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Abstract

Aegagropiles are round-shaped conglomerations of Posidonia oceanica debris commonly found along the coasts of the
Mediterranean Sea. This study presents a detailed description of the composition of aegagropiles in terms of their internal
organisation in different layers (and the orientation of the fibres in these layers), the proportion of constituent elements (fibres
and minerals) and the histological (by way of microscopic observations) nature of all of these aegagropiles elements. The
aim of this work is to take a detailed interest in the structure of the aegagropiles of Posidonia oceanica and to determine the
process that forms them. Aegagropiles are an assemblage of two types of debris from the P. oceanica meadow: (1) plant-
based: fibres more or less degraded from P. oceanica shoots (leaves and rhizomes) and (2) mineral particles such as silicates
and biotic Ca-carbonate debris. On the basis of structural and compositional observations, we proposed an elucidation of the
cycle in several phases: initiation of a “roll” by aggregation of litter fibres and sand in the ripple marks, growth, breakdown
of the roll into small balls (microbial and mechanical degradation) and export of aegagropiles down (into the abyss) or on
to the beaches. Calculations estimate that considering its density of 0.2 g/cm?, an aegagropile represents the accumulation
of fibres from approximately 25 shoots of P. oceanica.

Introduction

Along the beaches of the Mediterranean Sea, egg-shaped
conglomerations of plant debris, named “aegagropiles”, are
commonly found, varying in size from millimetres to cen-
timetres (Verhille and Le Gal 2012, 2013). These phenom-
ena can cover large areas, especially after storms. Research
shows that aegagropiles are formed by hydrodynamic move-
ments and are made of different plant fibrous elements (Posi-
donia oceanica) and sand grains (Ganong 1905; Mathieson
et al. 2015, 2016). These hydrodynamic movements in sand
ridges, called ripple marks, cause the litter from marine
meadows to accumulate. After an unknown amount of time,
this litter forms aegagropiles (Mackay 1906; Boudouresque
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et al. 2006; Verhille and Le Gal 2012, 2013).

An accumulation of dead leaves, rhizomes and roots of P.
oceanica is common along the Mediterranean coast form-
ing imposing masses on the beaches. The clusters, called
“banquettes”, comprising a thickness of a few centimetres to
several metres, can reduce the beach erosion rate (Boudour-
esque and Meinesz 1982; Boudouresque et al. 2006; Gobert
et al. 2006; Vacchi et al. 2012). Aegagropiles are also found
on these beaches, carried in on the waves. The banquettes
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and the aegagropiles are often found in larger quantities after
storm events. On occasion, aegagropiles somewhat smaller
in size than average may be found within the banquettes
(Lefebvre observation).

Several similar formations of plant or algal debris have
been described along beaches or rivers, i.e. conglomerations
of other seagrasses such as Zostera nodosa (Ucria 1793)
(Kuo and Stewart, 1995) or Ruppia martima (L., 1753)
(Olson et al. 2005), as well as some green algae (Chloro-
phyta) such as the Cladophora genus (Kiitz, 1843) (Schreb.,
1789; Acton 1916) or Chaetomorpha picquotiana (Mountain
ex Kiitzing, 1849) (Mathieson and Dawes 2002). According
to Austin and Wilce (1960), this type of conglomerate is
formed by red algae (Rhodophyta) Furcellaria lumbrica-
lis ((Hudson) Lamouroux, 1813) (Austin, 1960) and brown
algae (Phaeophyta) Phylaiella littoralis ((Linnaeus) Kjell-
man 1872) (Wilce et al. 1982).

In Posidonia oceanica (L.) Delile, the annual cycle of
sexual reproduction begins with autumnal hydrophilic pol-
lination. Six to nine months later (May—July), the plant
releases mature fruits. After floating for several weeks, the
pericarp rots, leaving the seed to sink to the ocean floor.
If the substrate and conditions are favourable, the seed
develops roots and produces a new plant. Asexual repro-
duction also occurs by extension of the stems (orthotropic

Aegagropiles

Dead mattes

Beaches

Ripple marks

I Sea / beaches 1
! zone

Fig. 1 The export of Posidonia oceanica organs from the meadow. I:
beaches with aegagropiles and banquettes II: the sea/beach zone with
dead mattes and meadow organs a in ripple marks with the hydro-
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and plagiotropic) (Giraud 1977; Boudouresque and Meinesz
1982; Smith and Walker, 2002; Boudouresque et al. 2006;
Gobert et al. 2006). The leaves of the plant fall within
5-8 months (rarely lasting up to 14 months), falling at a
higher rate in autumn due to lower light and stormy weather
(Fig. 1 II). The scission that allows the leaves to fall takes
place at the ligula (between the leaf blade and the petiole),
while the petiole (also called the leaf sheath) remains on
the rhizome. The accumulation of P. oceanica leaves on the
seabed (Fig. 1 II, IV), along with other plant debris (algae,
rhizomes, roots) mixed with epiphytes, constitutes the litter
under consideration (Fig. 1 III) (Boudouresque and Meinesz
1982; Pergent 1990; Gobert et al. 2002; Gobert et al. 2006;
Boudouresque et al. 2006). This litter will either form sedi-
ment on the seabed (from beaches (Fig. 1 I) to abyss (Fig. 1
IV)) or be degraded by macro- and microorganisms and abi-
otic factors (Pergent et al. 1994). On beaches, the accumu-
lation of this debris forms a structure called a “banquette”
(Fig. 1 1), from a few centimetres to several metres thick.
These formations can reduce the rate of erosion (Boudour-
esque and Meinesz, 1982; Boudouresque et al. 2006; Gobert
et al. 2006; Vacchi et al. 2012). The seagrasses constitute
an annual net production of 0.6 X 10° tonnes of carbon per
year (1.13% of total marine primary production) (Duarte and
Cebrian 1996; Duarte and Chiscano 1999) and represent a

I

dynamics at shallow depth III: Posidonia oceanica meadow with its
coastline export a and b to the abyss IV: the abyss with the clusters of
the various organs of the meadow



Marine Biology (2021) 168:37

Page3of17 37

submarine carbon sink of 0.08 x 10° tonnes of carbon per
year worldwide (Hemminga and Duarte, 2000). This car-
bon sink is due to the low turnover of the organic matter
constituting the meadow and its storage in the mattes and
the litter (Hemminga and Duarte 2000; Gobert et al. 2002;
Larkum et al. 2007; Ababie et al. 2016). Marine magnolio-
phyte formations are thought to be responsible for 40% of
the carbon fixed each year by coastal vegetation, with vari-
ations depending on the species and environmental condi-
tions (Laffoley and Grimsditch 2009). In the Mediterranean
Sea, mattes capture 4 to 5 times more carbon than other
meadow species (Larkum 1989; Duarte and Cebrian 1996;
Hemminga and Duarte, 2000; Gobert et al. 2002; Duarte
et al. 2005; Larkum et al. 2007; Gobert et al. 2006).

There are no studies focussed on the origin, structure
and composition of Posidonia oceanica aegagropiles (Can-
non 1979; Vizzini et al. 2003; Verhille and Le Gal 2012,
2013; Coletti et al. 2013). The present study deals with these
aspects. The structure of the aegagropiles of P. oceanica
was meticulously investigated from the macroscopic level
(shape, size, internal layers, density) to the microscopic lev-
els by characterising their components and mechanical and
microbial alterations. The collected data detail the origin
of the components and shed light on the lifecycle of this
phenomenon (formation, evolution and final degradation).

Materials and methods
Biological material and measurements

One hundred and fifty-nine P. oceanica aegagropiles were
collected along the beach of Calvi (Corsica, France) (42°
35" 04” N; 008° 43" 39 ” E) in April 2016. The sampling
was conducted prior to the cleaning of the beaches carried
out each season before the beginning of the tourist season.

Preparation of entire aegagropile
Freeze-fractures

For observation of their internal organisation, six aegagro-
piles were frozen in liquid nitrogen and cut into 5 mm broad
slices using a metal knife. The slices were first observed with
a stereomicroscope (CETI Steddy) and then photographed.

Four of the freeze-fractures were then glued onto glass
slides with double-sided carbon tape and surrounded with
silver paint to create an electric contact up to their upper side
before being Pt-coated in a sputter-coater (Balzers SCD-
030, Liechtenstein) and viewed in SEM in a high-vacuum
condition.

Polished slices

Fourteen aegagropiles of different sizes and shapes were
selected for making polished slices according to the three
following orientations: frontal, sagittal and at least at two
transversal levels. In order to remove the residual concentra-
tion of water 10-20%, the fourteen acgagropiles were placed
in a bath of 100% ethanol for 24 h at 4 °C. Seven of these
were contrasted by immersion for 5 days in a 0.25% gadolin-
ium acetate solution in 100% ethanol at 4 °C (Hosogi et al.
2015). These seven aegagropiles were rinsed in a solution
of 50% ethanol with 50% of the contrasted solution at room
temperature for 2 days, then twice in a bath with 50% etha-
nol at room temperature for 1 h, followed by 5 days in 100%
ethanol with 3 renewals at room temperature. All samples
were dehydrated in two baths (24 h) in absolute ethanol, fol-
lowed by 3 baths (24 h) in pure acetone at room temperature.
They were then embedded in epoxy resin (Epofix Kit, Stru-
ers, with 1/30 initiator). For resin impregnation, the samples
were immersed in a 1: 1 acetone-resin mixture (48 h) under a
hood. For resin embedding, the complete aegagropiles were
placed and maintained in a Tetra-pack vessel filled with
pure Epofix resin. In order to evaporate acetone and residual
gas bubbles (from the plant cell lumens), the samples were
pumped in a vacuum oven (Heraeus) under 100 mbar (12 h),
then placed under a hood (48 h) and left to polymerise for
14 days at 60 °C. The resin-embedded aegagropiles were
sliced with a hacksaw to isolate 2.5-3 mm thick sections.
The thick sections were then glued with Epofix resin on geo-
logical glass slides and left to polymerise (for 24 h) at 60 °C.
The thick sections were progressively thinned by polishing
under a flow of water in a Rotopol-2 (Struers) polishing
machine using silicon carbide sandpapers with increasing
grit size (80, 220, 800, 1200, 4000 grain/inchesz). Final mir-
ror polishing was done with a diamond suspension (3 um,
1 um) on a velvet disc (Kuo and den Hartog 2007; Lepot
et al. 2014).

To highlight the P. oceanica debris (fibres) and facilitate
their identification and orientation in light microscopy (LM),
the polished slices (not previously contrasted in gadolinium
acetate) were stained with toluidine blue (1%, pH 9.0) as is
typically done with semi-thin sections of resin-embedded
tissues (Hayat 1993; Kuo and den Hartog 2007; Lepot et al.
2014; Hosogi et al. 2015). The plant debris was identified
and counted on seven aegagropiles, and the orientation of
the fibres was determined according to the section plane.
In order to characterise the density and arrangement of the
debris, 267 images were taken along the large (D) and small
(d) diameters of the aegagropile sections for the 3 defined
zones (see results): peripheral (L 1), median (L 2+L 3) and
central (nucleus). The density of the plant debris and miner-
als in the aegagropiles was measured. The plant debris was
classified in 4 categories with 2 relating to the shape of their
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transversal section (circular or flattened) and 2 reflecting the
orientations of their section according to the polished sur-
face: longitudinal (noted as CL) or transverse (noted as CT).
In addition, the origin (leaves, roots, basal sheath of leaves
or stem) of each part of the plant debris was determined.

Isolated fibres

In this study, we chose to name all the plant components
“fibres” without regard to their origin (Posidonia oceanica
or algae) or their histological nature (leaves, roots, paren-
chyma, epidermis, etc.).

Fibre selection

Isolated fibres were collected from four transversal freeze-
fractures: two from each type of aegagropile, comprising
homogeneous ball-shaped and heterogeneous egg-shaped
(Fig. 2).

The sampling was carried out by taking 20 fibres using
forceps at 3 different places within each layer (see result
part). This represents 60 fibres per layer, in four layers per
aegagropile and in four aegagropiles, totalling 960 fibres.
Each fibre was photographed and measured (length and
width), and 3 morphotypes were identified.

All aegagropiles were measured and weighed after drying
(48 h) to obtain their density.

Fibre characterisation

For surface characterisation, 15 fibres of each shape (thin,
flat and wide) from the four aegagropiles were glued onto
glass slides with double-sided carbon tape, Pt-coated (Balz-
ers SCD 030 sputtering unit) before SEM observation.

Fig.2 Shapes of P. oceanica
aegagropiles a Spheroidal or
ball-shaped. b Ellipsoidal or
egg-shaped

@ Springer

For histological observation, another set of 15 isolated
fibres was fixed by immersion for 1 h in 2.5% glutaralde-
hyde in Na-cacodylate 0.1 M at pH 7.4, briefly rinsed in
double-distilled water, then post-fixed for 1 hin 1% OsO, at
20 °C, and rinsed thrice for 10 min in double-distilled water.
Samples were dehydrated through an ethanol series up to
100% ethanol (3 X 20 min) and 1.2 propylene oxide. They
were impregnated for 2 h 30 in 1:1 resin Epon 812 (SPI-
Pon 812 Embedding kit, SPI Supplies, USA)-1,2 propylene
oxide mixture. The evaporation/polymerisation procedure
was the same as previously described for whole aegagro-
piles. Transversal semi-thin sections were cut at I um using
a glass knife on an ultra-microtome (Porter-Blum MT2) and
stained with toluidine blue (1%, pH 9.0) to be observed with
light microscopy (Hayat 1993; Kuo and den Hartog 2007).

Observation techniques

Macroscopic observations and pictures of freeze-fractured
aegagropiles (n=6) and isolated fibres (n =960) were made
with a stereomicroscope (CETI Steddy) fitted with a Visi-
Cam 5.0 camera and image capture software.

X-ray micro-computed tomography (uUCT) scans were
made on six aegagropiles with a Bruker Skyscan 1172G.
The X-ray source voltage was set at 50 kV, and the images
were taken with a pixel size of 13.64 um with 2 by 2 binning,
480 ms exposure time per projection, and a rotation step
of 0.2° over 360°. The tomographic reconstructions were
computed with the NRecon software, v.1.6.10.1 (Holdsworth
and Thornton 2002).

Light microscopy observations and images were made on
2 different types of equipment: an Olympus PROVIS AX70
equipped with a VisiCam 5.0 camera (VWR) and software
for image capture for semi-thin sections of 15 fibres per type
(see above) and an Olympus CX21 with a Motic camera and
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Motic Images 3.0 software for the thin polished slices (in the
three planes of space, i.e. frontal, sagittal and at least at two
transversal levels on fourteen aegagropiles) image capture
(see above).

SEM-imaging was carried out on an ESEM-FEG XL-30
(FEI/Philips, Netherlands) and an ESEM Quanta 600 (FEI/
Philips, Netherlands). Bulk specimens, i.e. fractured aega-
gropiles and isolated fibres (15 fibres/morphotype), were
visualised in high vacuum (10~ Torr) with an E-T secondary
electron detector (SE-SEM) at 20 kV accelerating voltage
(see above). Polished slices Gd—contrast and noncontrast
samples (n=14) were visualised at low vacuum (0.4 Torr)
with a backscattered electron detector (BSE-SEM) and
20 kV accelerating voltage (see above). In order to reinforce
the contrast of organic fibres, some of the polished slices
were contrasted for 10 min in alcoholic uranyl acetate—
(UO)Ac—according to the classical staining method for
electron microscopy (Kuo and den Hartog 2007).

The elemental X-ray microanalyses were made in the
ESEM—FEG XL-30 (FEI/Philips, Netherlands) equipped
with a silicon drift detector (SDD Bruker, 129 eV and 10
mm?, Nano GmbH Inc., Germany) with a Super Ultra-Thin
Window (S-UTW) for the detection of lighter elements
down to boron. The X-ray signals were analysed using the
Quantax ESPRIT 2.1 software (Bruker, Germany) to pro-
duce elemental spectra, semi-quantitative data (standardless
ZAF correction) and elemental distribution maps. These
microanalyses were carried out on the thin polished slices
(see above).

Statistical analysis

Statistical analysis of the internal structure was performed on
data collected from the thin polished slices and the measure-
ment of fibre width. Statistical analysis was performed with
the R* software v.3.3.1. (RStudio Team, 2015). For statisti-
cal tests, the Kruskal-Wallis and the Wilcoxon—-Mann—Whit-
ney tests were used. For graphical representations, boxplots,
histograms and principal component analysis (PCA) were
used.

Results
External morphology

Among the one hundred and fifty-nine aegagropiles of our
sampling, 21% were spherical (ball-shaped), and the others
displayed rather an ellipsoidal shape (egg-shaped). In the
egg-shaped aegagropiles, large woody debris sometimes
emerged from the ellipsoidal ends. The density of aegagro-
piles varied between 0.10 and 0.40 g/cm® with an average of
0.22+0.04 g/cm? (Fig. 3).

w
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Number of
aegagropiles
[EEY
o

0

0.10 0.20 0.40

0.30

Density p (g/mm?3)

Fig. 3 Density distribution of Calvi aegagropiles

Internal morphology
Internal architecture

Based on macroscopic observations of freeze-fractures
(Fig. 4) and polished slices, and in agreement with X-ray
projections (Fig. 5), three types of aegagropiles were dis-
tinguished: heterogeneous and homogeneous, i.e. with or
without a distinct nucleus, and an intermediate type. The
first two types of aegagropiles roughly corresponded to
ellipsoidal and spheroidal shapes, respectively. In 58% of
cases, the ellipsoidal aegagropiles were correlated with the
heterogeneous type or the rhizomic nucleus. In addition,
all of them exhibited successive concentric layers (Fig. 4)
of varying texture, with changes in composition in plant
fibres and mineral sandy grains as well as thickness. In
the heterogeneous aegagropiles, the central nucleus was
white-coloured and often contained a recognisable piece
of rhizome that sometimes emerged at the end(s) of the
long axis. In the intermediate aegagropiles, the rhizomic
piece in the nucleus was replaced by several clusters of
dark pieces or fibres. In contrast, the homogeneous aega-
gropiles had an indistinct nucleus (Fig. 5).

The concentric fibrous layers were the same in both
types of aegagropiles: from the outer surface to the centre,
the layers were labelled as follows: superficial layer (L
1), median layer (L 2) and deep layer (L 3) surrounding
the nucleus (L 4 or Nu). Macroscopically, the superficial
layer (L 1) comprised scarcely distributed fibres, while the
median layer appeared relatively fibre-rich, and the deep
layer was distinguished by a higher proportion of sandy
particles together with fibres, giving a whitish colour and
a more compact aspect. However, on the polished slices,

@ Springer
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0.011mm

Fig.4 Stereo-microscope photographs illustrating the two types of neous aegagropiles with the 3 layers (1, 2 and 3) and the nucleus (4),
aegagropiles. a Heterogeneous aegagropile with the 3 layers (1, 2 and d magnification of the nucleus
3) and the nucleus (4), b magnification of the nucleus (4), ¢ homoge-

Radiography

Radiography

Figure 5 X-ray projections from the pCT scans of three different aegagropiles. a Homogeneous (ball-shaped) type with indistinct nucleus b Het-
erogeneous (egg-shaped) type with a unique (woody or rhizomic) nucleus ¢ Intermediate type with several degraded rhizomic fragments
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the L 2 and L 3 layers were difficult to distinguish, and the
nucleus of homogeneous aegagropiles did not appear very
different from layer L 3.

Characterisation of the layers
Relative thickness of the layers

Measurements made on six freeze-fractured samples showed
that the three layers and the nucleus maintained roughly
similar thicknesses regardless of the aegagropile type. The
superficial layer was always the thinnest (2.35+0.41 mm of
L 1, representing 14% of the entire aegagropile), while the
deep layer (L 3) had the highest thickness (7.95 + 1.88 mm,
reaching 44% of the entire aegagropile). The nucleus itself
(3.27 +1.35 mm) represented 17% of the entire aegagropile
(Table 1).

Fibre density and distribution of fibre categories

The morphometric analysis of the fibres in the 3 concentric
layers and the nucleus revealed that the layers differed in

fibre density and mineral particles, and in the types of fibres
as defined in Table 2.

Counting fibre sections and mineral particles on the pol-
ished slices (homogeneous or heterogeneous type) (Table 3
and Fig. 6) confirmed that the superficial zone (L 1) pre-
sented fewer fibres (12 +2% section surface of fibres/unit
of section surface) and mineral particles (1.2 +0.9% sec-
tion surface of mineral/unit of section surface) than the
internal zones. Fibre density increased significantly in the
median zone (L 2+L 3) (18 4% section surface of fibres/
unit of section surface). The density of mineral particles
also increased (7 +2% section surface of minerals/ unit of
section surface), appearing to constitute a type of cement
around the central zone. The central zone was different for
the homogeneous and heterogeneous types. In the latter, this
zone corresponded to the nucleus, where a higher fibre den-
sity (26 +4%) resulted from having larger fibres or a woody
piece found together with minerals (1.0 £0.9%). In the for-
mer, the density of fibres and mineral particles did not differ
from those in the L 3 (19+5% of fibre section surface and
3 +2% mineral section surface).

Table 1 Diameters (mm) and

. . s (in %) of Aegagropile type Aegagropile Thickness of Thickness of Thickness of Thickness
proportional thickness (in %) o diameters layer 1 (%)  layer2 (%) layer3(%) of nucleus
the different layers in the two (mm) (%)
types of aegagropiles (mean
value +SD) Heterogeneous aegagropiles  36.15+0.16 12.5+0.7 24 +4 46+8 17+4

Homogeneous aegagropiles  42.66+5.74 14+3 26+3 43 +4 17+3

Table 2 Width, flexibility and external aspect of three morphotypes of fibres composing the P. oceanica aegagropiles

Picture

Type of fibre Width (£ SD) External appearance
Thin 0.142 + 0.051 mm Flexible +++
Flat 0.462 £ 0.095 mm Flexible ++
Wide 2.295 + 1.380 mm Flexible +

@ Springer
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Table 3 Distribution of mineral particles and fibres (%) in the layers of the two types of acgagropiles

Aegagropile type Localisation (name of zone) Mean values % (section surface of fibres/ Mean values % (section surface
unit of section surface) +SD of minerals/unit of section sur-
face)+SD
Homogeneous Layer 1 (peripheral) 12+2 1.2+09
Layer 2 +3 (median) 18+4 T+2
Nucleus (central) 1945 3+2
Heterogeneous Layer 1 (peripheral) 12+2 1.2+09
Layer 2 +3 (median) 19+4 T+2
Nucleus (central) 26+4 1.1£0.9
a Composition of heterogeneous aegagropile b Composition of homogeneous aegagropile
80 80
g
70 70
g 60 I ;\? 60 |
% 50 ) 5 50 |
2 il . mL 2
g 40 ayer g 0 | m Layer1
c M Layer2 = W Layer2
g 0 I‘ I M layer3 E 30 | I 1t 3
s I E & 20 { - e
o ‘ ' Nucleus % Nucleus
0 ‘ 0 I . i Ii

Thin Flat Wide

Fibres morphotypes

Fig.6 Histograms representing the proportions of different fibre
types (flat, intermediate and wide) in percentages of the total fibre
content within the 4 layers (layer 1 in blue, 2 in orange, 3 in grey and

The measurements of the widths of 960 fibres (Fig. 6)
from all 4 layers of the four aegagropiles (2 for each type)
showed that the narrow fibres dominated in the superficial
layer (70% of thin fibres for the homogeneous type and
55% of thin fibres for the heterogeneous type), while the
median layer comprised a mixture of fibres belonging to
the three categories with a higher proportion of thin fibres
than of the other morphotypes (flat or wide). In homo-
geneous aegagropiles, the L 2 was made up of 60% thin
fibres, 30% flat fibres and 10% wide fibres. In heterogene-
ous ones, by comparison, the same layer consisted of 50%
thin fibres, 24% flat fibres and 26% wide fibres. In contrast,
wide fibres appeared more numerous in the deep layer and
the nucleus, especially in the heterogeneous aegagropiles.
An examination of the fibre composition in the L 3 layer
in the homogeneous aegagropiles revealed that 76% were
thin fibres, 19% were flat fibres and 5% were wide fibres.
In comparison, in the heterogeneous aegagropiles, the pro-
portion of wide fibres reached 24%, while flat fibres rep-
resented 32%, and only 44% of the fibres were of the thin
type. The proportion of wide fibres was also considerably
higher within the nucleus layer. The homogeneous aega-
gropiles exhibited the following composition: 47% thin
fibres, 26% flat fibres and 28% wide fibres. In contrast,

@ Springer

Thin Flat Wide

Fibres morphotypes

nucleus in yellow) of aegagropiles. a Heterogeneous aegagropiles and
b Homogeneous aegagropiles

PCA 2(18.87%)

PCA 1(67,87%)

Fig.7 Graph combining the PCA (correlation circle) and the distri-
bution of the data in the form of a point cloud according to PC1 and
PC2. 1. CT round, 2. CL round, 3. CT long, 4. CL long. The 4 differ-
ent layers: central zone or nucleus (black), median zone with layers
2 and 3 (red and green) and layer 1 or peripheral zone (blue and sky-
blue)
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the heterogeneous aegagropiles were made up of 19% thin
fibres, 21% flat fibres and 60% wide fibres.

Compilations of architectural results in a principal
component analysis (Fig. 7)

In the principal component analysis (PCA) (Fig. 7), the first
principal component (PC1) (68%) was negatively corre-
lated with the 4 variables (CTround, CLround, CLlong and
CTlong) and was therefore linked to the general fibre den-
sity in the different layers. The second principal component
(PC2) (19%) differentiated the round sections (CTround,
CLround), which were positively correlated, from the long
ones (CLlong, CTlong). These two components explain 87%
of the variability. In the peripheral zone (blue and sky-blue)
and the median zone (L 2 and L 3) (red and green), long
sections (CTlong and CLlong) were more abundant (positive
in PC1). The central zone (Nucleus) (black) presented more
rounded sections (CTround and CLround) and was found in
the positive side of PC2. Moreover, the longitudinal fibres
(CLround and CLlong) were found mainly in the thin pol-
ished sections cut longitudinally, while the transverse fibres
(CTround and CTlong) were mainly found in the thin pol-
ished sections cut transversely.

Internal components
Fibres

Furthermore, the fibres categorised in three types (Table 2)
were also characterised through observation in LM
(Fig. 8a—c) and SE-SEM and BSE-SEM (Fig. 8d-h) and
compared with fresh organs (roots, leaves, stems) of P.
oceanica identified on fractures (Fig. 8e, f, g) and pol-
ished slices (Fig. 8d). Thin fibres had round-shaped sec-
tions (Table 2 and Fig. 8a, d, e) similar to those of P. oce-
anica stems (Fig. 8a, e), with a corresponding diameter
(0.11 mm £0.02 mm).

Flat fibres were long, flat fragments a few cells in thick-
ness (Table 2 and Fig. 8b, f), including a layer of thick-
walled sclerenchyma cells covered, or not, by the thin-walled
epidermal cells (Fig. 8b, f, g). All these fibres were probably
fragments of P. oceanica sheathes and leaves because flat
fibre of the unique sclerenchyma cell layer are characteris-
tic of leaves, were they form small isolated bundles, and of
sheaths were they form a continuous layer below the epi-
dermis. Their measured width was 0.19 +£0.03 mm. Wide
fibres appeared as large irregular but flattened fragments
of 0.57 +£0.31 mm of mean width. They included numer-
ous cell columns belonging to several cell types and tissues,
including parenchyma cells, complicating their identifica-
tion (Fig. 8c, d). Indeed, due to the lack of other typical

structures, this type of fibre was presumed to come from P.
oceanica rhizomes.

On the other hand, the observations gave evidence of dif-
fering degrees of alterations to the aegagropiles, especially
in the cell walls (Fig. 8h). The wide fibres were slightly
altered, having lost at least the outer cell wall of the epider-
mis (with cuticle), and some epiphytic organisms, such as
diatoms, had colonised their surface. Deeper degradations
were observed on thin fibres that appeared to delaminate
longitudinally in the thinner fibres of a few cell columns
(Fig. 8h). This degradation by separation of cell columns
seemed to be due to the disappearance of the middle lamella
between adjacent cells. This phenomenon created visible
spaces between cells, as seen in fractures and semi-thin sec-
tions of each kind of fibre (Fig. 8a, c, g, h). Flat fibres also
showed some degradation, although less than the thin type
(Fig. 8h). The fibres were often covered by epiphytic micro-
organisms, such as diatoms and bryozoans. These diatoms
were found on the cuticle of the intact epidermis or in empty
cells.

Other plant debris and minerals

In addition to the fibres, the central or axial layers often
contained mineral particles and one or more large “woody”
plant remains that were obvious on freeze-factures and pol-
ished slices (Fig. 9). These fragments were most often iden-
tified as poorly altered fragments of rhizomes.

The elemental X-ray spectra and mappings obtained by
EDAX on the polished slices provided the elemental com-
position of the plant debris and mineral particles inside the
aegagropiles under examination (Fig. 9). The spectra showed
that the plant debris typically contained C, O, Si, S, Ca, Fe,
while U and Cl came from the contrasting agent (UO) Ac
and from the embedding resin, respectively. The elemental
mappings showed two distinct kinds of mineral particles:
Si-rich and Al-rich particles that likely corresponded to alu-
mino-silicates and Ca-rich particles, probably Ca- carbonate
fragments of invertebrate shells, as also suggested by some
morphologies (Fig. 9).

Discussion

Categorised as two types, Mediterranean seaballs or aega-
gropiles exhibit two roughly corresponding internal archi-
tectures. The observations confirmed that they mainly
comprised P. oceanica debris, and most of their fibres were
parallel to the surface. Four concentric layers were distin-
guished on the basis of fibre density and the proportion of
each fibre morphotype, as well as fibre and mineral particle
density, with the innermost layer occupied either by a large
fragment or simply more fibres. The fibres were classified
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Fig.8 Illustrations of the 3 cat-
egories of fibres found in P. oce-
anica aegagropiles as viewed on
LM-images (a—c) of semi-thin
cross-sections (transversal),

on BSE-SEM images (d) of
polished slices (uranyl acetate-
stained) and on SE-SEM images
of freeze-fractured aegagropiles
(e—g) or isolated fibres (h) of a
Thin fibre identified as by fibre
bundle from stems (rhizomes)
showing a degraded zone (1),

b Flat fibre identified as a
sub-epidermal fibre bundle or
sclerenchyma from sheath or
leaf (2), ¢ Wide fibre identified
as poorly degraded fragment

of rhizome containing several
tissues and mainly parenchyma
cells that separate from each
other as a result of the degrada-
tion process (3), d Centre zone
of a heterogeneous aegagropile
showing mineral particles
(bright, 4) and sectioned fibres
(in medium grey) embedded in
resin (dark grey, 9). The fibres
include: wide fibres (5), flat
fibres in transversal section (6),
flat fibres in longitudinal section
(7) and thin fibres in transversal
section (8). e Fractured wide
fibre showing round-shaped
fibre bundles or 2 thin fibres
(10) still attached by paren-
chyma (11) f Flat fibre showing
a layer of sclerenchyma cells
(14) (fibre-cells) covered by

the epidermis typically from

P. oceanica sheaths (13). Note
alterations of the outer epider-
mal cell wall (12) g Flat fibre
of sub-epidermal sclerenchyma
(monolayer of fibre-cells) h
Isolated thin fibre showing its
longitudinal separation into
thinner fibres (15)

into three morphotypes, shown to come from different plant

tissues (Fig. 10).

Components of aegagropiles

The observations and analytical results showed that Mediter-
ranean aegagropiles have both organic and mineral fractions,

@ Springer

i.e. a meshwork of fibres from P. oceanica and a variety
of mineral particles forming a cemented core (Fig. 10).
Three different types of fibres were distinguished by width:
0.142 +0.051 mm for the thin fibres, 0.462 + 0.095 mm for
the flat fibres and 2.295 4+ 1.380 mm for the wide fibres.
SEM observations revealed the presence of microorganisms
and the alterations of the lateral cell walls, leading to the
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Fig.9 Elemental X-ray spectra and mapping of different items on
polished uncoated sections (uranyl acetate stained) of P. oceanica
aegagropiles. Spectra were acquired in low-vacuum conditions with
focussed position beam and maximum 50,000 counts. The X-ray
energy is reported in abscissa, and the number of counts in ordinate,

formation of fibres by longitudinal separation of cells along
the middle lamella. Differences between fibre types and
widths can be explained by their histological origin and their
degradation from microorganism activity (e.g. bacteria and
fungi) and hydrodynamics (Lemke et al. 2007; Nilsson and
Singh 2014; Vohnik et al. 2015, 2016, 2019). The primary
plant debris found in aegagropiles was superficial fragments
of leaves and leaf sheaths, including sub-epidermal scleren-
chyma with or without epidermis in the case of flat fibres as
well as isolated fibre bundles (of sclerenchyma cells) from
and rhizomes for the thin and wide fibres, all from Posidonia
oceanica. The wide fibres were mainly fragments of poorly
degraded rhizomes that include several tissues, while the
thin fibres appeared to be the end product of degradation,
consisting only of highly lignified fibre bundles of many or
few cells, like those shown by various authors (Gunning
and Pate 1969; Gunning 1977; Larkum 1989; Olesen et al.
2002; Larkum et al. 2007; Nilsson and Singh 2014). This

a, b spectra from mineral particles ¢, d spectra from fibres, e spec-
trum performed on the resin, f elemental X-ray mapping performed in
the central zone of an aegagropile (Fig. 9d) by use of Ko peaks of the
elements: O and S in blue. Al, Si and K in yellow. Ca in red

outcome was expected since the litter of the P. oceanica
meadow is mainly composed of leaves falling throughout the
year, as well as pieces of rthizomes (Crouzet 1981; Boudour-
esque et al. 2006; Simeone and De Falco 2012). Research
has proved that the majority of the fibres composing these
aegagropiles comes from the leaf sheaths and rhizomes of
the plant (De los Santos et al. 2016). Approximately 25 P.
oceanica shoots comprised one aegagropiles.

The aegagropile formations found on the Mediterranean
beaches (Calvi, Corsica) analysed during this study were
monospecific plant agglomerations, where only the seagrass
fibres were preserved (Verhille and Le Gal 2012, 2013). The
lack of other photosynthetic organisms, such as algae (e.g.
red, brown), can be the result of their easier (and thus ear-
lier) degradation due to the absence of tissue organisation
and of lignified cell walls. Nevertheless, we do not exclude
the fact that terrigenous elements (plastics, textile fibres,
elements of terrestrial plants, etc.) may be found within the
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Fig. 10 Diagram illustrating the distribution of mineral particles and
plant debris through a transversal cross-section of Posidonia oceanica
aegagropiles, a aegagropile with a dark nucleus representing a piece
of rhizome with little or no degradation (heterogeneous aegagropiles),
b aegagropile having an intermediate morphotype with a degrading
nucleus and ¢ aegagropile having a denser nucleus where degradation
is complete (homogeneous aegagropiles). The two triangle-shaped

composition of aegagropiles, but none of them was found
in the present study.

Mineral particles belong mainly to silicates and carbon-
ates, as shown in X-ray elemental spectra and mappings.
Silicate particles are rich in Si, O and Al and can contain K
and/or Na. They likely correspond to alumino-silicate parti-
cles that could include feldspar or micas and probably come
from the sediment. Carbonate particles always contain Ca,
thus having a Ca-carbonate composition. These particles are
interpreted as fragments of calcified remains from marine
organisms; their shape, sometimes recognisable, supports
this biological origin. Both silicate and carbonate particles
are undoubtedly particles of sediment that accumulate inside
aegagropiles during their formation, i.e. rolling on sandy
areas of the sea floor.

Types and internal architecture of aegagropiles

The collected Mediterranean aegagropiles were either
ellipsoidal (egg-shaped; 79%) or spheroidal in shape (ball-
shaped; 21%). The ellipsoidal shape correlated in almost
60% of the cases with the heterogeneous type of aega-
gropiles, i.e. possessing a rhizomic nucleus, while all of
the spheroidal aegagropiles were of the homogeneous or

@ Springer

diagrams illustrate the density of mineral particles (left with diamond
symbols) and plant debris (right with cross-section symbols) within
aegagropiles as they move from the periphery to the centre (nucleus)
of the structure. L1. Layer 1, L2. Layer 2, L3. Layer 3 (=Cement),
Nu. Nucleus. Symbols: dark brown square: rhizome, dark brown
square with cloudy edges: rhizome in degradation, circle with brown
point: last level of degradation (the rhizome bundles)

intermediate type. Both shapes of aggregations have also
been observed in algae and plant balls such as those from
Cladophora sp. Kiitz (1843), Enteromorpha sp. Link (1820),
Ulva sp. Linnaeus (1753) for Chlorophyta species, Dictyota
sp. J.V. Lamour (1809) for Phaecophyta species and Spartina
(Schreb., 1789) (Mathieson et al. 2015) for Plantae species.
The spheroidal shape probably results from frequent changes
in directions of movements during formation (Vadas and
Beal 1987; Ballantine et al. 1994). The P. oceanica aegagro-
piles consist of clustered fibres and mineral particles, giving
a high mean density of 0.223 +0.04 g/cm® (Oltmanns 1906;
Mathieson et al. 2015). Furthermore, this density value does
not allow the aegagropiles to float (more than the time that
the water is inserted into the entire structure), which con-
trasts with the seaballs formed by Cladophora sp (Chloro-
phyta) and Ruppia maritima Linnaeus (1753) (Angiosperm,
Monocotyledonae, Alismatales) (Acton 1916; McAtee 1925;
Kindle 1934).

The internal architecture of aegagropiles with four con-
centric layers could be described in terms of 2 extreme types
of aegagropiles with a range of intermediates. The first type
was heterogeneous, in which the nucleus was a nearly intact
piece of rhizome (stem of P. oceanica). In comparison, the
second type was homogeneous, with a dense fibrous nucleus
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consisting mainly of rhizome fibre bundles (thin fibres). We
hypothesise that homogeneous aegagropiles are the final
breakdown result of the heterogeneous type. Indeed, the
nuclei of both types of aegagropiles seemed to originate
from the same plant organ, the rhizome, but with different
degrees of breakdown. The intermediate types of aegagro-
piles also showed either several short rhizome fragments or
a proportion of wide fibres (not fully broken down) in their
nucleus. The heterogeneous aegagropiles, those with a vis-
ible woody nucleus, could therefore be considered younger
than homogeneous aegagropiles. In the latter, the nucleus
was formed by densely packed fibres from vascular bun-
dles as the latest remnants of stem degradation. Because
they almost exclusively consisted of sclerenchyma cells and
xylem cells, with lignin-rich cell walls, they were obviously
the most resistant plant tissue and the last to undergo micro-
bial as well as mechanical alteration (Schwarze 2007).

Similar layered architecture exists in other ball-shaped
agglomerations of plant debris, but they exhibit only 3 lay-
ers instead of 4. This is the case for Grimmia ovalis (Hedw.)
Lindb (1904)/Bryophyta balls and Cladophora sp. Chloro-
phyta balls (Acton 1916; Kindle 1934; Beck et al. 1986),
which have a harder outer shell that is different from the rest
of the structure. As with the peripheral layer of P. oceanica
aegagropiles, this shell is composed of thin undercrossing
filaments but is barely 5 mm thick. The central cavity of the
balls formed by G. ovalis is brown, due to dead plant debris
and a high concentration of minerals collected during its
formation (Beck et al. 1986). Balls formed by Cladophora
sp. also have a central cavity full of water, gas and minerals
(Acton 1916; Kindle 1934).

Posidonia oceanica aegagropiles contrast with other
fibrous seaballs in that they are made from lignin-rich thin
fibres, i.e. degradation-resistant inner tissues from vascular
plant organs. These fibres appear to be the final result of
deep mechanical and microbiological alteration. The fact
that long thin fibres or fibre bundles are predominant in the
outer layer, while flat fibres or sub-epidermal sclerenchyma
with or without epidermis are more common in the inter-
nal layers (always between 20 and 30% in the layers 2, 3
and nucleus), also suggests that the type of fibres could be
important in ball formation. The long thin fibres may form a
highly interwoven and protective outer layer as appears to be
the case in other seaballs (Grimmia ovalis and Cladophora
sp.) having a dense outer wall and a hollowed centre. Differ-
ing again from the other seaballs, P. oceanica aegagropiles
are characterised by a rhizomic or a dense fibrous nucleus.
Moreover, the inner layer (L 3) and the nucleus (Nu) are
rich in wide fibres in heterogeneous aegagropiles (44 +9%
and 19 + 6%, respectively). In contrast, thin fibres dominate
in the homogeneous type (76 +2% and 47 + 14%), in which
the proportion of wide fibres is drastically reduced (5+3%
and 28 +16%). This finding suggests that the progressive

degradation of the woody rhizomic nucleus progressively
transforms the innermost wide fibres into thinner ones.
When the rhizomic nucleus disappears, it only leaves a
few wide fibres and many thin fibres and isolated vascular
bundles.

Therefore, we propose that the layered architecture of P.
oceanica aegagropiles is the consequence of 2 processes tak-
ing place simultaneously: the accumulation of debris around
a nucleus and a continuous breakdown of the constituents of
the nucleus and the outer layers. In addition, a loss of short
fibres (thin fibres), which would occur at an advanced stage
of degradation, would also leave only the long and thin fibres
(bundles) on the surface of the aegagropiles.

Inferred formation and evolution of aegagropiles

The Posidonia oceanica meadow produces a large amount of
plant debris from different plant organs (leaves, leaf sheaths,
rhizomes and roots) at different rates to annually fuel the
P. oceanica litter. These plant parts undergo the effects of
hydrodynamics on the sea floor (ripple marks) as well as at
the tidal zone where the waves lick the beach. The alteration
of Posidonia oceanica debris is a long process involving a
sequence of steps. It begins with the leaching of cytoplasmic
and soap components, followed by sequential degradation
of the plant cell walls by the alternating action of various
bacterial and fungal microorganisms under anoxic and oxic
phases, fungi and tunnelling bacteria being the only micro-
organisms able to degrade lignin-rich cell wall layers in the
presence of oxygen (Lemke et al. 2007; Nilsson and Singh
2014; Vohnik et al. 2015, 2016, 2019; Remy et al. 2018).
The sequence also involves the mechanical action of water
movement as well as of specific species of the macro-fauna,
namely amphipods occurring at different steps of degrada-
tion (Verhille and Le Gal 2012, 2013; Remy et al. 2018;
Trevisan 2018).

Additionally, these more or less spherical agglomerates
form within small depressions where swirls are engulfed.
This description is similar to that of ripple marks forming
on the seabed (Cannon 1979). The back-and-forth move-
ments combined with swirls in the ripple marks result in the
agglomeration of different plant debris (Ganong 1905; Mac-
kay 1906; Mathieson and Dawes 2002; Olson et al. 2005;
Verhille and Le Gal 2012, 2013; Mathieson et al. 2015). The
PCA showed a higher preferential presence of long sections
in the outer layers of the aegagropiles cut longitudinally
and a higher number of transverse fibres in aegagropiles cut
transversely. It can be confirmed from these two assumptions
that aegagropiles are formed by rolling in a single direction
in the ripple marks, which would explain the greater pro-
portion of heterogeneous ellipsoid aegagropiles compared
to spheroidal homogeneous ones. This finding contradicts
the hypotheses of formation envisaged for the algae balls of
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Cladophora sp. and Ruppia maritima, where the hypothesis
for advanced formation involved a soft substrate at a shallow
depth (McAtee 1925; Ballantine et al. 1994).

Thanks to all of our results we imagined the different
steps that could lead to the formation of P.oceanica aegagro-
piles, however these different steps are only hypotheses and
were not observed in situ (Supplement data 1). The “life” of
Posidonia oceanica aegagropiles could thus be described
in three phases: (1) an initiation phase around a rhizomic
nucleus, (2) a growth and division phase by accumulation/
separation cycles and, finally, (3) a breakdown and rounding
phase until sedimentation or complete mechanical destruc-
tion is reached. The starting point would be the formation
of the litter. The plant debris that makes up the litter would
then be transported to areas of ripple marks where unidirec-
tional formation would take place as supported by the PCA.
Initially, a fragment of rhizome (identified by microscopic
observation) would become entangled in other debris that
inserts between the rhizome and the basal sheath remains
that the rhizome piece bears laterally. This step would form
the rhizomic core, i.e. the nucleus of heterogeneous aega-
gropiles observed by the uCT scan. The nucleus would then
be consolidated by added mineral particles (identified by
elemental mapping) from the sediment that stabilise the cen-
tral core, acting as cement (Fig. 10). The mineral particles
interspersing the fibres may limit their movements, notably
gliding, thus maintaining a dense interlace. When the core is
formed, Layer 3, composed of a significant portion of miner-
als forming a compact and white cement around the nucleus
visible at the naked eye, will reinforce the core (Fig. 10).
Such high concentration of mineral particles in the seaball
centres has already been observed in alpine moss balls Grim-
mia ovalis and algae Gelidiopsis variabilis (Greville ex J.
Agardh) rhodophyta (Acton 1916; Kindle 1934; Beck et al.
1986). From this point on, the newly formed aegagropile
has reached the critical size and is stable enough to incor-
porate other P. oceanica debris, notably fibres forming the
L 2 and L 1. Over time and via hydrodynamics, the latter
may undergo random fragmentation when critical length is
reached. This splitting process might generate new aega-
gropiles of shorter length, and the growth process may con-
tinue. Subjected to hydrodynamics and the degradation of
the nucleus, these aegagropiles will round off and become
similar to the spheroidal (ball-shaped) aecgagropiles (Can-
non 1979; Verhille and Le Gal 2012, 2013). During these
successive formation steps, the plant debris, and notably
the nucleus, unarguably continue to undergo mechanical
erosion and microbial degradation. This degradation starts
during the second phase, while larger aegagropiles are being
split and then rounded. Wide fibres delaminate into thinner
ones and break into small segments that are likely lost from
outer layers. In parallel, the nucleus is fragmented by the
degradation of parenchyma between hard tissues, namely
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sub-epidermal sclerenchyma of leaf sheaths and fibre bun-
dles of rhizomes (Fig. 10). This process can gradually gen-
erate new fibres that will insert themselves into the internal
layers of aegagropiles. However, the loss of a long, rigid,
rhizomic nucleus helps the aegagropiles to roll in different
directions. While the rounding could occur by incorporation
of new fibres, it seems rather likely to result from erosion
of the elongated ends of the ellipsoidal-shaped aegagropiles
with a degrading nucleus. When the nucleus has disap-
peared, the aegagropiles are spheroidal or ball-shaped. This
outcome is supported by the fact that ball-shaped aegagro-
piles are always homogeneous, lacking of a rhizomic nucleus
and characterised by a lower diameter than the heterogene-
ous ones. This phenomenon supposes that the degradation
of the nucleus precedes the rounding and is supported by
the observations of heterogeneous aegagropiles with a frag-
mented nucleus.

However, the present study did not yield any direct
information about the timeframe of aegagropile formation,
growth and breakdown underwater or on beaches. Thus, the
age of aegagropiles found on beaches remains questionable.
Nevertheless, agreeing with the formation and evolution pro-
cesses inferred from the results implies a yearly seasonal
timescale that could determine the aegagropile lifetime.
Indeed, it is known that the litter is seasonally fuelled in
autumn from the meadows and degrades within six to nine
months, mainly in spring and summer (Romero et al. 1992;
Remy et al. 2018). The degradation of the litter undoubtedly
produces fibres that may seasonally fuel the formation of
aegagropiles. The time they spend in growth in ripple marks
remains unknown but logically depends on seasonality. The
aegagropiles could then be exported to beaches, perhaps
with less regularity, during autumnal or winter storms, thus
starting their aerial breakdown. This supposition allows us
to place the aegagropiles in the same timeframe as the life
cycle of P. oceanica. A regular seasonal beaching of aega-
gropiles (with peaks of stranding during storms) is likely
followed by rapid aerial breakdown over a few months as
supported by the lack of evidence of long-term terrestrial
accumulation of aegagropiles (i.e. over years). However, as
aegagropiles found on beaches seem to be at different stages
of their lifecycle, it can be supposed they are of different
ages. Possibly, the more degraded ones have remained two—
or several—years underwater. That said, the different steps
might also reflect that the formation of aegagropiles starts
at different times over a rather long period (6—9 months)
of fibre production by leaf export from meadow and litter
degradation. Thus, because their formation and breakdown
depend on seasonal events, there is no real reason to consider
that the lifetime of aegagropiles surpasses one lifecycle of P.
oceanica. Nonetheless, the possibility that aegagropiles have
a regular or exceptional lifetime over two or several years
cannot be excluded. Furthermore, aegagropiles, by their
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formation, decrease the quantity of litter from Posidonia
that accumulates on the seabed (ripple marks, abyss). Some
will be exported to the abyss and others to the beaches. The
aegagropiles washed up on the beaches are not included in
the banquettes of P. oceanica. Accordingly, the carbon cycle
within the P. oceanica ecosystem should be re-evaluated to
include aegagropiles (terrestrial and submarine).

Conclusion

Very little was previously known about the aggregations of
Posidonia oceanica fibrous debris named “aegagropiles”.
Using several methods of observation and characterisation
at different scales, this study described their shape, den-
sity, composition, formation and internal structure. These
high-density aegagropiles (0.21 g/cm?), collected along the
beaches of the Mediterranean Sea, are mainly ellipsoidal
and are composed of several concentric layers that are dis-
tinguishable by their plant fibres and mineral particle con-
centrations as well as by their fibre types, orientation and
degradation.

All these observations allowed us to propose a possible
formation/breakdown scenario for these aegagropiles: start-
ing from plant debris carried out of the meadow and litter
to aggregation in ripple marks around a rhizomic nucleus
and separation from an original elongated structure, ending
as complex fibrous balls on the beaches where mechanical
breakdown by wind can occur. The results provide neither
a direct estimation of the time required for formation of the
aegagropiles nor their age. However, the P. oceanica ecosys-
tem is regulated seasonally and annually. This understanding
could therefore allow us to assume that the entire process of
formation and degradation could very well take place within
the time frame of a few months to several years. The beach-
ing of aegagropiles at different formation stages and lack
of evidence of long-term terrestrial accumulation of aega-
gropiles suggest their rapid aerial breakdown rather than a
hypothetical return to the sea.

Finally, estimating that one aegagropile (density of 0.2 g/
cm?) represents approximately 25 Posidonia shoots (De los
Santos et al. 2016), while the number of aegagropiles per
beach surface is currently unknown, in view of the num-
ber of aegagropiles observable each year on Mediterranean
beaches, it can be concluded that their importance is not
negligible in the carbon cycle. As they were neglected to
date in the models, the amount of carbon represented by
the Posidonia oceanica meadows is probably undervalued
because aegagropiles constitute a pool of carbon on beaches,
such as in the “banquettes” and the litter.
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