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10 The quantification of macroplastic fluxes transferred by rivers toward the pelagic environment requires a better
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11 understanding of macrodebris transfer processes in estuarine environments. Following the strategy adopted in the
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12 Seine estuary, this study aims to characterize macroplastic trajectories in the Loire estuary. Between January 2020
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13 and July 2021, 35 trajectories were monitored using plastic bottles equipped with GPS-trackers. With total
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14 travelled distances between 100 m and 103.6 km, trajectories show great spatiotemporal variability. The various
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15 forcing factors (macroplastic buoyancy, estuaries tidal and hydrometeorological conditions, geomorphology and
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16 vegetation) lead to chaotic trajectories, preventing accurate predictions in macroplastic transfer and
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17 storage/remobilization dynamics. In the Loire estuary like in the Seine one, no tracked bottle reached the Atlantic
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18 Ocean. It confirms that macrotidal estuaries under temperate climates constitute accumulation zones and slow
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19 pathways for macroplastics, but raises question on the real fluxes transferred from continental areas to oceans.

[ISNEIENEITAN
w N

20 Keywords: Storage, remobilization, GPS, buoyancy, geomorphology

ST
o U1 W

21

IS
0 J

22 1. Introduction

o O
= O W

23 The negative impact of anthropogenic litter, especially macroplastics, has been largely enounced (van
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24 Emmerik and Schwarz, 2020; Vegter et al., 2014) and become an increasing topic of interest in environmental
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25 sciences. Rivers were pointed out as major pathway for macroplastics (Bruge et al., 2018; Lechthaler et al., 2020;
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26 Schmidt et al., 2017). As estuarine environments are at the land-ocean interface, it is crucial to know how these
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27 complex systems contribute to plastic dynamics at this interface. Like for other pollutants, the challenge is to know
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if estuaries constitute sink or sources (Schoneich-Argent et al., 2020; Vermeiren et al., 2016) but few studies deal
with macroplastic transfer and accumulation in these environments (van Emmerik and Schwarz, 2020; Mazarrasa

et al., 2019; Pinheiro et al., 2021; Tramoy et al., 2020a, b).

Within rivers, the transfer of macroplastics over short spatiotemporal scales is driven by hydrometeorological
conditions namely water level, current velocity and flow (van Emmerik et al., 2020a; van Emmerik and Schwarz,
2020) as well as inherent characteristics of macroplastics like their shape, size, mass and composition, affecting
their buoyancy and thus their mode of transportation (Vermeiren et al., 2016). Estuaries are actually complex
systems with (i) a strong influence of wind speed and direction (Browne et al., 2010; Rech et al., 2014), (ii) the
adding role of tides (Sadri and Thompson, 2014), (iii) the influence of atmospheric pressure on water levels
(Tramoy et al., 2020b), and (iv) the variable hydrological conditions along the estuarine gradient (Possatto et al.,
2015) with the presence of the Turbidity Maximum Zone (TMZ; Vermeiren et al., 2016). The complex interactions
of these processes lead to chaotic dynamics depending on many parameters (e.g. tidal and hydrometeorological
conditions, estuarine gradients). Because of this complexity, the spatiotemporal evolutions and residence time of
macroplastics are difficult to quantify and remain poorly understood (Tramoy et al., 2020a; van Emmerik et al.,

2022).

Meijer et al. (2021) estimated an annual amount of macroplastics entering the oceans between 0.8 and 2.7
million metric tons and Gonzalez-Fernandez et al. (2021) between 1 656 and 4 997 metric tons at the European
scale. Estimations on the basis of statistics and conceptual models however show large discrepancies with field
observations (Castro-Jiménez et al., 2019; Dris et al., 2020; Gonzalez-Fernandez et al., 2021). Moreover, among
the few investigations of macroplastic transport and accumulation in estuarine systems, methodological
dissimilarities make most of the time the results difficult to compare (Dris et al., 2020). New technologies currently
developed make these applications easier. For example, remote sensing were used to draw the distribution of
plastic litter from local to global scales (Duncan et al., 2020) but especially in marine environments (Biermann et
al., 2020; Maximenko et al., 2019). In environments at land-ocean interfaces, Duncan et al. (2020) and Tramoy et
al. (2020a) demonstrated a good capacity to follow the macroplastic transfer dynamics at short spatiotemporal

scales by using GPS tracking bottles in the Ganges delta and the Seine estuary, respectively.

In the Seine estuary, Tramoy et al. (2020a, b) showed back and forth movements as well as

storage/remobilization processes leading to a long residence time of macroplastics, up to decades. These results
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suggest that estuarine systems mainly act as accumulation zones and thus as slow pathways releasing low amounts

of plastics to the ocean. But, is this behavior general or site-specific?

This paper proposes a comprehensive approach of macroplastic transfer and accumulation dynamics
along the Loire estuary. To help discussing the analogies and specificities of the Loire estuary, the same
methodology than Tramoy et al. (2020b) was used by the release of bottles equipped with GPS-trackers. This study
aims to (i) provide a site-specific comprehension of the fate of macroplastics within the Loire estuary for a better
management of this contamination, (ii) confirm the role of tidal and hydrometeorological conditions by the
monitoring trajectories between January 2020 and July 2021, (iii) assess the influence of buoyancy by the release
of paired bottles: one floating and one ballasted and (iv) discuss the role of estuarine specificities in the

macroplastic transfer and accumulation on the basis of two feedbacks from the Seine and the Loire estuaries.

2. Material and methods

2.1. Loire River estuary

The Loire River is 1 006 km long and drains about 20% of the French territory (Sellier, 2012; Figure 1b).
Its estuary starts at Ancenis, 97 km upstream the river mouth (Figure 1c¢) and is the second largest of the French
Atlantic coast (SNPN, 2008). At the estuary entrance, water flow ranges from around 100 m*/s to more than 6 000
m?/s (mean water flow equals to approximately 850 m?/s at Montjean sur Loire; Sellier, 2012). Worldwide,
different types of estuaries exist according to their tidal ranges (micro-, meso- and macrotidal, Figure 1a). With
tidal ranges up to 6 m (Boét et al., 2011), the Loire estuary is qualified as macrotidal (Figure 1a). The extension
of the Turbidity Maximum Zone (TMZ) is variable according to water flows and tidal ranges (GIP, 2014). TMZ

extends at least until the kilometric point (pk) 15 and at most until pk 66 (GIP, 2014; Figure 1c).

In its estuarine part, the Loire River is bordered by tilted blocks constituting staggered plateaus and
hillsides at low elevations. It is therefore characterized by a flat topography which appears symmetric from North
to South (Figure 1c). These steps-shaped riverbanks lead to the formation of the most diverse wetlands of France
(6.5% of its surface; SNPN, 2008; Figure 1c¢) which are managed and protected (SAGE, 2020) for their high
ecological value. This is particularly the case for reedbeds, covering between 2 300 and 2 800 ha (GIP, 2016).

Wetlands downstream from Nantes (Figure 1c) also constitute significant submersible areas (SAGE, 2020).
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With the presence of Nantes agglomeration (sixth most populated city in France), more than 1 million of
people lived in the part of the Loire watershed from Ancenis to the rivermouth (3% of the total watershed surface)
in 2016 (SAGE, 2020). Nevertheless, along the estuary, the landcover is mainly composed of agricultural lands
(Figure lc). Because of the port activities of St-Nazaire and Nantes, the Loire estuary has undergone many
modifications: channeling, containment, enrockment as well as the construction of hydraulic (e.g. herringbones)
and navigation structures (Sellier, 2012). As a result, the Loire estuary is slightly meandered (sinuosity index of
1.1) contrary to the Seine River (sinuosity index of 1.9). Moreover, the estuary flares towards the river mouth,

passing from a width of 200 m upstream, to about 15 km at the river mouth (Sellier, 2012; Figure 1c¢).

2.2. Tracker program and data collection

To perform the monitoring, the same customized tracked bottles than Tramoy et al. (2020b) were used. It
consists of 1 L plastic bottles, commonly used for water sampling and made of HDPE, equipped with GPS-trackers
(©INETIS). In order to ensure waterproof conditions and a good transmission, very compact GPS-trackers were
chosen to be easily placed in the bottles without playing a key role in their buoyancy. The INET-OS operating
system of these GPS-trackers is configurable, which makes possible to set a tracker program adapted for this study.
Moreover, the GPS-tracker contains accelerometers enabling to save battery energy through a standby mode. In a
perspective of reproducibility, the tracker program defined by Tramoy et al. (2020b) was used, program available
on request. The program uses grafcet language and was programmed with three states: “state 0” when the tracker
is off, “state 1”” when the program starts after motion detection or clock setting, and “state 2”” when the program is
on standby after 14 h without motion. During state 1, the tracker records one position every 2 h to get several
positions during a tidal cycle (12 h) for 33 trajectories. Moreover, 2 trajectories were recorded with a higher
temporal resolution, i.e. one position every 30 min. State 2 aims to save battery energy during stranding episodes
longer than one tidal cycle. However, the program goes back to state 1 when the tracker detects motion again.

Recorded positions were sent once a day to a server with a GSM/GPRS system.

2.3. Experiment design

Except for the influence of bottle’s buoyancy, it was chosen to adopt a stochastic approach to observe

bottles trajectories, i.e. by the release of bottles at different locations of the estuary and during different conditions
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of water flow and tidal range, and to describe them through a Lagrangian description. Between January 2020 and
July 2021, 35 trajectories were therefore monitored in the Loire estuary (Table S1). The locations of release are
mapped in Figure 1c and detailed characteristics of each location are in Table S1: 10 were released upstream
Nantes in the estuarine-fluvial zone of the estuary and 25 were released in the internal estuary, including 19 in
Nantes urban area and 6 downstream. To avoid a quick stranding on riverbanks, 46% of the bottles were released
in the middle of the channel from bridges (Table S1). The remaining 54% were thrown in the river from riverbanks,
approximately 5 m from the riverbank (Table S1). All details about initial and final conditions of the tracked bottles
are available in Table S1. References and information relative to the tracking experiment were tagged on bottles
to enhance possibilities of recovery. Nevertheless, among the 35 bottles released, 6 were definitively lost either
because of the loss of the signal (n = 3), or by accidental picking of a cleanup service (n = 1), or because they were
stuck under navigation structures (n = 2; Table S1). Their trajectories were however considered because the

program used enables to recover sent positions on the server.

The influence of bottles buoyancy was observed through the release of two 1L-bottles at the same time
and same place (57% of the trajectories, Table S1): one empty, i.e. floating, and one ballasted with sand, i.e. half-
submerged. “Empty bottles” had a mass ranging from 169 to 250 g (density 0.161 to 0.238, Table S1) resulting in
high buoyancy, lying on the water surface (16 to 24 % of the volume submerged, Table S1) and letting a significant
surface area subjected to wind. They are called “floating bottles”. In contrast, the ballasted bottles had a mass
ranging from 790 to 1 004 g (density 0.752 to 0.956, Table S1). They stayed vertical (75 to 96 % of the volume
submerged, Table S1) and are called “half-submerged bottles”. In this case, the GPS-tracker was maintained in the

emerged part of the bottle with expanded foam.

2.4. Data treatment

A trajectory represents the course of a tracked bottle in space and time between its release and its retrieval
(or loss). It therefore includes the water transport and the stranding episodes. The following parameters were
recorded: initial and final conditions, distances, speeds, stranding/remobilization episodes, and tidal and
hydrometeorological conditions (Table 1). Water flow data were taken at the Montjean-sur-Loire station (Figure

1b) on http://www.hydro.eaufrance.fi/ and water levels, flood/ebb tides and tidal ranges were taken at the St-

Nazaire station on http://maree.info/. The trajectories were rebuilt using GPS positions processed by QGIS

(QGIS.org, 2022). To calculate distances and speeds, kilometric points (pk) were assigned to each GPS position.
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These points are calculated along a virtual streamline in the middle of the channel positively oriented upstream. In
this study, pk 0 was set at St-Nazaire (Figure 1c). The characteristics of the stranding sites (i.e. riverbank and

vegetation typologies) were also reported under QGIS using the data supplied by the GIP Loire Estuaire.

Statistical tests were performed to rank the influence of each environmental variable (site of release, water
flow and tidal ranges). Statistics were performed with RStudio 1.4.1717 (RStudio Team, 2021). Respective
weights of influencing factors (environmental conditions and bottles buoyancy) on trajectory parameters were
assessed through a principal component analysis (PCA) using “FactoMineR” (Lé et al., 2008), “ggplot2”

(Wickham, 2016) and “factoextra” (Kassambara and Mundt, 2020) packages.

3. Results

3.1. Macroplastic transfer dynamics in the Loire estuary

All parameters are described in Table 1 and written in italic in the following parts. The trajectories exhibit
total durations ranging from 6 h to 64 days (median value equals to 11 days, Figure 2, Table S2). The tracked
bottles thus spent up to two months on field. Over the 35 trajectories, 32 show to a total duration longer than one
day. Lower total durations are recorded for 3 trajectories because of signal loss (T2 and T32) and accidental
picking of the tracked bottle by a cleaning service (T21, Figure 2, Table S2). As the recovery of the tracked bottles
was opportunistic, the travel time without considering the last stranding is therefore calculated to avoid any bias.
This parameter varies between ' h and 58 days (median value equals to 14 h, Table S2) excluding T2, T21 and
T32. Trajectories show high spatiotemporal variabilities with maximum speeds ranging from 0 (immediately
stranded) to 32 km/h (median value equals to 4.2 km/h, Table S2) and total distances ranging from 0.1 to 103.6
km (median value equals to 10.6 km, Table S2). In comparison, net distances are lower, ranging from -6.4 to 59
km (median value equals to 6.3 km, Figure 3, Table S2). Here, negative net distances mean tracked bottles were
recovered upstream their initial location release. Nevertheless, not all trajectories exhibit a difference (Figure 3)

as the (Total — Net) distances range from 0 to 92.8 km (median value equals to 0.4 km, Table S2).

The tracked bottles travel time in water does not exceed 4 days (median value equals to 10 h, Table S2)
illustrating stranding processes occurring quite quickly. Except one (T32, bottle lost), all trajectories exhibit at
least one stranding episode longer than 12 h (Figure 2, Table S2). Between 1 and 3 stranding episodes were
monitored per trajectory showing remobilization processes (Figure 2, Table S2) but 54% of the trajectories exhibit

only 1 stranding episode (Figure 2, Table S2). Consequently, for these trajectories, the travel time corresponds to
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the travel time in water (Table S2) and has to be taken with caution. Among the 46% of trajectories for which
remobilization processes occurred, the stranding time is between 10 h and 57 days (median value equals to 3 days,
Table S2). The final stranding occurred during the highest tidal range of the monitored period for 69% of the
trajectories. In total, 55 stranding episodes longer than a tidal cycle (12 h) and 21 remobilization episodes were
recorded. Remobilization episodes occurred mostly during flood tides (62%). Only 52% of these episodes truly
removed the bottles to transport them between 0.2 and 65.1 km downstream (median value equals to 8.4 km, Table
S3). Bottles were pushed between 0.1 and 0.2 km along riverbanks (median value equals to 0.1 km, Table S3) and
between 0.2 and 1.1 km farther in submersible areas (median value equals to 0.4 km, Table S3), both for 19% of
these episodes. For the last 10%, bottles were pushed between 0.2 and 1.4 km farther in lateral channels (median

value equals to 0.8 km, Table S3).

Considering the riverbank and vegetation typologies, 73% of the stranding episodes occurred in intertidal
areas (Figure 4, Table S3). Most of the tracked bottles stranded on natural riverbanks (36%), 25% on rock
embankments, 16% on urban riverbanks, 9% in submersible areas and 7% in lateral channels (Figure 4, Table S3).
Moreover, 67% of the tracked bottles were retrieved in riparian vegetation in which 54% are reedbeds and 46%
are other types of vegetation like meadows or woods (Figure 4, Table S3). Among the bottles stranded in the
riparian vegetation in the downstream part of the estuary, the remobilization episodes occurred rather in meadows

or woods (59%) than in reedbeds (41%, Figure 4, Table S3).

3.2. The impact of hydrological conditions

The spatiotemporal variability of the trajectories according to the initial water flow was observed to
identify general trends and considering the influence of this factor on trajectory parameters (Figure S1). With
water flow (Q;) ranging from 408 to 4 080 m3/s (Table S2), three clusters of trajectories were designed relative to
the mean value (Q;= 1 248 m®/s during the 35 monitored trajectories): low hydrological conditions (LHC, Q; =
595 + 116 m3/s, n = 17), high hydrological conditions (HHC, Qi =1 219 £ 237 m3/s, n = 12) and flood conditions

(Qi=3 161+ 827 m’/s, n= 6, Table S2).

The travel time in water is the lowest during flood events (median value equals to 0.2 days, Figure 5a,
Table S4a). During these hydrological conditions, total and net distances are equal and the highest (median value
equals to 13.5 km, Figure 5a, Table S4a). The maximum speeds reached by the tracked bottles are also three times

higher during flood events (median value equals to 9.1 km/h, Table S4a) than during LHC and HHC (median
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values equal to 3.3 km/h and 3.7 km/h, respectively, Figure 5a, Table S4a). During HHC, the travel time in water
(median value equals to 0.7 days) and net distances travelled by the tracked bottles (median value equals to 4.7
km) are slightly higher than during LHC (median value equals to 0.4 days and 3.9 km, respectively, Figure Sa,
Table S4a). An opposite trend is however observed for fotal distances (median values equal to 5.1 km and 7.8 km
during HHC and LHC, respectively, Figure 5a, Table S4a), which leads to higher (Total — Net) distances during

LHC (median value equals to 11.2 km, Figure 5a, Table S4a).

Trajectories exhibit a median value of 1 stranding episode (Figure 5a, Table S4a) and most of them
occurred in intertidal areas (78%, 72% and 71% for flood events, HHC and LHC, respectively, Table S3) whatever
the hydrological conditions. Nevertheless, the tracked bottles mostly stranded on the north side during flood events
(67%) and on the south side during LHC (61%, Table S3). Moreover, more stranding episodes occurred on the
Loire islands during flood events and HHC (22% and 28%, respectively) than during LHC (7%, Table S3). Because
of embankments and enrockments, a high proportion of bottles were retrieved in Nantes agglomeration during
HHC (50%) and LHC (46%) and on natural riverbanks during flood events (67%, Table S3). The percentage of
bottles remobilized after stranding was slightly higher during LHC (43%) than during flood events and HHC (33%
for both, Tables S2 and S4). Nevertheless, 83% of the remobilization episodes truly removed the bottles to

transport them elsewhere during HHC whereas this proportion falls to 42% during LHC (Table S3).

3.3. The impact of macroplastic buoyancy

With ten paired bottles released with different densities (D) at the same location and at the same time,
two clusters of trajectories were designed relative to bottle’s buoyancy: floating (F, D =0.207 £ 0.037, n = 10) and
half-submerged (H-S, D = 0.831 + 0.064, n = 10). Floating and half-submerged bottles show different trajectories
(Figure 3). A video of a paired trajectory (T19 and T20) is available on the online version of this paper and
illustrates these differences. Half-submerged bottles have higher travel time in water (median value equals to 1.2
days) than floating ones (median value equals to 0.2 days, Figure 5b, Table S4b). As a result, fotal and net distances
travelled by floating bottles are lower (median values equal to 5.1 km and 3.2 km, respectively) than half-
submerged ones (median values equal to 18.4 km and 4.7 km, respectively, Figure 5b, Table S4b), which have
consequently the highest median value of (Total — Net) distances (equals to 6.0 km compared to 0.7 km for floating
bottles, Table S4b). Exceptions are however noticed with high (Total — Net) distances whatever the bottle’s

buoyancy, mostly during the spring tides with the highest #idal range (6 m, Figure 3). Moreover, half-submerged
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bottles have lower maximum speeds (maximum value equals to 5.8 km/h) than floating ones (maximum value

equals to 9.0 km/h, Figure 5b, Table S4b).

The number of stranding episodes is different between floating (12 episodes in total) and half-submerged
bottles (22 episodes in total, Figure 5b, Tables S2 and S4b). Floating bottles mostly stranded in intertidal areas
(75%) during ebb tides (67%, Table S3). In contrast, half-submerged bottles stranded as much in intertidal arcas
(59%) than in lateral channels (18%) or in submersible areas (14%, Table S3) because these can be carried farther.
Their stranding episodes occurred mainly during flood tides (73%, Table S3). These bottles exhibit 12
remobilization episodes but only 7 of these episodes (58%) truly removed the bottles to transport them elsewhere
(Table S3). The other episodes pushed the bottles laterally on the riverbank (8%) or farther in submersible areas
(17%) and in lateral channels (17%) mostly during flood tides (75%, Table S3). In contrast, floating bottles exhibit
2 remobilization episodes and both truly removed them during ebb tides (Table S3). No preferential accumulation
zone appears between natural riverbanks, rock embankments and urban riverbanks (Table S3). Also, no trends are

observed between end sites and/or their vegetation typologies (Table S3).

4. Discussion

In agreement with the few studies performed in estuaries (Swan River (Australia), Hajbane and
Pattiaratchi, 2017; Paranagud Bay (Brazil), Krelling and Turra, 2019; Pas, Miera and Asén Rivers (Spain),
Mazarrasa et al., 2019; Seine River (France), Tramoy et al., 2020b), the macroplastic transfer dynamics have a
high spatiotemporal variability in the Loire estuary (Figures 2 and 3). This variability can be explained by a
combination of factors. For example, start pk and bottles buoyancy are not sufficient to explain the variable net
distances travelled by the tracked bottles (Figure 3). It evidences that plastic debris have chaotic trajectories within
estuaries (Tramoy et al., 2020b) compared to their horizontal downstream transport within rivers. Forcing factors
are therefore hard to quantify and to rank. The multifactor character of the trajectories is illustrated by the low
weight of each factor (represented by the length of their arrows) in the PCA despite that the first two axes explain
around 70% of the data variance (Figure S1). Nevertheless, the factor having the highest weight on trajectory
parameters is the initial water flow (Figure S1). Focusing on specific physical drivers can help to highlight a better
picture of the dynamics of interest (Hajbane and Pattiaratchi, 2017). That’s why tidal and hydrometeorological

conditions, macroplastic buoyancy as well as the estuarine geomorphology are discussed separately below.
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4.1. A chaotic journey for macroplastics in the Loire estuary

4.1.1. A high residence time because of tides

Tides-induced processes play a key role in macroplastic travelled distances and residence time (Liro et
al., 2020). In this work, values of (Tofal — Net) distances evidenced back and forth movements of the tracked
bottles (Figure 2), consistently with other studies (Tramoy et al., 2020b; van Emmerik et al., 2020b). These
movements derive from the bidirectional flows induced by tides and considering the maximum value of this
parameter (i.e. 92.8 km), macroplastics can be easily pushed back to the upstream part of the Loire estuary. Tides
also generate high variations in water levels and these variations lead to storage/remobilization processes (Tramoy
et al., 2020b; van Emmerik et al., 2020b). This impact is corroborated by the increasing of both the capacity of
macroplastics to strand (Kurniawan and Imron, 2019a) and debris residence time with increasing tidal ranges
(section 3.1.). Moreover, Vermeiren et al. (2016) conceptualized intertidal areas as a temporary sink for
macroplastics and the predominance of stranding episodes in intertidal areas in this study (Figure 4) confirms this
concept. Debris have therefore stepwise trajectories, resulting in higher residence time within estuaries than
previously thought (Ivar do Sul and Costa, 2013; Tramoy et al., 2020b; van Emmerik et al., 2020b). In the Loire
estuary, the latter far exceeded the water residence time, which is between 3 and 30 days (Briant et al., 2021). Even
if the tracked bottles spent up to 2 months on field and travelled up to 100 km, none of them reached the Atlantic

Ocean, indicating that this estuary also constitutes an accumulation zone and slow pathway for macroplastics.

4.1.2. A significant impact of hydrological conditions

Macroplastic transfer dynamics within estuaries are also driven by the hydrological flow regime (van
Emmerik et al., 2019) which drives the dominant processes between tides and river outflows (Dris et al., 2020;
Tramoy et al., 2020b). Results of this study actually highlight variable dominant processes according to water
flow. During flood events, the flushing effect of river flow-dominated processes led to a fast downstream transfer
of debris over long distances (nef distances up to 59 km, Table S4a). Despite high tidal ranges (up to 4.6 m, Table
S2), macroplastic transfer dynamics were not affected by back and forth movements because the stranding also
occurred quickly (median value of travel time in water equals to 0.2 days, Figure 5a, Table S4a) and even quicker
when flood events occurred at flood tides. Consequently, as suggested by Dris et al. (2020) and van Emmerik et
al. (2022), these results confirm that extreme events play a key role in the macroplastic transfer distances and

residence time. Apart from extreme events, in the Loire estuary, the capacity of macroplastics to be transferred
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downstream was in average limited whatever the hydrological conditions (median values of net distances equal to
3.9 and 4.7 for LHC and HHC, Table S4a). Nevertheless, periods of low water flows (Q; < 800 m>/s) mostly
exhibited a transfer driven by tidal-dominated processes and periods of high water flows (800 < Q; < 2 000 m?/s)
an intermediate behavior considering the high variability both in the net travelled distances and the effects of tides
(Table S4a). Resulting from the wide range of water flow in the Loire estuary, the shift between tidal-dominated
and river flow-dominated processes therefore appeared gradual. Moreover, by driving macroplastic transfer
distances, hydrological conditions regulate the distance between debris sources and accumulation zones (Duncan
et al., 2020; Tramoy et al., 2020b). It is also interesting to note that in the Loire estuary, more stranding episodes
occurred on islands during flood events and HHC (Table S3), because of their submersion. In these cases, the
vegetation on islands constitute strong accumulations zones (Liro et al., 2022). For example, during two
trajectories (T6 and T12), bottles stranded on the uninhabited and therefore highly vegetated La Motte island
(Figure 4). High amount of macrodebris are actually accumulated there, which supports the transfer dynamics
described by the tracked bottles. Furthermore, many authors observed an increase of macroplastics with increasing
water flows (Castro-Jiménez et al., 2019; Cheung et al., 2016; Krelling and Turra, 2019; Kurniawan and Imron,
2019b). These trends can result from increasing inputs by the washup from rainwaters on land and/or from the
remobilization of macroplastics accumulated in the river and/or riverbanks (Castro-Jiménez et al., 2019;
Kurniawan and Imron, 2019b; van Emmerik et al., 2022). In the Loire estuary, the percentage of remobilization
episodes was slightly higher during LHC but the remobilization appeared more efficient (i.e. to cause a subsequent
transfer in the river channel) during HHC (section 3.2). Therefore, the opportunity of the stranded bottles to be
remobilized not only depends on water flow but this parameter drives the capacity of the remobilization processes

to be efficient.

4.1.3.  Specific transfer and accumulation processes according to buoyancy

Macroplastics can be transferred in different ways: floating at the water surface, half-submerged in the
water column or by saltation on the riverbed (van Emmerik et al., 2020a). In the Loire estuary, floating debris
appeared to strand more quickly than half-submerged ones. This behavior was already noticed (Ryan and Perold,
2021; Tramoy et al., 2020b) and one assumption is a greater effect of the wind on debris transferred at the water
surface (Browne et al., 2010; Maclean et al., 2021; van Emmerik and Schwarz, 2020). This is supported in the
Loire estuary by higher maximum speeds of floating bottles than half-submerged ones (Table S4b). No correlation
was observed with wind conditions but these variables are difficult to consider because of very local conditions

(e.g. wind gusts). Floating debris will consequently accumulate faster and closer to their entry point in the estuary
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(Maclean et al., 2021), as supported by their low net distances (Table S4b). In contrast, half-submerged bottles
appeared more sensitive to the water current than floating bottles and can be longer transported in the water
column. However, like demonstrated by their net distances, they travelled not necessarily higher distances by being
more prone to back and forth movements with tides (Figure 3 and 5b, Table S4b). Given these dissimilarities and
based on our feedback on the Loire estuary, buoyancy also affects the storage/remobilization processes. Floating
bottles mostly stranded in intertidal areas whereas half-submerged bottles can be deposited farther from the river
channel (Table S3). Moreover, floating bottles appeared less sensitive to remobilization processes (section 3.3.)
suggesting a higher residence time than half-submerged ones once stranded. Nevertheless, half-submerged bottles
were not always removed until the river channel to be reexported. On the contrary, in some cases (34%), these
remobilization episodes pushed them farther from the main channel thanks to the estuarine geomorphology
(submersible areas, plateaux at low elevation, etc.) during high tidal ranges (higher than 4 m, Table S2). Two
trajectories actually illustrated this lateral displacement in submersible areas (T7 and T22, Table S3) and the

farthest bottle was retrieved at 1.8 km from the main channel (Figure 4).

4.2. Similarities and specificities with the Seine estuary

4.2.1. Macrotidal estuaries as accumulation zone and slow pathway for macroplastics

The same methodology was used in the Seine estuary by Tramoy et al. (2020b). Whatever the estuary
geomorphology (highly and slightly meandered for the Seine and the Loire estuaries, respectively), both surveys
demonstrated chaotic transfer dynamics animated by back and forth movements of the tracked bottles and by
storage/remobilization processes. As demonstrated by Tramoy et al. (2020a, b), these factors increase the residence
time of macroplastics which can tremendously delay their transfer to the ocean. That rivers act as “plastic
reservoirs” was recently conceptualized ( Tramoy et al., 2020a; van Emmerik et al., 2022) and a macroplastic
accumulation was also noticed in deltaic systems (Acha et al., 2003; Duncan et al., 2020). Ryan and Perold (2021)
already evoked site-specific transfer distances of macroplastics, mostly resulting from the variable impact of floods
and tides in estuaries. Such processes are therefore not specific but appear enhanced in macrotidal estuaries
considering their water flow-tides relation and their spring and neap tidal cycles. Only 40% of tracked bottles
actually stranded in the Ganga delta (Duncan et al., 2020) whereas no bottles reached the sea during the monitoring
period neither for the Loire nor the Seine estuaries. In the Seine estuary, Tramoy et al. (2020a) estimated a potential

residence time up to decades. In the Loire one, the residence time could not be estimated but is in any case longer
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than two months. It strengthens the recent suggestion that macrotidal estuarine systems under temperate climates
mainly act as accumulation zones and slow pathways for macroplastics and that model estimations calculating the
rates of plastic debris released into the oceans must consider this point (Dris et al., 2020; Tramoy et al., 2020b). It
also highlights the need to focus on extreme hydrometerological events, which are most likely to remobilize the

accumulated macrodebris (van Emmerik et al., 2022).

4.2.2.  Site-specific dynamics according to estuarine geomorphology

Tracked bottles exhibit different trajectories in both estuaries. Experimental conditions were also variable.
More trajectories were actually monitored during periods of high flows (HHC and floods, n=26) compared to low
flows (LHC, n=13) in the Seine estuary (Tramoy et al., 2020b) and similar proportions of trajectories were
monitored during the other hydrological conditions (LHC, n=17 and HHC and floods, n=18) in the Loire one. For
a better comparison between both estuaries, trajectory parameters were therefore compared for each period (Figure
6). Regarding bottle’s buoyancy, experimental conditions were less variable. Similar proportions of half-
submerged bottles were actually released during periods of high flows (HHC and floods) in both estuaries (56%
in the Loire estuary, 54% in the Seine one) and quite more in the Loire estuary (53%) than in the Seine one (39%)
during LHC. The Loire estuary is shorter (i.e. 97 km), lowly meandered (sinuosity index of 1.1), and with higher
water flows (mean Qi = 850 m?/s) than the Seine one (i.e. 175 km, sinuosity index of 1.9 and mean Qi = 487 m’/s;
Tramoy et al., 2020b) offering a better opportunity for macroplastics to be transferred downstream. Despite a
monitoring on similar time scales, the travel time in water was however higher in the Seine estuary than in the
Loire one whatever the hydrological conditions (Figure 6, Table S5). It leads to total and net distances travelled
by the tracked bottles mostly higher in the Seine estuary than in the Loire one even when compared in relation to
the total estuarine length (Figure 6, Table S5). Therefore, even if meanders are known to enable a greater
macroplastic accumulation than linear river sections (Mazarrasa et al., 2019; van Emmerik et al., 2019), the higher
meandering morphology of the Seine estuary (Tramoy et al., 2020b) does not necessarily mean a quick stranding
of macroplastics, or at least a high residence time once stranded. In fact, the trajectories recorded in the Seine
estuary exhibited a higher number of stranding episodes than the Loire one (Figure 6, Table S5), suggesting that
remobilization processes occur easily and more frequently. These different dynamics can be related to the
difference of riverbank typologies between both estuaries. Liro et al. (2020) actually hypothesized that rivers with
more diverse morphologies (wider channel, floodplain zones, islands and lateral channels) and riparian vegetations
(case of the Loire River) could limit the downstream transport of macroplastics compared to channelized and

embanked rivers (case of the Seine River). Results of this study illustrate this hypothesis and confirm that the
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geomorphology of the Loire estuary limit the transfer of the tracked bottles which are accumulated in areas where

they are difficult to remove (submersible areas, islands, lateral channels, etc.).

4.2.3. Site-specific accumulation zones according to estuarine geomorphology

Estuarine geomorphology is a predominant factor for creating macroplastic accumulation areas. Firstly,
features like riverbanks with gentle slope (Browne et al., 2010; Bruge et al., 2018; Cordeiro and Costa, 2010),
meanders (Mazarrasa et al., 2019; Tramoy et al., 2020b) or high and flat areas (Ivar do Sul et al., 2014) were
recognized as preferential areas for accumulating macroplastics. The gentle slope as well as the presence of islands
and large submersible areas tend to favor the macroplastics retention in the Loire estuary, whereas the Seine natural
riverbanks are steeper. Secondly, large riparian vegetation also constitutes great accumulation zones according to
literature (e.g. Bruge et al., 2018; Gongalves et al., 2020; Ivar do Sul et al., 2014; Weideman et al., 2020; Williams
and Simmons, 1997) and the Loire estuary is no exception. The trapping capacity of vegetation is driven by its
structural characteristics (Mazarrasa et al., 2019) such as their height, plant density and spatial configuration (van
Emmerik et al., 2022). A significant retention capacity for reedbeds has already been suggested (van Emmerik and
Schwarz, 2020). The great storage of macroplastics in reedbeds in the downstream part of the Loire estuary (Figure
4; GIP, 2016) confirm this suggestion. This is also demonstrated by the low proportions of remobilization episodes
for the bottles stranded in this type of riparian vegetation (Figure 4, Table S3). The short length of the Loire estuary
actually enables the macroplastics to reach faster these strong accumulation zones. Accumulation zones can
therefore show a large variability according to the estuaries considered (Rech et al., 2014). Most of the time,
accumulation zones are very localized (Ryan and Perold, 2021) and site-specific investigations thus provide useful
insights to locally optimize plastic recovery strategies (van Calcar and van Emmerik, 2019). In the Seine estuary
for example, the Villequier site is known to strongly accumulate macroplastics and is regularly cleaned up as well
as other accumulation zones (Tramoy et al., 2021). In the Loire estuary, accumulation zones appeared more diverse
but some areas downstream from Nantes agglomeration and reedbeds were identified as significant ones (Figure
4). Regular clean up actions similarly to those realized in the Seine estuary could therefore be planned. If not, it
can either be supposed that seasonal changes in the riparian vegetation may provoke the release of the accumulated
debris or that these may be degraded into microplastics (Dris et al., 2020; Gongalves et al., 2020; Ivar do Sul et

al., 2014) creating a source of secondary microplastic within the riverine and marine ecosystems.

5. Concluding remarks, outlooks and recommendations
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Macroplastic transfer dynamics show a high spatiotemporal variability within estuaries making it difficult
to qualify, quantify and therefore to predict. Nevertheless, we have to improve our understanding of macroplastics
evolution for a better management of this contamination and this study provides valuable information on their
transfer and accumulation dynamics within an estuary at short temporal scale. Consistently with other studies on
estuaries, this study illustrates that tides lead to chaotic and stepwise macroplastic transfer dynamics animated by
back and forth movements and storage/remobilization processes. Such processes appear not specific but enhanced
in macrotidal estuaries where tidal ranges are the highest. On the 74 tracked bottles released either in the Seine or
in the Loire estuaries, none reached the ocean during their active tracking (up to two months), suggesting estuaries
constitute slow pathways or even a long-lasting macroplastic reservoir. Those results raise questions about the real
amount of macroplastics entering into the ocean when compared to model estimations. The enhanced downstream
transport under flooding conditions balanced by enhanced storage/remobilization processes also highlights the key

role of extreme events like flood events, all the more so with the ongoing climate change.

This study also corroborates that macroplastic buoyancy significantly influences their transfer dynamics
and therefore their accumulation zones and residence time whatever the type of estuary considered. However,
whatever their buoyancy, the macroplastic transport in macrotidal estuaries may be tidal-dominated under regular
hydrological conditions, whereas it may be driven by river flow-dominated processes during high water discharge
(i.e. flood events) strengthening again the need to focus on extreme hydrometeorological events. These trends
appear however valid for macrotidal estuaries under temperate climates but more studies are required to confirm
this hypothesis. The latter carried with comparable data and on different type of estuaries could be highly valuable.
By choosing a stochastic approach to observe macroplastic transfer dynamics, we assume that only general trends
can be concluded from the results. A precise assessment of the influence of tidal range, water flows and the
different parts of the estuary (estuarine-fluviale zone, internal and external parts) requires a deterministic approach
in the sample design like it was done for bottle’s buoyancy. Nevertheless, the consideration of such variables needs
a careful thought as their spatiotemporal variability are difficult to integrate. For example, the clustering designed
relative to the water flow considered the water flow at start time and do not include all variations during

trajectories. The difficulty is the same to evaluate the influence of wind gusts on floating macroplastic dynamics.

Moreover, intertidal areas and riparian vegetations are major actors of macroplastic retention and large
accumulation zones have been identified in both estuaries. Nevertheless, given the specific geomorphology of the
Loire estuary with large submersible areas, the presence of reedbeds, islands and lateral channels, it appears as a

more efficient sink for macroplastics than the Seine one. Accumulation zones were actually more diverse and
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widely distributed, sometimes far from the river channel. Such site-specific studies provide also important
information for a better adaptation of our macroplastic removal strategies. Among the accumulation zones
identified through this work, some will be subject to a monitoring while cleaning actions are already led on some

others.
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Figure 1: a) World map of the types of estuaries (www.aquaportail.com) and position of France, b) map of France
and of the Loire estuary, c) map of the Loire estuary with the tracked bottles sites of release (blue pentagons). The
number of tracked bottles released is indicated. The kilometric point (pk) 0 is set in St-Nazaire, pk are positively
increasing upstream and negative downstream. From up to downstream, the tracked bottles were released in
Mauves-sur-Loire (pk 72.2, Mid-bridge), St-Julien-de-Concelles (pk 66.9, Mid-bridge), Basse-Goulaine (pk 62.2,
Mid-bridge), St-Sebastien-sur-Loire (pk 57.1, Mid-bridge), Nantes (pk 56.3 & 55.8, Mid-bridge; pk 50.7, 50.2,
50.1 & 50, Riverbanks), Rezé (pk 54.3, Mid-bridge; pk 53.5 & 52.4, Riverbanks), Bouguenais (pk 47.9 & 46.2,
Riverbanks) and le Pellerin (pk 24.5, Riverbanks). The land cover (Corine Land Cover 2018 from
www.data.gouv.fr), the topography, and the minimum and maximum positions of the Turbidity Maximum Zone
(TMZ) are indicated.
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Figure 2: Kilometric point (pk in km) of the tracked bottles according to time (in hours noted h and days noted d)
in a logarithmic scale. Colors of the trajectories were set according to the number of stranding episodes: random
colors for 1 stranding episode (T32 appears in red since because of the loss of the signal no stranding episode
was actually monitored), blue shades for 2 stranding episodes and green shades for 3 stranding episodes.
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Figure 3: Net distances (in km) travelled by the tracked bottles from the initial to the final kilometric point (pk)
according to the initial tidal range (blue triangles, in m). The trajectories for which a difference between total and
net distances was observed are represented by crosses at initial and final points. Trajectories of floating bottles
are named in black, trajectories of half-submerged bottles are named in yellow and paired bottles are indicated
by brackets.
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Figure 5: a) Median values of different parameters according to hydrological conditions (Low hydrological
conditions, n(LHC) = 17; High hydrological conditions, n(HHC) = 12; and n(Flood) = 6). b) Median values of
travel time in water (in hours noted h), total distance and (Total — Net) distance (in km), maximum values of speeds
(in km/h) and total number of stranding episodes according to bottles buoyancy (floating, n = 10; and half-

submerged, n = 10).
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Figure 6: Boxplots representing the variability (first quartile, third quartile and median; red crosses: mean values;
vertical bars: 1.5 time the interquartile range) of the total distance (in km), the percentages of estuarine length
travelled by the bottles (calculated by dividing the net distance by the total length of estuary), the travel time in
water (in days noted d) and the number of stranding episodes according to the estuary considering the hydrological
conditions: high (n(Loire) = 18, and n(Seine) = 23) and low flows (n(Loire) = 17; and n(Seine) = 13).
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Table 1: Parameters describing initial and final conditions, durations, distances, speeds and
stranding/remobilization  conditions of the trajectories in the Loire River. Parameters reporting
hydrometeorological conditions are also included. All the results of these parameters are reported in the
supplementary materials. Black stars indicate the common parameters with the study in the Seine estuary (Tramoy
etal., 2020b).

Initial conditions

Start time* Day and time of release Date,
hour
Site of release* Geographical site where the tracked bottle was released -
Start pk* Kilometric point (pk) of the site of release Km
Buoyancy* Buoyancy of the tracked bottle (e.g. floating or half-submerged) -

Final conditions

End time* Day and time of the last GPS position recorded Date,
hour

Last stranding* Day and time of the last stranding before loss of signal or bottle retrieve Date,
hour

End site* Geographical site where the tracked bottle was retrieved or lost -

End pk* Kilometric point (pk) of the end site Km

Durations
Total duration Time between end time and start time including periods of stranding (> Day
12h)
Travel Time* Time between last stranding and start time including periods of Day

stranding (> 12h)

Travel Time in water* Time between last stranding and start time without periods of stranding Day
(>12h)
Stranding Time* Cumulative time of stranding (> 12h) until last stranding Day
Distances
Total distance* Cumulative distance between absolute values of pk of each GPS position Km
Net distance* Net distance travelled by the tracked bottles Km
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(Total - Net) distances Difference between total and net distances travelled by the tracked Km
bottles
Speeds
Maximum speed Maximum speed reached by the tracked bottles during their travel time  Km/h
in water
Stranding/remobilization conditions
Stranding episodes (> 12h)* Number of stranding episodes greater than a complete tidal cycle -
Remobilization episodes Number of remobilization episodes -
Date of stranding Day and time of stranding Date,
hour
Date of remobilization Day and time of remobilization Date,
hour
River side Side of the river where the tracked bottles is stranded and/or -
remobilized (north, south or island)
Riverbank and vegetation =~ Characteristics of the stranding and/or remobilization site -
typologies
Tidal and hydrometeorological conditions
Water flow* Water flow at start time (Q;, in Montjean-sur-Loire, m3/s
http://www.hydro.eaufrance.fr/)
Water level Water levels at start time and at stranding (in St-Nazaire, m
http://maree.info/)
Flood or ebb tides Flood or ebb tides at stranding (in St-Nazaire, http://maree.info/) -
Tidal ranges Tidal ranges at start time and at strandings (in St-Nazaire, m

http://maree.info/)






