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A B S T R A C T   

The long-distance transfer of non-native, potentially invasive species via floating marine debris is an increasing 
threat to biodiversity and conservation efforts. To address the lack of understanding around mechanisms and 
pathways of species transfer via marine debris, a novel modelling approach was applied to recreate the likely 
trajectory and source of a large piece of debris fouled by non-native species collected from UK marine waters. 
This approach applied the Oil Spill Contingency and Response (OSCAR) simulation tool, an adapted oil spill 
modelling programme, which was informed by a combination of biological trait information for the foulant 
species, marine debris characteristics and hydrodynamic data. The modelling output suggested an origin in the 
Western Atlantic, a scenario concurrent with the known distribution of the foulant species. This modelling 
approach represents a valuable tool with which to determine the origin and trajectory of invasive species 
transferred via marine debris.   

1. Introduction 

Effective prevention of non-native species (NNS) requires compre-
hensive understanding of introduction pathways in order to identify 
locations at high risk of introduction, and thereby inform decisions on 
NNS policy and management, including risk-based biosecurity and 
surveillance programmes (e.g. Convention on Biological Diversity, 
2014; Essl et al., 2015; Tidbury et al., 2016; Cassey et al., 2018). Pre-
viously, relatively few assessments of pathways have considered floating 
marine debris and the likely consequence of a lack of available data on 
marine debris as a transport vector. However, the increasing volume of 
marine debris in the ocean is becoming a major conservation concern 
that requires investigation (Sutherland et al., 2019). Human-generated 
marine debris provides a novel artificial habitat for foulant species 
(Gündoğdu et al., 2017), and thus is a vector that facilitates long- 
distance transport beyond their native distribution when the debris is 
moved by wind or ocean currents. The number of studies documenting 
the dispersal of NNS on marine debris is steadily increasing (e.g. Mar-
ques and Breves, 2015; Masó et al., 2016; Carlton et al., 2017; Gündoğdu 

et al., 2017; Miralles et al., 2018; Rech et al., 2018; De-la-Torre et al., 
2021). However, a clear understanding of the scale of the problem, and 
the underlying processes that drive this phenomenon, is lacking. A key 
but challenging evidence gap is the identification of origins (Kiessling 
et al., 2015) and dispersal pathways of floating marine debris (Rech 
et al., 2016). 

Several approaches to identify the origin of marine debris have been 
developed – these include the: 1) use of natural distribution patterns of 
foulant species and their biological traits to inform origins (Hoeksema 
et al., 2012); 2) exploration of taxonomic profiles of fouling commu-
nities on debris on beaches close to areas of high maritime activity, such 
as ports, where NNS have been found (Miralles et al., 2018; Ibabe et al., 
2020; Rech et al., 2018); 3) linking biological traces of animals on debris 
to local sites (e.g. debris was attributed to a local mussel farm source 
following detection of attached byssal threads on debris in Campbell 
et al. (2017)); and 4) examination of the characteristics of the debris 
itself (Quigley and Hill, 2015; Rumbold et al., 2020). Occasionally, the 
origin of biofouled debris can be traced using meteorological informa-
tion following a large-scale weather event or natural disaster such as the 
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2011 tsunami in Japan (García-Gómez et al., 2021). Numerical model-
ling methods have been used to assess global (Mountford and Morales 
Maqueda, 2019; Guerrini et al., 2021) and regional (Rosas et al., 2021) 
patterns in the transport of marine debris, but to date, few studies have 
examined how biological attributes of the NNS transported by debris can 
be used in combination with hydrodynamic modelling, to gain insight 
into the potential pathways and trajectories of marine debris. 

The aim of this study was to develop a method that combines a hy-
drodynamic tracking model with species' biological trait information. 
This combined approach is demonstrated in a case study of the dense 
community of live crustaceans collected from the surface of a single, 
large piece of floating marine debris recovered from United Kingdom 
(UK) coastal waters. 

2. Materials and methods 

A large piece of floating debris was intercepted by the research vessel 
RV Cefas Endeavour (www.cefas.co.uk/about-us/facilities/rv-cefas-ende 
avour/) about 12 nautical miles off the southwest coast of the UK 
(latitude/longitude: 50.145 N 6.019 W) on 11 April 2018 (Fig. S1). Upon 
recovery, the object was identified as part of a metal shipping container 
(Fig. S2A), which comprised three adjoined but damaged steel panels, 
with an approximate total area of 280 cm × 250 cm. The inner surface of 
the panels was coated with a 10 cm thick layer of plastic foam insulation 
(Fig. S2B) that provided the piece with positive buoyancy. 

The submerged foam surface was found to have dense colonies of 
goose barnacles attached. Animals and scrapings from the foam insu-
lation were removed and preserved in a 70 % industrial methylated 
spirits solution (70 % ethanol, 20 % water, 10 % glycerol). In total, 45 
individual barnacles and one isopod were retained and identified using 
the Synopses of the British Fauna identification guides (Naylor and 
Brandt, 2015; Southward, 2008) and a monograph of the Isopoda from 
North America (Richardson, 1905). Photographs were taken in the 
laboratory. The goose barnacles were measured along the capitellum, 
scutum and carina. Growth of barnacle plates can only occur after set-
tlement, so an estimated barnacle growth duration was used as a proxy 
for the minimum floating duration of the recovered debris. The growth 
duration was calculated by dividing the length of the capitellum and 
scutum by published plate growth rates for Lepas species settled on free- 
floating rafts (Thiel and Gutow, 2005): Floating duration (days) = total 
length of barnacle plate (mm) ÷ relevant growth rate (mm day− 1). The 
fastest and slowest growth rates, respectively, were used for the cap-
itellum (0.44 mm day− 1; Evans, 1958) and for the scutum (0.1 mm 
day− 1; Green et al., 1994). Both growth rates were used to estimate 
extreme floating durations to define scenarios for the model to run. For 
example, a capitellum length of 27.3 mm ÷ 0.44 mm day− 1 = 62.05 days 
of growth post-settlement on the floating debris, indicating a minimum 
floatation period of 62 days. 

The floating object was parametrised for the Oil Spill Contingency 
and Response (OSCAR) numerical model (Aamo et al., 1997) as a 
passive-drifting, floating particle transported by the surrounding current 
and wind conditions. To ‘back-track’ the drift trajectory of the object, 
the forces acting on the floating object were reversed in time, permitting 
the drifting history of the object to be re-traced (method discussed in 
Kako et al., 2014; Suneel et al., 2016). The date of interception, April 
2018, was used as the time end-point of the drift trajectory. The OSCAR 
driving forces included both hydrodynamics and meteorological (wind) 
conditions from the re-analysis products of Copernicus (EU Copernicus 
Marine Services Information, 2021a, 2021b) extracted at appropriate 
spatio-temporal windows. In the absence of a model dedicated to 
tracking large plastic debris, OSCAR was adapted in our study to reflect 
the behaviour of an inert floating plastic object. More specifically, par-
ticle density was re-parametrised so that the back-tracked debris was 
positively buoyant. Further dissolution and evaporation processes 
associated with oil were excluded. In the absence of calibration data, 
default drag and windage parameters were used. The maximum 

duration of the simulation was equal to the longest estimated floating 
duration; but the variability in growth rates defined two different sce-
narios of settlement windows (see previous section and Table 1). To 
understand better the spatio-temporal variability in hydrodynamic and 
meteorological forcing, graphical representation of the trajectory is 
presented as seven sub-drifts, each of one month duration, in reverse 
chronology, from interception in April 2018 backward to September 
2017 (i.e., Sub-drift –1 is one month prior to the interception date, Sub- 
drift –3 is three months prior). 

A primary environmental constraint on goose barnacle growth and 
reproduction is water temperature. Lepas species occur in tropical and 
sub-tropical waters, where sea surface temperatures (SST) are ≥18 ◦C 
year-round (Patel, 1959; Patel and Crisp, 1960). The SST along the 
modelled track was examined to determine whether barnacle settlement 
and growth was likely (Inatsuchi et al., 2010). Mean SST data were 
downloaded from the EU Copernicus Marine Services Information 
(2021b) at monthly intervals corresponding to each sub-drift. 

In total, 45 specimens of the goose barnacle, Lepas (Anatifa) anatifera 
Linnaeus, 1758 (Crustacea: Cirripedia: Lepadidae) and a single specimen 
of the isopod Idotea metallica Bosc, 1802 (Crustacea: Isopoda: Idoteidae) 
were recovered from the debris (see Supplementary Information). Note 
that although these species range across the Atlantic Ocean and Medi-
terranean Sea, populations are generally concentrated below 40◦ N, 
which in the case of I. metallica in particular, is along the east coast of the 
United States of America (Naylor, 1957; Noël and Jomard, 2011). 

3. Results 

Amongst the 45 individuals of Lepas anatifera, the size range of 
capitellum plates was 29.1 mm and that of scutum plates 22.1 mm 
(Table 1), with that for carina plates being 19.9 mm (minimum/ 
maximum = 4.9/24.8 mm) (see Supplementary Information). From 
these measurements, estimated floating durations ranged from 13.86 to 
80 days (i.e. <1 to 3 months; short scenario) and 45 to 266 days (<2 to 7 
months; long scenario) using documented fast and slow growth rates, 
respectively (Table 1). The faster growth rate scenario or ‘short sce-
nario’, represented by Sub-drift –1 to Sub-drift –3, predicted an origin 
west of Ireland (Fig. 1, Table 2). Such a scenario would have involved 
barnacle settlement, followed by rapid growth, under a water temper-
ature regime of 9–11 ◦C. The slower growth rate scenario or ‘long sce-
nario’, represented by Sub-drift –1 to Sub-drift –7, predicted an origin in 
the Western Atlantic, then a trans-Atlantic transit lasting five months 
followed by a slow drift around the coastal waters of the British Isles 

Table 1 
Debris floating duration in days (or months where indicated) estimated using the 
sizes of capitellum and scutum from 45 individuals of Lepas anatifera, collected 
from the intercepted marine debris, and reported growth rates (0.44 mm day− 1 

for the capitellum, Evans, 1958; 0.1 mm day− 1 for the scutum, Green et al., 
1994). Those durations were then subtracted from the interception date to es-
timate the barnacles' settlement window.   

Capitellum Scutum 

Size (mm) Min 6.1 4.5a 

Max 35.2 26.6 
Mean 20.78 16.45 
Median 21.35 17.3 

Estimated floating duration 
(days) 

Min 
(short) 

13.86 (<1 
month) 

45 (1 − 2 
months) 

Max 
(long) 

80 (3 months) 266 (7 months) 

Estimated settlement window Jan 2018–Mar 2018 (Fast growth, 
short scenario) 
Sept 2017–Feb 2018 (Slow growth, 
long scenario)  

a The smallest scutum and capitellum were from different individuals. The 
largest capitellum and scutum were from the same individual (see Supplemen-
tary information). 
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(Fig. 1, Table 2). 
Under both scenarios, the forcing current and wind showed a 

gradient in magnitude from low in coastal areas to high in open sea. The 
forcing winter wind was also highly variable in direction. In Sub-drift –1 
& –2 (February & March 2018) there was limited southward trajectory 
due to the proximity to the UK coast. In Sub-drift –3 (January 2018), 
strong easterly winds and surface currents influenced the trajectory of 
the debris. In Sub-drift –4 (December 2017), the wind and current were 
aligned in a westerly direction and resulted in the furthest drift portion. 
In Sub-drift –5 (November 2017), a spinning wind direction resulted in a 
variable trajectory, with the shortest distance travelled overall. In Sub- 
drift –6 & –7 (September & October 2017), wind and wave forces 
were westerly in direction, though wind variability remained high. In 
Sub-drift –7, the modelled track of the debris extended to the Labrador 
Sea off the North American continent; thus, under this simulated tra-
jectory the debris is proposed to have originated in the Western Atlantic. 
The temperature range across the simulated track was relatively low. At 
the end of Sub-drift –7, the mean daily SST was 8.91 ◦C due to the high 
latitude and time of year; however, water temperatures were moderate 
across Sub-drift –6 to Sub-drift –3 (11.65 to 14.69 ◦C) until early in 
2018, when the rafting colony would have been exposed to much colder 
winter water temperatures (<10 ◦C) prior to interception. 

4. Discussion 

Our study outlines a methodological approach that integrates spe-
cies' biological trait information with hydrodynamic data. This com-
bined approach has proved useful in the case of a single interception of 
debris of unknown origin, colonised by widespread oceanic species that 
have a range of thousands of miles of ocean. This approach contributes 
to efforts to determine a potential source and suggest different scenarios 
for the object's transit to the UK. Under the short scenario, model outputs 
suggest that barnacle settlement occurred west of Ireland, early in 
Winter 2018. The likelihood of viable planktonic larvae settling and 
growing rapidly under such relatively low SST (8–10 ◦C during the 
relevant months) is very low when considering the tolerances and 
measured growth rates of this and other Lepas species at such temper-
atures (Patel, 1959; Inatsuchi et al., 2010). Within this timeframe, and 
under the prevailing environmental conditions, the barnacles were un-
likely to achieve the rapid growth rates required for adult specimens to 
attain a mean capitellum length of >20 mm (Table 1). As such, the long 
scenario of 266 days was considered more realistic. Laboratory-reared 
specimens of L. anatifera have been known to survive temperatures as 

low as 8 ◦C; but observed moulting rates, when kept at 8–14 ◦C, were less 
than half of those observed when the barnacles were kept in water of 
20–25 ◦C, simulating the tropical conditions where L. anatifera are 
concentrated (Patel, 1959). Therefore, a longer transit (over seven 
months) would permit the barnacles to achieve capitellum lengths of 
>20 mm under the lower SST. While the SST dropped very low during 
the transit, it would not have caused the total mortality of the entire 
barnacle colony (Inatsuchi et al., 2010). Lastly, since the end point of the 
model's track would still be above 50◦N, with relatively low SST (<9 ◦C), 
an original settlement in the Western Atlantic but at more southerly 
latitudes must be considered. Barnacle settlement may have occurred 
outside the 266 days' floating duration used by the model, possibly in 
more southerly waters, before the debris joined the proposed track; 
however, such a scenario is beyond the timeframe that can be inferred 
from the available biological data. This uncertainty underscores the 
difficulty of calculating a likely origin of marine debris using a single 
point of interception and only two species. 

While the presence of Idotea metallica supports the origin in the 
Western Atlantic theory, given its known distribution and wide envi-
ronmental tolerances (Naylor, 1957; Franke et al., 1999; Quigley and 
Hill, 2015), this species was not included in calculations since it is 
mobile, capable of swimming between rafting objects (Abelló et al., 
2004) and may have joined the raft at any time during its transit. This is 
in contrast to L. anatifera which can only grow once permanent 
attachment to an object is formed. It is unusual to recover just two 
species from floating debris, in particular given the presence of a foun-
dation species, such as L. anatifera (Gil and Pfaller, 2016). However, the 
conditions encountered on trans-Atlantic transit on an abiotic substrate 
would have been challenging (Bravo et al., 2011) and outside the 
tolerance ranges of many rafting species over an extended time period 
(Tsikhon-Lukanina et al., 2001). Further, a trajectory through open 
ocean, thereby not passing coastal waters, makes colonisation during 
transit unlikely. Large marine litter sinks such as the North Atlantic 
garbage patch (Law et al., 2010) could provide a source of animals along 
the proposed trajectory, though it is unlikely for L. anatifera, as the 
spawning temperature required is above that in the location of the 
garbage patch. 

Even with the data available, a number of assumptions had to be 
made about the growth of the barnacles and the behaviour of the 
floating object. Crustacean growth rates have been applied previously to 
generate what has been termed ‘relatively reasonable estimates of 
floating duration’ (p. 373; Thiel and Gutow, 2005) of fouled debris. 
However, this approach provides a ‘minimum’ period of floating, and 

Fig. 1. Slow growth scenario model track.  

Table 2 
Model-projected sub-drifts for animals collected from the intercepted marine debris, with corresponding months and mean sea surface temperature derived from 
Copernicus (EU Copernicus Marine Services Information, 2021b) taken at monthly intervals before the interception date (11 April 2018).  

Sub-drift –7 –6 –5 –4 –3 –2 − 1 0 
Estimated month Sept. 2017 Oct. 2017 Nov. 2017 Dec. 2017 Jan. 2018 Feb. 2018 Mar. 2018 Apr. 2018 
Mean sea surface temperature (◦C) 8.91 14.69 12.22 12.02 11.65 9.27 8.76 9.99  

P.J. Barry et al.                                                                                                                                                                                                                                 



Marine Pollution Bulletin 186 (2023) 114388

4

the true timeframe could have been much longer. Further, the rates 
estimated from laboratory studies were most likely based on the 
assumption of linear growth under relatively stable environmental 
conditions and no within-population variation. To account for this, 
growth rates from free-floating oceanic populations (not laboratory- 
reared specimens) were used (Evans, 1958; Green et al., 1994) in our 
study to estimate floating durations. However, the estimates used do not 
necessarily reflect conditions that could be viewed as similar to those in 
the Northern Atlantic during winter, because these animals are not 
regularly found outside the tropics and therefore would have faced 
much colder water temperatures, slowing metabolism and growth 
(Inatsuchi et al., 2010). 

Further, an inhomogeneous change in the debris' surface roughness 
and density, with resulting variation in drag and/or windage, could 
potentially have occurred due to the alteration of the macrofaunal 
community structure following succession, and increased abundance 
and growth of the goose barnacles (Tsikhon-Lukanina et al., 2001; Thiel 
and Gutow, 2005). Similarly, biofouling can alter a floating object's 
behaviour and its position in, and trajectory through, the water column. 
Continuous oscillation of plastic debris near the water surface has been 
observed to result from biofouling and from the water column charac-
teristics, e.g., stratification (Kreczak et al., 2021). Therefore, incorpo-
ration of the effect of biofouling and capture of the interaction with 
water column characteristics can be challenging. In addition to those 
biologically-induced changes, other processes such as weathering and 
erosion could alter the debris' characteristics (van Sebille et al., 2020), 
thereby affecting the drift dynamics. Plastic debris can drift over very 
long distances, and its characteristics are subjected to the ambient 
environmental conditions (e.g., meteorological, oceanic, biologic, 
chemical), which are dynamic. While some authors have already 
documented and quantified plastic degradation rates (Gerritse et al., 
2020; Egger et al., 2020), these rates have rarely been included in 
tracking models. These uncertainties underline the difficulty in merging 
biotic and abiotic information with spatial hydrodynamic modelling – 
uncertainties that need to be addressed in order to improve modelling 
approaches to inform NNS monitoring and prevention. However, the 
general drift direction pointing to a Western Atlantic source, identified 
in this study, is supported by observations and re-analysed current and 
wind data (Garraffo et al., 2001; EU Copernicus Marine Services Infor-
mation, 2021b; Laurila et al., 2021). 

The approach described here to predict the debris likely origin relies 
on the correct identification of the colonising fauna and inclusion of 
their relevant biological trait information, including temperature 
tolerance, to parameterise the hydrodynamic- and meteorological-based 
numerical model. As such, this novel approach builds upon previously 
developed techniques that have been applied to investigate the potential 
origins and trajectories of marine debris, such as floating buoys (Astu-
dillo et al., 2009). Complementary analysis of litter characteristics (e.g., 
labels, markings) to infer likely origin (e.g., Quigley and Hill, 2015) 
would have been valuable but was not possible in this instance given the 
lack of defining features on the intercepted debris. With the advance of 
more sophisticated numerical modelling techniques that can track 
drifting debris (e.g., Palatinus et al., 2019; Turrell, 2020; Vriend et al., 
2020), combined with established techniques to gauge drift durations 
using attached biota (Thiel and Gutow, 2005; Mesaglio et al., 2021), 
more robust estimation of source location is now possible. This advance 
comes at a time of growing awareness of species rafting on marine 
debris, including NNS (García-Gómez et al., 2021; Haram et al., 2021; 
Póvoa et al., 2021). Future studies could employ the approach described 
here to inform on the likely origins of other drifting debris with attached 
or associated organisms if growth patterns have been established. The 
accuracy of model outputs will be best validated for organisms with a 
more narrowly defined distribution. Finally, in terms of the Convention 
on Biological Diversity (CBD) Pathway Classification, we recommend 
that floating marine debris be assigned to the “Transport – stowaway” 
category (Pergl et al., 2020), given that human-generated marine debris, 

although transported by natural forces (pathway unaided), is effectively 
a form of hitch-hiking. We also recommend that increased effort is made 
to understand sources and sinks (Rech et al., 2016). 
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García-Gómez, J.C., Garrigós, M., Garrrigós, J., 2021. Plastic as a vector of dispersion for 
marine species with invasive potential: a review. Front. Ecol. Evol. 9, 1–28. https:// 
doi.org/10.3389/fevo.2021.629756. 

Garraffo, Z.D., Mariano, A.J., Griffa, A., Veneziani, C., Chassignet, E.P., 2001. Lagrangian 
data in a high-resolution numerical simulation of the North Atlantic I. Comparison 
with in situ drifter data. J. Mar. Syst. 29, 157–176. https://doi.org/10.1016/S0924- 
7963(01)00015-X. 

Gerritse, J., Leslie, H.A., de Tender, C.A., Devriese, L.I., Vethaak, A.D., 2020. 
Fragmentation of plastic objects in a laboratory seawater microcosm. Sci. Rep. 10, 
1–17. https://doi.org/10.1038/s41598-020-67927-1. 

Gil, M.A., Pfaller, J.B., 2016. Oceanic barnacles act as foundation species on plastic 
debris: implications for marine dispersal. Sci. Rep. 6, 19987. https://doi.org/ 
10.1038/srep19987. 

Green, A., Tyler, P.A., Angel, M.V., Gage, J.D., 1994. Gametogenesis in deep- and 
surface-dwelling oceanic stalked barnacles from the NE Atlantic Ocean. J. Exp. Mar. 
Biol. Ecol. 184, 143–158. https://doi.org/10.1016/0022-0981(94)90001-9. 

Guerrini, F., Mari, L., Casagrandi, R., 2021. The dynamics of microplastics and associated 
contaminants: data-driven Lagrangian and Eulerian modelling approaches in the 
Mediterranean Sea. Sci. Total Environ. 777, 145944 https://doi.org/10.1016/j. 
scitotenv.2021.145944. 
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