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Abstract :

Seagrass beds are increasingly impacted by human activities in coastal areas, particularly in tropical
regions. The objective of this research program was to study seagrass beds characteristics under various
environmental conditions in the French Antilles (FA, Caribbean Sea). A total of 61 parameters, from plant
physiology to seagrass ecosystem, were tested along a gradient of anthropogenic conditions, distributed
across 11 sites and 3 islands of the FA. A selection of 7 parameters was identified as relevant for the
monitoring of seagrass meadows in the framework of public policies. They combined “early warning
indicators” (e.g. nutrients and some trace metals) and long-term responding parameters (e.g. shoot
density) adapted to management time scales. The ecological status of seagrass meadows was evaluated
using a PCA. This work is a first step towards monitoring and management of seagrass meadows in the
FA.
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Highlights

> A panel of seagrass meadows descriptors were studied along a gradient of anthropogenic conditions
in Caribbean region. » Bioindication capacity of two native seagrass species has been confirmed. » The
most relevant parameters for monitoring local seagrass beds health and water quality were identified. »
An ecological status of the seagrass meadows was provided using a multimetric approach.

Keywords : Biological indicators, Caribbean Sea, Ecological status, Management, Pressure-impact
relationship, Seagrass



1. Introduction

Seagrasses form rich and significant coastal habitats across tropical and temperate regions
worldwide (Green and Short, 2003; Short et al., 2011) and support a wide range of ecological
functions and services (Orth et al., 2006). Because of their position at the land-sea interface, they are
at the forefront of the fast-changing environmental conditions induced by human activities in coastal
areas (Short et Wyllie-Echeverria 1996; Orth et al.,, 2006). Increasing anthropogenic activities
resulting from population growth, including deforestation, tourism, aquaculture and industrial
activities combined with inadequate sewage treatment plants, are leading to the degradation of
water quality and clarity (e.g. increase in nutrients, organic matter and sediment inputs). These
threats are the major causes of the global decline of seagrass beds (Short et al., 2011; Waycott et al.,
2009). After degradation or even disappearance, the recovery process is long and not systematic
(Godet et al., 2008; O’Brien et al., 2018; Santos et al., 2019). Restoration methods are complicated
and expensive, and their implementation is often limited to some species and small areas (Cunha et
al., 2012; Katwijk et al., 2016). They also involve decreasing the sources of degradation, but long-
term success is not guaranteed. In this context, the conservation and protection of seagrass beds are
essential to maintain sustainability and ecosystem services (Mtwana Nordlund et al., 2016; Ruiz-Frau
et al., 2017). These objectives require a better understanding of the ecological status and evolution

of seagrass beds and challenges ecosystem management methods.

Depending on management issues and objectives, several monitoring strategies can be
implemented: (1) general ecosystem monitoring under a pressure panel, (2) diagnosis of the
ecological status of the environment (bioindication), (3) impact assessment, using stress indicators
related to specific pressures, and (4) assessment of ecosystem resilience and effectiveness of
management measures (Roca et al., 2016). This involves the use of different approaches and specific
diagnostic tools that should be planned for in the design phase of monitoring programs (Legg and
Nagy, 2006; Yoccoz et al., 2001). This is particularly important because no single indicator can meet
all the management objectives and can be misleading if taken in isolation (Martinez-Crego et al.,
2010; Prado et al., 2010; Roca et al., 2016). The choice of the most relevant parameters according to
the type of seagrass meadow, specific objectives and the development of robust indicators, while
optimizing the protocols, represents a major management challenge (Arthur et al., 2008; Madden et

al., 2009; Kilminster et al., 2015; Roca et al., 2016).

In French overseas territories of the Caribbean region (French Antilles, FA), seagrass beds’
management actions respond to several public policies with specific challenges set by the strategy

for the establishment and management of Marine Protected Areas (MPA, MEDDTL 2012), the



European Water Framework Directive (WFD, European Commission), the French Coral Reefs Initiative
(Ifrecor) and the French National Observatory of Biodiversity (FOB) (Fig. 1). In the context of the
WFD’s implementation, several multimetric indicators have been developed in Europe for
monospecific seagrass beds of Posidonia oceanica (Romero et al., 2007; Gobert et al., 2009; Lopez y
Royo et al., 2010), Cymodocea nodosa (Oliva et al., 2012; Orlando-Bonaca et al., 2015) and Zostera
sp. (Garcia-Marin et al., 2013; Neto et al., 2013). The local specificities of tropical seagrass beds (i.e.
plurispecific) and their geographical location (isolated islands) prevent the transposition of WFD

indicators to the French overseas.

Seagrass beds in the Caribbean cover about 66000 km? (Miloslavich et al., 2010) and nine species are
documented (van Tussenbroek et al., 2010; Short et al., 2011). Their surface area in the FA accounts
for 217 km? and five seagrass species are reported: Thalassia testudinum and Syringodium filiforme
(which are the two dominant species), Halodule wrightii, Halophila decipiens, and Halophila
stipulacea (which is an invasive species), (Willette and Ambrose, 2012; Maréchal et al., 2013;

Willette et al., 2014; Ifrecor, 2016).

Like most Caribbean regions, the FA territories are faced with the development of human
populations and their activities, leading to increased eutrophication, pollution and sedimentation in
coastal areas (Diez et al., 2019). Since 2011, the region experiences recurrent massive coastal
standing of the pelagic brown macroalgae Sargassum (van Tussenbroek et al.,, 2017; Wang et al.,
2019), to which are added the increasing power and frequency of hurricanes, as evidenced by the

2017 dramatic hurricane season (Pillet et al., 2019; Walcker et al., 2019).

Identifying the link between sources of disturbance and the ecological status of coastal habitats is
key for the development of diagnostic tools for marine ecosystems (Marba et al., 2013). This is
particularly true as the selection of parameters to discriminate healthy from unhealthy seagrass beds
can be very subjective, even when recommendations are provided by experts (Wood and Lavery,
2000). In order to provide factual guidance for decision-making, especially for indicators, the
objectives of our work are multiple and as follows : (1) to study the response of seagrass meadows to
several parameters along a gradient of anthropogenic pressures (i.e. nutrient inputs, organic matter,
metal pollution and sedimentation); (2) to investigate the bioindication capacity of the two native
and long-lived Caribbean seagrass species: T. testudinum and S. filiforme, for which very little work
has yet been carried out for the development of bioindication tools; (3) to select the most relevant
parameters for the construction of multimetric indicators based on the management objectives of

the FA public policies and implementation capacities.



2. Materials and methods

2.1.Study area and sampling sites

The study was carried out on selected FA territories of the Lesser Antilles: Guadeloupe, Saint-Martin
and Saint-Barthélemy islands (Fig. 2). Guadeloupe is one of the largest volcanic islands of the Lesser
Antilles (1,780 km? with its dependencies). Saint-Martin (54 km? for the French part) and Saint-
Barthélemy (24 km’) are old volcanic islands covered in limestone and located in the north of the arc
of the Lesser Antilles. Study stations were selected according to: (1) the well-developed presence in
adjacent coastal areas of the two dominant and indigenous seagrass species: T. testudinum and S.
filiforme; (2) an anthropogenic gradient of water quality at the scale of these islands; (3) the
availability of historical ecological (e.g. seagrass density and canopy height), physicochemical (water
temperature, salinity, dissolved O,, turbidity, nitrate) and phytoplankton data, and (4) regional
distribution (as the FA islands are distributed along the Caribbean arc).

Potential anthropogenic pressure was estimated based on the proximity and intensity of the
disturbances, using pressures data and expert knowledge (Table 1, Table S1). Based on these criteria,
11 stations were sampled both during 2017 and 2018 dry seasons with the aim to account for inter-

annual variability (Fig. 2, Table 1).

2.2.Parameters selection for the experiment

General trends in the sensitivity of seagrass beds and ecological responses to anthropogenic
disturbance have been studied in recent years (Table 2) (Martinez-Crego et al., 2008; van Katwijk et
al.,, 2011; Roca et al., 2016; Yang et al., 2018). As responses trend of parameters based on the
literature (Table 2) must be validated across our study region (Martinez-Crego et al., 2008), we have
selected parameters with complementary specificities, ranging from plant physiology to the seagrass
bed ecosystem (Table 2). At physiological level, descriptors such as §*C and 8%°N isotopes, nutrients
(N, P) and trace metals reflect physiological processes and are recognized as "early warning
indicators". Morphological descriptors provide information on plant characteristics which are
sensitive to environmental conditions. Structural parameters, such as meadows cover and shoot
density, were measured in order to characterize meadow’s configuration and population’s integrity.
Moreover, we also collected information about associated communities as it brings key information
about water quality (taxa and cover of macroalgae, epiphytes and cyanobacteria) and estimation of
the habitat function with the diversity and abundance of macrofauna. We also analyzed silt & clay,

organic matter and carbonate contents in sediments for habitat characterization.



All parameters were then measured at local seagrass meadows to build a dataset. The objective was
to select a set of parameters responding to anthropogenic disturbances, which could also be used to
describe the ecological functioning of the meadow. Our scientific approach is holistic. Thus, our
hypothesis is that we will be able to select the most powerful parameters to build multimetric
indicators, which are now frequently used for their robustness in bioindication and health monitoring
of seagrass beds (Wood and Lavery, 2000; Romero et al., 2007; Arthur et al.,, 2008). Given the
difficulties of collecting continuous data on the sources of disturbance and their intensity, this
proposed multimetric approach will also allow and contribute to the a posteriori evaluation of the

evolution of environmental conditions.

2.3.Sampling design, data collection, and analyses

2.3.1. Sampling design

The sampling design was adapted from the Seagrass-Watch (McKenzie et al., 2001) and SeagrassNet
(Short et al., 2006) protocols and complies with monitoring of seagrass beds in the FA (GTN Herbiers
Ifrecor-DCE, 2017 for a review). Three linear transects of 50 meters-long each were deployed and
monitored using the Line Intercept Transect (LIT) and the belt transect (1 m wide band along each
transects) and quadrats (ten by transect) methods. Sampling was done by SCUBA diving or snorkeling
depending on depth conditions (Table 1). Ten specimens of T. testudinum and S. filiforme, when
present, were collected at the start, middle and end of each transect (three collecting zones per
transect, nine zones at each station). Morphometric measurements, physiological analysis and
characterization of leaf epiphytes were performed on each sample. Sediment samples were collected
with minicorers (3 cm in diameter and 5 cm long) in the middle section of each transect. Samples of

seagrasses and sediments were immediately refrigerated until measurements and further analysis.

2.3.2. Sediment characteristics

Minicorers were emptied and sediments were dried at 60 °C for 48 hours. Organic matter contents
were calculated according to mass loss after combustion at 450 °C for 5 hours. Carbonate contents
were determined following Jiang et al. (2019). The amount of silt and clay (<63 um; Blott and Pye,
2001) was assessed on sieved samples using a laser diffractometer (MASTERSIZE 2000) and data

were analyzed using the Malvern V5.61 software.
2.3.3. Seagrass meadow descriptors and physiological descriptors

The density of T. testudinum and S. filiforme was estimated using 10 x 20 cm quadrats (CARICOMP
1994, Bouchon et al., 2003). Seagrass abundance and cover were estimated using 50 x 50 cm meshed

quadrats. For each transect, fragmentation was assessed according to the LIT method (GTN Herbiers
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Ifrecor-DCE, 2017). The collected seagrasses specimens were rinsed with distilled water and
measured with the precision of + 0.5 mm using a ruler. For T. testudinum, the Leaf Area Index (LAl,
m? m~2) was calculated according to the following equation:

_ LL X LW X Lves

LAI = 1000000 X Shoots

(with LL: leaf length (mm), LW: leaf width (mm), Lves: number of leaves per shoot, Shoots: shoots
density m™). The presence of grazing marks and necrosis on T. testudinum leaves was recorded.
Visible epiphytes were removed (see below) and leaves were wiped clean. Leaves and rhizomes from
each harvesting area and species were dried separately at 60°C for 48 hours and the mass of dry
leaves was weighed. For each species, leaves and rhizomes from the nine harvesting zones (at each
station) were pooled and grounded to powder using an agate planetary mill (Pulverisette, 05.20,

Fritsch).

Analyses of C & N contents and 5§'3C & &N isotopes were performed using an elemental analyzer
(Flash EA 2000, Thermo Scientific) coupled to an Isotope Ratio Mass Spectrometer (Delta V+ with a
conflo IV interface, Thermo Scientific) at the Pble Spectrométrie Océan (PSO Plouzané, France).
Measurements of 6°C and 6°N were expressed as relative values per thousand (%o). Analytical
accuracies based on replicated measurements of acetanilide (Thermo Scientific) were 0.03 %o for
813C, 0.06 %o for 6°N, 0.2 % for C and 0.1 % for N. The contents in phosphorus (P) and trace elements
(ETs) in the form of cadmium (Cd), copper (Cu), lead (Pb), iron (Fe), nickel (Ni), zinc (Zn), chromium
(Cr), manganese (Mn) and mercury (Hg) were specifically measured in the tissues of the climax
species T. testudinum. As a long-lived species, it has high integrative capacity (Fourqurean et al.,
1997; Burkholder et al., 2007; Govers et al., 2014b; Holmer et al., 2016) which is why we chose it as a
model species for physiological parameters including metal analyses that were not performed for S.
filiforme. For this purpose, 250 mg of ground leaves and rhizomes of T. testudinum were calcined in
an oven at 500°C for 8 hours before being digested with HNO3 (65 %), HCI (32 %) and HF (40 %) at
90°C. The measurements were performed using an ICP-MS (ICP Q-MS-X series 2, Thermo Scientific) at
the PSO. The accuracy of the analysis was determined using the certificate material reference

(BCR670).

2.3.4. Benthic associated macrofauna and flora and epiphyte communities

The benthic macrofaunal diversity was assessed using ten 50 x 50 cm quadrats (for sessile epifauna)
and across belt transects (for large macrofauna). Macroalgae and cyanobacteria covers were visually
estimated in each quadrat. The total species richness of the associated faunal communities was

calculated as the sum of the data collected from both quadrats and belt transects. In addition, the



diversity and % cover of epiphytes were estimated for each leaf, before being scraped off, dried and

weighed.

2.4.Statistical analysis

Prior to statistical analyses, data were tested for variance homogeneity and normality of distributions
of residues. If necessary, data were transformed into logarithms to meet variance analyses type
assumptions. Linear regressions were performed to calculate the coefficient of determination (R?)
and linear correlation (Pearson Correlation test, Cor) to assess the relationships between
parameters. ANOVAs (1-way, 2-way nested and 3-way nested) were used to identify significant
differences (a = 0.05) in each parameter between stations, years and the potential anthropogenic
pressure gradient. When ANOVA was significant between stations, a post hoc comparison of sample
means was performed using the Tukey multiple comparison test. This step makes it possible to
discard the parameters that do not show significant differences between stations. Then, parameters
of 2018 field campaign showing significant differences between sites were included in a first Principal
Component Analysis (PCA) to explore their behavior in a continuous way (following the protocol of
Martinez-Crego et al., 2008) and perform a new step for selection of parameters. On the basis on this
analysis, and in order to avoid redundancy, a new set of parameters was selected, including
physiological parameters on T. testudinum leaves (less destructive and more sensitive parameters)
strongly correlated (r < 0.80) with the first component of the PCA, and with the environmental
gradient of anthropogenic pressures (see Results). Some key structural parameters (density and
cover of seagrasses) were also included in this selection for the implementation of a second PCA, in
order to establish a first classification of sites according to seagrass meadows status. All statistical

tests and analyses were performed using R v3.4.3.

3. Results

3.1.Seagrass meadow, plant, and physiological descriptors

3.1.1. Morphological, structural and landscape parameters

The characteristics of seagrass meadows are presented in Fig. 3 (all morphological data are detailed
in Table S2).

Mean LAl varied from 0.20 to 3.79 and there was no significant pattern depending on years (p > 0.05,
Fig. 3C). Most of the seagrass leaves had grazing marks (about 30 %), except samples from Marigot
(1.39 %), Petite-Terre (2.91 %) and Colombier (3.54 %) (Table S2). The necrosis percentage in T.

testudinum leaves also appeared to be station-specific with trends stable in time (Fig. 3B).



For the seagrass density and cover analysis, quadrats with values = 0 were excluded. Most of the
meadows were continuous and rarely fragmented (Table S3), but the seagrass cover was spatially
heterogeneous (Table S4). Mean shoot density ranged from 111.11 m2 to 1173.21 m?2 for T.
testudinum and values were stable across the two years of the study, except for Passe a Colas (p <
0.01) and Tintamarre (p < 0.001) (Fig. 3D). For S. filiforme, the mean shoot density varied between
300 and 2897.62 m™ (Fig. 3E). For both species, densities were consistent with other values observed

in the region (Cortés et al., 2010; van Tussenbroek et al., 2014; Chalifour, 2017; Créocean, 2017).

3.1.2. Stable isotopic ratio, nutrients and ETs contents in seagrass tissues

Although leaves and rhizomes were both analyzed, we choose to present the results for leaves only.

The values obtained for rhizomes are available as supplementary data in Tables S8 and S9.

813C values in T. testudinum leaves varied between -12.50 and -6.60 %o. Leaves and rhizomes values
appeared strongly correlated (R? = 0.61, p < 0.001, Fig. 4A). 3*°N ranged from -2.73 to0 9.41 %o in T.
testudinum leaves (Fig. 4B). There was no significant difference between the two years of sampling
for isotopic ratio. The correlation between the two parts of the plant was also strongly positive and
significant for 8°N (R? = 0.54, p < 0.001, Fig. S1). For stations located in low-impact areas, the §*°N
signal was relatively stable (mean = 1.40 + 0.71 %o) whereas it was more heterogeneous for the most
impacted stations (mean = 3.89 + 2.27 %o). The overall range of 6°N in S. filiforme leaves was also
large (from -1.62 to 6.56 %o, Table S9) and strongly correlated to 8N content in T. testudinum leaves

(R2=0.56, p < 0.001, Fig. S2).

Nitrogen content in T. testudinum leaves varied from 1.20 to 2.80 % and was relatively stable across
the two years, except in samples from Colombier and Marigot (Fig. 4C, p < 0.001). The N values in
leaves of T. testudinum (Fig. 4C) and S. filiforme (p < 0.001, Table S9) were significantly larger in the
remote island of Petite-Terre compared to other stations located further away from anthropogenic
influence such as Tintamarre Island and Passe a Colas. For T. testudinum, N was on average 41 %
higher in leaves than in rhizomes. Phosphorus contents in T. testudinum leaves were between 0.11
and 0.34 % and were also stable across years, except in samples from Christophe Islet and Marigot (p

< 0.001, Fig. 4E).

Most of the targeted ETs in T. testudinum showed spatial variations (Fig. 4). Mn values in leaves
generally increased across the gradient (min: 6.08 pg.g?, max: 398.76 pg.g?; Fig. 4F, Table S6) and
were consistent between the two sampling periods, except in samples from Petit-cul-de sac,
Christophe Islet, Galion and Marigot (p < 0.001). Fe (Fig. 4G) and Zn (Fig. 4H) contents in leaves were

stable across the two years but showed large and significant differences between the least impacted



and the most impacted stations (e.g. Tintamarre vs. Marigot) (Fig. 4G, Fig. 4H and Table S6). Our
results also highlighted that Mn, Ni, Cd and Pb contents were more abundant in leaves than in

rhizomes (Fig. 4F, Fig. 4G, Tables S8 and S10).
3.1.3. Benthic associated fauna, flora and epiphyte communities

The assessment of the seagrass associated communities is synthesized in Table 3 and detailed data is
available in Tables S11, S12 and S13. Benthic macrofauna assemblages and abundance varied
significantly across stations and islands (Table 3, Table S13). Some stations had a higher abundance
of grazers, such as at Bouée verte, Passe a Colas and Christophe Islet (e.g. sea urchins densities were
6.35+0.77,5.00 £ 0.17 and 1.28 + 0.20 per m?, respectively).

Macroalgal cover (Table 3) and diversity (Table S12) varied considerably between sampling sites.

The epiphyte communities of T. testudinum leaves were dominated mainly by encrusting calcareous
algae, which represented on average about 80 % of the epiphytes’ relative cover (Table S11). The
cyanobacteria relative cover on T. testudinum leaves was significantly higher in samples from Petite-
Terre (30.29 %), Petit-cul-de sac (9.02 %) and Colombier (3.14 %) compared to other stations (p <
0.05). No trend emerged from total epiphyte cover across stations (Table 3) and there was no

correlation between total epiphyte cover and epiphyte load (R* = 0.08).

3.2.Sites classification according to seagrass ecological status

Based on the results of the first PCA (Fig. S3), the physiological parameters of T. testudinum leaves
that appeared the most correlated to the environmental gradient of anthropogenic pressures (N,
C/N, Pb and Zn, Table S14) and some structural parameters (seagrass density and cover) were
selected with the aim to implement a second PCA for site classification (Fig. 5). A similar response of
metrics is observed, with the exception of S. filiforme density, on both sides of the first axis of the
PCA (explaining 67 % of total variability), illustrating ecological status and the anthropogenic impact.
The parameters positively correlated to this first component included N, Pb, and Zn contents in T.
testudinum leaves, which were interpreted as markers of degraded meadows. In contrast, the
parameters negatively correlated to the first component were considered indicators of the good

ecological status of seagrass beds, including seagrass cover and C/N ratio.

4, Discussion

4.1.Spatial and temporal parameter variations

In this study, a large number of seagrass meadow parameters were measured including descriptors

of the physiology, individuals, populations, landscapes and associated communities. By performing

10



stratified sampling and collecting data at a one-year interval, we identified several parameters

responding to anthropogenic disturbances at the regional scale in the FA.

At the physiological level, we recorded a wide range of nutrients, ETs and stable isotopic ratio values
in plant leaves (Fig. 4, Tables S9 and S10) and compared them to reference Caribbean data

(Christiaen et al., 2014; Govers et al., 2014a).

813C is known to respond specifically to light conditions: the augmentation of light availability is
correlated to increases of the photosynthetic activity, leading to a 8'3C enrichment in leaves
(Farguhar et al., 1989; Serrano et al., 2011). Our data revealed a similar pattern, except for Petit-
Bourg and Galion (Fig. 4A), suggesting that other drivers influence 6'3C, such as the balance between
HCOs  and CO, used as an inorganic carbon source by seagrasses (Durako, 1993; Beer et al., 2002).

In other studies, 6°N values in T. testudinum leaves range from 0.3 to 7 %o (with a mean around 3
%o, Christiaen et al., 2014 for a review). With 8*°N values ranging up to 12.14 %o (Fig. 4B), our data
represent the highest record for seagrasses in the area. The large range of values observed in
samples from Galion could be linked to the environmental dynamics occurring at the mouth of a
pond influenced by pulse watershed releases. Previous studied have shown that §*°N data can be
used to track the origin of nitrogen, which is possible at small spatial scales if N sources are limited
(Fourqurean et al., 1997; Udy et al., 1999; Mutchler et al., 2007; Christiaen et al., 2014). Urban or
agriculture wastewater typically leads to high 8N values in seagrass tissues from surrounding
meadows (Schubert et al., 2013; Jones et al., 2018). In contrast, low values have been associated
with unimpacted environments (Castro et al., 2007). There are several documented hypotheses,
sometimes conflicting, about the intermediate trends and negative values of 8*°N in seagrass tissues,
which, depending on the genus and latitude, can lead to confusion (Yamamuro et al., 2003;
Christiaen et al., 2014; Walton et al., 2016). As observed elsewhere (Yamamuro et al., 2003), the §°N
measured in seagrass leaves could be linked to a local dissolved inorganic nitrogen source (water and
sediments). This seems to be supported by the spatial correlation observed between values of §°N
content in T. testudinum and S. filiforme. Similarly, the correlation between nitrogen stable isotopic
ratios measured in leaves and rhizomes reflects the seagrass capacity to assimilate these elements as

nutrients through both leaves and rhizomes.

In our study, N values in T. testudinum leaves showed large variations compared to data from the
literature (ranging from 0,91 % to 3,02 %, see Govers et al., 2014 for a review) and had a tendency to
increase along the gradient of anthropogenic pressures (Fig. 4C). However, in some areas, the

increase in nitrogen could be linked to natural phenomena such as high abundance of animals (about
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10,000 individuals of the Lesser Antillean Iguana Iguana delicatissima for 1.5 km? are recorded at
Petite-Terre island) or seabirds in protected area whose fecal matter can contributes to the seagrass
meadow N enrichment as has already been documented in coral reefs (Lorrain et al., 2017; Graham
et al., 2018) or mangrove ecosystems (McFadden et al., 2016). However, if the cyanobacteria
presence is related to the high levels of nutrients in the water column (Hamisi et al., 2004), their
presence can favour the assimilation of inorganic nitrogen in seagrass tissues (Yamamuro, 1999). This
could also explain the high nitrogen values observed at stations where they occur (e.g Petite-Terre
Island, Fig. 4C and Table S12). Thus, if the range of N values and their tendency to increase from the
least to the most impacted locations (Fig. 4C, Table S6) suggest that N in T. testudinum and S.
filiforme leaves could be considered a useful bioindicator of N water enrichment, it is important to
refer to the environmental context of the study site to interpret these results. Except for Petite-Terre
seagrass samples, leaf nitrogen content was around 17 % higher in T. testudinum, a climax species,
than in S. filiforme, an opportunistic species (Table S9), thus confirming the higher sensitivity of the
slow-growing species (Fourqurean et al., 1997).

The P content of T. testudinum was consistent with values from the literature ranging between 0.10
to 0.51 % (reviewed in Govers et al., 2014a), but fluctuated depending on stations (Fig. 4E). These
results demonstrate that nutrients in seagrass leaves could be good bioindicators to detect
eutrophication, especially in an environment limited in N, P and carbonate sediments (Duarte, 1990).
This is a key finding as most of the studied seagrass meadows in the FA occur in similar environments
(Table 1). It must be noted, however, that non-anthropogenic factors such as the decomposition of
sargassum (van Tussenbroek et al., 2017) and the occurrence of upwelling (Hill and McQuaid, 2008)
have been recorded as a potential source of nutrients for seagrass tissues, a parameter that was not

assessed in the present study.

Our results highlighted that ETs in T. testudinum leaves could be promising bioindicators of metal
pollution as shown by Zn, Pb, Fe, Cd and Mn trends across stations and pressures gradient, which
were consistent with the range of values available in the literature for this species (Govers et al.,
2014b and Vonk et al., 2018 for reviews). If some ETs (e.g: Cu, Fe, Zn, Ni) are naturally present in
seagrass tissues, accumulation in the tissues has been linked to coastal pollution and shown to be
toxic to the seagrass (Prange and Dennison, 2000). One hypothesis that could explain the significant
augmentation of Mn, Cd, Fe, nutrients and 8°N between the two years of sampling at the most
anthropogenically-impacted station (Marigot) is the proximity of a wastewater discharge point and
the significant land runoff and sediment remobilization during hurricane Irma (September 2017). A

similar post-hurricane phenomenon has been described in the Mexican region (Whelan Il et al.,
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2011). However, the high values and trends observed at Marigot (increase in both nutrients and ETs

co-occurring with seagrass decline) could reveal a worst case scenario.

Indeed, the wide range of values observed for the physiological parameters of T. testudinum leaves
makes it possible to pre-identify thresholds for these parameters in response to anthropogenic
pressures (Fig. 6), a first step towards the development of seagrass beds bioindicators adapted to the

FA.

At the individual level, unlike other studies (e.g. Romero et al., 2007) in which leaf necrosis was
correlated to the poor ecological status of P. oceanica, our data demonstrated that leaf necrosis for
T. testudinum was not related to the gradient of anthropogenic disturbance.

Parameters related to the seagrasses’ surrounding landscape, structure, and morphology appeared
to be strongly dependent on the type of adjacent ecosystems (mangrove or coral reef), the proximity
to rivers, as well as hydrodynamics (Carruthers et al., 2003) and grazing pressure (e.g. Valentine and
Duffy, 2006 for a review). These parameters are, therefore, more linked to the site’s specificities
including productivity drivers (e.g. light condition), which likely explains the absence of spatial
patterns in the gradient of anthropogenic disturbance selected for this study. As a consequence, it is
not relevant to try and link theses landscape, structure and morphology parameters to a specific
environmental disturbance, except in case of an exceptional climatic event, such as suggested by the
declining trends observed for most of these parameters after hurricane Irma (September 2017) at

Galion, Petit-cul-de-sac and Tintamarre.

Our study highlighted broad variations in the composition and abundance of the associated benthic
macrofauna. The three sampling stations located in the largest T. testudinum meadow of the FA
(Christophe Islet, Bouée verte and Passe a Colas) had a particularly high diversity and density of
macrofauna, illustrating the importance of the meadows’ ecological function, the ecosystem services
they provide and the patrimonial interest they represent through their role as habitat (Bostrom et
al., 2006; McCloskey and Unsworth, 2015).

The frequent occurrence of macroalgae can be considered informative of the eutrophic conditions
and the sign of an ecological transition (Duarte, 1995; Burkholder et al., 2007), as Petit-Bourg and
Galion stations.

The epiphyte communities found on the leaves of T. testudinum were dominated by encrusting
calcareous red algae, a result similar to previous records (Carruthers et al., 2005; Corlett and Jones,
2007). Among this red calcareous cover, we did not detect any significant filamentous algae and we

were unable to confirm the epiphyte biomass as an indicator of nutrient inputs.
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4.2.1dentification of the most relevant parameters and first sampling strategy
recommendations for seagrass bed monitoring in the FA

The selection of parameters carried out after ANOVAs and PCAs analysis makes it possible to propose
a set of relevant indicators for the monitoring of FA seagrass beds in a anthropisation context (Fig. 5,
Fig. S1, Table S5, S6 and S14); this constitutes a preliminary step in the setting up of multimetric
indicators.

To enhance the effectiveness of the protocols and minimize implementation costs, it is important to
avoid redundancies and prioritize the most useful and reliable parameters according to the
objectives of the monitoring. Several criteria also need to be considered, such as the promotion of
non-destructive methodologies, when possible, as well as low-tech measurement methods
producing results simple to interpret. In this study, we demonstrated that physiological parameters
such as leaf N content and some ETs (i.e. Zn and Pb) represent promising "early warning indicators”
for the monitoring of the T. testudinum and S. filiforme seagrass meadows of the FA in the context of
WFD implementation. These parameters are also very useful for monitoring the evolution of the
state of the seagrass meadows, which is key information for local (MPA) and national (FOB, Ifrecor)
stakeholders. Indeed, seagrasses, particularly long-lived species, can record information about
environmental conditions in their tissues (e.g. nutrients, pollutants, Fourqurean et al., 1997;
Burkholder et al., 2007; Govers et al., 2014b; Holmer et al., 2016) and, to some extent, the health
status of the seagrass (for instance the accumulation of some ETs can also affect seagrass health
(Prange and Dennison, 2000). These sub-individual physiological parameters can respond quickly
(e.g. decline) to specific disturbances and attest to the recovery process when the stressors are
reduced (e.g. Roca et al., 2016). Our results confirm the bioindication capacity of T. testudinum and S.
filiforme particularly the slow-growing T. testudinum. Bonanno and Raccuia (2018) also showed the
ability of H. stipulacea to accumulate ETs. The similar responses observed in the three species, thus,
points physiological parameters as promising indicators for long-term bioindication in the region;
particularly when considering the tendency of Caribbean seagrass meadows to change in
composition with a decline of the climax seagrass species progressively replaced by opportunistic and
invasive species (van Tussenbroek et al., 2014; Smulders et al., 2017; Christianen et al., 2019).

For minimum technical constraints and to provide a good compromise between time, cost and
effectiveness, we recommend that monitoring should at least include measurements of nitrogen in
seagrass leaves, which are more sensitive than rhizomes and can be sampled in a less destructive
way. Besides, as highlighted by our results, all the early warning indicators are very specific to a
particular disturbance (Roca et al.,, 2016). This is why seagrass monitoring protocols should also

include structural and demographic parameters, which are relevant for their integration capacity
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(Burkholder et al., 2007; Roca et al., 2016) and compatible with management time scales. Therefore,
estimates of seagrass cover or seagrass density, the latter being less subjective than the former
especially for high canopy seagrass beds, which do not require laboratory work, are recommended as
generic parameters for the classification of ecosystem structure, functions and seagrass habitats
(Carruthers et al., 2003). Depending on the implementation protocol and the type of seagrass
meadow, this protocol can be time-consuming in the field, but its efficiency has been proven for
detecting long-term changes in seagrass communities faced with multiple disturbances (van
Tussenbroek et al., 2014; Roca et al., 2016). Used alone, however, these measures are not sufficient
to detect changes and implement management actions early enough to prevent the degradation of
the meadows (van Katwijk et al., 2011; Roca et al., 2016), as testified by the declining trend of our
most degraded station, Marigot (Vaslet and ATE, 2018; this study).

The approach used in our study (geolocated transects), as well as that of the SeagrassNet or
Seagrass-Watch (permanent transects, McKenzie et al., 2001; Short et al., 2006), are more adapted
to irregular seagrass meadows composed of pioneer or opportunistic species than to continuous
seagrass meadows with long-lived species (e.g. van Tussenbroek et al., 2014). This approach is also
useful to integrate landscape and spatial characteristics of the meadow and to inform about
hydrodynamic processes (Patriquin, 1975) or physical disturbances (Demers et al., 2013; La Manna et
al.,, 2015). Indeed, as the frequency of disturbances is likely to increase in the future, it can be
expected that seagrass beds will become patchier and more heterogeneous with a higher abundance
of S. filiforme and H. stipulacea, which are better adapted to future environmental conditions. During
field monitoring, if time allows, information about the macroalgal communities should also be
recorded, especially if nutrients and organic matter inputs are suspected and frequent algal-phase
shifts have been recorded before (Montefalcone et al., 2015; van Tussenbroek et al., 2017).

Epiphyte communities are known to respond to eutrophication (Frankovich and Fourqurean, 1997,
Zhang et al., 2014; Prado, 2018), but they do not seem to be very sensitive in our study area
(Frankovich and Fourqurean, 1997; this study) and were therefore not considered as a key indicator.
Similarly, the seagrass sediment characteristics, morphometric, and associated macrofauna
descriptors monitored in an annual base (as they are in several FA monitoring) did not appear
essential in view of our results and the literature. These parameters can be useful if measured at the
start of the monitoring program and with less frequency.

In case of multiple disturbances, the most useful strategy for identifying drivers of change is to have a
holistic approach of seagrass data that is directly related to the environmental conditions (McMahon

et al., 2013; Kilminster et al., 2015; Roca et al., 2016).
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We recognize that more information on timeframes may be needed to better understand local
conditions and to validate the selection of candidate parameters. Nevertheless at this time, when
implementing public policies in the FA, the best option for monitoring seagrass beds (including long
term, impact and management of effective strategies) is to combine, at least, parameters from
physiological (early warning environmental change indicators) and structural (related to the integrity
of the system) levels. To date, the WFD and MPA monitoring protocols implemented in the FA are
relatively similar to each other and include only structural parameters (GTN Herbiers Ifrecor-DCE,
2017 for a review). While the addition of early warning indicators is justified for the regulatory
seagrass beds monitoring (WFD), leading change can be difficult for MPA managers whose time and
resources are often limited. They are, however, very concerned about identifying drivers of
ecosystem change to take the most effective management actions locally. One solution could be to
select the most relevant parameters in each category and adapt the sampling frequency, but the
optimal solution would be to share seagrass monitoring actions between the various stakeholders to
meet each program’s objectives fully. Bringing together human and financial resources across the FA
regional public policies would be strategically relevant, particularly when budgets are limited, and
would make it easier to meet the needs of national reporting actions in the framework of Ifrecor and
FOB.

4.3.Site classification

Our final PCA provides the first site classification based on the ecological status of seagrass meadows

(Fig. 5).

The less impacted seagrass meadows were Tintamarre and Passe a Colas, which are located offshore,
and relatively far from any source of disturbance (Fig. 5, Table S1). This high score can be further
strengthened for Passe a Colas by the presence of local high abundance and diversity of fauna
assemblages (Table 3, Table S13), attesting for the heritage value of such an ecosystem (Hyman et
al., 2019). In contrast, identifying the most eutrophic and polluted seagrass beds allow us to raise an
alert on their health status. Indeed, the station with the lowest rate, Marigot, seems to be in a
transition to a potential collapse, which could have dramatic consequences for the area: without its
seagrass meadow for water purification and sediment accretion, the ecological status of the bay
could become even worse. An urgent effort to improve the water treatment system for this island,
which is under high pressure from tourism (terrestrial and nautical with high environmental impact),

is needed to ensure seagrass meadows conservation and the ecosystem services produced.

5. Conclusion

With continuous degradation of environmental conditions and changes in habitat structure, it is now

essential to assess the status of the Caribbean seagrass meadows and the water quality to
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implement proper management actions and strengthen the preservation of seagrass beds. To
improve seagrass monitoring at the regional scale in the FA, we tested a panel of indicators across
contrasting environmental conditions. We have identified 7 parameters providing particularly
relevant information on the health of seagrass beds and water quality. For the first time, we provide
a full description of several seagrass meadows in the FA which considerably improves the current
understanding of how they function. We recorded a broad range of ecological status that will serve
to determine thresholds of change and to identify reference sites. Moreover, quantification of
anthropogenic pressures would improve the selection of parameters used for site classification. The
next step of the project will be the aggregation of parameters in an integrated toolbox of indicators
and protocols. A new data set, including another FA territory (Martinique Island) will be used to
validate these indicators, a step that will be carried out in consultation with the relevant scientists

and managers.
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French Coral Reef Initiative (Ifrecor)

At the national, regional and local levels:

- Promote protection and sustainable
management of coral reefs and associated
ecosystems (mangroves and seagrass meadows)
- Understand causes and consequences of
evolution trends

- Communicate and raise awarneness to better
consider these ecosystems

French strategy for the establisment and
managment of Marine Protected Areas
(MPAs)

At national, regional and local levels:

- Promote marine area with remarkable biodiver-
sity and high conservation stakes such as
S€agrass meadows

- Ensuring the sustainable development of
marine activities

- Evaluate MPA managment effectiveness

Water Framework Directive (WFD)

At European and national levels:

- Promote the protection of continental, estuarine
and costal waters

- Achieve or maintain a good ecological status for all
Furopean water bodies

- Use the ecological status of ecosystems (including
seagrass meadows)

- Implement restoration action if water status has
been negatively impacted

French National Observatory of Biodiversity
(FOB)

At the national level:

- Changing the perception of what is at stake in the
biodiversity crisis

- Provide information of the causes and
consequences of biodiversity trend

- Monitoring society's awareness of the problem

Figure 1. Schematic organization of the main public policies applying to seagrass meadows of the

French Antilles.
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Figure 2. Map of the study area showing the 11 sampling stations across the French Antilles (in
brown on the map). TIT: Tintamarre, PCO: Passe a Colas, PTT: Petite-Terre, PCS: Petit-cul-de sac, COL:
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Colombier, BVE: Bouée verte, ROC: Rocher Créole, ICH: Christophe Islet, PTB: Petit-Bourg, GAL:
Galion and MAR: Marigot.
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Figure 3. Morphological and structural characteristics of seagrass meadows across stations (potential
anthropogenic pressures: low (blue), moderate (yellow) and high (red)) and year (2017 in grey and 2018 in
brown).* indicates significant differences (P < 0.05) between the two years of sampling. Letters indicate
significant differences (P < 0.05) across boxplots. A: Foliar biomass of Thalassia testudinum, B: percentage
of leaves with necroses, C: Leaf area index (LAI) of T. testudinum, density of T. testudinum plants, E: density
of Syringodium filiforme plants, E: Seagrass total cover. TIT: Tintamarre, PCO: Passe a Colas, PTT: Petite-
Terre, PCS: Petit-cul-de sac, COL: Colombier, BVE: Bouée verte, ROC: Rocher Créole, ICH: Christophe Islet,
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Figure 4. 6'3C (A), 6*°N (B), N (C), C/N (D), P (E), Mn (F), Fe (G), Zn (H), Cd (I) and Pb (J) contents in T.
testudinum leaves across stations (potential anthropogenic pressures: low (blue), moderate (yellow) and high
(red)) and year (2017 in grey and 2018 in brown).* indicates significant differences (P < 0.05) between the two
years of sampling. Letters indicate significant differences (P < 0.05) across boxplots. The dotted line on Fig. 4C
and Fig. 4E indicates the global threshold of nutrients limited (N < 1.8 % and P < 0.2 %) according to Duarte
(1990). TIT: Tintamarre, PCO: Passe a Colas, PTT: Petite-Terre, PCS: Petit-cul-de sac, COL: Colombier, BVE:
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Figure 4. 6'3C (A), 6*°N (B), N (C), C/N (D), P (E), Mn (F), Fe (G), Zn (H), Cd (I) and Pb (J) contents in T.
testudinum leaves across stations (potential anthropogenic pressures: low (blue), moderate (yellow) and high
(red)) and year (2017 in grey and 2018 in brown).* indicates significant differences (P < 0.05) between the two
years of sampling. Letters indicate significant differences (P < 0.05) across boxplots. The dotted line on Fig. 4C
and Fig. 4E indicates the global threshold of nutrients limited (N < 1.8 % and P < 0.2 %) according to Duarte
(1990). TIT: Tintamarre, PCO: Passe a Colas, PTT: Petite-Terre, PCS: Petit-cul-de sac, COL: Colombier, BVE:
Bouée verte, ROC: Rocher Créole, ICH: Christophe Islet, PTB: Petit-Bourg, GAL: Galion and MAR: Marigot.
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Figure 5. Biplot diagram combining the ordination plot of the sampling sites (the different colors
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Figure 6. Conceptual diagram of thresholds estimated for physiological parameters in T. testudinum
leaves according to the gradient of anthropogenic pressure. The colors of the arrow reflect the
pressure gradient according to the initial stations classification. For N and P, the thresholds are
derived from the limitation thresholds according to Duarte (1990). For 8N, thresholds in nearly
pristine environment were estimated by using the minimum and maximum values of the two least
anthropized stations. The minimum value of the two stations with the highest mean 6N signatures
was retained to define the threshold in high anthropogenic influence. For ETs, the thresholds in
nearly pristine environment were estimated by rounding the maximum value of the two less
anthropized stations. For the ETs, the thresholds were estimated by rounding the maximum value of
the two least anthropised stations (nearly pristine environment) and the minimum value of the two

most enriched stations (high anthropogenic influence).
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Table 1. Specificities of the sampling stations (potential anthropogenic pressures was estimated

according to the proximity and intensity of the disturbance, using pressures data and expert

knowledge (Table S1): low (blue), moderate (yellow) and high (red)). For sites that were sampled

twice, we consider the value, except for carbonates for which only one measure was made. Species

abbreviations: Tt = Thalassia testudinum, Sf = Syringodium filiforme, Hs = Halophila stipulacea, Hw =

Halodule wrightii.

Sampling station Island Depth Seagrass Sediment characteristic Type of local disturbances (and potential
(m) species anthropogenic pressures level)

Silt and Organic  Carbonates

clay (<63 matter (%)

um) % (%)
Passe a Colas (PCO) Guadeloupe 3 Tt S 15.49 4.80 91.46 Low
Tintamarre (TIT) Saint-Martin 2 Tt SF 3.56 2.44 99.11 Low
Petite-Terre (PTT) Guadeloupe 2 Tt, S, Hw  0.31 1.92 93.49 Some boating and recreation (low)
Bouce verte (BVE) Guadeloupe 3 Tt 1.92 3.74 93.20 Middle of a plume of waste waters (moderate)
Rocher Créole (ROC)  Saint-Martin 7 Tt, Sf 7.20 271 89.07 Limited boating (moderate)
Petitcul-de-sac (PCS)  Saint-Barthélemy 2 Tt, S 2.04 2.44 83.05 Domestic sewages (moderate)
Colombier (COL) saint-Barthélemy g Tt, S, Hs  1.83 2.15 85.20 Boating (moderate)

it-B B

Petit-Bourg (PTB) Guadeloupe Tt, Hs 20.48 16.20 45.31 Waste waters and urban discharge, industry (high)
Galion (GAL) saint-Martin 2 Tt, Sf 0.00 2.07 81.80 Waste waters, and urban discharge (high)
Christophe Islet (ICH) ~ Guadeloupe 2 Tt 8.38 12.45 85.64 Waste waters and urban discharge, industry (high)
Marigot (MAR) Saint-Barthélemy 0.5 Tt, Sf 1.13 1.60 66.11 Domestic sewages (high)

Table 2. Parameters and expected responses (:

according to the literature (non-exhaustive list).

increase, 1: decrease) to environmental degradation

Level Parameters Response to References
degradation
Physiological N, C/N, and P content in seagrass tissues 1 Burkholder et al., 2007; Gover et al., 2014b; Zhang et al., 2014;
Holmer et al., 2016
613C in seagrass tissues | Longstaff and Dennison, 1999; Serrano et al., 2011
6N in seagrass tissues 1/ Udy et al., 1999 ; Castro et al., 2007; Schubert et al., 2013;
Jones et al., 2018
Trace metals in seagrass tissues 1 Prange & Dennison, 2000; Gover et al., 2014b
Individual Leaves morphological parameters (number of 1/l Udy et al., 1999, Zhang et al., 2014
leaves, leaf length, leaf area, leaf biomass)
Leaf necrosis 1 Romero et al., 2007, van Katwijk et al., 1997
Population Shoot density, seagrass cover | Short and Wyllie-Echeverria, 1996; Serrano et al., 2011
Landscape Fragmentation 1 Demers et al., 2013; La Manna et al., 2014
Communities Macroalgae taxa 1/l Montefalcone et al., 2015
Macroalgae cover (%) 1 Duarte 1995, Burkholder et al., 2007; van Tussenbroek et al.,
2011
Leaf epiphyte biomass 1 Frankovich and Fourqurean, 1997; Zhang et al., 2014; Prado
2018
Category of epiphytes 1/l Martinez-Crégo et al., 2010
Cyanobacteria cover Tt Coleman and Burkholder, 1994; Uku and Bjork, 2001
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Benthic macrofauna

tl

Bostrom et al., 2006; McCloskey and Unsworth, 2015
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Table 3. Benthic associated macrofauna, macroalgae, cyanobacteria and epiphyte communities
(mean + SE) for the 11 study stations (potential anthropogenic pressures: low (blue), moderate
(yellow) and high (red)). For parameters for which two years of data were available, the mean of the
two years is presented (mean * SE), except when there was a significant difference between years
(represented by * according to P < 0.05), in which case the values are shown for both years. Letters

indicate significant differences (P < 0.05) across stations. Tt = Thalassia testudinum. NA: data not

available.

Sampling station Benthic Macroalgae total Cyanobacteria Total Tt leaf epiphytes Tt Leaf epiphyte
macrofauna cover (%) cover (seagrass cover (%) load (mg.cm?)
species richness and substrate)

(%)
2018 2018 2018 2017-2018 2018

Tintamarre 9 5.30 £ 11.342 0.17+£0.91 21.07 £ 23.31¢%8 10.024

Passe a Colas 19 1.82 +£2.02° 0 14.85 + 15.762b¢ 2.13qb

Petite-Terre 1 6.03 £7.522 4.00+2.77 20.25 + 23.499fg 1.562b
2 14.90 + 10.07° 0.4+1.85 16.28 + 19.502bd 3.06%

7 7.70 £ 6.832 1.00+3.71 24.38 + 28.95¢f 4,093bc
21 1.15+3.82° 0.03+0.18 5.00 -20.342h * 1.362
2 5.68 £4.272 0 24.95 + 26.46f 8.85¢d

Christophe Islet 14 17.48 £ 8.35P 0.10 + 0.55 6.78 -17.73¢h * 1.312eb

Petit-Bourg 12 7.90 £10.42° 2.33+8.98 17.56 +21.00bd 6.18bcd

Galion 4 7.23+£12.85° 0 9.74 £ 14.70" 6.04abed

Marigot NA NA NA 7.69 -19.00%ch * NA
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Supplementary material

Table S1. Details on the environmental conditions of the stations. Class of turbidity index: 1: very low
(visibility > 15 m), 2: low (visibility 15 — 10 m), 3: moderate (10 - 5 m visibility), 4: important (visibility

5-1m), very important: 5 (visibility < 1 m).

Sampling station MES (mg.L?) Turbidity index Distance from the
mainland (km)

Passe a Colas (PCO) 17.53 2 5-7

Tintamarre (TIT) 14.13 2 3.5-4.7

Petite-Terre (PTT) 32.06 2 10-13

Bouée verte (BVE) 13.51 2 3-35

Rocher Créole (ROC) 11.11 2 0.5

Petit cul-de-sac (PCS) 13.20 3 0.04

Colombier (COL) 11.05 1 0.07-0.4

Petit-Bourg (PTB) 32.06 4 1

Galion (GAL) 10.43 4 0.01

Christophe Islet (ICH) 19.37 4 1

Marigot (MAR) 124.77 5 0.003
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Table S2. Mean of morphological characteristic of T. testudinum leaves between the two years of sampling for the 11 study stations (potential

anthropogenic pressures: low (blue), moderate (yellow) and high (red). Letters indicate significant differences (P < 0.05) across parameters and years. *

indicate significant differences (P < 0.05) across year only. NA: not available samples.

Sampling station

Leaves per shoot

Leaf length (cm)

Leaf width (cm)

Leaf area (cm?)

Grazing marks (%)

2017 2018 2017 2018 2017 2018 2017 2018 2017 2018
Tintamarre 3.12¢i 4.04% 11.09¢h  13.43e 1.05° 1.270 19.23i 27.52! 19.73abef 32 7(Qbcdf  *
Passe a Colas 2.88h  3.25% 10.67¢h 11.37¢dn 0.89dee 0.99¢ 15.91f8 17.98¢i 23.442bcef 54,494 *
Petite-Terre NA 2.84¢ NA 5.33¢ NA 0.53m NA 5.30¢ NA 3.372
Petit cul-de-sac 2.6 2.93ehi 9.97bh 13.32¢ 0.88dh 0.84shk 14.61f 18.51¢8 8.75%¢ 29.20bcef  *
Colombier 3.492bcd 3 65di 8.27% 7.412 0.70° 0.652 9.5713be 8.61%° 2.49° 4.252
Bouée verte 3.492bd  3.26% 9.9bh 7.1% 0.88% 0.83hik 13.67 9.91b¢ 9.22@¢ 42.31 *
Rocher Créole 3.372c 3,83l 12.87d 12.09cde 0.95f 0.94¢f 19.20i1 17.39¢ 17.372bef 34 01bcdf ¥
Christophe Islet 3.372bc  3.08ghi 15.36f 10.54¢<h 0.92def 0.78i 22.214 13.55f 12.022¢f  28.86bcef ¥
Petit-Bourg NA 3.944 NA 13.61° NA 1.03bc NA 21.599 NA 42.08«
Galion 2.69¢f 3.552d 12.48%  16.85f 1.04bc 1.14! 23.474 31.34k 34.94bcd  34.4Qbcdf  *
Marigot 3.27b¢  4.09% 6.78% 10.79¢dh 0.662 0.79%k 6.812 12.13¢h 02 3.81% *
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Table S3. Seagrass meadow landscape parameters for the 11 study stations (potential

anthropogenic pressures: low (blue), moderate (yellow) and high (red). NA: not available data (no

sampling field or enough visibility).

Sampling station

Fragmentation (%)

2017 2018
Tintamarre 0 7.87
Passe a Colas 0 0
Petite-Terre NA 6.53
Petit cul-de-sac 0 2.2
Colombier 0 4.87
Bouée verte 0 10
Rocher Créole 0 0
Christophe Islet 0 4.47
Petit-Bourg NA 0
Galion NA NA
Marigot NA NA
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Table S4. Relative seagrass cover (%) (Mean of 2017 and 2018 values + SE) by species across

station (potential anthropogenic pressures: low (blue), moderate (yellow) and high (red)).

Sampling station

T. testudinum (%)

S. filiforme (%)

H. stipulacea (%)

H. wrightii (%)

Tintamarre
Passe a Colas
Petite-Terre
Petit cul-de-sac
Colombier
Bouée verte
Rocher Créole
Christophe Islet
Petit-Bourg

Galion

81.92 +20.03

99.25+3.63

42.6 +£28.16

62.04 +24.04

3.33+£9.87

100.00 £ 0.00

49.83 +31.20

100.00 £ 0.00

90.53 + 24.96

18.29+£22.72

18.08 +20.03

0.75+3.63

20.66 +£16.12

37.97 £24.04

96.52 +9.85

0

50.17 +31.20

0

0

77.97 £27.34

0

0

0

0

0.14+£0.72

0

0

0

9.47 £ 24.96

1.89+13.74

0

0

36.75+31.78

1.85+13.46
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Table S5. Results of the three-way nested ANOVA evaluating the simultaneous effect of pressure
gradient, station and year on structural and morphological parameters. p-values are represented by

asterisks : *** P < 0.001, ** P < 0.01, * P < 0.05. L: leaves, Tt: Thalassia testudinum, Sf: Syringodium

filiforme.
Df Sum Sq Mean Sq F p-value
Seagrass cover
Pressure 1 96 96 0.390 Ak
" Station 8 182118 22765 92.185 *Ax
8 Year 1 18295 18295 74.086 HAx
§ Density Tt
E Pressure 1 3558570 3558570 48.685 *rx
§ Station 8 25572649 3196581 43.733 *kx
é Year 1 1169249 1169249 15.997 *kx
2 Density Sf
“ Pressure 1 216015157 216015157 253.46 *kx
Station 5 186202703 37240541 43.70 *xk
Year 1 24836810 24836810 29.14 *kx
Necrosis L Tt
Pressure 1 96 96 0.390 Ak
Station 8 182118 22765 92.185 *Ax
Year 1 18295 18295 74.086 *Ax
Grazing marks L Tt
Pressure 1 325 325 2.669 ns
Station 9 22864 2540 20.862 *kx
Year 1 10256 10256 84.221 *kx
LAI Tt
Pressure 1 180367 20041 76.204 il
Station 9 18380 18380 69.889 Hkx
Year 7 8710 1244 4.732 il
v BiomassLTt
£ Pressure 1 8651 8651 4.776 *
§  Sstation 9 427707 47523 26.240 *hk
S Year 1 2991 2991 1.652 ns
T LengthLTt
8 Pressure 1 3848 3848 106.837 *kk
-§ Station 9 30439 3382 93.905 *kx
S Year 1 175 175 4.861 *
= Width L Tt
Pressure 1 0.93 0.926 30.83 *xk
Station 9 149.06 16.563 551.21 *xk
Year 1 0.85 0.850 28.28 *xk
Leaves area Tt
Pressure 1 4017 4017 56.09 rAK
Station 9 196440 21827 304.77 Ak
Year 1 1463 1463 20.43 Ak
Number of leaves per
shoot Tt
Pressure 1 14.4 14.42 28.21 Ak
Station 9 524.4 58.27 114.01 Ak

Year 1 148.9 148.86 291.28 Hokok




Table S6. Three-way nested ANOVA results of physiological parameters (T. testudinum leaves) including the gradient of potential anthropogenic pressure,

the station and the year. p-values are represented by asterisks : *** P < 0.001, ** P <0.01, * P <0.05.

Parameter Df Sum Sq MeanSq F p-value Parameter Df Sum Sq Mean Sq F p-value
O13CLTt FeLTt

Pressure 7.22 7.219 70.189 Hkk Pressure 1 20.767 20.767 232.198 *kk
Station 9 151.54 16.838 33.522 Hkk Station 9 8.323 0.925 10.340 * Kk
Year 3.30 3.302 16.395 Year 1 0.140 0.140 1.565

OLN LTt NiLTt

Pressure 160.21 160.21 428.042 *xk Pressure 1 0.3907 0.3907 17.511 Kk
Station 9 131.82 14.65 39.133 *xk Station 9 1.8249 0.2028 9.088 ko
Year 0.09 0.09 0.244 Year 1 0.7047 0.7047 31.587 ok
C/NLTt CuFTt

Pressure 224.8 224.76 60.432 rE Pressure 1 1.81 1.813 30.04 ok
Station 9 745.0 82.77 37.040 B Station 9 38.99 4332 71.77 o
Year 48.5 48.50 20.865 ok Year 7 17.94 17.936 297.12 ko
NLTt ZnLTt

Pressure 2.102 2.1024 116.784 ok Pressure 1 13.599 13.599 194.612 ok
Station 9 5.253 0.5836 32.419 Frx Station 9 14.852 1.650 23.617 ok
Year 0.295 0.2952 16.395 A Year 7 0.198 2.833 2.833

PLTt CdLTt

Pressure 0.0907 0.0907 4.860 * Pressure 1 13.546 13.546 126.545 *hx
Station 9 1.4121 0.1569 8.412 o Station 9 17.327 1.925 17.985 il
Year 0.8814 0.8814 47.253 ok Year 7 10.203 10.203 95.314 ok
CrLTt PbLTt

Pressure 1.031 1.0313 9.901 o Pressure 1 22.606 22.606 114.167 il
Station 9 3.470 0.3855 3.701 ok Station 9 19.477 2.164 10.930 ok
Year 0.291 0.2907 2.791 Year 7 12.841 12.841 64.853 ok
Mn LTt

Pressure 34.73 34.73 1540.52 ok

Station 9 20.35 2.26 100.31 il

Year 6.94 6.94 308.01 ok
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Table S7. Stable isotopes (6°N and 63C) (%o), nutrients (N and P) (%), and C content in T. testudinum rhizomes (mean + SE) across stations (mean of 2017

and 2018 data, except for P where analyses were only performed on 2018 samples). Letters indicate significant differences (P < 0.05) between stations. NA:

not available samples. There is no significant differences between the two years of the study for 6°N, §'3C, C, N and C/N.

Sampling station 615N 813C C N C/N P
Tintamarre 1.47 +1.15b¢ -6.32£0.324 32.26 + 1.40 0.64 £ 0.222b 55.13 + 16.052P 0.11 £ 0.092b
Passe a Colas 0.05 + 0.682b -6.96 £ 0.4620 29.20 + 2.582b 0.53+0.122 57.16 £ 12.76% ND
Petite-Terre -0.47 £1.092 -7.36 £ 0.272¢ 30.34 + 1.102bc 0.55+0.052 55.36 + 6.052P 0.08 £ 0.01°
Petit cul-de-sac 2.17 +1.06¢de -6.97 £ 0.452b 32.12 £ 1.10 0.64 £ 0.262b 56.73 £ 19.322b 0.14 £ 0.062b
Colombier 1.90 + 1.04« -7.55+0.43¢ 32.53+1.13¢ 1.02 +0.31¢ 34.28 £10.02¢ 0.14 £ 0.052b
Bouée verte 2.07 + 0.99cde -6.72 £ 0.30bd 31.81 + 1.08ad 0.70 £0.112b 46.46 + 8.132¢ 0.16 £ 0.032b
Rocher Créole 0.35+0.812b -7.65 £ 0.38¢® 33.27+1.31 0.48 £0.112 71.98 + 14.99b 0.11 £ 0.052b
Christophe Islet 3.63 + 1.09¢f -8.12 £0.33¢ 31.85 + 1.77abcd 0.63 £ 0.142b 52.83 +10.792 0.17 £ 0.062b
Petit-Bourg 2.24 + 0.86cde -6.51 +0.30bd 31.87+ 1.182bcd 0.89 +0.25bc 38.22 £ 9.60% 0.11 £ 0.042b
Galion 3.29 + 2.05df -6.64 + 0.33bd 29.77 £ 2.49° 1.19 £0.35¢ 27.46 £11.99¢ 0.23+0.17°
Marigot 4.87 £2.16f -9.03 £ 0.24f 31.12 + 1.5]2bcd 0.77 £ 0.262bc 44.38 +17.70% 0.14%0
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Table S8. Trace elements (Mn, Fe, Zn, Pb, Cd, Cr, Cu, Ni and Hg) content (ug.g?) in T. testudinum rhizomes (mean * SE) across stations for 2018 samples.

Letters indicate significant differences (P < 0.05) across stations. NA: not available samples. ND: non detectable, concentrations below detection limit (< 0.01

ug.g”).
Sampling station Mn Fe Zn Pb cd Cr Cu Ni Hg
Tintamarre 0.92 +0.37¢ 90.04 + 68.552 5.86 * 2.343 0.06 £ 0.03 0.01 +0.002 0.35+0.222 1.40 £ 0.56° 0.42 £ 0.22bc ND
Passe a Colas NA NA NA NA NA NA NA NA NA
Petite-Terre 6.83 + 0.59b¢ 134.48 + 26.57? 2.01+0.42? 0.23 £ 0.052b 0.02 £0.012 0.91+0.16° 1.85+0.432 1.11 £ 0.22abe ND
Petit cul-de-sac 2.84 +0.72b¢ 206.92 + 58.892 11.15 + 3.26b¢ 0.72+1.17% 0.05 +0.01% 0.45+0.192 2.18 +0.812¢ 0.27 £0.14¢ ND
Colombier 14.33 + 6.342bc 486.61 + 215.52° 20.11 + 3.58¢ 0.32+0.202 0.02 £0.012 0.52 +0.252 4.02 +1.80 1.59 + 0.662 ND
Bouée verte 11.92 + 3.932b¢ 517.79 £ 192.732 20.41 + 1.89¢% 0.28 + 0.05% 0.03 £0.012 0.45 £ 0.082 1.48 £ 0.342b 1.3+0.412%b ND
Rocher Créole 2.78 £ 0.83bc 207.74 £ 41.53? 16.07 + 3.22bd 0.27 £0.112b 0.05 +0.02ab 0.49 +0.202 2.41 + 0.732bcd 0.64 + 0.36b¢ ND
Christophe Islet 27.40 + 19.41 363.83 + 166.642 27.37 £ 3.40¢ 0.29 + 0.08% 0.04 + 0.02% 0.31+0.092 1.35+0.19? 0.18 £ 0.03¢ ND
Petit-Bourg 45.07 + 13.054 2613.51 + 1194.44b 12.25 +2.37b¢ 0.22 £0.102b 0.09 +0.05P 0.41+0.172 4.5+ 1.644 0.69 + 0.32bc ND
Galion 19.91 + 12.64%b¢ 930.45 + 1653.992 17.09 £ 8.15bd 0.08 £ 0.07b 0.06 + 0.02% 0.26 £0.132 4.00 + 1.52bcd 1.36 + 0.902° ND
Marigot 34,793bd 351.70% 20.67bde 0.223b 0.032b 0.612b 2.773bcd 1.73bc ND
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Table S9. Stable isotopes (6°N and 8™C) (%o), N and C (%) content in S. filiforme leaf (mean * SE)

across stations when the species was present (mean of 2017 and 2018). Letters indicate significant

differences (P < 0.05) between stations. * indicate significant differences (P < 0.05) across year only.

Sampling station 813C 615N C N C/N
Tintamarre -8.50 + 0.75b 0.51 £0.79% 33.19 £3.56 1.19+£0.15° 28.04 £ 2.26°¢
Petite-Terre -5.66 £ 0.652 1.45+0.632 40.10 + 0.62°2 2.08 +0.212 19.47 +1.882
Colombier -6.00 £ 1.242 1.33+0.76° 32.69 +1.79° 1.41 £ 0.21bcd 23.52 +2.81°
Petit cul-de-sac -7.78 £ 0.69° 1.29 £ 0.982 32.88 +3.85P 1.34+0.31b 25.09 + 3.22bc
Rocher Créole -8.05 +0.88b 0.07 £ 1.00° 35.70 £ 4.61° 1.37 +£0.31bc 26.78 + 3.63bc
Galion -8.22 +1.36b 3.61+1.39¢ 32.05 +£2.79° 1.67 + 0.40< 19.97 £4.032
Marigot -9.53 £2.39b 5.75 % 1.08¢4 31.96 + 2.55P 1.94 £ 0.31x 16.63 +1.492
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Table S10. Trace elements (Cr, Cu, Ni and Hg) content (ug.g-1) in T. testudinum leaves (mean * SE) across stations for 2018 samples. Letters indicate

significant differences (P < 0.05) across stations. NA: not available samples. ND: non detectable, concentrations below detection limit (< 0.01 pg.g™).

Sampling station Cr Ni Cu Hg
2017 2018 2017 2018 2017 2018 2017-2018

Tintamarre ND
0.35+0.30° 0.46 £ 0.40° 3.14 £ 1.01* 5.57+1.48 * 0.44 +0.12¢ 0.96 + 0.249%f

Passe a Colas NA
0.36+0.12® 0.23 +0.05? 456 +1.17%°¢  4.28 +0.332b¢ 0.78 £ 0.23d%f 2.02 + 0.392b<f

Petite-Terre ND
NA 0.58 +0.10° NA 5.06 + 0.64°¢ NA 7.46 +1.78"

Petit cul-de-sac ND
0.24+0.10° 0.39+0.11° 2.82+1.18° 3.77 £ 0.35% 0.58 +0.22% 2.87 £0.71%

Colombier ND
0.40+0.07*° 0.37 £0.09° 4.66 +2.84%° 3,53 +1.37°% 2.39 +0.45%¢ 1.80 + 0.462b<df

Bouée verte ND
0.39+0.22° 0.24+0.03? 3.05 + 1.03%° 4.09 + 0.823 0.57 £ 0.19¢% 3.01 £0.83¢

Rocher Créole ND
0.37+0.21®* 0.35+0.06? 2.99 +£0.22%° 3.77 £ 0.89%%¢ 0.83 + 0.10%f 1.30 + 0.16%%f

Christophe Islet ND
0.49+0.16° 0.42 +0.14° 2.88£0.72° 7.22 +£9.14% 0.85+0.22%f 4,52 +0.258

Petit-Bourg ND
NA 0.37 £ 0.04° NA 3.76 £ 0.58%"¢ NA 5.55+1.018

Galion ND
0.40+0.18 0.38+0.15° 3.97 £0.65%°  4.03 +0.463" 0.95+0.31%F 1,16 +0.45%¢f

Marigot ND
0.63+0.41®° 0.43+0.25° 3.49 +0.64°*° 566 +0.91° 1.44 +0.09%b%f 275 + .45
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Table S11. Main type of epiphytes on T. testudinum leaves. Letters indicate significant differences (P

< 0.05) across station. NA: not available samples.

Sampling station

Relative cover of coralline algae (%)

Relative cover of macrophytes (%)

2017 2018 2017 2018

Tintamarre 89.37 £27.03 92.27 £ 23.87 0 0.06 + 0.99
Passe a Colas 97.58 +13.49 89.81 +19.59 0.95+8.33 0
Petite-Terre NA 64.78 +29.29 NA 2.20+10.69
Petit cul-de-sac 83.09£29.3 86.84 £19.82 0.36 +£3.49 0.00 +0.05
Colombier 85.66 + 27.17 81.74 £23.43 5.99 +16.58 9.70 £ 15.82
Bouée verte 70.33+45.1 90.6 £22.41 0 0.06 +0.87
Rocher Créole 82.66 +21.84 42.29+47.33 0 4.80 +11.05
Christophe Islet 30.46 +42.94 74.03 £24.72 12.38 £27.42 0.20x2.22
Petit-Bourg NA 77.88 £ 26.35 NA 1.89+10.84
Galion 70.89 +37.38 63.86 +41.74 10.87  23.07 7.43+15.71
Marigot 99.24 £ 8.7 100+ 0.00 0 0

Table S12. Category and respective cover of macroalgae (mean of 2018 values + SE) for station.

Sampling station Rhizophitic Rhizophitic non Drift macroalgae (%) Cyanobacteria cover %
calcareous calcareous (seagrass and substrate)
macroalgae (%) macroalgae (%)

Tintamarre 2.80+7.23 0.13+0.51 2.37+6.35 0.17+0.91

Passe a Colas 0.77+1.18 0.10+0.40 0.95+1.68 0

Petite-Terre 0.95+1.78 0.10+0.37 4.33+7.88 4.00+2.77

Petit cul-de-sac 3.77+3.74 0.07 £0.37 11.07 £9.65 0.4+1.85

Colombier 3.03+2.99 4.60+6.39 0.07 £0.25 1.00+3.71

Bouée verte 0.67 £3.65 0.33+1.27 0.15+0.39 0.03+0.18

Rocher Créole 3.38+2.47 1.90+2.22 0.40+1.04 0

Christophe Islet 7.27 £5.92 8.80£5.99 1.42+2.15 0.10 £ 0.55

Petit-Bourg 0 0 7.90+£10.42 2.33+8.98

Galion 0 0.10 £0.55 7.13+£12.89 0
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Table S13. Abundance or cover of main benthic macrofauna taxons according stations. Only 2018

data are presented (mean + SE).

Sampling station Cnidarians

Porifera (%)

Mollusca (nb.m-2)

Echinoderma Crustacea

(nb.m?) (nb.m?)
Corals (%) Anemone
(nb.m?)

Tintamarre 1.33+2.31 428.00£366.63 O 198.68 + 143.42 0.01+0.01 0
Passe a Colas 1.33+0.58 0 28.33+8.08 126.71+16.21 1.30+0.22 0
Petite-Terre 0.33£0.58 0 0 0 0 0

0 2.67 £4.62 0 0.03+0.03 0 0

23.67 £5.69 4.00£6.93 34.33+12.34 416.03 £59.22 6.41+0.78 0

1.67 £0.58 0 6.67 +7.64 9.44+9.31 0 0
Christophe Islet 0 0 20.00+7.81 94.68 + 58.98 5.25+0.20 0
Petit-Bourg 0 0 2.00+3.46 4.00 +4.00 0.83+0.70 0
Galion 0 52.00+73.43 0 1.33+2.31 0 0.01+0.01
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Table S14. Correlation of parameters to PCA components incorporating parameters showing
significant differences between stations (ANOVA, P < 0.05). Parameters with the highest correlation

with Component | (r < 0.80) are noted in bold. L = leaf, R = rhizome, Tt = Thalassia testudinum, Sf =

Syringodium filiforme.
Component | Component Il Component Il
SBNLTE 0.71 -0.10 0.61
NLTt 0.95 0.22 0.04
S13CLTt -0.75 0.20 0.01
CLTt -0.49 -0.24 0.39
C/NLTt -0.90 -0.27 0.05
PLTt 0.79 -0.41 0.16
CrLTt 0.39 -0.17 -0.39
Mn L Tt 0.65 0.15 0.68
FelLTt 0.35 0.28 0.43
Ni LTt 0.24 -0.36 0.40
CulTt 0.16 -0.55 0.20
ZnLTt 0.88 -0.10 0.21
CdLTt 0.75 -0.06 0.39
PbLTt 0.89 0.11 0.14
SBNR Tt 0.75 0.16 0.50
NRTt 0.56 0.76 0.02
S13CRTt -0.78 0.33 -0.10
CRTt -0.34 0.16 -0.16
C/NRTt -0.68 -0.47 -0.23
PRTt 0.12 0.74 0.19
CrRTt 0.36 -0.66 -0.42
Mn R Tt 0.43 0.12 0.74
FeR Tt -0.09 0.13 0.52
NiR Tt 0.35 -0.09 0.46
CuRTt 0.10 0.55 0.14
ZnRTt 0.29 0.18 0.55
CdRTt -0.12 0.46 0.48
PbRTt -0.04 -0.35 -0.03
Biomass L Tt -0.45 -0.00 0.40
Fragmentation 0.33 0.57 -0.61
Tt density -0.74 -0.37 0.34
Sf density -0.10 0.78 -0.45
Seagrass cover -0.85 0.08 0.25
Tt relative cover -0.58 -0.37 0.70
Sf relative cover 0.42 0.52 -0.64
Grazing marks L Tt -0.72 0.47 0.42
Necrosis L Tt -0.73 0.25 0.13
Canopy Tt -0.28 0.81 0.09
TtLarea -0.38 0.80 0.07
Tt L width -0.49 0.66 0.18
Biomass of epibiont L Tt 0.26 0.42 -0.17
Epibiont’s cover Tt 0.02 -0.53 -0.44
Shannon fauna -0.44 -0.09 0.51
Fauna diversity -0.54 -0.12 0.60
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Figure S1: Correlation between leaf and rhizome values of §°N and 63C (%) in T. testudinum. *** P

<0.001.
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Figure S2: Correlation between leaf 8°N values in S. filiforme and T. testudinum (%o). ***P < 0.001.
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Figure S3. Biplot diagram combining the ordination plot of the sampling sites (the different colors

correspond to the initial stations classification (potential anthropogenic pressures: low (blue),

moderate (yellow) and high (red)) and loading factors of the 44 selected parameters from the first

selection by ANOVAs analysis.

51





