, P < 0.001, Rp = 0.78). Variation in the FO 207 

of incorporated debris among colonies (r = 0.16) was greater than that within colonies (r = 0.08).  208 

 209 

Data on the type and potential source of debris recorded in nests were available for 5842 nests, across 23 colonies, 210 

of which 2642 (45%) contained debris (Table 2). Threadlike plastics, most likely from fishing activities, were the 211 

most frequent debris type, recorded in 45% of all nests (mean FO across colonies: 52% ± 35 SD), and so present in 212 

every nest that contained debris. Most of this threadlike fishing debris was rope or net, however 448 nests (8% of 213 

all 5842 nests) contained packaging straps, also thought to originate from fishing activities. The remaining debris 214 

types contributed only a small amount to the debris recorded. For ten colonies, we obtained data on the estimated 215 

percentage surface area of individual nests comprised of debris, by type and potential source (Table 3). Combining 216 

all debris types, the majority of the visible surface area of nests were comprised of 0 to 10% of debris as nesting 217 

material (Figure 4). 218 

 219 

For the eight colonies where MCS beach debris data were available within 20 km, the composition of debris 220 

observed in nests was found to be dissimilar to that found on nearby beaches (J < 0.13, N = 8. Table S3). The FO of 221 

nests containing threadlike plastics was significantly greater than the proportion of threadlike items on beaches (χ2
1 222 

= 64.0, P < 0.001, N = 8), as was the proportion of items categorized as being from fishing activities (χ2
1 = 46.0, P < 223 

0.001, N = 8), indicating active selection by gannets for these debris types as nest material. 224 

 225 

Discussion 226 

Northern Gannets commonly incorporate debris into their nests, with debris recorded in 28 of the 29 colonies 227 

monitored. Most debris identified in nests was threadlike plastics, as found previously (e.g., rope and net fragments 228 

originating from fishing activities; Votier et al. 2011;  Bond et al. 2012). The remainder of the observed threadlike 229 

plastic was packaging straps, often used to wrap boxes of fish and bait. We found that the FO of nests containing 230 

debris at the colony level was related to the year that colony was established and local fishing effort. For the eight 231 
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colonies with adjacent beach surveys, the proportion of debris that was classified as threadlike plastics was higher 232 

in the gannet nests than that collected from beaches, indicating that gannets selected for threadlike debris (Votier 233 

et al. 2011), given its similarities to natural nesting material such as seaweed and grass (Montevecchi 1991; Nelson 234 

2002).  235 

 236 

We found considerable variation in the proportion of nests containing debris among colonies with part of this 237 

variation related to the spatial structure of the colony locations. Specifically, our results indicate that part of this 238 

variation among colonies was influenced by the intensity of local fishing activities. As found by Bond et al. (2012), 239 

we observed a positive relationship between FO and fishing intensity, measured as mean fishery effort between 240 

2012 and 2016 within 100 km of a colony. Colonies located in areas of high fishing effort had a greater proportion 241 

of nests with incorporated debris. This suggests that areas of higher fishing activity are also those that have greater 242 

levels of fishing related marine debris (Walker et al. 1997; Ribic et al. 2012; Unger & Harrison 2015), which was 243 

reflected by the gannets in these locations using threadlike plastics more often as nesting material. The variation in 244 

FO of nests containing debris among colonies was also related to the age of the colony. Colonies established after 245 

1974 had fewer nests containing debris with those established before this date, likely because newer colonies 246 

contained more small nests, and had less time for debris to accumulate. Colonies established before 1900 had a 247 

greater occurrence of nests containing debris as they have had many years to accumulate debris. Additional factors 248 

that we did not account for may also have influenced the FO of nests containing debris in colonies. For example, 249 

prevailing winds and currents, which can accumulate debris in certain locations (Barnes et al. 2009; Critchell & 250 

Lambrechts 2016), and local levels of aquaculture, which can also be a source of threadlike debris (Hinojosa & Thiel 251 

2009; Merlino et al. 2018). Unfortunately, data were not available to explore these factors. Furthermore, the 252 

fishery effort data we used in our analysis included all gear types, so some of the methods used to catch these 253 

species may contribute little to the debris Northern Gannets incorporate into their nests, and catch of different 254 

target species does vary spatially.  255 

 256 

During this study, we encountered a number of challenges in collecting data on nest incorporation of debris by 257 

Northern Gannets. Firstly, we found variability in the FO of debris in nests among plots within a colony, most likely 258 

attributed to differences in the size of nests among plots. In sheltered parts of a colony, gannets can add new 259 

material onto existing nests annually, creating large pedestals up to 100 cm in height (Nelson 2002). These large 260 

nests may contain debris incorporated over many years, with anthropogenic debris likely to persist longer than 261 

natural nesting material. Conversely, small nests will likely only contain debris collected during that year. Within 262 

this study fewer small nests contained debris than large nests, in contrast to Montevecchi (1991) who found no 263 

difference in FO between large Northern Gannet nests (> 12 cm in height) and more recent nests (< 10 cm in 264 

height). Furthermore, plots in core areas of the colonies contained more nests with incorporated debris than on the 265 

periphery plots, attributed to periphery plots likely being the more recently colonised areas (Nelson 2002) and 266 
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therefore generally containing a higher proportion of small, newer nests. It is important to take this variability in 267 

nest size and location within a colony into consideration if comparing FO among colonies and years and ideally 268 

monitor the same plots in subsequent years. The exact location of vantage points where monitoring or 269 

photographs are taken should therefore be recorded to assist temporal monitoring at the same locations in the 270 

future. The sample size of nests monitored are also important. To detect change in FO, the sample size of nests will 271 

vary depending on the level of prevalence and the level of detectable change required. Provencher et al. (2015) 272 

calculated that to detect a 20% change in prevalence, 187 and 42 nests would need to be surveyed annually at Funk 273 

Island and Cape Saint Mary’s, respectively, reflecting colonies containing a medium and high FO of nests containing 274 

debris, which is less than the mean sample size of nests in our field study (245; Table 1). We therefore have higher 275 

confidence in the values of FO from colonies where a higher proportion of nests were checked. Visually checking 276 

nests from a distance will also underestimate the actual prevalence of incorporated debris, with the distance from 277 

the nest where monitoring takes place affecting the detectability of debris, with smaller items likely be missed. 278 

Unless a colony can be accessed, we recommend that a telescope is used to increase the likelihood that small 279 

debris items are detected. From a sample of 182 nests observed from a vantage point on Fair Isle, we recorded a 280 

lower FO using binoculars (49%) than a telescope (65%). Images taken with an UAV or from an aeroplane may 281 

particularly underestimate the FO of nests containing debris depending on the height images are taken, and 282 

therefore we have lower confidence in the values of FO from Bass Rock, England, and Karlinn, Iceland. On 283 

Mykinesholmer we had the opportunity to estimate the FO of nests containing debris with both an UAV and 284 

telescope from a vantage point. The FO of nests containing debris using the UAV was 62% compared to 74% from 285 

the vantage points. Identifying and classifying the potential type and source of debris incorporated into nests can 286 

also be challenging, especially at a distance and for smaller items. However, identifying the debris type, and where 287 

possible the potential source of incorporated debris, can be useful to raise awareness and inform actions to reduce 288 

marine debris. For the most part, the threadlike plastics observed in gannet nests, in the field and from 289 

photographs, could be readily identified as rope or packaging straps due to the size and distinctiveness of these 290 

items, even at a distance. However, it is important to acknowledge that there will be uncertainties when classifying 291 

items from a distance. 292 

 293 

As we obtained data through visual observations and photographs in this study, we have no information on the size 294 

and/or mass of incorporated debris, and therefore on the amount of debris within individual nests. Our biggest 295 

challenge was estimating the amount of visible debris at the nest surface. It is valuable to collect quantitative data 296 

on the amount and type of visible debris incorporated into nests to establish whether this influences the likelihood 297 

of entanglement. For most nests containing debris, the visible surface comprised an estimate of 1 – 10% of 298 

anthropogenic nesting material, although in several colonies, a small number of nests had a visible surface area of 299 

over 50% comprised of debris. In our field study, one observer (NJOH) estimated the amount of debris at the nest 300 

surface, with the exception of Bempton Cliffs, which involved several different observers. Using digital images of 301 
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Northern Gannet nests from Syltefjord, the repeatability of two observers recording the percentage of visible 302 

debris at the surface of individual nests was low, although the values were significantly correlated (t = 10.459, P < 303 

0.001, Rp = 0.73), attributed to the estimates of one observer being consistently higher. Estimating the contribution 304 

of different debris types to the nest material is therefore unlikely to be repeatable among observers, and may have 305 

influenced the higher values recorded at Bempton Cliffs. It is therefore important to establish a standardised 306 

method of more accurately assessing the amount of visible debris in nests from visual observation and 307 

photographs, which is repeatable among observers; for example using a modified Coral Point Count approach 308 

(Kohler & Gill 2006) to extract information from photographs similar to that used for Brown Booby (Sula 309 

leucogaster) nests (Verlis et al. 2014).  310 

 311 

To determine any affects that incorporating debris into nests might have on individuals and populations it is also 312 

important to record information on entangled individuals. During 2018, and 2019 for Mykinesholmur, 112 313 

entangled individuals were observed (Table S4). However, entangled Northern Gannets were only encountered ad 314 

hoc during nest monitoring as most visits were made during incubation, with the exception of Grassholm and 315 

Rouzic, where data were obtained from researchers making targeted visits at the end of the breeding season to 316 

free entangled individuals. From examining images of entangled chicks and adults, all identified debris was 317 

threadlike plastics, with individuals entangled via their head, legs or wings. There were also several reports of other 318 

species entangled in debris incorporated within gannet nests, specifically Common Guillemots (Uria aalge) that 319 

breed sympatrically at several sites. Although there is unlikely to be a population level effect of entanglement at 320 

the nests at current mortality levels (Votier et al. 2011), there are very few quantitative data, and so we do not 321 

have a full understanding of its potential demographic consequences. It is therefore vital to systematically record 322 

entanglement, especially to establish how this mortality may potentially affect species in combination with the 323 

many other threats that seabirds face (Avery-Gomm et al. 2018).  324 

 325 

As most nesting material is thought to be collected by seabirds locally, monitoring debris incorporated into nests 326 

may be useful to monitor the extent and magnitude of debris in the marine environment (Lavers et al. 2013; 327 

Tavares et al. 2016; Grant et al. 2018; Jagiello et al. 2019). Monitoring debris in seabird nests compliments other 328 

useful methods of monitoring debris in the marine environment, such as that found on beaches (Nelms et al. 2016; 329 

OSPAR 2010; Ribic et al. 2012; Battisti et al. 2019). It also incorporates an extra aspect by highlighting that species 330 

actively interact with debris, with the potential to cause harm, and with consequences for conservation (Tavares et 331 

al. 2016; Avery-Gomm et al. 2018). Monitoring debris incorporated into nests is a largely non-invasive and 332 

straightforward way to identify and record temporal or spatial changes in debris parameters, especially compared 333 

to debris ingestion. Furthermore, many seabird colonies are already monitored by researchers and rangers, as well 334 

as being frequented by tourists, and photographers, therefore data and digital images can be collated to monitor 335 

debris in nests (Wang et al. 2016; Ryan 2018). To ensure future comparisons can be made among studies, it is vital 336 
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that data is collected in a standardised way. At present there are no standardised approaches for recording or 337 

reporting nest incorporation of debris, therefore where appropriate, we recommend following those for debris 338 

ingestion studies, for example classifying debris types (Provencher et al. 2017). To complement data collected by 339 

standardised methods, we have created a website to collate images of nest incorporation, and incidences of 340 

entanglement, taken ad hoc by researchers and members of the public (www.birdsanddebris.com). Ideally, annual 341 

monitoring of debris should occur to accurately detect changes in prevalence over time (Provencher et al. 2015). 342 

However, for species such as the Northern Gannet, which can build large nests with debris incorporated over a 343 

number of years, it may be difficult to detect changes over short time periods, and it therefore may be more 344 

effective to monitor such species over longer time periods, for example over decades (Bond et al. 2012). Although, 345 

there is the potential for small gannet nests, which are likely built entirely in a single breeding season, to be used to 346 

monitor changes over short-time periods; for example, the small, ephemeral nests of Brown Boobies are used to 347 

monitor changes in debris over short- as well as long-time periods (Verlis et al. 2014; Grant et al. 2018).  348 

 349 

To be a useful indicator a species should be abundant, widely distributed, affected by the pollutant of concern and 350 

reflect the levels of this pollutant in the environment (Furness & Camphuysen 1997). The Northern Gannet meets 351 

the first three of these criteria, but as they show selectivity for threadlike plastics as nesting material, Northern 352 

Gannets are not a suitable indicator species to monitor marine debris in general. However, they could be useful in 353 

monitoring fishing related debris. Approximately 18% of the total debris in the marine environment originates from 354 

fishing activities (Andrady 2011), but it may contribute 50-90% of debris in areas of high activity or away from 355 

human development (Hammer et al. 2013; Unger & Harrison 2015; Lebreton et al. 2018). The majority of 356 

entanglement incidents involving bird species are also attributed to fishing related debris (Ryan 2018). Data 357 

obtained from monitoring nest incorporation of debris by gannets could be used to explore reduction measures 358 

with fishing industry stakeholders. Several actions have been proposed by the European Commission to tackle sea-359 

based sources of debris, from fishing as well as aquaculture, which include a legislative proposal on port reception 360 

facilities for vessel waste, Extended Producers Responsibility schemes, recycling targets, and deposit schemes 361 

(European Commission 2018). There are also a number of local and national incentives to reduce abandoned, lost 362 

and discarded fishing gear, although there are issues with low compliance and enforcement, as well as monitoring 363 

of their success (Gilman 2015). Therefore, data on nest incorporation of debris could be used to evaluate the 364 

effectiveness of these actions on reducing debris associated with fishing activities (Xanthos & Walker 2017; Willis et 365 

al. 2018; Tavares et al. 2019). There was a significant, and detectable, decline in the FO of nests containing fishing 366 

gear at two Northern Gannet colonies in Newfoundland after a ground-fishery closure (Bond et al. 2012). Although 367 

the range of the Northern Gannet is predominantly confined to the northern hemisphere, the Australasian Gannet 368 

(Morus serrator) and Cape Gannet (Morus capensis) could be monitored in the southern hemisphere given that 369 

they also build substantial surface nests similar to Northern Gannets, and also incorporate debris (Norman et al. 370 

1995, Ryan 2018). 371 

http://www.birdsanddebris.com/
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 372 

Conclusion 373 

Anthropogenic debris was found in all but one Northern Gannet colony monitored since 2013 across this species’ 374 

range, with the vast majority of debris being threadlike plastics, likely from fishing activities. The FO of threadlike 375 

debris in nests was related to local fishing effort in the vicinity of the colony and the age of the colony. Northern 376 

Gannets showed selectivity for threadlike debris, therefore although they are not suitable for monitoring marine 377 

debris in general, they could be useful to monitor the effectiveness of actions brought in to reduce fishery-related 378 

debris in the wider environment. . Monitoring debris incorporated in gannet nests is a relatively straight-forward 379 

and non-invasive method. Furthermore, recording the FO of debris in nests, and entanglement of chicks and adults, 380 

may provide further details on the potential risk to birds of incorporating debris in to their nests.  381 
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Table 2. The frequency of occurrence (FO) of debris categorised by type and potential source, as a percentage of 
all monitored nests. Colony numbers refer to location in Figure 1. 

 

 

1 Number refers to the colony number in Figure 1.  

2 Standardised debris categories as recommended by Provencher et al. (2017). Foamed plastics was not detected in any 

nests. Values do not sum to 100% as some nests contained more than one debris type or potential source.  

3204 of 664 nests contained debris at Bempton, however detailed data on incorporated debris was only available for 196 

nests, 132 of which contained debris.  

Colony 1 
Number 
of nests 

examined 

Number of 
nests 

containing 
debris (%) 

FO of debris by type (%) 2           FO by potential source (%) 

Thread Sheet Hard Other Fishing Consumer Unknown 

Data from visual observations 

2. Bonaventure 181 7 (4) 3 0 0 1 2 1 1 

7.  Mykineshomur 418 310 (74) 74 1 0 0 74 1 0 

12. Ailsa Craig 234 28 (12) 12 0 0 0 11 0 1 

13. Sule Skerry 171 43 (25) 25 0 0 0 25 4 0 

14. Noup Head  296 77 (26) 25 1 0 0 24 3 0 

15. Foula  115 62 (54) 54 1 0 0 53 1 1 

16. Fair Isle 364 193 (53) 53 0 0 0 48 15 1 

17. Noss  558 256 (46) 45 1 0 0 44 1 1 

18. Hermaness  1281 605 (47) 47 2 0 0 43 10 0 

20. Troup Head 609 118 (19) 19 0 0 0 19 0 0 

22. Bempton 3 197  132 (67) 65 3 1 1 60 12 2 

Data from digital images 

1. Machias Seal Island 2 2 (0) 0 0 0 0 0 0 0 

5. Eldey 175 114 (65) 65 0 0 0 65 0 0 

6. Karlinn 367 75 (20) 20 0 0 0 20 0 0 

8. Little Skellig 293 210 (72) 72 1 0 0 72 1 0 

9. Great Saltee 97 4 (4) 4 0 0 0 4 0 0 

10. Lambay 101 8 (8) 7 1 0 0 7 1 0 

11. Grassholm 4 82 82 (100) 99 1 2 0 98 0 7 

13. St. Kilda 66 54 (82) 82 0 0 0 82 0 0 

21. Bass Rock 88 19 (22) 22 0 0 0 22 0 0 

23. Les Étacs  140 140 (100) 100 0 0 0 100 0 0 

24. Rouzic 116 116 (100) 100 0 0 0 100 8 0 

25. Carry-le-Rouet 2 2 (100) 100 0 0 0 100 0 0 

26. Porto Venere 1 1 (100) 100 0 0 0 100 0 0 

27. Helgoland  72 66 (92) 92 0 0 0 92 21 0 

28. Runde 79 77 (97) 97 0 0 0 97 13 0 

29. Syltefjord 160 156 (98) 98 1 0 0 97 53 0 
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4 Only overall frequency of occurrence data was available for the 100 Grassholm nests from visual observations, therefore 

digital images were used for frequency of occurrence by debris category and potential source of 82 nests.  

 

 

  



20 
 

Table 3. The mean (±SD) estimate of individual surface area content comprised of each debris type and potential source, 
of nests containing debris, where visual observations were completed across monitoring plots. Colony numbers refer to 
location in Figure 1. 
 

 

 

 

 

Colony 

Mean (±SD) estimate of individual nest surface area by 
debris category (%) 

Mean (±SD) estimate of individual nest surface 
area by potential source (%) 

Thread Sheet Hard Misc. Fishing Consumer Unknown 

2. Bonaventure  8.3 ±8.0 0.0 0.0 5.0 11.8 ±7.7 5.0 1.5 ±0.7 

12. Ailsa Craig 2 ±1.9 0.0 1.0 0.0 2 ±1.9 0.0 1.5 ±0.7 

14. Sule Skerry 3.1 ±2.5 0.0 0.0 0.0 3.1 ±2.5 0.0 0.0 

15. Noup Head 4.6 ±6.0 5.5 ±6.4 0.0 1.0 4.7 ±6.0 4.3 ±5.2 0.0 

16. Foula 14.9 ±15.1 5.0 0.0 0.0 14.9 ±15.2 5.0 15.0 

17. Fair Isle 13.1 ±13.7 0.0 0.0 30.0 13.3 ±13.8 1.0 8.8 ±14.2 

18. Noss 12.2 ±12.1 3.6 ±1.5 0.0 0.0 12.3 ±12.2 3.6 ±1.5 1.7 ±0.6 

19. Hermaness 12.9 ±11.9 4.4 ±3.5 1.5 ±0.7 4 ±1.7 12.6 ±11.9 11.2 ±10.7 3 ±1.9 

20. Troup Head 7.6 ±6.7 0.0 0.0 0.0 7.6 ±6.8 0.0 2.0 

22. Bempton  22.7 ±21.2 4.4 ±1.3 1.0 5.0 22.6 ±21.3 6.5 ±3.6 4.3 ±1.5 
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Table 4. Marine Conservation Society (MCS) beach clean data within 20 km of Northern Gannet colonies, with the frequency of occurrence (FO) of debris collected, by type from 
all debris collected, and the FO of Northern Gannet nests containing debris by type (of all nests that contained debris). Colony numbers refer to location in Figure 1.  

1 Number of beach cleans between 2012 and 2017 from beaches within 20 km of each colony.  

 

 

 

 

Colony 

No. of MCS beach 
cleans within 20 
km of the colony 

1 

FO of threadlike plastics (%) FO of fishing related (%)  FO of consumer related (%) FO of unknown source (%)  

Beach  
(mean ± SD) 

Nests  
Beach  

(mean ± SD) 
Nests 

Beach  
(mean ± SD) 

Nests 
Beach  

(mean ± SD) 
Nests 

11. Grassholm 14 37.98 ± 19.85 100 31.68 ± 16.97 100 24.45 ± 13.00 0 43.87 ± 16.01 0 

12. Ailsa Craig 6 27.57 ± 10.81 96 3.77 ± 2.43 89 51.97 ± 12.86 4 44.26 ± 13.96 7 

13. St. Kilda 1 16.77  100 7.72  100 61.28  0 31.01  0 

15. Noup Head 2 59.68 ± 8.60 96 16.89 ± 5.41 92 25.03 ± 14.28 12 58.07 ± 19.70 1 

20. Troup Head 16 15.3 ± 12.54 100 8.46 ± 4.74 99 46.94 ± 22.56 0 44.6 ± 19.75 1 

21. Bass Rock 41 6.91 ± 5.60 100 3.21 ± 3.38 100 60.23 ± 15.43 0 36.56 ± 14.97 0 

22. Bempton 121 13.45 ± 11.80 98 8.56 ± 8.74 91 44.76 ± 18.09 17 46.69 ± 16.61 3 

23. Les Étacs  6 15.47 ± 7.30 100 5.55 ± 3.62 100 58.63 ± 11.10 0 35.81 ± 11.48 0 
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Figure 1. Map showing the location of Northern Gannet colonies included within this study (Table 1). Pie 

charts show the FO of nests containing debris in orange, with numbers referring to the sample size of nests 

monitored. The outline of the pies depicts the source of data: red - from the literature, black - from 

photographs in this study, no outline - from visual observations in this study. Dashed lines refer to the 

seven spatial clusters based on K-means analysis (see results section). The range of the Northern Gannet is 

shown in light grey (Birdlife 2019). 1. Machias Seal Island. 2 Bonarparte Islands. 3 Cape St. Mary's. 4 Funk 

Island. 5 Eldey. 6 Karlinn. 7 Mykineshomur. 8 Little Skellig. 9 Great Saltee. 10 Lambay. 11 Grassholm. 12 

Ailsa Craig. 13 St. Kilda. 14 Sule Skerry. 15 Noup Head. 16 Foula. 17 Fair Isle. 18 Noss Head. 19 Hermaness. 

20 Troup Head. 21 Bass Rock. 22 Bempton Cliffs. 23 Les Étacs. 24 Rouzic. 25 Carry-le-Rouet. 26 Porto 

Venere. 27 Helgoland. 28 Runde. 29 Syltefjord. 

 

 

Figure 2. The presence of debris in Northern Gannet nests was positively related to the mean fishing effort 

between 2012 and 2016 within 100 km of the colony, measured as log-transformed fishing hours, which was 

influenced by the year the colony was established. Colonies established more recently contained a lower 

proportion of nests containing debris than older colonies. Each point at 0.00 (no incorporated debris) and 1.00 

(incorporated debris) represents a nest. Solid lines indicates the trend lines with 95% confidence intervals 

(shaded area) predicted from a generalized linear model (GLM) with a binomial error structure. To visualise 

the significant interaction between local fishery effort and year established, the data for year established was 

split into three groups based on the mean and one standard deviation above and below the mean: Light grey – 

the oldest colonies established before 1900; dark grey – colonies established between 1937 and 1967; black – 

the newest colonies, established since 1974. 

 

Figure 3. For each colony where visual observations were carried out, the distribution of gannet nests for each 

percentage category of individual nests containing anthropogenic debris. Highlighting that for the majority of 

these nests, the surface area was comprised of 1 to 10% of debris as nesting material. 
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