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Seaweed strandings on Luc-sur-Mer beach (Bay of Seine, English Channel, France) were monitored from March
2017 to October 2018 once or twice a week to investigate the wrack deposit dynamics linked to biotic and
environmental parameters. The extent of stranded seaweed, algal biomass and composition of algal wrack were
monitored through 99 field surveys. Forty-seven macroalgae taxa (14 Phaeophyta, 28 Rhodophyta, and 5
Chlorophyta) were identified in strandings. Almost 83% of the 35 taxa (8 Phaeophyta, 23 Rhodophyta, and 4
Chlorophyta) inventoried on the nearby intertidal rocky shore during the same period were also identified in the
wrack deposits, suggesting their local origin. Analysis of wrack composition revealed the dominance of sheet-like
species and annual algae mainly represented by Ulva in spring and summer, and by perennial and brown sea-
weeds in winter. The same stranding dynamics was observed in the two years with largest deposits in spring and
summer but strandings occurred earlier in 2017, due to contrasted environmental parameters in the two years.
Large wrack deposits (> 4.5 Ha) were mainly observed in spring when the wind speed was greater than 2.6 m.s !
and the predicted tide height greater than 6.8 m. Most deposits were associated with WSW winds (38%) and SSW
winds (26%) winds. These data will help develop a tool to assess the risk of algal bloom in sandy beach
ecosystem. The knowledge acquired about the availability and composition of the macroalgae strandings will
also help promote the use of this bio-resource which is under-exploited in Normandy.

1. Introduction

Sandy beaches worldwide are being affected by accumulations of
beach-cast seaweeds and seagrasses exported from the surrounding
ecosystems such as seagrass beds or rocky intertidal shores (MacLachlan
and Brown, 2006). Once stranded on the beaches, macroalgae can
provide a transitory habitat for several animal species including mi-
croorganisms and small invertebrates, often detritivores (Dugan et al.,
2003; Orr et al., 2014). This allochthonous organic material is a signif-
icant source of food for intertidal and supratidal herbivore and decom-
poser communities (Orr et al., 2005) but also supplies higher trophic
levels (Dugan et al., 2003; Fox et al., 2015; Mellbrand et al., 2011). The
accumulation of wrack on beaches can also filter out wave effects,
thereby reducing beach erosion (Ochieng and Erftemeijer, 1999).

Moreover, by reflecting coastal marine biodiversity, beach wrack could
be an interesting source of more easily accessible data on phytobenthic
biodiversity (Suursaar et al., 2014, Lopez et al., 2019), in particular in
the context of the Water Framework Directive (WFD, 2000/60/EC) in
which the assessment of biological communities such as macroalgae is
recognized as a quality indicator to evaluate the ecological status of
water bodies (Panayotidis et al., 2004). Although the stranding of algae
is a natural process, the imbalance in nutrients exported to the coastal
zone increases this phenomenon both in intensity and in frequency. The
increase of marine eutrophication observed over the past 30 years has
led to excessive primary production characterised by phytoplankton
blooms and/or the proliferation of opportunistic species which modify
the structure of macroalgal assemblages (Kroeze et al., 2013; Morand
and Briand, 1996). The massive development of opportunistic
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macroalgae is therefore listed as a quality indicator in the European
Water Framework Directive (WFD, 2000/60/EC).

Green macroalgae blooms occurring on the coast of Normandy (Bay
of Seine) have been monitored by the French Algae Technology and
Innovation (CEVA) since 2008 (Foveau et al., 2018) through aerial and
ground-truthing surveys, but detailed studies of species composition and
ecological studies are still rare. In contrast to ‘green tides’, in Normandy,
large belts of green algae are attached to the rocky plateau along the
foreshore before being detached and stranded under the influence of
biological and physical factors.

The poor or bad ecological status of 31% of the coastal water bodies
in the Bay of Seine is partially due to recurrent blooms of phytoplankton
or macroalgae (AESN, 2020). Accumulations of seaweed interfere with
human activities in coastal areas, particularly along the Normandy
coast, which is composed of immense sandy beaches, a major tourist
attraction.

The use of this stranded algal biomass is still limited. Exploiting this
potential source of natural products (Mandalka et al., 2022) depends on
stable access to raw material and knowledge of its availability and
taxonomic diversity. To date, no qualitative and quantitative analyses of
algal wracks in France are reported in the literature and only a few
studies are available worldwide (Piriz et al., 2003; Orr et al., 2005;
Gomez et al., 2013; Suursaar et al., 2014; Villares et al., 2016; Cavalcanti
et al., 2022).

While the ‘green tides’ in Brittany (France) and in other parts of the
world have been well studied for several years (Teichberg et al., 2010;
Diaz et al., 2013; Liu et al., 2013; Perrot et al., 2014; Schreyers et al.,
2021) no data are available on the stranding dynamics along the coast of
Normandy. In contrast to sheltered sites where blooms of opportunistic
algae are often linked to nutrient inputs due to high water retention and
higher seawater temperatures, in the open coastal area of Normandy,
seaweed faces harsher living conditions due to wind and tidal effects.
This physically dynamic habitat is colonised by specific seaweed as-
semblages, which are mainly structured by physical forces (Defeo et al.,
2009). Hydrodynamic parameters in exposed coastal areas such as ocean
currents, tides, winds and waves play a major role in the transport of
free-floating or detached seaweeds and their accumulation on beaches
(Biber, 2007; Gomez et al., 2013; Suursaar et al., 2014; Orr et al., 2014;
Lopez et al., 2019).

The supply of wrack along the coast of Normandy can also vary
considerably depending on environmental drivers like temperature, the
impact of light on the growth of algae and the stock of algae on the rocky
shore. Seasonal variations and the interactions between these environ-
mental factors are also known to influence the growth and physiology of
macroalgae (Altamirano et al., 2000; Barr et al., 2008). Other control
factors may be involved such as complex intra- and interspecific in-
teractions between macroalgae and competition for colonisation of the
rocky substrate. Schreiber et al. (2020) noted that the link between
benthic populations and stranded seaweeds has received little attention.
The complexity of these biotic and abiotic drivers makes it difficult to
predict temporal patterns of stranded seaweed biomass (Lopez et al.,
2019) and consequently to assess the risk of the development of algal
bloom and to design coastal management strategies.

To better understand the characteristics and the dynamics of algal
wracks on the Normandy coast, the specific aims of the study were to 1)
assess the temporal dynamics of macroalgal wracks through high fre-
quency monitoring, and their links with environmental conditions, 2)
test the hypothesis of the local origin of these deposits by comparing the
flora on the neighbouring rocky shore with the composition of the wrack
and 3) describe the role of variations in hydrodynamics on the formation
of beach wrack in an exposed coastal site.
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2. Materials and methods
2.1. Study site

The study was conducted at Luc-sur-Mer (Normandy, France), a
seaside resort and tourist town (49°19'08"°N; 0°21’03”W) located on the
west coast of the Bay of Seine in the English Channel. The coastline of
Luc-sur-Mer is characterised by a large sandy area about 240 m wide
followed by a large slightly sloping rocky plateau (1.5-2 km in width)
colonised by seaweeds. The maximum depth on the foreshore does not
exceed — 15 m relative to hydrographic zero. The site is an open system
oriented north-east with a macrotidal regime, semidiurnal with a
maximum tidal amplitude average of 6.5 m during spring tide and 2.5 m
during neap tides. Tidal currents are generally moderate, ranging be-
tween 0.8 and 1 m.s~* during maximum flood and ebb spring tide, and
90% of waves are less than 1.25 m in height (Dauvin, 2012). The English
Channel is at the interface of the warm-temperate Atlantic oceanic
system and the boreal North Sea and Baltic Sea continental systems of
northern Europe (Dauvin, 2012).

2.2. Sampling of stranded seaweeds

To describe algae stranding dynamics, field sampling was carried out
during low tide once or twice a week from March 2017 to October 2018.
The extent of algal wrack (in hectares, Ha) was obtained by using GPS to
delimit and record the position and the shape of the beaching zones
along a 2-km beach line representing a total surface area of 30 Ha. The
user positions around the stranding area were recorded at 5-second in-
tervals with a Trimble TDC 100 GPS linked to a GPS enabled mapping
software (Arpentgis mobil). The non-delimited beach zones were
considered as having no stranded seaweed or having overly dispersed
patches of wrack. Six quadrats randomly located within the delimited
seaweed stranding zones were used to identify the species composition,
cover and biomass of stranded algae. Total macroalgae abundances and
specific composition were assessed by visually estimating their per-
centage cover in 0.25 m? quadrats, according to the Braun-Blanquet
cover abundance scale (Braun-Blanquet, 1951). The average cover
value among quadrats was then calculated using the median points of
each interval of the Braun-Blanquet scale data as follows (none=0; +
very sparse=0.1; <5%=2.5; 5%—25%=15; 25%—50%=37.5; 50%—
75%=62.5; 75%—100%= 87.5). Wrack species were determined to the
lowest taxonomic level possible in the field. On each sampling occasion,
the total surface area of algal wrack was corrected using the average
cover of all macroalgae determined based on the quadrats. In each of six
quadrats, the biomass of algal wrack was measured directly in the field
with a digital dynamometer. Macroalgae were shaken to remove the
sand and wet weights were recorded. If the wet weight was less than 100
g, the algae were transported to the laboratory in labelled plastic bags
for weighing with an analytical balance. The fresh biomass of algal
wrack was standardised to kilogram (fresh weight) per square metre
(kg/m?). The monthly algal wrack biomass and coverage values were
obtained by calculating the mean of the field data collected each months
during the monitoring of seaweed stranding (with N ranging from 3 field
studies in March 2017 to 9 field sudies in September and August 2018).

2.3. Dynamics and diversity of seaweeds on the intertidal rocky shore

The dynamics of benthic algal vegetation of the rocky shore was
analysed in spring, summer, autumn in 2017-2018 and in winter 2018
during low tide. Fieldwork was based on the sampling method devel-
oped by Cosson and Thouin (1981). Three 260-m transects were selected
perpendicular to the coast and divided into segments (n = 8-11 seg-
ments). The length of each segment depended on variations in algal
cover, specific composition and geomorphological characteristics. The
lengths ranged from 10 m (heterogeneous areas) to 80 m (homogenous
areas). A minimum distance of 30 m between transects was applied. All
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algal species observed along the 2-m-wide transect in each segment were
identified and recorded using the Braun-Blanquet cover-abundance
scale. Macroalgae were identified in situ to species level, and if neces-
sary taken to the laboratory for identification under the microscope. The
nomenclature was checked against Guiry and Guiry : www.algaebase.
org) (2020). The functional form of each seaweed species recorded in the
beach wracks and on the rocky shore was identified according to the
classification of Blomqvist et al. (2014). Species richness of rocky shores
was recorded as the average number of total species, and mean number
of Rhodophyceae, Phaeophyceae and Ulvophyceae and abundance
(total mean cover of vegetation and mean cover of Rhodophyceae,
Phaeophyceae and Ulvophyceae) were calculated for each transect.

2.4. Environmental data

Meteorological data for the years 2017 and 2018 (air temperature
(°C), solar radiation (J cm’z)), wind forcing (speed (m s~1) and direction
(°)) were obtained from Bernieres-sur-Mer meteorological station
located 6 km to the west of the study site (Météo-France data). The
significant wave height (SWH, average height of the 1/3 highest waves)
and the tidal current (TC, m/s) were obtained from the CREC marine
station (University of Caen-Normandie) located at Luc-sur-Mer using a
VALEPORT MIDAS current meter positioned in front of the marine sta-
tion at the lower limit of the low spring tides (49°19°16.11"N;
0°20°53.22"W). The tidal amplitude forecast for Luc-sur-Mer was pro-
vided by the French Naval Hydrographic and Oceanographic Service
(SHOM) and was chosen as being representative of tidal influence.

2.5. Statistical analysis

Shapiro and Wilk’s tests were used to check the normal distribution
and homogeneity of the data. In some cases, data were logl0 trans-
formed to meet the required criteria. To test the temporal variability of
the beach wrack area, two-way ANOVA were performed using Sigma-
Plot 12.5 when normality and homoscedasticity were verified. The
factors considered were years (2017 and 2018) and months. A pairwise
multiple comparison test (the Holm-Sidak method) was conducted if
differences were observed between factors.

To determine the time-scale variability of the composition of the
wrack species, statistical analyses were performed using the vegan
package in R with XLSTAT-2019 software. Permutational multivariate
analysis of variance (PERMANOVA) using Bray-Curtis distance matrix
(Anderson, 2005) on square-root transformed abundance data was also
performed to test the hypothesis that algal composition differed with the
month/year and surface area of stranded seaweed.

The temporal variability of species richness and the total cover of
benthic macroalgae on the rocky shore were analysed using one-way
analysis of variance (ANOVA) to test for significant differences among
sampling occasions. The Holm-Sidak post-hoc test was used when a
significant difference was observed (p < 0.05). These statistical tests
were performed using Sigmaplot 12.5.

Spearman’s correlations were performed using Sigmaplot 12,5
(Systat Software Inc.) to identify the relationships between the extent of
wrack and environmental variables. To perform these correlations, the
total surface areas of stranded seaweed measured at each sampling
occasion were used. Four classes of seaweed beaching were defined
according to stranding area: negligible (<1 Ha); small (between 1 and
2.5 Ha); moderate (between 2.5 and 4.5 Ha) and high (> 4.5 Ha).
Meteorological variables (air temperature and solar radiation) were
calculated as the median daily value of the three days preceding sam-
pling. The maximum tidal current (TCmax) measured 24 h before the
stranding event was used and the median value of the significant wave
height was calculated using the measurement taken 24 h before each
sampling occasion. In the same way, for the wind conditions, the mean
wind speed measured 24 h before each sampling occasion and the
dominant wind direction were used. The combined influence of wind
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speed and wind direction on waves and beach wrack areas was deter-
mined using the pollution rose available in the R openair package
(Carslaw and Ropkins, 2012).

3. Results
3.1. Temporal variability of stranded surfaces and biomasses

From March 2017 to October 2018, seaweed strandings were eval-
uated on average once a week giving a total of 99 field surveys (Fig. 1).
The mean surface area of stranded algal biomass varied markedly
depending on the week with a seasonal trend that resulted in an increase
in spring and summer and a decrease in autumn and winter. The biggest
surface area, 98 ha ( &= 2.22 SD) of stranded seaweeds was observed on
the 7th of September 2017. About 50% of patches of stranded seaweed
were less than one hectare in size and were observed throughout the
study period, in contrast to areas of stranded seaweed extending more
than four hectares, which were rarely recorded and more frequently in
the spring and summer months. Significant differences in the mean
surface area of stranded seaweed were observed between months
(ANOVA, F(11) =7.006, P < 0.001) highlighting its seasonal variability.
Moreover, in the most productive period (March to September), signif-
icant differences were observed between the two years (ANOVA, F(1) =
12.265, P = 0.001) and more specifically in June and July when sig-
nificant differences (P < 0.05) were observed according to the Holm-
Sidak method for pair-wise multiple comparisons. In fact, a major in-
crease in seaweed strandings was measured as early as June in 2017 but
only in August in 2018 (Fig. 1A).

The average monthly value of stranded algal biomass ranged from
0.3 = 0.3 kg fresh wt m~2 in March 2018 to 3.4+2.3 kg fresh wt.m ™2 in
August 2017. The total amount of stranded seaweed was estimated at
around 2420 tonnes fresh weight in 2017 and around 1709 tonnes fresh
weight in 2018 during the growing season (April to October) in the study
area in both years. The biomass of stranded seaweed followed similar
seasonal trends as their surface area with highest biomass peak recorded
in spring and summer, then declining in the winter months. Similarly,
biomass peaks of more than 3 kg fresh wt.m 2 were observed from April
to October in 2017 but only in August in 2018; biomass declined in late
November and early December from a mean value generally below 2 kg
fresh wt.m 2 (Fig. 1B).

3.2. Temporal variability of algal wrack composition

A total of 47 taxa of macroalgae (14 Phaeophyta, 28 Rhodophyta,
and 5 Chlorophyta) were identified in algae strandings from March 2017
to October 2018 (Table 1). Twenty-nine taxa had a mean cover > 0.5%
and amongst these taxa, 9 were dominant with a mean cover > 2%
(Appendix). Fig. 2 shows the monthly proportion of these dominant
species and highlights the largest contribution of the genus Ulva spp.
(Ulvophyceae) and of the perennial brown algae Fucus serratus (Fuca-
ceae) in the composition of algal wracks. Counting all the seaweed
strandings recorded, the mean proportion of Ulva sp. (Ulvales) repre-
sented more than 50% of the total beach wrack. This taxon was domi-
nant in spring and summer, except in June and July 2018, when large
brown algae such as Saccharina latissima (Laminariales) or Sargassum
muticum (Fucales) were abundant. Like Ulva spp. the perennial brown
algae Fucus serratus (Fucales) was also abundant in the algal wracks and
was generally present in all wracks sampled. Large strandings of Lami-
naria digitata (Laminariales) were mainly observed in late summer and
from September 2017 to March 2018. Amongst Rhodophyta species,
Plocamium cartilagineum (Plocamiales) was the species the most often
present in wracks (from October 2017 to February 2018) while Ceram-
ium rubrum (Ceramiales) and Cryptopleura ramosa (Ceramiales) were
present in most samplings but usually with a low mean proportion, often
< 10%. The frequency of other species varied with the season.

PERMANOVA analysis of the specific composition of stranded
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Fig. 1. Temporal change in (A) mean area of beach substrate covered by wrack (Ha) and (B) mean biomass of wrack (kg fresh wt.m~2) measured in the study area
(30 Ha). The shaded interval represents one standard deviation around the mean (N = 6 quadrats).

seaweeds with a mean cover value > 0.5% recorded on at least one
sampling date revealed a significant influence of the factors “Extent of
algal wrack”, “Year” and “Months”. Significant interaction between
“Month” and “Year” was also found. Species composition of macroalgal
wracks differed over time due to seasonal variation and depending on
the size of the wrack deposition (Table 2). The same analysis of variance
limited to the most productive period (from March to September) also
revealed significant differences between “Years” (PERMANOVA, year,
p = 0.001), “Months” (PERMANOVA, months, p < 0.001) and combi-
nation of “Months” and “Years” (PERMANOVA, Months x Year,
p = 0.002). Wrack composition differed significantly between the two
years in June (p < 0.001, Holm’s test) and in July (p < 0.001, Holm’s
test).

3.3. Temporal variability of the composition of rocky shore species

A total of 35 taxa of macroalgae (8 Phaeophyta, 23 Rhodophyta, and
4 Chlorophyta) were identified on the rocky shore (Table 1). The highest
total average percentage cover was observed in spring and summer 2017
with respectively 59 + 3% and 54 + 4%, and in autumn 2018 (55
+ 3%), while the total average percentage coverage was lowest (17
+ 1%) in winter 2018 (Fig. 3A). A significant decrease in macroalgae
coverage was observed between growing seasons (Spring 2017) and
Winter 2018 (ANOVA, F = 5.15, P = 0.005). Brown algae had the
highest coverage on the rocky shore, often accounting for more than
40% of the total vegetation coverage in particular in winter 2018 (68%).
The percentage coverage of Ulvophyceae was often > 30% with the
highest value in summer 2018 (50%) and the lowest (7%) in winter
2018. The coverage of red algae was relatively stable throughout the
sampling period, close to 20% (Fig. 3A). The total average species
richness on the rocky substrate ranged from 24( + 2) in spring 2017 to
12 (3) in winter 2018 with significant differences (ANOVA, F = 5.08,
P = 0.006). The proportion of taxonomic richness of Rhodophyceae (>
47%) was higher than that of Phaeophyceae and Ulvophyceae, the latter

represented no more than 25% of the taxonomic richness of the rocky
shore (Fig. 3B).

3.4. Comparison of the species composition on the rocky shore and in the
algal wracks

Table 1 summarises the species recorded in the seaweed strandings
(table column BW) and on the closest rocky shore (table column RS).
Amongst the 47 taxa identified in wrack deposits, 29 were also identified
on the rocky shore. Species characteristics of the midlittoral zone were
well represented in the wracks and on the rocky shore corresponding to
the following taxa: Dictyota dichotoma (Dictyotales), Fucus serratus
(Fucales), Fucus vesiculosus (Fucales), Saccharina latissima (Laminar-
iales), Sargassum muticum (Fucales), Ceramium rubrum (Ceramiales),
Chondrus crispus (Gigartinales), Cryptopleura ramosa (Ceramiales), Cys-
toclonium purpureum (Gigartinales), Dilsea carnosa (Gigartinales), Gra-
cilaria gracilis (Gracilariales), Palmaria palmata (Palmariales) and Ulva
sp. (Ulvales). Six species belonging to Rhodophyta were only observed
on the rocky shore and 18 seaweed species as well as Rhodophyta (11
taxa), Chlorophyta (1 species) and Phaeophyta (6 species) were only
observed in the strandings.

Concerning the classification of seaweeds in functional groups (see
Table 1, column ‘Functional group’), most of the seaweeds observed on
rocky substrate belonged to the leathery group (e.g. Fucus spp,
S. muticum or Laminarian), and accounted for the highest percentage
(39%) followed by the foliose group (30%) (Fig. 4). The filamentous and
the corticated foliose groups had similar percentages of around 13%.
Algae strandings were composed of a mixture of leathery taxa, foliose
species (e.g. Ulva sp.), filamentous algae (e.g. C. rubrum) and corticated
foliose species (e.g. D. dichotoma or C. crispus). The leathery and foliose
groups showed the highest values with 42% and 34% respectively. In the
same way, corticated foliose and filamentous seaweeds were occasion-
ally found on wrack samples at 11% and 9% respectively. The thick soft
and hard corticated groups were present at the smallest percentages, i.e.
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List of species identified in seaweed beachings and on the rocky shore at Luc-sur-Mer in spring, summer, autumn and winter 2017 and 2018. A number links each
seaweed species to its functional group (1: Crustose; 2: Filamentous; 3: Foliose; 3,5: Corticated foliose; 4: “Corticated”, thick, soft; 4,5: “Corticated”, thick, hard; 5:

Leathery; 6: Calcareous) according to Blomqvist et al. (2014).

Beach Wrack (BW)

Rocky shore (RS)

Functional Sp- Su- Au- Wi- Sp- Su- Au- Sp- Su- Au- Wi- Sp- Su- Au- RS BW
group 17 17 17 18 18 18 18 17 17 17 18 18 18 18
Phaeophyta
Ascophyllum nodosum 5 X X X
Cladostephus spongiosus 4 X X X
Desmarestia ligulata 5 X X
Dictyota dichotoma 3.5 X X X X X X X X X X X X X
Ectocarpales 2 X X X X X X X X X X X
Fucus serratus 5 X X X X X X X X X X X X X X X X
Fucus vesiculosus 5 X X X X X X X X X X X X X X
Halidrys siliquosa 5 X X X X
Himanthalia elongata 5 X X X X
Laminaria digitata 5 X X X X X X X X X
Saccharina latissima 5 X X X X X X X X X X X X X X X X
Sargassum muticum 5 X X X X X X X X X X X X X X X X
Scytosiphon lomentaria 4 X X X
Taonia atomaria 3.5 X X X X X
Rhodophyta
Antithamnionella 2 X X X X
ternifolia
Apoglossum ruscifolium 3.5 X X X X X
Calliblepharis ciliata 3.5 X X X X
Callophyllis laciniata 3.5 X X X X X X X X
Ceramium rubrum 2 X X X X X X X X X X X X X X X X
Chondria coerulescens 2 X X X X X X X
Chondria dasyphylla 2 X X X X X X X X X X X X
Chondria scintillans 2 X X
Chondrus crispus 3.5 X X X X X X X X X X X X X X X X
Corallina sp. 6 X X
Cryptopleura ramosa 3.5 X X X X X X X X X X X X X X
Cystoclonium 4 X X X X X X X X X X X X X X X
purpureum
Dasya corymbifera 2 XX X X
Dilsea carnosa 3.5 X X X X X X X X X X X X X X X X
Gracilaria bursa- 4.5 X X
pastoris
Gracilaria gracilis 4.5 X X X X X X X X X X X X X X
Halurus flosculosus 2 X X X X
Hildenbrandia rubra 1 X X X X X
Lithophyllum incrustans 1 X X X X X X X
Lithothamnion 1 X X X X X X X X
lenormandii
Heterosiphonia plumosa 2 X X X X X X X X
Hypoglossum 3.5 X X X
hypoglossoides
Kallymenia reniformis 3.5 X X X X
Nitophyllum punctatum 3.5 X X X
Palmaria palmata 3.5 X X X X X X X X X X X X X X
Plocamium 2 X X X X X X XX X X X X
cartilagineum
Plumaria elegans 2 X X X X X X X X X X
Polyides rotundus 4.5 X X X
Polysiphonia fucoides 2 X X X X X
Polysiphonia nigrescens 2 X X
Porphyra sp. 3 X X X X X X X X X X X X X
Rhodophyllis divaricata 3.5 X X X X X X X
Rhodothamniella 2 X X X X X X X X
floridula
Scinaia furcellata 4 X X X X
Chlorophyta
Cladophora laetevirens 2 X X X X
Ulva intestinalis 3 X X X X X X X X X X X X X
Ulva sp 3 X X X X X X X X X X X X X X X X
Ulva compressa 3 X X X X X X X X X X X X
Umbraulva olivascens 3 X X X

less than 2%. Crustose algae, which were sparse on the rocky shore
(0.5%) were not found in the stranded seaweeds at all.

3.5. Abiotic factors that affect seaweed strandings

To characterise the marine meteorological conditions leading to the
strandings classified as large scale (> 4.5 Ha), wind speed and tidal
threshold (forecast tide height) were defined 24 h before each stranding
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are considered.

Table 2

PERMANOVA results based on Bray-Curtis dissimilarities of square root-root
transformed data testing the effects of the factors “Extent of algal wrack”,
“Year” and “Month” on the seaweed assemblages of beach wrack (77 variables).
P values were obtained using 999 permutations of permutable units.

Factors Df SS MS F P
Extent of algal wrack 1 1.035 1.035 13.45 0.001
Month 11 3.537 0.322 4.18 0.001
Year 0.308 0.308 4.00 0.003
Month:Year 7 1.390 0.199 2.58 0.001
Residuals 56 4.309 0.077

event. Among the 47 seaweed strandings recorded from June to October
in 2017 and from August to October in 2018, 23% were classified as
large, 34% as moderate, 29% as small and 12% as negligible. Fig. 5
shows that large wrack deposits mainly occurred during the growing
season when wind speed was > 2.6 m s~ ! and the predicted tide height
was > 6.8 m. Among the 11 wrack deposits classified as large scale, only
one tide height was less than 6.8 m. Thus, in the growing season, bigger
algal strandings were recorded during spring tides than during neap
tides (ANOVA; n = 26; F1.2 = 8.0122; p = 0.006). In contrast to the
forecast tide height, wind speed during large scale strandings was more
variable, ranging from 2.6 ms ! to 5.6 m s *.

A positive and significant Spearman’s correlation was found between
air temperature and the extent of beach-wracks areas measured
throughout the sampling period and growing seasons (spring and sum-
mer) with r = 0.52 and r = 0.42, respectively (Table 3). A significant

direct correlation was also observed with significant wave height
(r = 0.27) and a negative correlation with solar radiation (r = —0.24) in
the growing seasons. In contrast, no significant correlation was found
between the extent of the wrack and other physical variables (wind
speed and maximum tidal current).

The speed and direction of the wind measured at the Bernieres-sur-
Mer meteorological station in the spring and summer of both years are
presented in Fig. 6A. During this sampling period, the prevailing winds
were from the west-south-west (WSW) and from the north-north-east
(NNE), mostly at a velocity > 4 m.s™}, respectively 67% and 60% of
the time. Fig. 6B shows that the highest significant wave heights (>
0.3 m) were again mostly associated with WSW and the NNE wind di-
rections and, like the wind regime, less frequently with the west (W) and
the north-east (NE) wind directions. When winds blew from the WSW,
30% of waves were > 0.3 m in height, while NNE winds generated 44%
of waves > 0.3 m. A linear correlation was observed between wind
speed (regardless of direction) and significant wave height (r = 0,39,
P < 0.0001, y = 0.0689x — 0.0139, n = 465). Fig. 6C shows that the
biggest beach wracks (>4.5 Ha) were associated with the WSW (38% of
beach wracks), SSW (26%), W (18%) and NNE (10%) winds.

3.6. Meteorological conditions during the sampling period (April 2017-
October 2018)

To understand why seaweed strandings occurred later in summer
2018 than in 2017, interannual comparisons of meteorological param-
eters (solar radiation and air temperature) were performed and the

100 40
— I Ulvophyceae I Ulvophyceae
X [ Phaeophyceae [ Phaeophyceae
~ 80 A a I Rhodophyceae I Rhodophyceae
%) n
(o] a @ 301 a
S 2
Q . <
<>3 60 9 a’b a,b a,b
o =
[%2]
[0]
© 40 A .0
()] (]
o (]
By o
e n
G 20 A
]
=
0 B

AL KL KU AD AD AR AD
A gQ‘ 6\)((\ ?‘\)K \N‘\(\\ 99‘ 6\)((\ ?&\

A

g q ) ) > )
s o P~°\A\N\“\'\ 99"\50 N \)\\)\,\

Fig. 3. Temporal variation of macroalgae coverage (A) and of species richness (B) determined on the rocky shore of Luc-sur-Mer (histograms represent the mean +SD
of three replicates). Different letters indicate significant differences between seasons.
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Table 3

Spearman correlations (r) between the extent of algal wrack deposits and the
physical and meteorological variables (the maximum tidal current (TCmax in m.
s’l), the median value of the significant wave height (SWH in m) and the mean
wind speed (m.s~!) measured 24 h before the stranding event and the median
daily value of air temperature and solar radiation on the 3 days preceding
sampling). Significant Spearman correlations are in bold. *p-value < 0.05; * *p-

value < 0.01; “p-value < 0.001.

Algal wrack surface

(all sampling period) (Spring/Summer)
Air temperature 0,52 * ** 0,42 * **
Solar Radiation 0,09 -0,24 *
Wind speed 0002 0,14
Maximum Tidal Current 0,04 0,01
Significant Wave Height 0,17 0,27 *

results are listed in Table 4. Concerning air temperatures, in 2017 spring
started earlier than in 2018 with temperatures above 15 °C already
recorded in March. This seasonal shift was very clear in May when daily
temperatures > 15 °C were measured during 45% of the month in 2017
compared to in only 19% in 2018. In both years, April was a key month
with respect to the quantity of light available for seaweed growth. In
2017, 5 days (16%) with solar radiation > 1300 J/ cm? were recorded in
March with an increase to 25 days (83%) in April. In 2018, the quantity

of light received by the seaweeds each day was lower, as only 2 days
(6%) in March had radiation > 1300 J/cm? and 14 days (47%) in April.
The average percentage of days with solar radiation > 1300 J/cm? was
balanced in the summer months of both years.

4. Discussion

High frequency monitoring of wrack deposits highlighted marked
temporal variability (inter- and intra- annual) in terms of stranded
biomass, extent of the strandings, and seaweed composition. The
magnitude of these seaweed strandings was similar to those quantified
in other open sea zones (Piriz et al., 2003; Villares et al., 2016). During
the growing season, the genus Ulva (Ulvales) predominated wrack spe-
cies composition thereby confirming the existence of blooms of oppor-
tunistic algae in the water at our study site. However, unlike in sheltered
bays in Brittany where monospecific Ulva strandings reaching
8000-12000 tonnes year ' of Ulva have been regularly observed
(Merceron, 1999; Schreyers et al., 2021), the wrack species comprised a
mixture of Phaeophyceae, Ulvophyceae and Rhodophyceae even during
summer strandings. Thus, in contrast to monospecific stranding events
of macroalgae which are often linked to coastal water eutrophication
(Perrot et al., 2014; Teichberg et al., 2010; Diaz et al., 2013; Liu et al.,
2013; Merceron et al., 2007), the magnitude and species composition of
stranded seaweeds in this study seem to depend on a number of biotic
and abiotic factors thus rendering the link with nutrient enrichment
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Table 4
Average percentage of days in a month with more than 1300 J/cm? or 15 °C at the Berniéres-sur-Mer weather station.
Months Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct.
Solar Radiation 2017 0% 0% 16% 83% 74% 90% 71% 74% 23% 3%
> 1300 J/cm? 2018 0% 0% 6% 47% 90% 73% 94% 61% 73% 13%
Air Temperature 2017 0% 0% 10% 3% 45% 83% 100% 97% 57% 35%
>15°C 2018 0% 0% 0% 10% 19% 70% 100% 100% 70% 32%

more complex.

The occurrence of high peaks of seaweed strandings mainly between
June and October is clearly linked to the growing season of many annual
species of seaweeds in the Bay of Seine. The results of the comparison of
algal diversity of the wracks and of the rocky shore suggest that the
stranded macroalgae are of local origin and that biotic factors such as
the natural succession of seaweed assemblage and the specific life cycle
of each algal species have an impact on wrack accumulation dynamics
(Barreiro et al., 2011). At our study site, rocky shores and wrack deposits
were dominated by brown algae (e.g. Fucus serratus, Saccharina latissima
and Sargassum muticum) whereas taxonomic richness was mainly rep-
resented by Rhodophyceae. The ratios of red to brown and of red to
green algae in wrack deposits were similar to those observed on the
nearby rocky shore. The composition of seaweed strandings was shown
to reflect the benthic populations, almost 83% of species present on the
nearby rocky shore were also recorded in strandings. Moreover, the
proportions of the different functional groups of seaweed in the beach
wrack (mainly leathery, foliose, corticated foliose and filamentous
algae) were quite close to those recorded on the rocky shore. Other
studies have also reported a relationship between stranded seaweeds
and adjacent benthic algae populations (Schreiber et al., 2020; Lopez
et al., 2017). About half the species recorded in the wrack deposits are
characteristic of the exposed midlittoral, and some form belts. Species
only observed on the rocky shore included crustose algae firmly
anchored to the substrate (Hildenbrandia rubra, Lithophyllum incrustans,
Lithothamnion lenormandii) or species forming poor benthic populations.
Most of the species not recorded on the rocky shore lived in the subtidal
zones, these included Apoglossum ruscifolium (Ceramiales), Dasya cor-
ymbifera (Ceramiales), Heterosiphonia plumosa (Ceramiales), Kallymenia
reniformis (Gigartinales) or Callophyllis laciniata (Gigartinales) often

epiphytic on Laminaria and Umbraulva olivascens (Ulvales). Other studies
have also shown that the species composition of beach cast-seaweed
may reflect the neighbouring subtidal flora diversity (Lopez et al.,
2019; Cavalcanti et al., 2022). Some species characteristics of sheltered
coastal habitats were recorded sometimes in the wracks (Ascophyllum
nodosum, Himanthalia elongata and a particular morphotype of
Sargassum muticum) suggesting a more distant origin. Highly buoyant
large brown macroalgae like Fucales Sargassum or Ascophyllum have
long-distance dispersal ability and may thus be stranded many thou-
sands of kilometres from their place of origin (Garden and Smith, 2015),
also reported for another Fucale, Durvillea antarctica (Fraser et al., 2018;
Lopez et al., 2019). Thus, even if a high proportion of the detached
macroalgae in our study appear to be of local origin; the exposed situ-
ation of the site makes it more vulnerable to inputs of drift material from
surrounding areas compared to sheltered sites, as already described by
Berglund et al. (2003).

Monthly qualitative assessment of the wrack revealed a slight pre-
dominance of leathery perennial brown seaweeds in winter and of
annual green seaweeds in spring and summer. This shift between brown
and green macroalgae is in agreement with the results of other studies
whose authors attributed it to the differential growth strategies of
perennial and annual species (Thakur et al., 2008; Gomez et al., 2013).
In winter, the composition of wrack species was dominated by leathery
and perennial algae (e.g. Fucus serratus, Saccharina latissima and Lami-
naria digitata) and by their epiphytes (e.g. Plocamium cartilagineum),
probably due to more intense and frequent storm events at this period,
contributing to their uprooting and drifting onto the beach. In the same
way, the peak deposits of beach wrack observed in late summer and
early autumn were mainly composed of brown L. digitata and S latissima
and annual seaweeds (Ulva sp. and Dictyota dichotoma) and can be



S. Lemesle et al.

attributed to senescence and die-back stage of many seaweeds, which
are consequently more easily uprooted by any wave action. Extensive
seaweed beachings occurring at the tail end of the seaweed growth
period in late summer have also been reported in other studies (Thakur
et al., 2008; Barreiro et al., 2011; Lopez et al., 2019).

Our field surveys showed that the rocky shore was dominated by
algal species with morphologically simple forms (e.g. filamentous,
foliose, corticated foliose algae) whereas perennial forms were very
poorly represented. This can be explained by the environmental traits of
the coastline such as sediment instability. The presence of soft (sand)
and unstable (gravel and pebble) substrates on the rocky shore may
reduce the development of sustainable macroalgal communities while
benefiting opportunistic benthic algae such as Ulva. Thus differences in
temporal variability throughout the annual cycle characterised by a
more homogenous distribution of beach wrack in 2017 (from June to
October) than in 2018 (mainly in August and September) are probably
linked with the growth of annual species on the rocky shore. In this
sense, it is noteworthy that Ulva sp, which predominated in spring and
summer, was generally scarce in June and July 2018. Changes in envi-
ronmental conditions between the two years could explain the distinct
dynamics of the variability of beach wrack events.

The significant positive correlation observed between air tempera-
ture and the extent of the beach wracks supports this seasonal process.
However, this effect was particularly marked during the growing sea-
sons, with a direct impact on the development of annual species and
hence on the occurrence and abundance of beach wracks. The produc-
tive period started later in 2018 than in 2017 due to a colder spring and
to less favourable light conditions. These contrasted meteorological
conditions may explain the high algal cover on the rocky shore in spring
2017 and the significant algal strandings from the beginning of summer
2017 compared to those in 2018.

Surprisingly, a negative correlation was found between solar radia-
tion and the extent of the wrack recorded during the growing seasons.
Regardless of light availability, macroalgal production is also limited by
the reduction in light in highly turbid coastal waters (Ren et al., 2014),
especially in highly dynamic systems. The turbidity of the seawater
along the coast of the eastern channel is high due to the resuspension of
soft bottom sediments and the influence of both terrestrial inputs from
the River Seine and of numerous small coastal rivers (Delebecq et al.,
2013).

As our study site was an open environment, other parameters
including waves and tidal effects must also be considered as they create
harsh living conditions for benthic macroalgae and contribute to their
drifting on to the beach. The period with the strongest effects in the Bay
of Seine is between October and March caused by strong winds and
storm events. As already mentioned, in winter, seaweed assemblages in
our study site were dominated by perennial species whereas in spring
and summer, assemblages were largely dominated by annual and
opportunistic species with a soft and fragile thallus more sensitive to
wave actions.

Major beach wrack events (> 4.5 Ha) were mainly observed when
average wind speed measured 24 h before the event was greater than
2.6 m.s~! and the forecast tide height was greater than 6.8 m. However,
the two thresholds alone are not sufficient to distinguish between the
different types of algal strandings, suggesting that other factors
contribute to the intensity and frequency of the phenomenon. We also
recorded the majority of the stranded macroalgae areas during the
spring tides in agreement with reports by Ochieng and Erftermeier
(1999) and Orr et al. (2005). But in contrast to the study by Orr et al.
(2005), tidal currents seemed to have no significant influence on wrack
accumulation, as the average tidal current recorded 24 h before the
beach wrack event during our sampling period did not exceed 0.3 m.s !
even during spring tides. Thakur et al. (2008) estimated that uprooting
and subsequent strandings of seaweeds occurred when the speed of the
tidal current was greater than 2 m.s~*.

Waters in the English Channel are also likely to be influenced by
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turbulence caused by wind-generated surface-gravity waves. The effects
of these waves may lead to sediment being resuspended throughout the
water column, particularly in the western channel (Van der Molen et al.,
2009; Rivier et al., 2012) explaining the significant linear correlation
between wind speed and significant wave height observed in the study
(R =0.39, P < 0.0001). Based on this observation, we hypothesise that
winds may be the main driving force behind beach wrack dynamics. Our
results revealed no significant correlation between wind speed and
wrack deposition. The direction of the winds and the orientation of the
coast also have a significant impact on the effect of the prevailing winds
and their strength on the accumulation of wrack on the beach. The wind
rose we obtained shows the dominance of winds from a south-westerly
to a westerly window, roughly parallel to the study site. These domi-
nant westerly winds (the main direction in the English Channel;
Météo-France 1991) can cause a high energy wave level and were also
associated with large-scale accumulation of wrack macroalgae on the
beach. Indeed, around 80% of the beach wracks which extended more
than 4.5 Ha were associated with these dominant westerly winds.
Extensive beach wracks were also associated with winds blowing from
the north-north-east. Stronger winds in spring and summer were asso-
ciated with these winds perpendicular from the coast which may
generate maximum wave height (> 0.3 m). Larger wrack deposits were
also reported by Lastra et al. (2014) when sea wind blew perpendicular
to the shore. Thus during the growing season, the positive correlation
between the daily average of the significant wave height measured in
the intertidal zone before the beach wrack event and when the wrack
was deposited seems to sustain the effect of the sea wind on the wrack
dynamics. However, the weak correlation shows that among these
winds, westerly and north-northeast winds were the most able to
generate strong wave energy. An additional contribution comes from the
currents produced by the tides, which, when associated with sea winds,
can cause uprooting of seaweeds.

5. Conclusion

In this study, we monitored the qualitative and quantitative vari-
ability of the pattern of wrack benthic macroalgae deposits and showed
algal deposits in spring and summer were dominated by sheet-like and
annual species, mainly represented by the genus Ulva, which is often
considered as a symptom of anthropogenic pressure. Further studies are
needed of seasonal strandings of fast-growing species which have a high
potential to form massive blooms and of the link with the risk of
eutrophication of coastal waters.

Our use of high frequency field observations underlined the need to
use different time scales to explain temporal variations in wrack deposits
at a short time scale (several hours before the stranding event) to ac-
count for the physical factors such as wind speed, wind direction and the
tide on the one hand, and at a longer time scale to account for envi-
ronmental parameters such as light intensity, air temperature and their
seasonal interaction, on the other hand.

This work also underlines the difficulty of producing a predictable
scenario of large-scale wrack deposits and the need to produce more
data to develop predictive models for coastal seaweed strandings, which
are needed both to make use of the stranded alga biomass and for the
design of coastal management strategies.
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