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Mécanismes de l'invasion de la Spartine anglaise da  ns les prés salés du Bassin d’Arcachon et
conséquences pour la végétation native

Spartina anglica est une espéce exotique hybride qui peuple les zones humides littorales. Elle s’est installée dans le
Bassin d’Arcachon au cours des années 1980, envahissant fortement les prés salés et les platiers vaseux préalablement
occupés par, respectivement, Spartina maritima et Zostera noltei. Face aux inquiétudes suscitées par cette installation,
cette thése vise a comprendre, par une approche pluridisciplinaire, les mécanismes d’invasion et ses conséquences sur
le milieu physique et sur les espéces végétales natives. L'objectif de ce travail est d’étudier I'occupation de niche par S.
anglica et ses interactions avec deux espéces intertidales natives : S. maritima et Z. noltei.

L'analyse d'images aériennes et satellitales a montré que, 30 ans apres l'invasion, dans une zone densément peuplée
par la Spartine native, la zone haute des prés salés a peu changé : la Spartine anglaise a occupé des niches vides et
n'a pas remplacé la végétation native. Une expérience de transplantation réciproque et de mesures de biomasses
confirment ce résultat, en montrant que I'espéce native offre une résistance a la colonisation de I'espéce exotique.
L’expansion de la Spartine anglaise vers les replats de marée de l'intérieur du Bassin serait ainsi liée a sa capacité a
tolérer les perturbations physiques, a sa forte plasticité de croissance en milieu oxygéné et riche en nutriments et a son
comportement auto-facilitateur. Sa forte capacité d’ingénieur d’écosystemes semble étre liée a son systéme racinaire
trés développé, qui améliore I'aération des sols fortement anoxiques.

Les effets de la colonisation par I'espéce exotique des zones intertidales basses a subtidales sur la Zostére naine sont
importants sur le long-terme (dizaines d’années). En tant qu'ingénieur d’écosystemes, la Spartine exotique favorise
I'élévation du sol par sédimentation, entrainant une dessiccation du sédiment, peu favorable a la Zostére. Des mesures
physiques au sein de patchs de I'espéece exotique suggerent que I'élévation du sédiment est toutefois lente, surtout liée
a une allocation de biomasse spécifique aux racines ainsi qu'a des rhizomes qui permettent de résister a I'érosion.

En termes de gestion et de conservation des prés salés du Bassin d’Arcachon, ces résultats indiquent I'importance de
limiter les perturbations physiques et les apports nutritifs qui pourraient rompre la résistance a l'invasion de la Spartine
native. lls supportent aussi I'idée que la Spartine anglaise pourrait étre un allié robuste face a I'élévation du niveau de la
mer.

Mots clés : Invasions biologiques, ingénieur d’écosystémes, prés salés, interactions biotiques, interactions
biophysiques, Spartine, Zostére

Invasion mechanisms of Spartina anglica in salt marshes of the Bay of Arcachon and
consequences for native vegetation species

Spartina anglica is a hybrid exotic cordgrass that inhabits coastal salt marshes. This species arrived in the Bay of
Arcachon in the 1980s and since has importantly colonized the salt marshes and tidal flats formerly only occupied by the
native Spartina maritima and Zostera noltei, respectively. This work aims at understanding, with an interdisciplinary
perspective, the invasion mechanisms of this exotic cordgrass and the outcoming changes of its introduction in the Bay,
both to the physical environment and to the native vegetation. Different approaches were considered in order to assess
the niche occupancy by the exotic Spartina and its interactions with the native intertidal species, Spartina maritima and
Zostera noltei.

The analysis of aerial and satellite images has shown that, in about 30 years after the invasion, within a zone densely
populated by the native Spartina, the global high marsh zone did not suffer significant changes with the arrival of the
invasive species. Spartina anglica did not replace the existent marsh vegetation, it occupied empty niches along the
intertidal area instead. Additionally, experimental works of cross transplantation and biomass measurements have
corroborated that the native Spartina maritima offers resistance to the colonization by the exotic Spartina. It was also
shown that the invasive occupies the same intertidal niche along the elevation and anoxic gradient than the native. The
successful extension of Spartina anglica into the mudflat towards the inner Bay was related to its likely ability to tolerate
physical disturbances, its strong growth plasticity in nutrient- and oxygen- rich patches and its self-facilitator behaviour.
This latter trait is related to its strong ecosystem-engineering ability due to its prominent root system and consequent
ability to ameliorate the oxygenation of highly anoxic soils.

The main effect of the exotic Spartina species on the seagrass is related to its stronger ecosystem-engineering ability,
favouring bed accretion up to levels that are not favourable to Z. noltei through enhancement of desiccation stress.
However, hydrodynamic and altimetry measurements have shown that the process of bed accretion is slow and, due to
the cordgrass’ specific preferential biomass allocation to roots, its efficiency is more linked to its resistance to erosion
rather than sediment trapping.

The results of this study provide relevant information for the definition of appropriate action and conservation strategies
of marsh zones in the Bay of Arcachon, and in particular the importance of limiting physical disturbance and nutrient
pollution that could disrupt the biotic resistance of the native cord grass. They also suggest a potentially important role
of the exotic species in facing increasing Sea Level Rise.

Keywords: Biological invasions, ecosystem engineering, salt marsh, biotic interactions, biophysical interactions,
Spartina, Zostera
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plants left intact; in the disturbed sub-plots éhiredividuals of each Spartina species were plawtabt the
neighbouring plants were left intact and the soilasw manually disturbed (red dotted
Cross)

Figure 2.3. Mean (+ SE) Relative Interaction Intensity (Riidex for(a) survival and(b) biomass ofS.
anglicaandS. maritimatargets in the two dominants. Positive valuesespond to facilitation and negative
values to competition. Results of t-tests are imtgid above and below bars with asterisks: *, f05;0*, p
<0.01;** p<0.001

Figure 2.4.Mean (= SE)(a) Redox potential an¢b) conductivity measured below tl8& anglicaandsS.
maritima dominants at three elevation levels (low, interiaedand high) in the control (dark bar) and
removed (white bars) subplots

Figure 2.5.Mean (= SE) above-(dark bars) and below-ground tevbars) summer biomass $f anglica
and S. maritima dominants from the three elevation levels (low,teimediate and high)

Figure 2.6.Mean (+ SE) annual above- (dark bars) and belowsgiidwhite bars) productivity @. anglica
andS. maritimadominants at the three elevation levels (low, meliate and high). Results of t-tests are
indicated above bars with asterisks: *, p < 0.05p*< 0.01; ***, p < 0.001



Figure 3.1. a)Location of experimental sites within the Bay aftAchon; black squares indic&partina
maritima dominated sites and white squares indiGpartina anglicadominated sites; Numbers label site
names as follows: 1 — Ares, 2 — St. Brice, 3 — Ands, Quinconces beach, 4 — Andernos, oyster farm,
Taussat, oyster farm, 6 — Taussat, 7 — Cassy hampath, 8 — Cassy harbour south). Schematic
representation of the design experiment within sibe. ¢) Photograph of freshwater input at Andernos,
Quinconces beach (site 3) and d) Photograph of vam@lot with transplantedSpartina
individuals.

Figure 3.2.Means (+ SE, N = 64) &) redox potentialb) conductivity anct) pH in the control (dark bars)
and removed (white bars) subplotsSfanglicaandS. maritimadominants at the two distances from the
freshwater stream (near and far).

Figure 3.3. Cumulated concentrations (x SE mol m-2)apfNitrate (NO 3-),b) ammonium (NH4+)¢)
phosphate (PO43-) amt) iron (Fe2+) in soil sediments within the two doamt speciesS. anglicaandS.
maritima) at the two relative distances from the freshwatexam, near (dark bars) and far (white bars).

Figure 3.4.Mean plant height (+ SE) f@partina anglicaandSpartina maritimadominated communities
at the two relative distances from the freshwat®asn, near (dark bars) and far (white bars).

Figure 3.5. a)Specific leaf area (LSA) arla) Leaf Dry Mass Content (LDMC) fdpartina anglicaand
Spartina maritimaat the two relative distances from the freshwateram, near (dark bars) and far (white
bars).

Figure 3.6.Mean survival (x SE) of the two target spec®gartina anglicaandSpartina maritimawithin
the two dominant communities at different distanites the freshwater stream (near and far), bottién
presence (control — black bars) and absence ofibeugs (removed — white bars).

Figure 3.7. Mean growth rate (+ SE) of the two target specmrtina anglicaand Spartina maritima
within the two dominant communities at the two @istes from the freshwater stream (near and faif),ibo
the presence (control — black bars) and absengeighbours (removed — white bars). Results oftstase
indicated above and below respective bars withrigkte ., p < 0.1; *, p < 0.05; **, p< 0.01; ***
0.001

Figure 3.8.Mean (= SE) Relative Interaction Index (RII) farget species survival both3partina anglica
andSpartina maritimadominance at two distances form the freshwateastr close (black bars) and distant
(white bars). Positive values correspond to fatitin and negative values to competition. Resultg@sts
are indicated below the respective bars with aster#, p < 0.05.

Figure 4.1. (a)Study site(b) Counting ofZostera nolteindividuals in a transplant plot (left) and placam
of transplant plot in transect, with the woodeuglkstidelimiting 2 diagonal extremes of the transpjdaot at
the initial time (ti) (right).(c) Transplant plots to be placed in a transect. Thesghown are representative
of the development stage of tAenolteiindividuals at the beginning of the experimdid). Two positions
within a transect, outside the Spartina patch at e th final time



Figure 4.2.Experimental design. Black squares representdbigigns of theZostera noltetransplants along
transects for each treatment. Control treatments leeated on the mudflat in the direct vicinitySgartina
patches (approximately 10 m). TBe anglicatreatment corresponds to transects crossing thetihalf of
Spartinapatches, and th®. anglicacut treatment corresponds to transects crosssguhhalf ofSpartina
patches where aerial vegetation was cut. Posisbiasving no significant performance differences were
pooled and reduced to 4 main positions: offshosg{d?), inside patch (R« and first and second positions
onshore (E)nshoreland anshore)

Figure 4.3.Mean (+ SEYostera noltefinal number of individuals per transplant plof@ir positions along
intact-Spartinatransect (SA) — solid black line, along &artinatransect (SAC) — dashed black line and
along control transect (bare sediment) — grey swia Positions along transect: within 1 m on t¢ffshore
side of the patch @nord, inside the patch (Rcry, within 1 m on the onshore side of the patchs(Re) and

5 m away from the patch {Rnore). Upper-case letters are the results of the Tudstfor the transect effect
and lower-case letters are the results of the Tu&sy for the position effect (with significance @t<
0.05)

Figure 4.4. Mean (+ SE) Relative Interaction Intensity (RIIdex for final Zostera nolteiabundance per
transplant plot at four positions along transe®ee Table 4.2 for the ecological significance efttiree RII
indices, Rllanopy(solid black line), R (black dashed line) and RjkinA(grey dashed line). Positions along
transect: within 1 m on the offshore side of th&cbdRshord, inside the patch (Rey, within 1 m on the
onshore side of the patcho{fore) and 5 m away from the patchog&ore). Asterisks show the results of the
T-tests: * < 0.05, ** < 0.01 and *** < 0.001. Uppease letters indicate the results of the Tuketyftethe
method effect (with significance at p < 0.05).

Figure 4.5.Mean (+ SE) (a) elevation of transect position} sgil redox potential (Eh) and (c) relative fine
sediment content, for the 3 transect types: indpartina(SA), cutSpartina(SAC) and control transects
(bare sediment). For transect positions see FiguPe.The thick black line between P3 and P5 shitvs
position of theSpartinapatch within the transect. Uppercase letters atdithe results of the Tukey test for
the Transect treatment (with significance at pG5D.Lowercase letters indicate the results offilleey test
for the particular positions where the Transedtireent is significant, namely P4 for altimetry dffd and
P5 for fine sediment content

Figure 5.1.(a) Location of the study site of Andernos (yellow baidhin the Bay of Arcachon. Red/yellow
star indicates the location of the Cap Ferret'sametiogical station(b) Characterization dbpartina anglica
meadow (top left) and individual plant (top rigatjdSpartina maritimaneadow (bottom left) and individual
plant (bottom right)(c) Wind rose for wind records at the meteorologitatisn of Cap Ferret indicated in
(a) during the period of the field experimefd) ALTUS device mounted on a structured installechimit
Spartina maritima vegetation patch.

Figure 5.2. Time-series records ¢h) water level,(b) spectral wave height fdpartina anglicastation
(yellow) andSpartina maritimgred) station(c) wave bottom shear stress franglicastation (yellow) and
S. maritima(red) station andd) bed level variation withirs. anglica(yellow — left axis) ands. maritima
(red — right axis) and tide average bed level varafor both species (black line), for the entiavey
period, between November 28, 2016 and Februar913.2

Figure 5.3. Critical wave shear stresed— N n1?) within Spartina anglicaversusSpartina maritima(p <
0.002 with significance threshold at p = 0.05). Tiack dashed line represents the line of equality
X.



Figure 5.4. Sedimentation budget (mm) per season (A/W — AutMvnmter and S/S — Spring/Summer)
estimated from the difference in the bed levehatlieginning and at the end of each season andtotget
estimated from the difference in bed level betwibenbeginning and the end of the survey. Negaiiees
indicate erosion and positive values indicate dmnre

Figure 5.5.Zoom on winter storm events frof@) Autumn/Winter 2016 antb) Autumn/Winter 2017. Top
graphics consider wind conditions measured at GapeEs meteorological station with wind speedglin
representation) and wind direction (colour repréatgon). Central graphics represent measured meae w
height (blue line) and bed level variation (yellalwts) under the influence &partina anglica Bottom
graphics represent measured mean wave height [jpieleand bed level variation (red dots) under the
influence ofSpartina maritima

Figure 5.6.Consolidated bed level (solid surface) and softl hewel (dashed line) and corresponding mean
wave height (blue line) within the vegetation patelof(a) Spartina anglicaand (b) Spartina maritima
Dashed grey box indicates “no data” period

Figure 5.7.Bed level variation (in mm) withi®partina maritimaversus variations withi8partina anglica
vegetation. Bed levels variations are tidally agedhvalues. Negative values indicate erosion asdipe
values indicate accretion. Black line correspomndintar regression expressed by the equation pEx3-
3 (R =0.83, n =235, p <0.001, with significance trald at p = 0.05)

Figure 5.8.Tidal asymmetry index] as a function of tidal range (m) at the studg.ddlack line corresponds
to linear regression expressed by the equatiof.§5x — 0.16 (R=0.41, n = 778, p < 0.001 with significance
threshold at p = 0.05). Valueso$ 0 correspond to flood dominance and valueg<oD correspond to ebb
dominance

Figure 5.9. Sedimentation rate (mmthas function of tidal range variation withja) Spartina anglicaand
(b) Spartina maritima Black lines correspond to linear regression esged by the equations y = -2.35x-
0.02 (R =0.8,n =168, p < 0.001) f&. anglicaand y = -1.36x-0.25 (R= 0.08, n = 472, p < 0.001) f&.
maritima (with significance threshold at p = 0.05)
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The arrival of a new species into a location oftaises substantial concern, mostly for the
possible threats it might represent to the localdgical diversity. Nonetheless, positive
changes in ecosystem services can result fromlagidal invasion. Either way, a biological
invasion represents a learning opportunity on systedaptability to change (Crooks 2002)
which becomes particularly important in a contekglmbal change. The evaluation of the
impact of biological invasions must be carried auappropriate spatial and temporal scales
(Strayer et al. 2006). For instance, the impacarointroduced species can change over the
course of time, not only because it acclimatizesh® new location, but also, the hosting
environment will evolve and try to adapt to the ropes.

The major problem with invasive species is thatsti# don’t always understand the
mechanisms of the adaptation of systems to sublarge. In particular, the complexity of the
subject is related to the fact that invader impaotscern alterations in both biotic and abiotic
features of the recipient system (Vitousek 199GpWsek et al. 1997). Organisms able to
modify biotic conditions are called ecosystem eagms (Jones et al. 1994; Jones et al. 1997,
Crooks 2002). In general terms, ecosystem engmges the creation, destruction or
modification of habitats by living organisms eithmr direct or indirect means (Crooks 2002).

Coastal environments are highly dynamic and chimibgulated by the physical forces
they are subjected to, and represent therefora@llent scenario for the study of ecosystem
engineering cases (Murray et al. 2008). Such systare often characterized by a plant
distribution that tends to follow patterns that el@sely linked to the trade-offs between plant
competition abilities and stress tolerance (GrirfBg7). In particular, in the case of intertidal
systems (Figure 1), where plant growth is condéaty physical stresses (Belliard et al.
2017), ecosystem engineering and positive interastirepresent major determinants of
community assembly dynamics (Bertness and Callal@®4; Bruno et al. 2003). Notably,
numerous studies have shown that marsh vegetagiodstto be structured by positive
associations to cope with the constraints of fratjirundation and consequent soil salinity
and anoxia (Bertness and Hacker 1994; Bruno 20@€hier and Hacker 2005; Pennings et al.
2005).

Salt marshes are extremely productive environmiaiisprovide different ecosystem
services (Costanza et al. 2008, Barbier et al. R04dch as water purification, carbon
sequestration (Mitsch and Gosselink 2007), prowisid nursery, coastal protection from
waves and storm surge (Moller et al. 1999, Mendet laosada 2004, Bouma et al. 2005,
Temmerman et al. 2013) and sediment stabilisa@astellanos et al. 1994, French et al. 1995),
and protection against erosion (Vannoppen 2016).

The local processes of interaction between plamdsiae incident flow (either water or
air) have been recognised to propagate to largges@nd to be determinants of landscape
development in coastal environments (D’Alpaos et2807, Kirwan and Murray 2007,
Temmerman et al. 2007) affecting the species granthsurvival on a larger extent, a process
known as bio-geomorphodynamics (Corenblit et 20&®urray et al. 2008, Coco et al. 2013).

Biodiversity and the health of coastal systemsbaiag threatened all over the world
and these threats gain importance with climaticngea. There is then a pressing need to

1 Biological invasion is here defined as the process of the arrival of a species into a location where it did not
exist historically in time sensu Carlton (1979).
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achieve an integrated understanding of how thesgystems are affected by change, from an
interdisciplinary perspective.

Figure 1. Aerial overview of tidal flats in the Bay of Ar (top images). Spartina anglica in the
tidal flats (bottom left) and high marsh zone ie Bay of Arcachon (bottom right)
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Intertidal vegetation as ecosystem engineers

The importance of the interactions between livingamisms and the environment they inhabit
has long been acknowledged. Because the work pgegsenthis thesis is focused on intertidal
vegetation, examples herein will mostly concerrdigsi on submerged aquatic vegetation
(SAV) in intertidal systems.

More precisely, biologically mediated modificatioosthe environment can result in
the alteration of both chemical and/or physicalpgrties of the soil, that can go from a local
to the landscape level. Soil chemistry modificaiignSAV is mostly related the alteration of
resources availability, namely, nutrient uptake axglgenation (Pennings and Bertness 2001).
Most of wetland vegetation is capable of transpgroxygen from the air to the below-ground
compartment which is an important asset within dergly inundated environments (Mahall
and Park 1976, Maricle and Lee 2002, Koop-Jakobseral. 2017). Oxygen transfer
underground between the root system and soil, asang oxygen availability within highly
anoxic soils and hence facilitating nutrient uptagehe plants (Lai et al. 2012). Additionally,
the ability of SAV to trap sediment and other susjeel particles can be an important
contribution to the renewal of the soil resourceailability.

In general terms, the vegetation influence on ti@dent hydrodynamic flow and
subsequent impact on sediment dynamics can beedividan above-ground and in a below-
ground effect. On one hand, through their abovexggobiomass (shoots and leaves), and
depending on its density, height and flexibilityamts exert friction on the flow, modifying
sedimentation rates. On the other hand, throughrtb& system (below-ground biomass), and
also depending on its density and length, theyiniluence sediment cohesion and resistance
to erosion (Figure 2). Most studies concerningittteractions between the vegetation aerial
biomass and the hydrodynamic forces, both curr@itsistiansen et al. 2000, Neumeier and
Amos 2006, Bouma et al. 2013) and waves (Mdlleale999, Mendez and Losada 2004,
Bouma et al. 2005, Rooijen et al. 2016) have sheffiactive energy dissipation by vegetation
canopies. For field experiments considel$pmartinavegetation, an effective wave attenuation
ability was found, varying between 2 and 7% alofgrilong canopies (Mdller 2006) and of
63% along 200 m long canopies (Moller et al. 198f)wever, in a flume study, Bouma et al.
(2005) have shown that most of the energy reduataom occur within the first 2 m of the
canopy. Indeed, also with flume experiments, Mok¢ral. (2014) have shown that the
effectiveness of energy attenuation is inverselyetated to the incident wave height. This
reduction of energy to the incident flow usuallgrslates into vertical sediment accretion
(Friedrichs et al. 2000, Bouma et al. 2005, Temnagrmet al. 2007, 2012). Marsh vegetation
that achieves a net positive sediment trappingeases marsh elevation and has higher
chances to cope with increasing rates of sea lesel(Fagherazzi et al. 2013, Kirwan and
Megonigal 2013, Kirwan et al. 2016), as long asmeedt inputs remain relevant in the system
(Nyman et al. 2006, Lauzon et al. 2018).

Nevertheless, studies on vegetation induced fladirisent interactions have led to
contradictory results on the bed-stabilizing efeof SAV (Tinoco and Coco 2018). Such
variability is probably depending on the type ofygtation, the presence/absence of other
seasonal biological features, and the propertieth@fsediment, that influence the physical
processes, but also, due to field difficulties r@m to the intertidal environment characteristics
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(Belliard et al. 2019). Flume studies can represegbod alternative, but they often consider
artificial vegetation (Yang et al. 2016, Tinoco andco 2014, 2016) which tends to simplify

the structures response to the studied processes.

In this sense, despite the already existing extensork on the subject, there is still a need for
a better understanding of the bio-gemorphodynamocgsses, namely the complex spatio-
temporal behaviour of bed level changes under ttieraof vegetation and the reciprocal

adaptations of the vegetation.
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Figure 2. Schematic representation of biophysical interattibetween submerged aquatic vegetation
(SAV) and hydrodynamics (top). Images of fluid amtleformation due to the presence of SAV —
shadow zone on hydrodynamic flow motion behindt®@atussock (bottom left) and Zostera noltei
meadow oscillating with waves (bottom right).
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Global evolution of seagrass meadows

There is a general concern on the health of seagnasdows worldwide, that are strongly
affected by coastal development and anthropic phication (Orth et al. 2006, Waycott et al.
2009). As previously mentioned, coastal ecosystmngrise numerous benefits and, in tidal
wetlands, the decline of seagrass meadows migttte@onsiderable consequences at the
ecosystem level.

The overall health of seagrass systems seems tiven by the balance between
recruitment capacity and mortality, which is, anhtand, determined by abiotic factors such as
light availability, mechanical disturbance and rarit availability (Marba and Duarte 1995,
Auby and Labourg 1996, Orth et al. 2000, Plus e2@10, Cognat et al. 2018). In particular,
Zosterasp. have been shown to follow strong seasonaémett(Duarte 1989, Auby and
Labourg 1996). Within a global change context, ¢her the possibility that this seasonal
behaviour might be affected. At the end of the tasttury, there was an estimated global loss
of seagrass meadows, both from direct and indiveotan impacts, of 90 000 ha (Short and
Wyllie-Echeverria 1996).

Several studies indicate that the primary causseafjirass degradation is related to
reduction light availability both due to increagesurbidity and nutrient loading (Duarte 2002,
Short 2003, Cognat et al. 2018). Such changes tarvedarity are often linked to dredging
operations (Erftemeijer and Robin Lewis 2006). kdlethe adaptation to light conditions
seems to be species dependent within seagrasses feshexampleZostera noltepresents a
better tolerance to high light conditions comparipgrmanently submerged seagrasses
(Vermaat and Verhagen 1996).

In France Zostera nolteimeadows occupied over 6000 ha in the Mediterraneast,
in the Etang de Berre by the middle of thd" 2@ntury (Warner 2012). Disturbance through
human activities linked to industrial pollution tetp a drastic decreasednnolteis population
(Bernard et al. 2007), where perturbations in thknke distribution in the water column were
reported to be a major cause (Alekseenko et al72@n the contrary, in Jade Bay, on the
German coast of the North Sea, nolteibeds have been reportedly increasing between the
1970s and 2009 (Singer et al. 2017). Indeed, wittodelling approach, Singer et al. (2017)
predicted a good acclimatization of this speciesrnaironmental changes related to Sea Level
Rise, namely by further extension of colonizationtbe lower intertidal flat. In the Bay of
Arcachon, the trend &. nolteibeds exhibit mostly a decline (Plus et al. 2010gufe 3) that
is accompanied by an increase in suspended sedomecentrations (SSC) in the Bay (Cognat
et al. 2018). This alteration in of SSC can botlalmause for the seagrass decline through the
decrease in water clarity and, at the same timeprssequence fronZostera meadows
regression as this species is known for its imporitapact on fine sediment retention in the
Bay (Ganthy et al. 2013, Kombiadou et al. 2014).

Recently, much effort has been given to seagrass testoration and characterization
of suitable unvegetated habitats (Valle et al. 26bBmer et al. 2016, Suykerbuyk et al. 20164,
2016b). An important point that has risen from sstidies, is the benefice of intraspecific
facilitative behaviour through positive feedbackamanisms (van der Heide et al. 2007, 2008).
However, these positive feedback loops can be glycaffected by winter reduction of the
aboveground biomass (Vermaat and Verhagen 199&3eedtiburial (Cabaco et al. 2008).
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Figure 3. Evolution of Zostera noltei meadows between 19802907 in the Bay of Arcachon (Plus
et al. 2010).
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Spartina invasions around the world

It has long been known that maritime cordgrassag gh active role in sediment dynamics
within estuarine zonesSpartinaintroductions with such purpose go back as earlyhas
sixteenth century (Strong and Ayres 2013), whew there introduced for the stabilization of
harbour zones, eroding shorelines and land reclamgCallaway and Josselyn 1992).
Spartina alternifloraandSpartina anglicaare maybe the two most widespreggartinasp.
invaders, particularly in the coasts of Austral@stern Europe and China.

Specifically, Spartinaanglica introductions have been reported all over the d@vorl
namely in the UK, starting from its place of Origin Southampton, the Netherlands (Oenema
and DeLaune 1988), in France (Baumel et al. 2001eCet al. 2007), in China (An et al. 2007),
in New Zealand (Hubbard and Partridge 1981, Lee Radridge 1983), in Australia and
Tasmania (Sheehan and Ellison 2014) and in theH#8kKer and Dethier 2006, Strong and
Ayres 2013). The success of this exotic cordgragsn&zation is such that countries like the
US, Australia (Hacker and Dethier 2006, Seddon. &0®0) and China (Sun et al. 2017) have
declaredSpartinaanglicaas a notorious invasive species.

In the United StatesSpartina invasion occurred mainly in the Puget Sound, in
Washington, where it was introduced in 1961, tbistze a dyke systems and provide forage
for cattle (Hacker et al. 2001). By the late 19@@svered a surface of marine intertidal habitat
of about 3300 ha and 1997 the removaboénglican the Puget Sound was designated by the
Washington State Department of Agriculture. Despdtve control actions, in 2006 it spread
into the British Columbia and Canada. Such contnglasures, both by mechanical and
chemical means have similarly been establishedustralia (Roberts and Pullin 2006). Still in
the US, a popular case for the co-habitation afhdeur of diverseSpartinaspecies is the
Bay of San Francisco (Callaway and Josselyn 1992e#et al. 1999). Indeed, this is an
interesting case study, as the Bay of San Frantissts more than 230 exotic species which
makes it known as the “world’s”” most invaded emty (Ayres et al. 1999).

In China, three introduce&partina species are estimated to have caused annual
economic losses of 2000 million US dollars (Suralet2015). The Chinese population of
Spartina anglicawas first introduced in 1963 in Xinyang AgriculdiExperimental Station,
Sheyang, Jiangsu and grew to cover 36000 ha by &@8fg 1993). However, in this country,
it seems to b&partina alterniflorathe most aggressive cordgrass invader. This spe@s
introduced in the Jiangsu Province of China in 18Y%olve erosion issues as well as soil
amelioration and dike protection (Quan et al. 20D&)ing the 1980s and 1990s, the Chinese
government increasingly transplanted the exoticiggen tidal flats for sediment accretion
purposes (Quan et al. 201&partina alterniflorawas transplanted into Yantze river estuary
in the late 1990s and since then it rapidly spredd salt marshes, replacing the native
PhragmitesandScirpus mariquetefQuan et al. 2011). Concerniggpartina anglicaa large
decline was verified over the last decade in cbasgima, where its general occupation
decreased to less than 50 ha (An et al. 2007).

In Europe, a good example of human interventioridod reclamation purposes is the
Netherlands where the human influence on salt maestetion and extension is considerable
and several actions with this purpose have takaceplhrough planting dpartinaanglica
(Oenema and DeLaune 1988).



General introduction

At first glance, when it concerns biological invass, they are commonly seen with
mistrust. However, invaders can have different iotpdepending on the habitats they invade.
In opposition to the theory that strong invadersrease species diversity, Hacker and Dethier
(2006) found increased native plant diversity wiltle invasion in some habitats while it
decreased in others. Even thougpartinasp. invasions are mostly known by their success,
this is not always the case. For example, in cd&partina anglicaexperiments by Dethier
and Hacker (2005) have shown that invasions bysiiegies can strongly vary with the habitat
and that they are mostly controlled by abiotic dastrather that biotic resistance. Indeed,
Spartina anglicaseems to occupy a wide extent of habitats amorighwhpresents highest
abundance in low salinity marshes and mudflats lameést abundance (lower surface of
occupation) in high salinity marshes and cobblecbea (Hacker et al. 2001). In fact,
germination success &. anglicaseeds significantly increases under low salinggditions
(Dethier and Hacker 2005) which might be a deteamiifiactor for successful rapid spreads of
this species.

The history of Spartina anglica C. E. Hubbard

Plant species that are newly formed polyploids #rat are additionally originated from
hybridizations, commonly result in invasive spediBsown and Marshall 1981, Pandit et al.
2006). This is the case of the cordgrdpartina anglicaC.E. Hubbard (Ainouche et al. 2004).
This species owes its origin to the crossing betwte north American speci&partina
alterniflora Loisel and the European nati&partina maritima(Curtis) Fernald, the most
ancientSpartinaspecies known (Raybould et al. 1991a, 1991b, Tlsom@d 991, Ainouche et
al. 2009). S. alterniflora is a widespread and danhcordgrass species in north American salt
marshes that in the nineteenth century, around , 11829 its seeds accidently transported on
shipping ballast and hence introduced in the UmftSouthampton, on the southern coast of
the British territory. There, the American spedmgbridized with its European congené,
maritima, resulting in a F1 sterile hybri8, x townsendH. & J. Groves. As a consequence of
chromosome doubling of the hybrid species, a nescisp was born around 18%partina
anglicaC. E. Hubbard (Figure 4).
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Figure 4. lllustration of Spartina anglica’s direct geneaiogl origin.

The introduction of Spartina anglica in the Bay of Arcachon and

context of the present study

SeveralSpartinaspecies are present in the Bay of Arcachon, na@péartina maritimaand
Spartina versicolor reported since 19 century), Spartina alterniflora (intentionally
introduced in the late 1970s), aBg@artina anglicalappeared in the late 198q&uby 1993,
Lafon et al. 2017)Like it occurred with the introduction @partina alterniflorain the UK,
Spartina anglica’seeds or plant fragments might have crossed tgksBrChannel, accidently
by boat or, simply transported with currents amiyvthus in the Baie des Veys, in the French
coast, where it was first recorded in 1906 (Baueteall. 2001, Strong and Ayres 2013). It then
progressively spread southward from Brittany aldhg western coast of France. It was
deliberately introduced in the Gironde estuary @24 from where it spread to the Bay of
Arcachon, where the first records of its preserate ffom the 1980s (Baumel et al. 2001).
For the management entiti¥partina anglicas the only one that raises concerns for
its ability to colonize a wide range of the intddi region and reputation of being a strong
invasive species (Le Nindre et al. 2004, Laforl.2@17). Marsh vegetation cartography works
have reported a strong development of the ex®piartina anglicaduring the last 20 years,
particular in some specific regions of the Bay.Bitte wide distribution ability and the recent
rapid spread of the exot®partinahave triggered the alarm among local human comitnesni
and management entities that started questionmgaisibility of thisSpartinato become a
threat for bottZostera noltemeadows, the dominant vegetation on the mudftandga retreat
itself during the recent years and the na8partina maritimathe originally dominant species
on the high marsh zones on the borders of the Bay.
The fears regarding native biodiversity as welt@ascerns for maintenance of navigation
access in the Bay and recreational use of the ksablave lead the local human communities
of the Bassin d’Arcachon to join together and f@ssociations to fight the exotBpartina
Because they wanted to lead global and consisteasumnes all over the Bay, they have
recently requested to the environmental commissfaghe community union (Commission
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Environnementale du Syndicat Intercommunal du Bad'#@ircachon — SIBA) to perform an
inventory of the evolution dbpartina anglicé presence in the Bay of Arcachon and the
elaboration of official guidelines for the contadlthe exotic species. Within their study, the
total marsh surface in the Bay was estimated tarbend 6 Km, which corresponds to about
3% of the total surface of the Bay. The inventaonynearshes composition in the Bay of
Arcachon has indicated the presence of seBgafttinaspecies including other exotics, such
asSpartina alterniflora However Spartina anglicas reported to be the most spatially
present species (Lafon et al. 2017).
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General introduction

Study questions

In this context, the study | present here intentierdightening the understanding the
colonization mechanisms &partina anglicaand its interactions with the biotic and abiotic
environment it colonizes. More precisely, with ttiissis | aim to answer the following specific
guestions:

(1) What areSpartina anglicss mechanisms of invasion and what is its prefeaéniche
of occupation?

(2) How did the arrival ofSpartina anglicaimpact the high marsh zone, previously
occupied by the nativBpartina maritim&

(3) In what extent does the colonization of the mutiflpioneer zone b$partina anglica
affect the foundation speciéestera nolte?

13
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Organisation of the manuscript

In order to assess the previous questions a s#riesdd experimental works were carried in
the north eastern part of the Bay of Arcachon. &nes was specifically chosen for the limited
presence of the exotgpartina anglicaalong with a well-developed marsh dominated by the
native Spartinawhich corresponds to early stage conditions ofrikiasion.

In order to try to understand the mechanisms adsion and the niche type occupation
by the exoticSparting as well as the global marsh evolution afterits/al, a first assessment
was made through remote sensing. In this first @apexplore the potential of using high
resolution satellite images to identify the spddignal of the twpartinaspecies in question
and evaluate the temporal evolution of the marstezo
The second chapter is dedicated to the field expmrial assessment of the biotic interactions
between the nativ&partina maritimaand the invasiveSpartina anglicaas well as the
characterization of the preferential occupatiorhegby the two species along the different
levels of the tidal flat. Not only this work is cghementary to remotely sensed observations
presented in the first chapter but it also enabléarther characterization of the t&partina
niches and competitive abilities.

To further understand the nature of the interastioetween the tw8partinaspecies
and how they can be influenced by the proximitfreshwaters inputs and nutrient availability,
| present, in chapter 3, the results of field warkmbining a removal experiment with nutrient
availability and environmental measures.

Because of the possibility of an influence of tlxetee Spartinaon the decline of the
seagrasZostera nolteidue to a reported wide colonization of the mudfkathe former, on
the fourth chapter, | present experimental workstla interactions between the exotic
cordgrass and the native seagrass species, wigidritinal colonizer of the inner zones of the
Bay. With this work | present an evaluation of gpmatio-temporal extent of action of the
invasive cordgrass over the seagrass performance.

Finally, in the fifth chapter | compare the t@partinaspecies ecosystem engineering
ability to build marsh from the pioneer zone of tital flat in order to understand whether the
colonization of the tidal flat by invasiv@partinacan lead to preoccupying changes or not,
relatively to the previous vegetation already cdomg the Bay.
| close this manuscript with a synthesis sectiornHt present the general main conclusions
of this thesis and perspectives on further invasibgs that could be performed in order to
complement the findings of the works here presented
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CHAPTER 1

Remotely sensed assessment of niche occupation by the invasive

Spartina anglica
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Chapter 1: Remotely sensed assessment of niche occupation by the invasive S. anglica

The early detection of an invasive species ang@id tanderstanding of its proliferation in space
and time might lead to timely management of conaiions. In salt marshes, where field
access presents considerable difficulties, spaoeharagery provides a relevant tool to such
type of assessment as it can offer large scalevigves consisting of short time frames at
relatively low costs. However, species distinctinremote sensing imagery, particularly at
small spatial resolutions, remains challengingntertidal environments, vegetation tends to
follow a natural zonation according to its spectierances to the biotic and abiotic factors
that characterize the different tidal levels. Besithis natural zonation between species, small
scale heterogeneities occur, namely in terms oétaigpn species density, mixing between
different species or different degrees of sedinagit water deposits on the vegetation.

In this chapter, | assess the evolution of saltsimes at Andernos, in the north eastern
side of the Bay of Arcachon through remotely senseagery in order to understand their
response to the establishment of the invaSpartina anglicaThis site is particularly suitable
for this objective aSpartina anglicas present with a low abundance and the vegetatistill
dominated by the nativ@partinaspecies. | first considered a set of aerial imdigena 1949 to
2016 to understand the long-term dynamics. Therplored the potential of using high spatial
resolution satellite images to monitor the invasibSpartina anglican tidal flats of the Bay
of Arcachon from an early stage of the invasiorld-reflectance measurements of the two
targetSpartinaspecies and GNSS contours were performed andassgaund truth for pixel
classification of the satellite images.

This work was published in the special is®@mote Sensing of Estuarine, Lagoon and Delta
Environmentsunder the section Remote Sensing in Geology, Geamology and Hydrology

of the journal Remote Sensirig The publication is presented in the followingsen and the
main conclusions are subsequently summarised.
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Publication: Potential of high resolution Pléiadesagery to monitor salt marsh

evolution afteiSpartinainvasion
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Abstract: An early assessment of biological invasions is irtggd for initiating conservation strategies.
Instrumental progress in high spatial resolutionSR) multispectral satellite sensors greatly faatidis
ecosystems’ monitoring capability at an increagingimaller scale. However, species detection id stil
challenging in environments characterized by a kigfability of vegetation mixing along with othelements,
such as water, sediment, and biofilm. In this studlg explore the potential of Pléiades HSR multsze
images to detect and monitor changes in the sakhea of the Bay of Arcachon (SW France), aftefrikiasion

of Spartina anglicaDue to the small size &partinapatches, the spatial and temporal monitorin§dirtina
species focuses on the analysis of five multispéatrtages at a spatial resolution of 2 m, acquatethe study
site between 2013 and 2017. To distinguish betwkerdifferent types of vegetation, various teche&jtor
land use classification were evaluated. A descnipéind interpretation of the results are basedsat af ground
truth data, including field reflectance, a dronigHft, historical aerial photographs, GNSS and pipatphic
surveys. A preliminary qualitative analysis of NDiilaps showed that a multi-temporal approach, taiittgy
account a delayed development of species, coulsubeessfully used to discriminaSgpartina species (sp.)
Then, supervised and unsupervised classificatiaseq for the identification dpartina sp, were evaluated.
The performance of the species identification weghlit dependent on the degree of environmentaknoissent
in the image, which is season-dependent. The aecigentification of the nativBpartinawas higher than 75%,
a result strongly affected by intra-patch varidpiland, specifically, by the presence of areas witfow
vegetation density. Further, for the invasiartina anglicawhen using a supervised classifier, rather than a
unsupervised one, the accuracy of the classifigaticreases from 10% to 90%. However, both algorith
highly overestimate the areas assigned to thisepdeinally, the results highlight that the idéngtion of the
invasive species is highly dependent both on thea®al presence of itinerant biological featurebthe size
of vegetation patches. Further, we believe thatéiselts could be strongly improved by a couplegragch,
which combines spectral and spatial informatiam, pattern-recognition techniques.

Keywords: biological invasions; coastal wetlands; multi-spaldimagery; NDVI; Pléiades; Pixel classification;
salt marshSpartina anglica; Spartina maritima
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1.1 Introduction

Biological invasions often represent an importanirse of change in a system. They are
mostly perceived as a possible threat to localieedity (Vitousek et al. 1997b, Davis 2003,
Seabloom et al. 2013, Simberloff et al. 2013). Gmu=ally, the arrival of a new species can
also carry significant benefits to ecosystem sews/ifCrooks 2002, Zarnetske et al. 2010,
Schlaepfer et al. 2011, Seabloom et al. 2013). cimsequences of biological invasions are
usually difficult to predict. Their impact on ecasgms may significantly change in space and
time (Strayer et al. 2006) because of a variabd@tde response of the host communities. This
response can induce a slowdown of the invasiveispétS) proliferation or, conversely, a
sudden rapid expansion. The detection and mappiting @arliest stage of IS development and
expansion often turns out to be the best strategwiiticipating and controlling their impact
(Bustamante et al. 2016, Correll et al. 2018).

Due to the frequency of physical disturbance, tithis and salt marshes present a high
susceptibility to biological invasions (Hacker dt 2001). This vulnerability particularly
increases with human pressure (Early et al. 20®&)se systems are characterized by complex
interactions between geomorphological patternsemotbgical structures (Marani et al. 2004)
and present a highly dynamic and extensive charastdch, being associated with access
difficulties, make remote sensing an appealing mooimg tool (Silvestri et al. 2003, Belluco
et al. 2006, Klemas 2011).

Several studies have already demonstrated thegspotential of using optical satellite
imagery in mapping intertidal vegetation (Maranaket2004, Thomson et al. 2004, Barillé et
al. 2010, Zuo et al. 2012, Correll et al. 2018) particularly, for the monitoring of biological
invasions (Zhang et al. 2004, Li et al. 2010, Ogyanal. 2013). Intertidal vegetation follows
a natural spatial zonation, according to its taleeato the different tidal levels (Chapman 1964,
Pennings and Callaway 1992). This natural zonatepresents an advantage for remote
sensing assessment, because it provides a clesicphseparation between different species.
Vegetation tends to grow in patches of clearly deatad borders, presenting a relative
homogeneity from a radiometric point of view, aheé meadows of each species tend to be
constant in time (Silvestri et al. 2003). Howedgspite the relative intra-patch homogeneity,
different degrees of vegetation cover and mixing oacur when the pixel size increases
(Silvestri et al. 2003, Adam et al. 2010). The emvmental background noise, due to the soil
characteristics, water and biofilm, then generatesignificant per-pixel variability of the
upwelling radiative signal (Silvestri et al. 200Burther, there is also a significant time
dependency on plant phenology that can largelyamite species differentiation in spaceborne
imagery (Silvestri et al. 2002, Ouyang et al. 202t Slatton et al. 2008, Sun et al. 2016).

For these reasons, it is essential to select thst swtable satellite on the basis of
instrumental characteristics. Especially, remotdapnsed multispectral satellite missions can
provide data with significantly different temporapatial and spectral resolutions (Adam et al.
2010, Mouw et al. 2015). The selection of one natsmh over the other needs to be weighted
according to the objectives, as current orbitingsses cannot yet provide simultaneous high
temporal, spectral and spatial resolutions (HilleR014). For instance, Belluco et al. (Belluco
et al. 2006) compared multispectral and hyperspecamote sensing data efficiency in
mapping salt marsh vegetation in the Venice ladttaty). They showed that spatial resolution

22



Chapter 1: Remotely sensed assessment of niche occupation by the invasive S. anglica

affected the pixel classification accuracy in a moore important way than spectral resolution
and that hyperspectral data can contain largelynéant information. Consequently, they
suggested that, for such studies, preference shmmilgiven to spatial, rather than spectral,
resolution. However, a possible way to overcomedhenitations is through the combination
of images from sensors, providing different spadiad spectral products by the application of
pan-sharpening techniques (Garzelli et al. 2004)lAlet al. 2012). The application of such
techniques enables one to simultaneously take #alyarof panchromatic (higher spatial
resolution) and multispectral (higher spectral heson) images. The identification and
differentiation of vegetation species is commonasdd on a similarity in pixel clustering,
using supervised or unsupervised methods (Belltad. €006, Carter et al. 2009, Li et al.
2010, Correll et al. 2018, Sun et al. 2016). Bettsults are most frequently obtained using
supervised classification techniques (Zak and GaB@D2). However, in the case of muddy
coastal zones, to achieve good results, these nethay require extensive and impracticable
ground truth verifications.

Even with the current advances in remote sensimgdymts and techniques, the
differentiation of individual intertidal speciesn amportant aspect in the assessment of
biological invasions, is still a difficult (Corredit al. 2018) and usually comprises large errors
and confusion with other features. In this studg,aim to assess the potential of multispectral
images, acquired by the Pléiades-1 satellite chasta, in order to discriminate the invasive
cordgrassSpartina anglicafrom the remaining marsh vegetation in the Bagm@iachon (SW
Atlantic coast of France). The evaluation exer@dsased on NDVI maps and the use of pixel
classification methods—either supervised (Randomnes$is) or optimized unsupervised
(simulated annealing) approaches—applied to Pléiddeages, which were acquired in
different seasons. Any advances in the accuratetifibation of the different salt marsh
structures will enable a better understanding efrtfechanisms and extent of colonization by
invasive species and allow for the monitoring sfavolution, facilitating an early intervention
if needed.
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1.2. Study Site

The Bay of Arcachon is located in the South-west@ench Atlantic coast (Figure 1.1).
This coastal lagoon is separated from the opendogthe Cap Ferret sand spit. Its main flow
entrance is divided into two channels, with sanaiyids and shoals between them (Allard et al.
2009). The presence of a mouth bar and inter-chdoamds limits the internal propagation of
external ocean waves. Therefore, inside the lageawes are mainly wind generated and fetch
limited, especially by the presence of the “lle &iseaux”. Wind speed and wind direction
vary seasonally; they are variable and weak dusurgmer and mostly westerly or northerly
in winter, reaching speeds > 10 m/s. Tides are diamial, ranging from 0.8 m during neap
tides to 4.5 m during spring tides (Cayocca 20aay the high tide surface can reach an area
of 174 kn?, mainly composed of a network of narrow channetsch is reduced to 40-50 Km
at low tide (Plus et al. 2009). The main sourcé&edhwater is the Leyre river in the South-
east, and the Porge Canal in the North. The totghfvater input represents less than 1% of
the tidal prism (Plus et al. 2009).

For this study, we chose to consider a study aesed on the intertidal zone at Andernos
(Figure 1.1), on the north-eastern side of the Bég particularity of the marsh in this zone is
that, even though it presents a stable niche afenaegetation, there is a significant presence
of the exoticSpartinain small random patches. This is representativ@nahitial stage of the
invasion and is an ideal scenario for our objeabifielentifying this species from its early stage
of territory occupation.

<

Figure 1.1 Location of the Andernos’ salt marshes (white rectangle) in the study site (Bay of Arcachon, SW
France).
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1.2.1. Vegetation in the Bay of Arcachon

In the Bay of Arcachon, low elevations of the tiflat (slikke) are mainly colonized by
the seagrasgostera nolteiwhereas the margins of the lagoon (schorre) aceiped by
typical salt marsh vegetation (Figure 1.2a), ppally Spartinasp. (Spartina maritima—
Figure 1.2b—e andpartina anglica—Figure 1.2f—j). The arrival of the invasive spegie
Spartina anglicain the 1980s (Baumel et al. 2001) provoked camoegarding threats to local
species diversity and, especially, the eventudbogment of the nativ8partina (Spartina
maritima) by its exotic congener. Even thou@partina species constitute the dominant
vegetation type in the marsh zone, there are mtrgy species, such 8alicornia spp.Juncus
gerardii, Limonium vulgare Halimione portucaloidesand Puccinellia maritima(Soriano-
Sierra 1992| . abourg et al. 1995) (Figure 1.2k—-nbjsually, there is a well-defined separation
between different vegetation species, but diffedagrees of mixture, as well as different
degrees of density within the same type of vegatatan also occur.

More than other marsh species, the invaSigartina anglicahas the particular ability to
spread to offshore positions within the tidal fitthe inner side of the lagoon. For this reason,
the vegetated inner tidal flat zone was includeith the intention of identifying the isolated
Spartina anglicgpatches that might occur in this zone.

Seasonal differences in the intertidal vegetatide'¢elopment and phenology can help to
determine their identification and discriminatiogsing remotely sensed images (Ouyang et al.
2013, Clint Slatton et al. 2008). Notablgpartina maritimais a species known for its
continuous growth and absence of significant seslsdie-back (Pierce 1983). In the Bay of
Arcachon, this was verified by Proenca et al. (Rcaeet al. 2019), who estimated a very low
productivity for this species at different intedldevels. On the contrary, the conge8partina
anglica presented a strong aerial productivity of aeriahtass, which means that it suffers
from a strong die-back during winter, and it contgle recovers during the growing season,
particularly during summer, due to its exploitatgrewth strategy, which is better than that of
the native. An important difference concerning giinenology of growth is also observable,
with a maximum of growth during spring for the watiand during summer for the exotics
(Appendix A). Additionally, the cordgrasses seem piesent some sensitivity both to
continuously high and continuously low temperaturegpressed as a color change to
yellow/brownish shades during summer and winters@es, respectively. The seagrass,
Zostera noltegiwas also found to present a pronounced seasonalityy and Labourg (Auby
and Labourg 1996) found a minimum aboveground bssmfor this species between
November and February and minimum shoot lengthsspningtime. The maximum
aboveground biomass was measured between JuneugndtAbut high values of shoot length
were found during Fall. Concerning algae, sevagraties can be found in the Bay at different
times of the year (Castel et al. 1996). Accordmthese authors, in the inner parts of the Bay,
there is a strong presence of the green dgaostroma obscurunthat tends to decline during
the period between March and September. Howewey, fttund that a clear seasonal trend is
difficult to predict.
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Figure 1.2. Characterization of vegetation in the Bay of Arcachon. a) Schematic representation of the typical
distribution of intertidal vegetation along the tidal gradient; b) dense green meadow of Spartina maritima; c)
transition from a dense to a sparse Spartina maritima meadow; d) Spartina maritima with homogenous seaweed
(Ulva) coverage; e) brownish dense meadow of Spartina maritima; f) sparse green meadow of Spartina anglica;
g) sparse withered meadow of Spartina anglica; h)—i) Spartina anglica with thick algae coverage; j) dense green
meadow of Spartina anglica; k) Halimione; 1) Salicornia; m) mix of diverse vegetation; and n) dense Spartina
maritima meadow with vegetated tidal flat, both due to well-developed Zostera noltei meadows and a strong
presence of algae deposits in the background.
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1.3. Datasets and Methods
In this study, we used five high-resolution muléspral (MS) images, acquired by the
Pléiades-1 satellite constellation, aerial and drphotographs, centered on the study area,
Global Navigation Satellite Systems (GNSS) datdlected as ground truth validation,
radiometric measurements of the features likelyafmpear in the classifications and
georeferenced photographs.

1.3.1. Aerial Photographs

The aerial photograph dataset was obtained fromchrBlational Institute for Geographic
and Forestry Information (IGN) database, and it posed 41 orthorectified images, taken
between 1934 and 2004, with a spatial resolutiowgireg from 0.10 to 0.85 m. From this
dataset, 31 photographs were selected, based aal @saluation, for their quality and
potential for exploitation. They were then georefered. A subsection of the study zone was
then extracted, and polygons of the identifial#@artina meadows were obtained,
distinguishing between the two species based orGIHES data and georeferenced ground
photographs. The number of identifigartinapatches (polygons) is variable, depending on
the year and quality of the photograph. In ordexawsider the error associated with the visual
determination of th&partinameadows’ limits, three replicates of polygons werawn for
each patch. We then used the polygon surface ofhitee replicates to estimate the mean
surface and standard deviation error of each patch.

The most recent aerial photograph was taken daridigpne flight that was performed on
21 June 2016 over the study zone. We used a Ddit&tha2 drone, equipped with a GoPro
Hero 4 Black Edition, mounted on a DJI Zenmuse B3g8nbal to counterbalance unwanted
camera rotations and absorb vibrations. The fliggs performed at a very low altitude, 30 m,
in order to obtain high-resolution images. Grouadtool points were taken over the study area
and georeferenced using a GNSS system. The imageetiavas aligned by a structure-from-
motion algorithm through Agisoft Photoscan softwdrem which we obtained a 3D model
that was optimized and georeferenced using thengratontrol points. Finally, a high-
resolution (5 cm) orthophotography was extractednfthe 3D-model. This high-resolution
orthophotography was used both as a reference iaadjground truth for the validation of
feature identification in the satellite images

1.3.2. GNSS Data

A field campaign was carried out on 26 October 2@i@letermine the extent of the
difference between plant species present in tly stite using a differential Global Navigation
Satellite Systems (DGNSS) technique. Two GNSSmstaticomposed of Leica GR25 receivers
and AR10 antennae, were installed, one on the shsra base station, and a second one,
mobile, carried in a backpack. The maximum distdrateseen the two stations never exceeded
300 m during the field campaign. The GNSS statjperated at multi-frequencies (L1, L2, L5)
on multi-constellation signals. They were acquir@iSS (GPS and GLONASS) data at a
sampling rate of 1 Hz.

The RTK open-source program package (version 2(Fd®asu 2009, Takasu and Yasuda
2009) was used to process the GNSS raw data. Ti@ewére is available at:

27



Chapter 1: Remotely sensed assessment of niche occupation by the invasive S. anglica

http://www.rtklib.com/. The satellite coordinateopluct provided the GNSS orbit and clock
offset data used in this study, which were maddaha by the International GNSS Service
(IGS) at ftp://cddis.gsfc.nasa.gov/gps/productsé &so used the Antenna Exchange Format
(ANTEX) file (igs08_wwww.atx), made available byetlnternational GNSS Service (IGS—
https://igscb.jpl.nasa.gov/igscb/station/generalgatx), which provides a precise and
consistent set of phase center offset (PCO) andtiar (PCV) values for both satellites and
receivers’ antennae, taking into account theseections. As the two stations were
continuously acquiring data at both the L1 andregfiency bands, GNSS data were processed
in ionosphere-free mode, with tropospheric coroedifrom the Saastamoinen model, and
solid Earth and pole tides, followed by ocean tadaling, were applied (Frappart et al. 2016).
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1.3.3. Radiometric Measurements

On July 21 2016, a field campaign was conductatienstudy area to collect radiometric
measurements, associated with the different typesilostrate. Hyperspectral measurements
were performed in the 400-900 nm spectral rangeerye8 nanometres) from two
radiometrically-calibrated TriOS-RAMSES sensorse Tadiance sensor pointed downward to
measure the upward signal of the substiai@.), W.m2.sr*.nm™), while the irradiance sensor
pointed upward to measure the downward irradiaf@@), W.m%.nm?). Radiance and
irradiance measurements were performed simultahgoas recommended in Reference
(Duggin and Philipson 1982). The remote sensingetfnce Rs(1), srt) was then calculated
as the ratio ot.y(}) to Eq(A). Note that, for brevity, we do not include théerence to the
spectral dependency in the following text. Sevéealtures were chosen according to the
different aspects of the vegetation of intereshfbwithin the study zone. For each feature, a
run of 10 radiometric measurements was performedhieee different targets in order to
compute the average spectruniRaf

Finally, in order to compare the field data witle tRléiades data, the in siRsspectra
were spectrally transformed using the spectraloesp function (SRF) of the Pléiades-1A and
-1B bands in order to make them compatible withdpectral characteristics of the sensors.
The SRF-correcteBs spectraRs srg were computed as follows:

[ Rys()SRF(A)dA

[ SRF(X)dA )

Rrs_SRF(/lo) =

wherelo represents the central wavelength of the diffekéatbands of Pléiades.

1.3.4. High Resolution Pléiades Images
Standard orthorectified Pléiades images, acquirefive dates (25 April 2013, 3 August

2016, 6 October 2016, 24 Mai 2017 and 7 Octobeir20lable 1.1), were used to determine
the vegetation type in the study area. The Pléiadésllite constellation (Pléiades-1A was
launched on 17/12/2011 and Pléiades-1B on 02/12)28dquired PAN (wavelength in the
470-830 nm range) images, with a ground sampliatadce of 0.7 m in the nadir direction,
which were resampled at 0.5 m and in four MS banlsie-(B: 430-550 nm), green (G: 500—
620 nm), red (R: 590-710 nm), and Near-InfraredR(N190-940 nm)—at a spatial resolution
of 2 m and over a swath width of 20 km at nadir.

Table 1.1.Pléiades satellite data set information.

Satellite Acquisition Date  Season  Acquisition Tim¢UTC) Time of Low Tide (UTC)

Pléiades-1A 25/04/2013 Spring 11h15 12h04
Pléiades-1A 03/08/2016 Summer 11h15 12h45
Pléiades-1A 06/10/2016 Autumn 11h23 14h59
Pléiades-1B 24/05/2017 Spring 11h04 11h06
Pléiades-1A 07/10/2017 Autumn 11h08 13h27
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1.3.5. Pre-processing of the Pléiades Images

All images were not provided in the same coordisystem. Therefore, all images were
first re-projected in the Universal Transverse Méoc (UTM), Zone 30 North—World
Geodetic System 1984 (WGS84). Radiometric calibmaind atmospheric correction were
then applied to each image in order to convertlineel 1 (L-1) images, provided in digital
counts (DC), to images in the surface reflectarelees. Then, the surface reflectance was
divided by = to obtain Rs. Atmospheric corrections were performed using tpical
calibration module from OTB — Monteverdi softwartnglada and Christophe 2009),
converting all images to the top of the canopyeatince. Both sun and viewing angles
(elevation and azimuth), as well as the -calibratmrefficients (gain/biases and solar
illuminations), were obtained from the images’ ndetia files. The applied aerosol model was
chosen, depending on the corresponding seasoncbf iseage, following the methods in
Reference (Bru et al. 2017). The atmospheric presaerosol optical thickness and ozone and
water content values were obtained from NASA’s Aetdrobotic Network (AERONET) for
the Arcachon station at the corresponding acqarsitime of the satellite image. The
atmospheric corrections in the blue band (B) preterhighest residual errors. For this reason,
and because the B-band does not provide usefuii@daliinformation in the identification of
vegetation, this band was removed from all images.

For each image, we computed the Normalized Vegetdtidex (NDVI, (Rouse et al.
1974)) as:

NDVI = Rrs(ANIR) - Rrs(AR) (2)
Rrs(/lNIR) + Rrs(/lR)

Other indexes proposed in the literature for assess of vegetation cover were tested,
but they did not present significant differencelatree to the NDVI. The NDVIs were also
estimated for the field reflectance data, and #iees obtained for each species were compared
to the ones estimated from the satellite imagese8an the analysis of the NDVI maps, for
each image, we performed a prior assessment af ¢apability of identifying the different
types of habitats and species using classificatiethods.

1.3.6. Pixel-based Classification

To attempt to identify the two types Spartinaand differentiate them from each other,
we tested pixel classification algorithms, usinghbansupervised and supervised approaches.

Unsupervised methods provide the advantage of bamg flexible (Hutchinson 1986),
and this approach was considered with a view teralihg the vegetation mapping to the entire
Bay. Unsupervised approaches recognize patterspeaftral response using cluster analysis
techniques. The resulting classification must kedyaed to regroup and label the classes using
ground truth information. Even if there is a pertpe of the long-term monitoring of salt
marshes of the entire Bay, in this work, we willyofocus on the results for the study zone.

Pixel-based unsupervised classification was pemdrmsing the Simulated Annealing
Algorithm (Bertsimas and Tsitsiklis 1993), a proitigabc method to find the class centers,
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which minimizes the cumulated distance from evexgldo their center of class in the spectral
space. This is a non-linear algorithm that, witle thppropriate parameters, provides a
converged solution to the global optimized minimuho. improve the search for the best
solution, a start temperature (a control parantbtdrdetermines the range of the initial search
for the solution) is given, and its decrease, Wit number of iterations, corresponds to a
decrease in the probability of the acceptancevebdise solution than that previously found.

For the supervised classification approach, weidensd different supervised classifiers,
where preliminary tests showed that all techniquesided similar results. For this reason, we
further proceeded with the Random Forests (RFsifias(Breiman 2001), which is indicated
in the literature as a suitable algorithm, whemgsa high number of variables and small
training sets (Silvestri et al. 2003, Correll et2018). When applying the RF classifier, the
classification map is accompanied by an accuracy, waich contains the indicator of the
confidence degree of the classification. More @&y, the RF classifier is composed of a set
of different individual base classifiers (decistoees). Each tree makes a decision, and the final
decision corresponds to the majority vote. The eegof confidence is obtained as the
percentage of the individual classifiers that pdeva decision equivalent to the final one.

Pixel classification was performed on the threeeldlis images. Supervised classification
was performed using MATLAB ® on a standard persamshputer, an Intel ® Core ™ i5-
4690 processor at 3.50 GHz, with 8 Go memory. Fages with dimensions of 281 x 300 at
a 2 m resolution, the algorithm’s computation timwas under 5 minutes. As for the
unsupervised classification, the simulated anngallgorithm was written in Fortran. It ran on
a bi-socket server using AMD Opteron processo&3Q GHz, and it was parallelized on 24
cores using the OpenMP library. The longest contfmutavas approximately 10 minutes.

All image processing steps are summarized in Figj8e
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Figure 1.3. Flow chart of the image processing steps.

1.4. Results and Discussion

1.4.1. Spectral Signature of Vegetated Structures

Figure 1.4 shows the me&a spectra of different characteristic substrate sypellected
at the study site on July 21, 2016. The spectgature of the tw&partinaspecies is very
clearly distinguishable from other benthic habiygies. This difference is particularly obvious
for dense and greeé®partinameadows, without biofilm or sediment. ThBi spectra display
a narrow peak center at around 550 nm and a shargaise in the signal between the red and
NIR bands, which is associated with higl values over 780 nm. Furthe3partina anglica
and Spartina maritimaare also spectrally distinguishable. In green wawgths,Spartina
anglica shows a more pronounced peak ti&partina maritima while in the red and NIR
bands Spartina anglicashows higheR:s values tharspartina maritimaFor instance, thB:s
value is 0.013 st and 0.004 st at 650 nm, and 0.0717$r and 0.042 st at 840 nm,
respectively (Table 1.2). The NDVI, obtained fromsitu Rrs, also indicates a significant
difference betweeSpartina anglicaandSpartina maritimawith a value of 0.69 + 0.02 and
0.83 = 0.03, respectively.
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Table 1.2.Mean (standard deviation) values of field hypergpécfield SRF-corrected Pléiades, and Pléiades
remote sensing reflectance iin the Green, Red, and NIR bands, and in the Np3éudo-band for the same
dense and greeBpartina anglicaandSpartina maritimgpatches (see Figure 1.6). Field data were acquoined
21 July 2016, and the Pléiades image was acquireéddAugust 2016.

S B (177) Field Rrs (sr™) Field Rrs_srr(sr™) PléiadesRis (sr™?)
S. maritima. S. anglica S. maritima S. anglica  S. maritima. S. anglica
60 0.007 £ 0.019 + - - - -
Green 50?)—620 0.002 0.003 0.006 * 0.017 £ 0.015 % 0.018 =
- - 0.004 0.004 0.001 0.001
0.004 £ 0.013 £ - - - -
Red 650 0.002 0.004 0.005 + 0.014 + 0.007 £ 0.009 +
590-710 - - 0.006 0.005 0.001 0.001
840 0.042 £ 0.071 £ - - - -
NIR 240-940 0.008 0.007 0.039 0.064 + 0.029 + 0.034 +
- - 0.009 0.010 0.003 0.003
NIR — Red
NDVI ——— 0.83+0.03 0.69 +0.02 0.77 £ 0.05 0.64+0.04 0&®.074 0.57+0.061
NIR + Red

However, field measurements show a high variabditghe spectral signatures of both
Spartinaspecies, depending on phenology, vegetation cowailm and sediment deposition.
For instance, the algae depositionSpartina maritimacauses a significant decrease in NDVI
(0.54 instead of 0.83) due to an increased signtie red and a decreased signal in the NIR.
On the other hand, the sediment depositiospartina anglicashows a negligible impact on
the radiometric signal in the red, but a strongawstgn the NIR, which is responsible for a
moderate decrease in NDVI (from 0.69 to 0.61).

0.08 -

B G T{ NIR —— Spartina anglica green
0.07 4 Spartina anglica with sediment deposits
— Spartina maritima green
0.06 -
- — Spartina maritima yellowish
T 0051 Spartina maritima with ground exposure
-
2 0.04 - Spartina maritima with biofilm cover
=
o g
g Zostera noltei
= 0.03 1
=~ - = Biofilm
0.02 1 —  Mudflat

0.01 -

450 550 650 750 850 950
Wavelength (nm)

Figure 1.4. Mean field remote sensing reflectance (sr?) spectra of different characteristic substrate types,
collected in the study site on July 21, 2016. Colored spectral bands are associated with the blue (B), green (G),
red (R), and near-infrared (NIR) channels of the Pléiades-1 satellite images.
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Figure 1.5 provides th&s values in the green, red and NIR channels foMBePléiades
images, acquired on 3 August 2016. The images zoa@m theSpartina anglicaandmaritima
meadows, sampled during the field campaign conduate21 July 2016. MS images exhibit
a high intra-patch variability of their spectragysatures, as previously observed using field
observations. This variability is directly relaticthe spatial heterogeneity of the ground cover
percentage in the meadowsSpgartina speciedn order to compare field and satellite remote
sensing reflectances, we computed the field SRFectadRs from Eq.1 (Table 1.2). A general
smoothing effect oiRs_srrdue to the wide Pléiades spectral bands can leslnBiowever,
small differences were recorded betwd®g srr and Rs. The lowest and highest relative
differences were found in the red bandSpartina anglica7%) andSpartina maritimg22%),
respectively.

A comparison of the satellite and field SRF-coree@s shows that they exhibit a similar
general spectral behavior, but with significanteténces in the magnitude and spectral shape.
For instance, the NDVI values associated \Bipiartina maritimavere 0.77 and 0.60 f&%s_srr
and Pleiadedxs, respectively. Further, it is worth noting that thifference between the
Spartina maritimaandSpartina anglicad\NDVI values is significantly lower in the satedlitata
(0.03) than in the field data (0.13). This reducapability of discriminatingpartina maritima
from Spartina anglicausing satellite observations may be related tstladéng factor (Silvestri
et al. 2002). Due to the small scale of 8gartinameadow and high spatial heterogeneity of
the vegetation cover, the lower the spatial resmiytthe lower the radiative contribution of
Spartinato the per-pixeRs and the higher the contribution of the soil backigd signal.

srl
Fe 5 ) ‘ 0.05
' Spartina Greenband &
maritima
0.04
j 10.03
NIR band
10.02
0.01
10m |
el [

Figure 1.5. Remote sensing reflectance (sr™t) values in the green (500-620 nm), red (590-710 nm) and NIR (740—
940 nm) bands for the multi-spectral Pléiades images, acquired on 3 August 2016. The images zoom in on the
well-identified Spartina anglica and maritima meadows (see red and blue boxes on the image of 2016, Figure
1.4).
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Maps of the NDVI were generated for the five diffier dates of the Pléiades images
(Figure 1.6). This index highlights strong seasartelinges, which appear to be primarily
related to species phenology and the ephemeramre®f itinerant biological structures (e.g.,
the presence of biofilm and algae). The global mglrsh zone can be clearly identified from
the other types of habitat, particularly duringisgr(April and May), when the NDVIs of
Spartinasp. vegetation show particularly higher valuesiteand and sediment. The results
also highlight both seasonal and inter-annual tiaria of the NDVI signal for th&partina
vegetation. The NDVI does not, by itself, seemdasbfficient to differentiate the tw®partina
species, as they present values of the same drdeagnitude (Table 1.2). However, due to a
small phase shift in their respective seasonal I[dpugent, which generates considerable
differences in aerial biomass density and cologfe 1.2b—j), autumn appears as the best
period to discriminate the two species, where ayeiDVI values forSpartina anglicaand
Spartina maritimaare 0.8 and 0.9, respectively. Previous studie® fsready shown the
advantages of a temporal assessment of marsh speergification using this index (Sun et
al. 2017, Sun et al. 2018). For instance, Sun.€8ain et al. 2017), considering the monthly
NDVI of multiple marsh species in the middle coastliangsu, found important temporal
windows that made the species distinguishable.

Further, relevant information regarding the genertdrtidal vegetation presence during
the growing season can be withdrawn from this patamin particular, remarkable differences
appear between both spring images (April 2013 alag RD17). The NDVI values for both
intertidal and supratidal vegetation are abovefOr&he first date and much lower for the
second one, ranging from 0.3 to 0.6. This indic#tes potentially significant meteorological
differences might have occurred within the fourrgeaffecting the vegetation development,
namely, in terms of temperatures and sunlight atedity. However, such analysis goes beyond
the scope of the present study, and further cdimawith meteorological data would need to
be conducted. For the image corresponding to tiggnbig of August 2016, at the peak of
summer, NDVI values are no longer at their maximwmich could possibly be related to a
particularly hot summer, during which high temperas were reached. A relative senescence
of the vegetation during this period was observwathg field verifications, which is probably
the reason for the marsh vegetation NDVI valuesdpander 0.8 during this period of the year.
Finally, for both fall images (2016 and 2017), naty the marsh vegetation structure shows
particularly high NDVI values, but there is als@ thresence of a large vegetated cover over
the tidal flat. This is probably related to thetfélcat, by this time of the year (October),
temperatures have not yet significantly decreased vegetation growth is still occurring, for
the seagrass in particular (Auby and Labourg 199@eed, it seems that this corresponds to
an optimum period foZostera noltemeadows to colonize the intertidal flat. Additidgal
field inspections on this date allowed us to vetifat this corresponds to a particularly
favorable period for algae that considerably ca/&arge part of the tidal flat surface. Several
deposits of such algae were also found to be hooketd the stiff marsh vegetation, which
might also affect its spectral signal (Figure 1h2dl, It is then important to note that the
presence of biological deposits can significantffea the NDVI of the target marsh
vegetation, and eventually, alter the typical valpeesented by tHgpartinaspecies.
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Figure 1.6. Comparison of the NDVI computed from the Pléiades images for the five considered dates, a) —b) 25

April 2013, ¢) —d) 3 August 2016, e) —f) 6 October 2016, g) —h) 24 May 2017, and i) —j) 7 October 2017. For
each date, the image zooms in on the well-identified, small and invasive Spartina anglica and large native

maritima meadows (right panel—see legend in Figure 1.5). Black contours on the image acquired on 6 October

2016 correspond to the field ground truth GNSS vegetation contours.
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1.4.2. Long-Term Evolution of the High Marsh Zone and Ground Truth Data
Validation

The long-term temporal evolution of the study aesayiewed through aerial photographs
(Figure 1.7), shows that its marsh surface has tatively stable, especially since the 1980s,
the period from which the high marsh zone presantenfiguration similar to what can be
observed on the present date. Indeed, the mostisagn changes occurred between 1949 and
1979, the period of remarkable expansion of thd mwarsh vegetation, dominated by the
European native§partina maritima

The main marsh structure (identified by the redasgun the 2016 image in Figure 1.7)
presented a growth of 5700 (& 85 n¥) between 1949 and 2016. The expansion of thidpatc
seems to have progressively increased over tintanktance, its surface was enlarged by 563
+ 124 ntf between 1985 and 1993, which is more than twicgribwth between 1949 and 1958
(236 + 67 mM). Between 2004 and 2016, the patch surface ineddag 1613.4 (+ 80 A

Considering the exoti€partina anglicaalthough its presence in the Bay of Arcachon
dates from the 1980s, within our dataset, the mdesitifiableS. anglicgpatch in the study area
(blue rectangle in 2016 image—Figure 1.7) has belgn visible since 1993. This is the only
patch that can be monitored, and it presentedatgrof 100 + 2 M between 1993 and 2016.

100 m

Figure 1.7.Salt marsh evolutioat the study site of Andernos between 1949 and .2Da6es up to
2004 correspond to airborne aerial photographsttemdnage from 2016 was acquired by drone. Two
zones ofSpartina maritimadominance are indicated by red boxes, Spdrtina anglicadominance
patches are indicated by the blue box in the dioagje. The bigger red box corresponds to the patch
considered in the text as the main marsh struclure .appearance of the invas®partinais indicated

in the 1993 image by the blue arrow.

Hence, in this area of the Bay of Arcachon, thetmaigmificant changes in marsh evolution
are associated with vegetation patch growth (oocafly followed by the merging with
neighbor patches). This patch growth and subseguerging is most remarkable for the native
Spartina For the exoticSpartina anglicawe notice the appearance of new patches that seem
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to mostly occupy empty niches within the higher shazone or over the tidal flat (Figure Al).
Therefore, apart from growth, there are no majtarkannual (or even inter-seasonal) changes
in patch vegetation dominance. Our ground trutla @@tone flight, GNSS data, georeferenced
photographs and a regular monitoring of this senf2015 up to 2018 within the scope of the
complementary studies) for patch species identiboashowed that this is a relatively stable
site, and no major changes have recently occuiiied. provides a correct validation for the
images from 2016 (Figure 1.8). Comparing these fadta with the oldest image from our
dataset (2013), a good match is observed withribg/ledge of species composition and patch
positions from the most recent data. For this nease consider that our ground truth data are
also valid for the image of April 2013.
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Figure 1.8.Overlay of field GNSS marsh vegetation contours @fober 2016) ovea) the drone
image (21 June 2016b) the Pléiades image from 2ril 2013; andc) the Pléiades image from 10
October 2016. Yellow contours correspond to patduwsinated by the nativ@partina maritimared
contours correspond to patches of the invaSipartina anglicaand the orange contour delineates an
intrusion zone of other types of vegetation. Image displayed in true color, while images b and c
correspond to a RGB composite, with independentrashenhancements to highlight the vegetated
features of interest.
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1.4.3. Pixel Classification Using Unsupervised and Supervised Methods

Several pixel classification algorithms were applfer each of the five dates of MS
Pléiades images, with the aim of identifying thenittant marsh species in the Bay of
Arcachon Spartina maritimaandSpartina anglicaand monitor the changes resulting from the
invasion of the latter.

Concerning the supervised classification, as preshiomentioned, after preliminary tests
with several classifiers, we proceeded with Randrrests, both because it is a commonly
used classifier, and it provided slightly bettesulés than the other tested classifiers. For all
classes, we considered the same number of tranoings, maintaining, as much as possible, a
balanced number of pixels per training zone, dejpgnah the size of the feature representative
of the class. For the image of April 2013, thisdale was relatively difficult to achieve, as the
presence of the invasiv&partinawas particularly reduced in the study zone at daie. For
the simulated annealing algorithm, since it is asupervised method, it is important to note
that the algorithm class color attribution is doaedomly, and class colors need to be re-
assigned by the user in order to achieve an agrgemeéwveen different season images and a
match with the previously considered supervisedsil@ation resultsDifferent tests were
performed for each image, considering the influesfdbe algorithm’s parameters, number of
iterations, start temperature (a parameter associaith the initial range of search for pixel
clustering), number of classes and transformata@fficient in order to estimate the position
of the class center. Very similar results were ioleich for the classifications, with differences
under 5% for each class from one run to the offietd surveys have shown that the meadow
vegetation dominance did not change at the coresildiamescale. Therefore, the alteration of
the spectral signatures and consecutive clasbutton by the algorithm was mostly influenced
by the seasonal appearance of transient biolofgafiires or the vegetation’s phenology. It is
then necessary to perform a post-classificatiotyaisao provide the best color match between
images of different seasons.

Both the unsupervised and supervised pixel classifins of the overall images allowed
for an accurate identification of the global higlansh zone, including all species. However,
single-feature identification (species differenta) remained difficult, and the degree of
accuracy was strongly dependent on the presenoaisé induced by episodic events or short-
term perturbations that can alter the species sgesignal (Figure 1.9; Table 1.3). Such
difficulties in the isolation of spectral featurmise to the presence of water and a high humidity
at low marsh levels were also found, in (Li et 2010), in the realization of supervised
classifications of Landsat images. Given the vditglof field reflectance for one matching
feature (Figure 1.6), such a result was not corapletnexpected, and this was shown by the
significant differences between classifications d&irdates. We observed that the larger the
noise induced by seasonal perturbations, the lahgevariability of the classification within
the patches, particularly considering the resuitaioed using the unsupervised classification
algorithm.
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Unsupervised classification Supervised classification
(Simulated annealing) (Random Forests)

Figure 1.9.Pixel classification using the unsupervised mett®thulated annealing (left panel), with
the supervised method, Random Forests (centrall)pare classification accuracy maps for the
supervised classification (right pangly) — (c) 25 April 2013,(d) — (f) 3 August 2016(g) — (i) 6
October 2016(j) — () 24 May 2017, andm) — (0) 7 October 2017. Black contours on the image
acquired on 6 October 2016 correspond to the §eddind truth GNSS vegetation contours. Color bar
indicates the confidence level of class attributiothe accuracy maps.
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Table 1.3.Accuracy metrics from the supervised Random Fordassification on the five dates of 3-band (G, R At)
multi-spectral Pléiades images. Class assignment:Spartina anglica C2 —Spartina maritima C3 — slikke vegetation
dominated by ostera C4 — mudflat, and C5 — biological deposits (algaerophytobenthos).

April 2013 August 2016 Qctober 2016 May 2017 October 2017
Overall 0.87 0.66 0.79 0.85 0.56
accuracy
Kappa 0.81 0.56 0.72 0.8 0.46
index
Average 0.69 0.72 0.79 0.83 0.6
accuracy
Class C1: 0.64 C1: 0.9 C1:0.72 C1: 0.85 C1: 0.53
accuracy C2:0.93 C2:0.96 C2: 0.88 C2:0.74 C2: 0.78
C3:0.97 C3:0 C3: 0.96 C3:0.98 C3:0.39
C4:0.88 Ca1 C4: 039 C4: 0.96 C4: 0.35
C5: 0.037 C5:0.76 C5: 0.98 C5: 0.64 C5: 0.92
Confusion| 64 0 3 0 0 |9 ¢ 0 3 7|72 8 0 0 20(8 25 10 25 0[5 0 47 0 ¢
matrix
(in %) 2 93 0 0 5|0 9% 04 ¢ 36|105 85 ¢ 0 1|14 74 11 0 1|6 78 15 0 1
1 0 9 0 2|0 2 0 ¢ 74|02 38 9% 0 004 0 98 0 16|60 0 39 0 1
0 0 ¢ 8 120 0 0 100 0 0 0 ¢ 39 61(04 0 24 9 12|5 0 0 36 59
0 0 18 78 4 0o 22 2 o 76 1 0 o 1 98(05 7 28 05 640 0 0 8§ 92

Globally, the Spartina maritimadominated patches were identified well with the
supervised classifier but comprised a high varighbih class assignment, depending on the
density of the meadow and the presence of biolbdmaris with the unsupervised one. Small,
scattered patches of the invasieartina anglicaextending over the tidal flat were difficult to
identify because of both the variety of interferersignals and the small dimensions of the
meadows towards the interior of the bay. A comparisf the ground truth of the dominant
vegetation, identified through the GNSS contoursquaed on October 2016, and the
corresponding classified vegetated features iRt@éades images provided the rate of correctly
classified pixels for the twBpartinaspecies, obtained with an unsupervised classeerall,
patches ofSpartina maritimadominance were identified well with the supervistassifier,
with a percentage of correctly identified pixels @% for the image of May 2017, which
increased to 96% for that of August 2016. With sheervised classifier, the strong presence
of ephemeral biological perturbation on some dédegust and October) did not significantly
affect the accuracy of the identification of theive species, and it was always over 74%.
Using the unsupervised classification method, tireect classification of the nativigpartina
species attained 93% and 80% for the images ofl 2pfi3 and October 2017, respectively.
The identification of the invasivBpartina anglicaproved to be much more difficult, using
both the supervised and unsupervised classifievasi@ering the results obtained using the
supervised classifier, the identification of thewnd truth patches was fairly successful, with
accuracies ranging from 53% to 90% for the imagepiiaed in October 2017 and August
2016, respectively. However, this class was freguenistaken for the extensive zones of the
vegetated mudflaiZosterg, particularly within the image from October 20aAd we obtained
an overestimation of the areas assigned to thesive&partina Belluco et al. (Belluco et al.
2006) also found similar uncertainties in the idfergtion of Spartina speciethat would be
confused with the typical spectral signature ofl sointaining microphytobenthos, which
contains significant quantities of chlorophyll. &etl, the mudflat zone can either be vegetated
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in different density degrees by seagrasses or presposits of itinerant features, like algae
and microphytobentos, of several sorts. The contbpresence of all these features provides
complex spectral signatures that can be diffiaultharacterize. Thus, in this case, the only
assurance we have that they do not correspone tsatime species is field knowledge. We are
confident that such a strong extrapolation coulddoeiced by increasing the number of ground
truth samples of this species. Additionally, theuamacy maps of the classifications obtained
for all dates (Figure 1.9-right panel) shows thegions classified by a higher uncertainty
degree (accuracy uncertainty under 60 %) correspomtiannels and zones in the tidal flat,
where the mixing of features is high (vegetated amdvegetated mud, water with
microphytobenthos, sediment with different degreéshumidity, etc.). Considering the
accuracy metrics provided in Table 1.3, only imagmsesponding to Springtime (April 2013
and May 2017) provide a Kappa index of 0.8, reicifog that the lower level of biological
noise within these images positively affects théqguenance of the classifier.

With the unsupervised algorithm (Figure 1.9), om ¢ther hand, the correct classification
of meadows dominated by tl&partina anglicaspecies was between 10% and 25%. Such a
low performance in the identification of the inwasispecies is probably primarily due to the
fact that we consider several patches of small dgioas (2—4 m diameter). Secondarily, pixels
within meadows of this species were often mistakepixels classified as vegetated mudflat
and water with microphytobenthos, which is moselijkdue to the fact th&partina anglica
vegetation cover tends to be reduced outside ajfriweing season. Thus, there is a high ground
exposure within zones colonized by this type ofetaion, which significantly affects its
radiometric signal. However, when considering opétches of larger dimensions (5-10 m
diameter), the identification increases to 69.5%le unsupervised classification of the image
acquired on May 2017.

The comparison of field species reflectance is mmeasin the NIR and Green bands
(Figure 1.6; Table 1.2), and the classificationulssreveal an overall satisfactory class
distinction, especially concerning the distinctiohthe nativeSpartina maritimafrom the
remaining vegetation. Since, in the considered, dafea presence dbpartina anglicawas
mostly reduced to isolated patches towards the inayg or to zones of mixed vegetation in the
higher marsh, the identification of the invasivedps was not evident, particularly in images
with a higher noise level. Considering the imagé\pfil 2013, where the vegetation did not
yet present a strong seasonal development, sewat@&fidual Spartina anglicapatches
presented a spectral signal under 0.0F, swhich is much lower than the radiometric
measurements. Indeed, the phenology of this specrather late, and at this time of the year,
the plants were still withered, and the meadowseared a very low density. Other studies
(Silvestri et al. 2003, Belluco et al. 2006) halsmahown the interference of visible soil within
vegetation in its reflectance, significantly lowegiit. The classification of the nati®parting
on the contrary, provides center class valuesamahge of the radiometric field measurements,
between 0.02 and 0.04 5(NIR band), mostly depending on the meadow densiyg. better
accuracy of the classification for the natlspartinawas not so unexpected, considering that
this species presents a much earlier developmantttfat of the invasive congener.

The pixel-based classification allowed for therastion of a surface of the maapartina
maritimapatch of 5685.5 fwhereas with the manual identification of thechat surface of
5378.17 (+ 87) rhwas obtained for the year of 2013. Consideringrtiwitored patch of

43



Chapter 1: Remotely sensed assessment of niche occupation by the invasive S. anglica

Spartina anglicafollowed in the long-term aerial photographs,altained a surface of 67.25
m?, using the supervised classification, and 74.31)(a? using manual identification for the
same date.

1.5. Conclusions

Technological evolutions of HSR multispectral d#tel sensors greatly facilitates
ecosystems’ monitoring capability at an increagirgghaller scale. In order to make progress
in the knowledge of biological invasion dynamicssait marsh environments, we evaluated
the potential of Pléiades images to assess sa#tmeaolution, after a biological invasion, and
discriminate the native speci€partina maritimafrom the invasive specie€ipartina anglica
for the study site of the Arcachon Bay (South-wasince). Different techniques for land use
classification were investigated, and their perfange was evaluated using a large set of
ground truth data. As expected, the supervisedadstbxhibit, on average, better results than
the unsupervised algorithms. Moreover, in this gtudle demonstrated that classification
accuracy is highly dependent on two main factotsclvare the size of vegetation patches and
the species phenology.

Pléiades images provided a robust and consistentifitation of the global marsh zone.
We showed that, in the Bay of Arcachon, the arrivbkthe exotic species was relatively
controlled and did not lead to significant changethe marsh composition, which remained
dominated by the nativ@partinaspecies. On the other hand, distinguishing betvepecies
remains challenging, particularly when considesnmll features, such as the invasive species
at an early stage of the invasion, which represeiévant information concerning invasion
control issues. Our results showed that the curnpetdl classification methods applied to
Pléiades images provide a poor performance, whenrter of magnitude of tigpartinasp.
meadow size is lower than 10 m. However, lagsamigbhenology provide temporal windows,
making species distinction possible. The resultghlight that a high-performance
classification requires good knowledge of the fieddnditions and the vegetation’'s
development. The biggest challenge is revealee@ thd dissociation of established vegetation
from ephemeral biological features. In periods @# Ibiological productivity, the level of
biological noise can be significantly reduced, &edce the success in species differentiation
increases. Thus, the seasonal interference of dbimpgical features and stages of
development of the target vegetation can altespesctral signature or influence the exposure
of the colonized environment (bare ground).

In the Bay of Arcachon, the two congeiSgrartinaspecies present a phenology lag, where
their spectral signature is considerably diffetegtiveen Autumn and early Spring. The strong
presence of algae between late Spring and Autuionests this temporal window of remotely
sensed assessment. We found that a suitable &me fior the remote sensing exploitation of
the Spartinaspecies distinction should be between late wisntek early spring, wheBpartina
anglicais still withered enough to be differentiated fr@mpartina maritimaand algae blooms
have not yet occurred.

The current pixel classification methods are higtgpsitive to environmental noise. We
highlight here that the consideration of particumnporal windows might be crucial for an
improved assessment of the different types of meegjetation. Additionally, 2-meter spatial
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resolution data still generate significant uncetias in the identification of vegetation patches
characterized by a decametric scale. In orderttedgerform the identification of the invasive
species, it will be necessary to evaluate the pampgened products of HSR sensors, provided
by Pléiades or WorldView 3 and 4, as well as codiplgproaches based on pixel classification
and pattern-recognition techniques.

45



Chapter 1: Remotely sensed assessment of niche occupation by the invasive S. anglica

Appendix A — Quarterly monitoring of Spartina anglicaand Spartina maritimabiomass
in the Bay of Arcachon between 2014 and 2015.
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Figure Al. Seasonal biomass (winter, spring and summespaftina anglicgdark bars) an&partina
maritima (white bars) at three tidal flat relative topognaplevels.
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Conclusions

The remotely sensed long-term assessment of tHatewoof the marsh zone in tidal flats of
Andernos showed that this is a relatively stabkaaxhere the proliferation of the invasive
Spartina anglicehas not displaced the nati8partina maritimayhich establishment initiated

in the 1940s.

Airborne and spaceborne image datasets and fitdtt@nce data highlight:

* The long-term analysis of aerial images (from 1942016) showed that the high
marsh zone of Andernos began to build in the 1948ere the delineation of the
Spartina maritimaneadows that we currently observe dates from 1B4® high marsh
zone underwent a strong expansion until the 198@sna significant changes in the
native vegetation meadows occurred after the iovasf Spartina anglicaup to the
present date.

* The spectral signature of the tpartinaspecies at their peak of development and
when forming monospecific stands showed that theyetinguishable in particular in
the ranges of the Green and Near Infra-Red of ldetremagnetic spectrum;

* Supervised pixel classification methods on the deliés satellite images was more
successful than the unsupervised algorithm Simailatenealing but the identification
of Spartina anglicgpatches at an early stage of development remadiiffeclilt despite
the fine spatial resolution of the used satelliedpict. This assessment was particularly
affected by the seasonal presence of the trarsi@ogical features (algae blooms) and
the development dostera noltemeadows on the tidal flat.

To summarise, the remotely sensed assessment afdh#oring of Andernos salt marshes
showed that this area remained relatively stalmleesihe 1980s up to current days, even after
the arrival of the invasivBpartina The European nativ@partina maritimaestablished in the
study site in the 1940s and showed a considerapkension until the 1980s. The arrival of the
invasive Spartina anglicaat this site was reasonably controlled and itsgmee remained
relatively limited. This suggests that the invas$gartinaoccupied empty niches and does not
outcompete the native one which is consistent Wighexperimental results presented in the
following chapters.

The use of a fine spatial resolution satellite piicshowed limitations in the distinction
of small features in the intertidal area, like teeently establishe8partina anglicapatches.
This was mostly related to the physical perturlvetjacharacteristic of this environment and
especially pronounced during particular times & ffear, where the presence of transient
biological features strongly interfered with theget features. Further studies exploring
coupled methodologies of spectral and textural enagalysis on the same type of satellite
images could improve the detection of shape speu#igetated features such Sgartina
anglica patches. Yet, the large scale identification ef thtal marsh area was successful and
applicable to other areas of the Bay.

Contemporary to this study, an assessment of ntarsiposition and dynamics has been
implemented by (Lafon et al. 2017). Their works éatown, for the sector of Andernos, an
increase in the schorre surface of 105% betweefl 488 2016, from which 29% occurred
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between 2007 and 2016, which is in accordance thélestimations here presented.
Additionally, they identified this zone as one loétmost extensively colonized by the exotic
Spartina

However, the results of the classification of sps@btained by these authors with that
presented in this chapter show significant diffeesn Such discrepancy reinforces the need
for further attention in the development of vegetaspecies identification methodologies as
well as in the analyses of the results.

Even though, in this work, targeting the invasispartinawas difficult with this
spectral based methodology, the results of a freldoval experiment, presented in the
following section, corroborate and consolidatedhalysis of the marsh evolution through the
historical aerial images and the hypothesis Biamaritimaoffers biotic resistance to the

invasion ofS. anglica.
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When an exotic species is introduced into a newatlon, in order to succeed, it will necessarily
need to cope with both the biotic and abiotic cbimstics of the recipient habitat. The
intensity of the biotic resistance the local speeid! offer, according to their life-traits, will
play a fundamental role in the new species estabkmnt. Understanding the nature of the
interactions between the natives and the exotisswell as the characteristics of their
preferential environmental conditions can be cidoigpredicting the evolution of the invasion
through time. This knowledge is essential for mamgaghe control of the invasive.

In the previous chapter, through the analysis stionical photographs, we have shown
that the arrival o6partina anglican the Bay of Arcachon was limited in time andsp& an
area where the nativ@partina maritimaforms well developed, stable meadows in the high
marsh zone. Because of this limited expansion aa@dapacity of the exotic to colonize areas
further inside the lagoon, it was suggested byllowmagers thapartina anglicgpresented
higher tolerance to anoxia niches along a gradiemundation.

In this chapter, | present complementary and aatthdi work on the comprehension of
the exoticSpartina anglicaspatial occupation along tidal flats in the BayAotachon. The
main points addressed in this chapter are the steeed (1) the nature of the interactions
between the tw&partinaspecies in the Bay of Arcachon, (2) the preferéstiaironmental
conditions of the habitat colonized Bpartina anglicaand (3) the realized nichef the exotic
species. In order to address these points, a oepcross transplantation experiment was
implemented in the salt marshes of the Bay of Aroa¢ at three intertidal levels, both
cordgrass species are naturally found.

The results of this work were published in thiournal of Vegetation Sciencé
Proenca B, Nez T, Poli A, Ciutat A, Devaux L, derieudouin X, Sottolichio A and Michalet
R (2019). Intraspecific facilitation explains th@ead of the invasive engineggpartina anglica
in Atlantic salt marshesJournal of Vegetation Scienceloi: 10.1111/jvs.12720. The
publication is presented in the next section, fedd by a summary of the main findings of this
work.

1 Where a species actualy lives within faendamental nichéhat represents all the environmental conditions
where a species is able to live.
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Publication: Intraspecific facilitation explains the spread of the strong invasive

engineer Spartina anglica in Atlantic salt marshes.
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Abstract

Questions:Invasiveness depends in part on the ability ofiexsgecies to either exclude native dominants or to
fill an empty niche. Comparisons of niches and@fef closely related native and invasive speeieble the
investigation of this topic. Do&3partina anglicanvade European salt marshes through competitigkision of

the nativeSpartina maritimaor due to the occurrence of an empty ecologicdieia highly anoxic conditions?
Study Site: The Arcachon Bay (France).

Methods: At three intertidal levels, we quantified competitiresponse and effect abilities of the two species
through a cross-transplantation removal experim#ietalso compared the biomass, root/shoot ratam ymtivity

and environmental conditions (elevation, saliniggox potential and soil moisture) of salt marsmownities
dominated by the exoti8partina angliceor the nativeSpartina maritimaat three intertidal level&esults: Both
established species showed similar biotic resistandhe invasion of the other species, but thd¢ieshowed
important intraspecific facilitation for growth. &gies had similar niches and total biomass alogoadient of
anoxic conditions, but the exotic had a much higbet/shoot ratio and productivity than the nati@sving to its
rhizome density, the exotic showed high abilityrtorease sediment oxygenation, likely to explaénrtportant
intraspecific facilitation.

Conclusions:Our results showed that the invasion success ahglicacannot be explained by the competitive
exclusion of the native or by its ability to filheempty niche along a gradient of anoxia. Its ba&havas a self-
facilitator invasive engineer very likely explaitsrapid spread in the Bay and biotic resistandhé colonization
of other congeneric species when established isedpatches. Additionally, we suggest that physledurbance

in marsh communities dominated by the navemaritimamay disrupt its biotic resistance against the iforas
of S. anglica.

Keywords: biological invasion, biotic interactions, competieffect, removal experimerpartina anglica
Spartina maritima
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2.1 Introduction

Biological invasions are important threats to déigrand ecosystem services worldwide (Vila
et al. 2011, Vitousek et al. 1997), but at the siime, they are an unprecedented opportunity
to test theoretical models of functional strategiasd community dynamics under
environmental changes (Crooks 2002, Lodge 1993a &hd Chesson 2002, Tylianakis et al.
2008). One important question in invasion ecoladyo crucial in traditional community and
functional ecology (Bertness and Callaway 1994n6riLl974, Lortie et al. 2004, Michalet et
al. 2015), is the relative importance of bioticeirgctions, in particular competition, when
compared to other invasion drivers, such as digpatslities and environmental conditions
(Carboni et al. 2016, Davis et al. 2000, Kennel.€2002, Levine et al. 2003). Several studies
have also highlighted the important role of faatibn for the invasion of communities in
stressful environmental conditions (Altieri et 2010, Bruno et al. 2003, Bulleri et al. 2008,
Bulleri et al. 2018, Saccone et al. 2010, Stachpwaitd Byrnes 2006).

An assessment of the importance of interactioqgant invasions requires the study of
both the resistance of the recipient communitythwecability of the invader to outcompete the
native species (Levine and D’Antonio 1999, Vila aneiner 2004). In a meta-analysis of
biotic resistance to exotic plant invasions, Lewetal. (2004) concluded that although biotic
resistance significantly reduces the establishnoénindividual invaders, there was little
evidence that species interactions enable comresridiresist invasion (but see Saccone et al.,
2013). Based on 79 native—invasive plant compasis@aehler 2003) found that the relative
performances of invaders and co-occurring nativenalepended on the growing conditions.
He concluded that there were few “super invaderst tather that increased resource
availability and altered disturbance regimes asdedi with human activities often
differentially increase the performance of invadever that of natives. This conclusion is
consistent with the fluctuating resource avail&pilmodels of Davis et al. (2000) and
experiments by Seabloom et al. (2015). Vila and n&iei2004) also reviewed published
pairwise experiments between invading and natigat@pecies and found conversely that the
effect of invasive species on native species isllysatronger than vice versa. However, they
argued that their comparisons might be biased laaidat rigorous test of the generality of the
hypothesis that invaders are better competitors ttsives needs to compare the effects of
closely related native and invasive species on eduodr, in order to control for phylogeny
(Lambdon and Hulme 2006).

One excellent system to assess differences inmpeafices between invasive and native
congeners is the intertidal salt marsh commundasinated by cordgrasSijarting species,
since both native and invasi@partinaspecies co-occur in several salt marshes worldwide.
Spartina species are grasses colonizing intertidal mudftatd are known as important
ecosystem engineers in several continents dueeio #bility to stabilize sediments and
contribute to salt marsh formation (Bouma et aDZ0Bruno 2000, Kirwan and Megonigal
2013, Vu et al. 2017) and also for their contragtbilities to modify ecosystem conditions
(Callaway and Josselyn 1992, Seliskar et al. 2008g physiological characteristics of
Spartinaspecies allow them to dominate in frequently flabtdal flats (Pennings et al. 2005),
in particular those species that have root systapted to soil inundation and low oxygen
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levels (Bertness 1991, Castillo et al. 200Bpartinaspecies have been planted in different
continents to reclaim estuarine areas and prevesgiom. SeveralSpartina species, in
particularS. alterniflora(native from the eastern USA) and its derivati8e,anglica have
spread beyond their planted area and are now @residhs strong invasive species (Strong
and Ayres 2013). There is substantial literatuneceoningSpartinainvasions, in particular
studies focusing on taxon evolution (Ayres et 809, Baumel et al. 2001, Strong and Ayres
2013) and reproductive evolution (Callaway and dlyes1992, Crosby et al. 2015, Dethier
and Hacker 2005). However, less attention has Ilggean to plant—plant interactions and
ecosystem mechanisms that can promote or prewesdion (Castellanos et al. 1994, Castillo
et al. 2000, Hacker et al. 2001, Pennings et &520

Several comparisons of performances of nativewssiveSpartinaspecies have been
made worldwide (e.g. Callaway and Josselyn [199#)& Bay of San Francisco, USA; Castillo
et al. [2000] in the Gulf of Cadiz, Spain; An et[@007] in China). These studies showed that
there were contrasting differences in growth raité eompetitive ability among species and
even within species, which might explain their eliffnces in invasiveness and ecosystem
engineering effects (Seliskar et al. 2002). FomgXa, S. anglicahas been shown to have
lower growth performance and competitive abilitgrils. alterniflorain coastal China, where
the two species were introduced, the former dedisince the nineties after the introduction
of the latter (Zhi et al. 2007). This result is papged by the observation made by Ayres et al.
(2004) who showed th&. anglicahas not spread in the San Francisco Bay sincesttenges,
conversely to other species invading the Bay anganticularS. alterniflora However, the
recruitment success & anglicaand its effect on native communities has also lpegnarily
explained by environmental and habitat conditiagh as salinity and soil texture (Dethier
and Hacker 2005, Hacker and Dethier 2006). Thestasiing conclusions highlight the high
context dependency of invasion processes (Catfioatl 2009). Notably, during the invasion
process, the relative contribution of biotic int#rans, compared to tolerance to stress and
disturbance, is dependent on both the spatial amparal variation of the system's local
environmental conditions (Wiens 1989).

We addressed these issues in the salt marshesaéhon Bay (on the Atlantic coast
in the south of France) where invasyeanglicaarrived at the end of the 1970s (Le Nindre et
al. 2000). Less than 40 years after its arriva gkoticSpartinais now dominating the marshes
in some parts of the Bay and is now as abundatiiearmativeS. maritimawithin the whole
lagoon. The nativ&partinais mostly restricted to the near-shore areas, velsdies exotic one
occurs both along the coast, in distinct patcheatér close to the native patches and in
scattered, isolated patches further inside theolagbhese observations suggest that the native
species has lower tolerance to anoxic conditioas@ated with flooding than the invasive (Le
Nindre et al. 2004). However, a preliminary suredyegetation relevés and environmental
conditions (Le Nindre et al. 2004) has shown tluaih Ispecies occupy the same elevation range
with an optimum at intermediate intertidal levehioh suggests that the offshore occurrence
of the exoticSpartinamight be explained by other mechanisms than toterdan anoxic
conditions. Distance to the coast is a compleofatiat might also affect exposure to physical
disturbances, namely wave energy and current \glothat are likely to increase with
increasing distance from the coast together witiatian in local geomorphology (Bouma et
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al. 2005). Furthermore, the ability of the exoticbmpetitively exclude the native in the future
is unknown since mixed patches along the coastemeuncommon. Diffuse penetrations of
the exotic in patches of the native have been wbdebut the converse is very rare (R.
Michalet, personal observation). The rare mixingMaeen alien and nativBpartinaspecies
has also been reported by Ayres et al. (1999)arctse of. alterniflorareplacingS. foliosa

in the Bay of San Francisco.

Our aim is to assess differences in competitivéitedsi and tolerance to anoxic conditions
between bottSpartinaspecies in order to explain whether the ex8jpartinasucceeded to
invade by competitive exclusion of the native spe@r by empty niche colonization. Thus,
we conducted a removal experiment to quantify diiiees in competitive ability (both
competitive effect and response ability) am@ypartinaspecies and measured for the two
species environmental variables and productivityglthe entire intertidal gradient to quantify
differences in tolerance to anoxic conditions.
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2.2 Material and methods

2.2.1 Study site and species

Arcachon Bay is a mesotidal lagoon system (tidalgea 0.8—4.6 m), located along the
Aquitaine Atlantic coast, in the southwest of Fenchis study has been carried out in the
northern part of the Bay of Arcachon, within thdumal reserve of the salt marshes of the
municipalities of Arés and Lége (44°45 N, 1°10 WrKigure 2.1a).

Spartina anglicas a hybrid species originating from a cross betwealterniflora(a
native from the USA) an&. maritima This crossing occurred in the UK, giving origmd
sterile hybrid that by polyploidy finally gave birto S. anglica(Baumel et al. 200lRaybould
et al. 1991). Both species have contrasting moggies and biomass allocations, nam@ly
maritimaproduces several dense and flexible shoots wittp dmal narrow leaves but few roots,
whereasS. anglicaforms rare thick stems with large and stiff lealbasa very dense rhizome
system (Figure 2.1d).
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Figure 2.1 Study site(a) The Arcachon Bay (40°40 N, 1°10 W), Fran(®; Natural reserve of Arés with S.
anglica colonizing a low elevation habitat in thierft; (c) target Spartina individuals of both species (S.leag
with the red tag and S. maritima with the orangg)taansplanted in a cleared subplot of dominanin@ritima
from intermediate elevatioff¢l) above-(left) and below-ground (right) parts of.aaBglica sample during summer
biomass measurements

2.2.2 Experimental design

For both the removal experiment and the samplingnefronmental conditions, biomass and
productivity of natural patches made for definiraplegical niches of the two species, we
selected six replicates for each combination of tman treatments (dominant and elevation,
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Figure 2.1c). In order to avoid a circular reasgrimthe assessment of the elevation niche of
the two species, three intertidal levels were chasdependently for each species, from their
lowest to their highest levels of occurrence. Thsulted in 36 main plots that were randomly
distributed in the marsh since the six host coleméthe two species were organized in a
mosaic of small patches (1-5 m large), as shovwigare 2.2.

S. anglica low . anglica
plot example target

S. anglica

X3

target

S. maritima S. maritima
target target

Figure 2.2 Experimental design of the removal experiment.giesaon the left correspond to Spartina anglica
dominant plots at the three intertidal levels: lomtermediate and high. Images on the right cormesp to
Spartina maritima dominant plots at the three santertidal levels. The image in the centre reprasethe
application of the neighbour sub-treatment appliedll dominant replicas, using the low S. angld@minant
plot as example. In the removed sub-plots, thrd&iguals of S. anglica (white box) and three indidals of S.
maritima (black box) were planted and the surrowhdeighbours were removed (red cross); in the airswb-
plots three individuals of each Spartina speciesewdanted and the neighbouring plants left intaict;the
disturbed sub-plots three individuals of each Sparspecies were planted while the neighbouringnislavere
left intact and the soil was manually disturbedd(dotted cross)

2.2.3 Removal experiment

To investigate the role of plant—plant interactionghe invasion ofS. anglicain the salt
marshes of the Bay of Arcachon, we conducted ayeaelong removal experiment. The
experiment was initiated between 13 and 20 Nover@b&d and ended on 25 October 2015.
The experiment consisted of a reciprocal transptaont of S. anglicaand S. maritima
individuals into plots, both in the presence ansesice of neighbours from the two species to
assess both the competitive response and effélsedivo species. This was done at the three
intertidal levels with six replicates in the 36 malots. More precisely, we used a split-split-
plot design with four factors: host dominant sped® anglicaand S. maritimg, elevation
(low, intermediate and high), neighbour (with anithaut) and target specieS.(anglicaand

S. maritimd. In each of the 36 main plots we randomly setkt¢heee 30 cm x 30 cm large
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subplots for the neighbour sub-treatment: a conaalemoval and a disturbed subplot for
controlling the effect of disturbance induced bg tkmoval treatment. We then transplanted
three individuals of eacBpartinaspecies in each subplot (target sub-sub-treatminthe
control subplots, the neighbouring vegetation vedisihtact, whereas in the removal subplots
the vegetation was removed and in the disturbeglststhe soil was only disturbed by hand,
as in the removal subplots, but all surroundingetation was left in place as in the control
subplots. Since initial statistical analyses showedsignificant differences in target survival
between the control and disturbed subplots, bobiplsts were then pooled before further
statistical analyses and referred to as “with neigi” subplots. All transplants of
approximately similar small sizes were randomlyeszied in the natural communities close to
the experimental plots at intermediate tidal leVdley were tagged with coloured rings and
transplanted with a minimum distance of 10 cm betwiansplanted individuals within each
subplot. In the removal treatment, the transplamdnyiduals were planted at least 10 cm from
the surrounding local plants to reduce interactigmngure 2.1c). There were 648 transplants in
total (two dominants x three elevations x six et replicates x three neighbouring
conditions x two target x three measurement rejg#)a

The height, number of stems and number of leaved tfansplants were measured at
the beginning and end of the experiment. We caledlpaercentage survival per subplot and
harvested the living individuals at the end of é&x@eriment for above-ground measurements
after drying them at 70°C for 48 h.

2.2.4 Environmental factors and biomass sampling in patches of the two dominants

In order to characterize the abiotic niches ofttt@species, four environmental variables were
measured mid-June 2015 in patches of the two dortsrdacated in each of the 108 subplots,
conductivity ¢), redox potential (Eh), volumetric soil water cemtand elevatiorg)l. For each
parameter, three measurements were acquired amdgadeper subplot before statistical
analyses. Conductivity was measured with a standamaductivity measurement cell
(TetraCon 325) and redox potential with an Eh-mdteth probes being assembled in a multi-
parameter box (PofiLine Multi 3320 - WTWTM, Weillmej Germany). Soil humidity was
determined with a moisture meter (ML3 ThetaProbserbled in an HH2 box, Delta-T
devices, Cambridge, UK). Elevation was recordedhvadt RTK Leica GS10 system of
centimeter precision.

We sampled the above-and below-ground biomass ensth communities (two
dominant x three elevations) in mid-February (befine growing season) and late September
(close to the end of the growing season) 2015 deroto calculate above-and below-ground
productivity. We used 30 cm x 40 cm quadrats aedetivere four replicates per combination
of treatments. Samples were carefully washed tmvenall sediment, separated in above-and
below-ground parts and dried at 70°C for 48 h eefeeighing.
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2.2.5 Data treatment

2.2.5.1 Removal experiment
For each subplot, we calculated the survival and mean growth increment (u) of the surviving
transplants during the course of the experiment using initial and final measurements of target growth
(XTiandXTf, respectively)

§ = X7 — X11)
Xri

whereX corresponds to either height, stem or leaf number.

We also calculated biomass increment with theahltiomass obtained through the
relation with leaf number:

B; = 0.0958119 + 0.0694243 * leaf number

The relationship was obtained measuring the abovengl biomass and number of leaves of
30 additional individuals of each specie? € 0.84,p < 0.001 forS. anglicaandr2 = 0.86,p
< 0.001 forS. maritima.

To quantify the performances $partinatargets growing in the presence or absence of
neighbours we used the Relative Interaction InéRdR @ccording to Armas et al. (2004):

RII = (Xwith neighbour ~— Xwithout neighbour)

(Xwith neighbour + Xwithout neighbour)

where Xwith neighbour andwithout neighbour are the values of the targetqrernces
measured in the presence and absence of a neiglibmimdex is symmetrical around zero
(which indicates no significant relationship), viaky between 0 and +1 for facilitation and
between 0 and — 1 for competition. To avoid reduaeglan the results shown, only RII for
survival and biomass are presented here and nobmlbther growth measurements that
provided similar results to biomass.

2.2.5.2 Biomass, productivity and root/shoot ratio of patches of the two dominants

Above-and below-ground productioR)(and productivity were calculated for the six treant
combinations (two dominants x three elevationshgishe biomass measurements made in
winter and late summer. Production was expresselyinveight of organic matter produced
per unit area during the growing seasBn=(W — Wi1) and productivity was quantified as
follows:

WtZ - th

Productivity = W T
t1

whereWt2 is the late-summer biomas8fl the winter biomass anidthe unit time, for which

a year was considered. We also quantified the sioott ratio in the six communities using
summer biomass.
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2.2.6 Statistical analysis

The Relative Interaction Index (RIl) values on suaVand biomass were first analysed using
a split-plot ANOVA model with elevation and domirtaas main treatments and target as
subtreatment. Because elevation had no signifiet@tt on both RIIs neither as simple factor
nor in interaction with the other treatments, wanalysed RIl values with a split-plot ANOVA
model with dominant as main treatment and targetua¢reatment. One-samgkeests were
used to analyse the significance of deviations bfvRlues from zero. Environmental data
(elevation, salinity, soil humidity and redox paiaf) were analysed using a split-plot ANOVA
model with elevation and dominant as main treatsiant neighbour as subtreatment. Biomass
and productivity of patches of the two dominantgevanalysed with a split-plot ANOVA
model with elevation and dominant as main treatshantl organ (below-vs. above-ground) as
subtreatment. Root/shoot ratio was analysed withoaway ANOVA model with elevation
and dominant as treatments. Environmental, bioneas$ productivity data were log-
transformed before analyses to fulfil ANOVA assuimips. All statistical analyses were done
using R (R Development Core Team 2013).

2.3 Results

2.3.1 Removal experiment

We found that both established dominant communitgesoverall negative effects on the two
species (negative RIl — Figure 2.3a). This negastffect was slightly higher in th8.
maritima population p < 0.05 for the dominant effect in Table 2.1), wh&iés of the two
target species were significantly negative. In castt in theS. anglicadominant only the RII
of S. maritimatarget was significantly negative. Overall thests show the biotic resistance
of both established communities against the oBartinaspecies with a slightly higher
resistance of the native dominant.

There was a significant effect of the target treattron RIl for biomass due to overall
higher values fos. anglicaas target than fa. maritimaas target (Table 2.1, Figure 2.3b).
Additionally, there was a significant interactioativeen the dominant and target treatments,
because the RIl value &. anglicawas much higher in its own populations (with str@amgl
highly significant intraspecific facilitation, sadest in Figure 2.3b) than in tf& maritima
populations, whereas the RII valueSfmaritimawas significantly negative in tH&. anglica
population and lower than in its own populations.other words, there was a reversal in
competitive effects of the two communities depegdim the target species, with the exotic
having a stronger positive effect than the nativéhe exotic target but a slightly more negative
effect than the native on the native target.
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Figure 2.3 Mean (x SE) Relative Interaction Intensity (Ridex for(a) survival and(b) biomass of S. anglica
and S. maritima targets in the two dominants. Rgsivalues correspond to facilitation and negativadues to
competition. Results of t-tests are indicated alame: below bars with asterisks: *, p < 0.05; **,0.01; ***,

p <0.001

Table 2.1Results of the split-plot ANOVA on the effecthefelevation, dominant, target treatments andrthei
interactions on RIl biomass and RII survival. Sfgmint results are indicated in bold

RIl survival RIl biomass

Source of

df F p df F p
variation
Dominant 1 5.44 0.030 1 1.73 0.204
Target 1 017 0.679 1 6.81 0.017
Dominantx Target 1  2.16 0.157 1 8.53 0.009
Residuals 20 19

2.3.2 Environmental measurements

Elevation measurements showed weak differencessieetihe three intertidal levels (low: 1.23
m + 0.01 m, intermediate: 1.30 m = 0.02 m, higl7Im + 0.02 m), but these differences were
highly significant p < 0.001 for the elevation effect, data not showw) significant difference
was found between the tv8partinaspeciesi§ > 0.1 for the dominant effect, data not shown).

Redox potential strongly increased from low to intediate and high elevation levels
(elevation effectp < 0.001 in Table 2.2, Figure 2.4a) and was ovsigfiificantly higher irSS.
anglicathan inS. maritimacommunities (Table 2.2). There was also a sigmtice@minant by
elevation interaction because Eh was highe®.ianglicathan inS. maritimaat intermediate
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and high elevations but not at low elevation (Tabl2 and Figure 2.4a). In particular, at
intermediate elevation level the Eh was not sigaiitly different from 0 in thé&. anglica
dominant {-tests,p > 0.05, not shown) but still significantly negatiue the S. maritima
dominant (Figure 2.4a). There was a weakly sigarft@ominant effect for conductivity (Table
2.2) with slightly higher conductivity values f&: maritimathan forS. anglica(Figure 2.4b).
There was a highly significant elevation effectgorl moisture due to decreasing soil moisture
from low to intermediate and high intertidal lev€lsable 2.2, data not shown). There was also
a highly significant removal effect due to highetl snoisture in the removed than in the control
plots (Table 2.2).

a) S. anglica dominant S. maritima dominant
100 - 100 - H Control
[J Removed
0 0
S
£ -100 -100
i -200 -200
300 - -300
b) 30 30
o 20 20
E
© 10 10

L O L
Low Intermediate High Low Intermediate High
Elevation Elevation

Figure 2.4 Mean (x SE)(a) Redox potential anfb) conductivity measured below the S. anglica and&itima
dominants at three elevation levels (low, interraggliand high) in the control (dark bar) and remo\(adhite
bars) subplots
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Table 2.2Results of the split-plot ANOVASs on the effecte@tlevation, dominant, removal treatment and the
interactions on redox potential (Eh), conductiVigy and soil humidity. Significant results are indied in bold

Redox potential Conductivity Humidity

Source of

o dad F p F p F p
variation
Elevation 2 32.38 <0.001 0.37 0.692 29.49 <0.001
Dominant 1 492  0.030 4.83 0.032 2.30 0.134
Removal 1 0.14 0.710 0.10 0.751 15.51 <0.001
ExD 2 3.32 0.043 1.12 0.332 0.61 0.548
ExR 2 2 0.144 0.15 0.862 0.13 0.881
DxR 1 0.05 0.820 0.67 0.414 0.98 0.326
ExDxR 2 0.24 0.784 0.14 0.877 1.45 0.242
Residuals 60

2.3.3 Biomass, root/shoot ratio and productivity of patches of the two dominants
Summer biomass significantly increased with indrea®levation (Figure 2.5, Table 2.3).
Indeed, total biomass of both species was 255.5.3 @m2 at low elevation, 1080.7 £ 121.9
g/m2 at intermediate elevation and 1439.9 + 9212t high elevatiorSpartina anglicaalso
had about 30% higher total biomass tlsamaritima(1068.3 £ 170.3 g/m2 vs. 782.4 + 149.4
g/m2,p < 0.01), but the dominant effect was stronger t@rmediate than at low and high
elevations (significant elevation by dominant iateron).

S. anglica dominant S. maritima dominant
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Figure 2.5Mean (= SE) above-(dark bars) and below-groundif{gvbars) summer biomass of S. anglica and S.
maritima dominants from the three elevation leyie®, intermediate and high)
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Table 2.3Results of the split-plot ANOVASs on the effecthefelevation, dominant, organ treatment and their
interactions on summer biomass and productivitgmdrtina populations. Significant effects are iradéd in bold

Summer biomass Productivity
Source of variation df F p F p
Elevation 2 7477 <0.001 4.99 0.012
Dominant 1 1243 0.001 16.98 <0.001
Organ 1 0.04 0.847 21.28 <0.001
Elevation x Dominant 2 3.70 0.034 6.17 0.005
Elevation x Organ 2 050 0.611 2.24 0.121
Dominant x Organ 1 1361 <0.001 0.33 0.571
Elevation x Dominantx 2  1.86 0.171 2.47 0.099
Organ
Residuals 36

There was a highly significant dominant by orgateriaction, because at all elevations the
root/shoot ratio was much higher for the exotiatfa the native (1.62 + 0.2 vs. 0.66 + (pl,

< 0.001 for the dominant effect in the ANOVA on tisboot ratio, Table 2.4 and Figure 2.6).
Additionally, while handling biomass in the lab wbserved that most of the below-ground
biomass ofS. anglicawas made of thick rhizomes in contrastSiomaritimés below-ground
biomass, which was mostly made of fine roots.

We found higher productivity above-than below-grdyp < 0.001 for organ effect)
and forS. anglicathan forS. maritima(p < 0.001 for dominant effect, Table 2.4, Figure 2.6)
Productivity was higher fob. anglicathan forS. maritimaat intermediate and high elevations
but not different at low elevation (significant edion x dominant interaction, Table 2.4).
Finally, this higher productivity fof. anglicaat intermediate and high elevations was only
observed above-but not below-ground (marginallynificant three-way interaction, Table
2.4). Additionally, productivity was significantpositive only above-ground and f8r anglica
at both intermediate and high elevations (see tesfil-tests in Figure 2.6).
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Figure 2.6 Mean (+ SE) annual above- (dark bars) and belawngd (white bars) productivity of S. anglica and
S. maritima dominants at the three elevation leglels, intermediate and high). Results of t-tests iadicated
above bars with asterisks: *, p < 0.05; **, p <0.&*, p < 0.001

Table 2.4Results of the ANOVA on the effects of the elmvatdominant treatment and their interaction on
Root/Shoot ratios of Spartina populations. Sigaificeffects are indicated in bold

Root/Shoot ratio

Source of variation df F p
Elevation 2 0.02 0.981
Dominant 1 17.58 <0.001
Elevation x Dominant 2 1.30 0.296
Residuals 18

2.4 Discussion
Our removal experiment showed that the two estadtiSpartinadominants exhibited an
important biotic resistance against the invasionthaf other species, which precludes the
competitive exclusion hypothesis as the main meashanf invasion oSpartina anglicaOur
environmental and biotic measurements on estallipléches showed that the two species
have similar niches along the intertidal elevagoadient, presenting only small differences in
terms of total biomass and soil conductivity. Befiecies presented the same tolerance to
anoxic conditions at the lowest intertidal levehieh precludes the empty niche hypothesis
along an inundation gradient as the main mechawoisimvasion. However, we also found
strong differences in root/shoot ratios betweenltespeciesSpartina anglicashowed higher
investment in below-than above-ground organs coetparS. maritima At intermediate and
high intertidal levels onls. anglicahad a significant positive above-ground produgtieind
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more oxidized soils tha8. maritima suggesting higher ecosystem-engineering effecthé
exotic. Additionally, our removal experiment showbat the invasiveSpartinaexhibited a
high intraspecific facilitation for growth. All tagher, these results suggest that the invasion
success 05. anglicas likely to be primarily explained by its higheglbw-ground investment
and ecosystem-engineering effects than thoSe ofaritima inducing a higher growth rate and
self-facilitation in originally similar anoxic coiittbns.

2.4.1 Interactions between the exotic and the native Spartina

Competitive effects are generally more importam@inticompetitive responses for explaining
species dominance in plant communities (Liancoual.e2009). In our system, bo8partina
species had negative effects on the other spesiesying the biotic resistance of the two
dominant species when established in dense andrenattmmunities. These results are
consistent with natural patterns of invasion in Areachon Bay becaus®. anglicaand S.
maritimaform distinct patches along the shore and mixedhest are very uncommon. In our
removal experiment, we found subtle differencescampetitive effects between the two
species and their ranking depended on the targiirpgnce variable. Considering survival,
S. maritimashowed a higher biotic resistance tl&aranglicabut the reverse was observed for
biomass.

However, a main result of the removal experimens W@ occurrence of strong
differences in competitive response between thespeaies only for target biomass and within
the exotic population. This was explained by thghhntraspecific facilitation occurring for
the growth of the exotic. Facilitation has beenvaimdo be an important process in invasion
ecology in a variety of ecosystems (Altieri et 2010, Bruno 2000, Bruno et al. 2003,
Rodriguez 2006, Saccone et al. 2010). Most stuthee focused on interspecific facilitation
and its positive cascading effects on species sityefe.g. Bruno 2000; Rodriguez, 2006). In
contrast, intraspecific facilitation has been naraksessed in plant communities (but see
Fajardo and Mcintire 2010). The mechanism behiedntraspecific facilitation 0o6. anglica
could be its high rhizome investment and subseqsediment oxygenation, enhancing
differently the growth of the exotic and that o thative. Callaway and Josselyn (1992) argued
that the most important factor driving the estdivhent ofS. alternifloraat the lower marsh
limit in San Francisco Bay (USA) was probably itghter ability, compared to the natig&
foliosa, to diffuse oxygen throughout the plant due todkistence of continuous gas spaces
from the leaves to the roots (Teal and Kanwishé61Maricle and Lee 2002). Bertness (1991)
has also shown, f@. alterniflorain New England salt marshes, that this speciesacapto
oxygenate anoxic soils allows its successful caatmn of low marsh levels. In our case, it is
very likely that the exotiSpartinawas more sensitive to this increase in oxygendgwal
than the native, because of its higher exploitativategy.
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2.4.2 Niche differences

The success of invasive species can be explainddfbyences with native species in terms of
niche occupancy along environmental gradients,biyetheir ability to fill an empty niche
(Saccone et al. 2013). Our results showed thae thverre no significant differences (at the
centimetre precision) in elevation levels betwepacgs, consistent with the preliminary
observations of Lafon and Michaleh (e Nindre et al. 2004). Additionally, the two spexi
showed the same tolerance to anoxia with similar population biomass, productivity and
potential redox at their lowest intertidal posisonThis shows that there are no niche
differences along flooding and oxygenation gradiebétween both species and that this
hypothesis cannot explain the higher occurrendbeéxoticSpartinaoffshore.

Differences in tolerance of physical disturbance ttuwave exposition is, thus, more
likely to explain the higher occurrence of the isiva offshore (Bouma et al. 2005). The higher
productivity observed at intermediate and highriidal levels in our study for the exotic than
for the native is in line with a higher ruderal dyome for the former (Grime 1974, MacArthur
and Wilson 1967), and, thus, consistent with Kslii higher tolerance for physical disturbance.
Strong and Ayres (2013) stressed the key roleed seread by tides fBpartinacolonization
mechanisms but the proximity to a seed source tigh®only requirement for a successful
invasion (Ayres et al. 1999). Balke et al. (201djroduced the concept of “window of
opportunity” when describing the thresholds seegdlimeed to overcome in order to
successfully anchor and colonize mudflats. Accaydanthese authors, due to the harshness of
the environmental conditions, vegetative reprodunctigains importance over seedling
establishment. The substantial amount of rhizonbsgwed in the below-ground biomass of
S. anglicaalso suggests higher colonisation ability for thete through rhizome dispersion
(Nilsson et al. 2010). However, further experimesttsuld be conducted to test this rhizome-
dispersion hypothesis, in particular through tréasation experiments of propagules of both
species along a gradient of increasing distandidoshore. To conclude, the empty-niche
hypothesis might likely contribute to explain thevasion ofS. anglicaalong a gradient of
physical disturbance related to the distance fitoencbast but not along an inundation gradient
of tolerance to anoxic stress.

2.4.3 Spartina anglica: a case of invasive engineering

Despite their strong ecological similarities at lowvertidal level, the tw@partinadominant
types had contrasting levels of oxygenation ins@iment and of productivity at intermediate
and high intertidal levels, suggesting differenb®stem-engineering effects. Seliskar et al.
(2002) have shown that different provenancesSofalterniflora differentially affected
oxygenation level and microbial activity in origllyasimilar abiotic conditions of a salt marsh
in which they were transplanted. This result issistent with previous studies highlighting
that macrophytes can modify the oxygenation le¥edealiments in wetlands (Carpenter and
Lodge 1986, Callaway and King 1996). In our stutig higher redox potential measured at
intermediate and high intertidal levels below tketee Spartinais likely due to the higher
investment of this species in below-ground orgamd ia particular rhizomes. This higher
oxygenation level may also explain the higher abgneeind productivity measured in tse
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anglicapopulation than in th&. maritimgpopulation at intermediate and high intertidal lsye
likely due to increasing microbial activity in moogidized sediments and in turn increasing
soil nitrogen availability and plant growth (Sebslet al. 2002).

Invasive engineers have been defined as exoticiespéicat modify their physical
environment in such a way that their reproductivgat is increased (Cuddington and Hastings
2004). These authors have shown by a modellingoagprthat invasive species that modify
their environment may have significantly fasterwgo rates into sub-optimal habitats than
species that do not. Our results have shown $hainglicabehaves as a typical invasive
engineer. Like the natives. anglicacan recruit in the sub-optimal conditions of thevlo
intertidal level. However, thanks to its higheradme investment (Seliskar et al. 2002) the
exotic has stronger ecosystem-engineering effdwa the native in terms of increasing
sediment oxygenation.

In conclusion, in the Bay of Arcachon, the invasairS. anglicacannot be explained by
competitive exclusion or differences in niche oamugy in relation to anoxia induced by
inundation.

However, a key aspect of the invasion seems théalbility ofS. anglicato behave as an
invasive engineer (Cuddington and Hastings 200M)ouigh a self-facilitation process
involving an amelioration of sediment oxygenati®me missing point in our understanding of
the invasion process is the recruitment of theiggen the Arcachon Bay, since we did not yet
provide evidence for the ecological mechanism erjlg its higher occurrence offshore than
the native. We argue that this recruitment is \iegly due to its higher tolerance to physical
disturbance, thanks to its higher growth rate th@mative's, but this hypothesis remains to be
tested in further experiments. However, we showat] bnce established in the Bay, its spread
is due to its ability to behave as an invasive eee.
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Conclusions

The implementation of a cross-transplantation remhexperiment in saltmarshes of the Bay
of Arcachon allowed a better understanding of thlerdzation strategies of the invasive
cordgrassSpartina anglicaand in particular its competitive ability and Imécoccupancy.

The characterization of the environment (elevatgainity, soil redox potential and

moisture) inhabited by the tw®partinaspecieshowed that both species preferentially
occupy the same niche along a gradient of inundatra anoxia and that they perform better
at higher elevations of the intertidal area. The bwrdgrass species have shown to be
competitive against the invasion of one anotherthrdnvasiveSpartinahas additionally
shown intra-specific facilitation for growth. Theam outcomes of this experiment that
support these conclusions are summarized in thanfiwlg points:

» Both Spartina anglicaandSpartina maritimgperform better at higher elevations of the
intertidal gradient (intermediate and high) wheneyt achieve higher biomass and
productivity.

e Spartina anglicafavours underground biomass allocation whef&aartina maritima
favours aboveground allocation.

» Environmental characteristics do not differ betwasras dominated by each of the two
cordgrass species. However, soil redox potentditated that, under the influence of
Spartina anglicasoils are less anoxic at intermediate and higgrtidal levels. This
could be a consequence of the fact that biomassaaibn of the exotic species was
preferentially to roots and rhizomes, thus incnregsiediment oxygenation.

* Results of Relative Interaction Indices (RIl) orethiotic interaction experiment
indicate that the two species reciprocally showesistance to invasion. This was
translated by negative RIls for both species tatgetithin the two dominant
communities. Additionally, once the survival stagas overcome$Spartina anglica
showed strong self-facilitation for growth, wher@adividuals were still in competition
within meadows of the congengpartina maritimadominance.

Overall, these results suggest that the succabe ablonization byspartina anglicas
probably closely linked to its investment in a deped root system increasing its ecosystem
engineering effect relatively to the nati8partina maritimaas well as its intraspecific
facilitation. Both species are able to colonizeghme topographic levels of the intertidal
area which leads to the rejection of the hypothesesnpty niche colonization over a
gradient of inundation b8partina anglicaHowever, because the invasiSpartinafails to
outcompete the nativepartinafrom areas where it is dominant, it successfydieads into
off-shore locations most likely due to a higheetahce to the disturbance associated to the
lower elevation levels. The constraints inhererth&se levels are likely overcome by a
ruderal strategy translated by the high produgtipiesented by this species.
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Anthropogenic perturbations can alter sediment lalgity and nutrient loading within
wetlands hence affecting marsh development. Iforo& hand, sediment deliveries to coastal
systems have been experiencing a large decreatiee other, with the increase in human land
use, nutrient inputs have been largely intensifiedhe Bay of Arcachon, it was observed that
Spartinaspecies, in particular the exotic, exhibited anatgpic plasticity that seemed to be
related to the relative distance from freshwatgyuta into the Bay. Because resources
availability can also affect the strength and sofrbiotic interactions, an experiment was
designed with the aim of testing how the interacti@tweerSpartina anglicaand Spartina
maritimais affected by changes in nutrient supply induagdeshwater inputs.

3.1 Introduction

Land use and transformation, namely through agticeyl forestry and grazing, substantially
increased during the last century (Vitousek efl@87b). The increased use of land either for
agriculture, industry or recreational purposegj$da an increase in nutrient inputs into coastal
zones (Valiela et al. 1978) which can create siggiit nutrient enrichment influencing coastal
ecosystems structure and functioning. An additiaonatome from nutrient enrichment is that
it can add up to biological invasion and favour éséablishment of exotic species. A typical
example of the impact of nutrient increase andfit properties alteration in coastal
environments is the higher frequency of harmfulblgooms due to rapid increases in marine
phytoplankton caused by seawater warming and/caresdd nutrient availability (Hallegraeff
1993).

In wetlands, predicting the response of ecosystéonswutrient loading can be
challenging as there are multiple factors influagdhe biochemical transformations occurring
in the sediment (Sundareshwar et al. 2003). Fdame®, plant nutrition in salt marshes is
influenced by soil flooding and the processes aateat with reducing soil redox potential (Eh)
conditions, as oxygen supply to the roots is @itfor nutrient uptake and ion transport (see
Pezeshki and DeLaune 2012 for a review). An impoitansequence of soil oxygen reduction
is that it induces changes in the availability andthe concentration of the set of nutrients that
are essential for plant functioning. On the othandy plant-mediated belowground sediment
oxygenation also affects biogeochemical propertib® composition of the microbial
community (Reinhart and Callaway, 2006) and theient dynamics of salt marsh sediments
(Koop-Jakobsen et al. 2017), which is an examplé¢hef vegetation’s role as ecosystem
engineer (Vitousek et al. 1997a).

Even though many nutrients are involved in plantgh, the key elements required for
aquatic plant production are nitrogen and phosph@Bornette and Puijalon 2011). Studies
have found nitrogen as the major nutrient limitmgcrophytes production in coastal habitats
(Vitousek et al. 1997, Sundareshwar et al. 2003)erTet al. (2007) have found that N
availability strongly enhances the growthSyartina alterniflora its competitive ability and
and its rate of spread, although this species le=has a successful invader independently of
the N concentration. Indeed, macrophyte growthldesen observed to positively respond to
nitrogen addition, but not to that of phosphorusin@reshwar et al. 2003). However,
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Sundareshwar et al. (2003) experiment showed tlatgteatest response in macrophytes
production happened with the addition of both reuntis.

Plant morphology and growth strategies adapt toldbal environment (Diaz et al.
2016). In the case @parting differences in morphology within the same popalathave
already been observed and related to the presériasbwater inputs (DeLaune et al. 1979).
Notably, these authors have reported, a decregsiviije of plant height withinSpartina
alterniflora meadows bordering streams where meadows alontgdareams where denser
and presented tall&partinaindividuals than inland from the streams. Variad@ironmental
conditions have also been reported to result ingh degree of morphological variation for
Spartina anglicathat was related to phenotypic plasticity rathemt genetic characteristics
(Thompson et al. 1991, Ainouche et al. 2004).

Nutrient availability can modulate species intei@ats (Grime 1974, Davis et al. 2000).
Studies comparing the performances of differentvaainvasive marsh species have been
conducted in order to understand the influence rofirenmental factors in interactions
(Seliskar et al. 2002, Duarte et al. 2015). Insatsh species, along with other abiotic factors,
competition for nitrogen has been found to be ojomamportance (Pennings and Bertness
2001). Notably, Levine et al. (1998) have suggedteat if access to nutrient regulates
competitive dominance among marsh species, thdereliit vegetation zonation patterns
should be found in marshes presenting differerglieaf nutrient inputs.

In the Bay of Arcachon, our observations of a gegatlin the phenotypic form of the
dominantSpartinaspeciesSpartina maritimaandSpartina anglicawith increasing distance
from freshwater inputs into the Bay lead to thedtipsis that nutrient load variations can
affect not only the cordgrasses plasticity but alseir competitive abilities, creating an
eventual competitive shift that can open an impart@ndow of opportunity to the exotic
colonization of high marsh zones, previously dort@day the nativ&. maritima In order to
test this hypothesis, namely the influence of eminental soil conditions for the performance
of the twoSpartinaspecies, a reciprocal removal experiment was padd within different
freshwater inputs in the Eastern part of the Bafxrohchon along with the characterization of
the edaphic conditions along the streams and irftama them.

3.2 Material and methods

3.2.1 Riverine inputs in the Bay of Arcachon

The water masses in the Bay of Arcachon are manfliyenced by tidal entrance of oceanic
waters. However, two main sources of freshwatertiné lagoon can be considered, The Leyre
river, at the southeast, and the Porge Canal atdhté ends. Overall, freshwater inputs into
the lagoon represent less than 1% of the tidahp(Blus et al. 2009). However, a salinity
dilution induced by the Leyre has been registerethe eastern — southeastern section of the
Bay (Bouchet et al. 1997). Several small streanmoofinental water discharge can be found
along the eastern side of the Bay but they arenallsdimensions with surfaces not exceeding
30 Kn? (Canton 2009). Even though this influence is Idvthe scale of the Bay, it gains
importance at local scale where it might affectplant species dominance.
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3.2.2 Experimental design

A removal experiment was implemented, between th&larch 2017 and the 11 May 2017,
on freshwater streams running into on marshes®edbktern side of the Bay of Arcachon. We
considered two distances from the streams, in Hwhnative and exotiSpartinapatches
within eight sites. The experiment was implememtéth a split-plot design. The height sites
were randomly chosen for the presence of a fregnuaput into the Bay and the dominance
of the Spartinaspecies, with four sites dominated Spartina maritimaand four sites by
Spartina anglica(Dominant species as main treatment — Figure 3\W#hin each site, two
distances from the source of freshwater were censttj one close, on the border of the
freshwater input, and one far, at approximatelynifdom it (sub-treatment). At each distance,
two replicates of each experimental treatment waptemented. The experiment consisted in
two plots of 30 x 30 cm, one with neighbours, wheeeplants of the loc&8partinapopulation
were left intact (control treatment) and, one withoeighbours where the individuals of the
local population were removed by hand (removedrreat). In each plot, six plant individuals
were transplanted, three from the naBgartina maritimaand three from the exotigpartina
anglica(transplant species treatment — second sub-satirtest). The height and leaf number
of all transplanted individuals was registeredchatmoment of the transplant){&nd again at
the end of the experiment{TIn total, 384 transplants were used (2 DominartDominant
replicates x 2 Distances x 2 Removal treatments Rethoval treatment replicates x 2
Transplant species x 3 transplant replicates —rEi@ulb). Within each plot environmental
measurements were performed the 12 April 2017 gusmulti-parameter probe that measured
pH, redox potential (Eh) and conductivity.
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Figure 3.1. a) Location of experimental sites within the Bay ofathon; black squares indicate Spartina
maritima dominated sites and white squares indi&gartina anglica dominated sites; Numbers laktel sames
as follows: 1 — Ares, 2 — St. Brice, 3 — Anderasinconces beach, 4 — Andernos, oyster farm, SusSa, oyster
farm, 6 — Taussat, 7 — Cassy harbour north, 8 —sgdmrbour southb) Schematic representation of the design
experiment within one site) Photograph of freshwater input at Andernos, Quirganbeach (site 3) and d)
Photograph of removal plot with transplanted Spaatindividuals.
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3.2.2.1 Interaction data processing

Survival percentages were estimated based on theenof transplant individuals found alive
at the end of the experiment. Individuals that wesefound were considered as dead.

For survivor transplants, in order to understanav Hmth biotic interactions and
environmental conditions affected growth, the hemhleaf increment ratqi] was estimated
as follows:

w = (Xvr — Xri) / Xri
where X corresponds to the height of transplamtdividuals or their leaf number, respectively
at the initial (T) and final (F).

In order to quantify the performance of b&partinaspecies’ transplants growing in
the presence and absence of neighbours, the Relateraction Index (RII) was estimated
according to Armas et al. (2004):

(Xwith neighbour ~— Xwithout neighbour)

RII =
(Xwith neighbour + Xwithout neighbour)

where Xiith neighbourcOrresponds to the performance of individuals gngwn the presence of
neighbours and whout neighbourcOrresponds to the performance of individuals gngwn the
absence of neighbours. This index comprises vdleaseen -1 and 1 where negative values
indicate competition, positive values indicate ligation and O corresponds to no significant
interactions.

3.2.3 Sediment and water sampling

Water and sediment samples were collected for thige8 between the 14 and the 17 March
2017.

Sediment cores were collected with a 30 cm long6uooh diameter PVC tube. Three
replicates were performed per distance from themiaput within each site.

3.2.3.1 Treatment of sediment and water samples and estimation of nutriment concentration
profiles

Sediment samples were prepared by cutting the sedicores at different depths, namely,
from0—-2cm,2 -7 cm, 10 — 15 cm and 15 — 20lanthe laboratory, the interstitial water
from each sample was recovered through centrifogatnd it was sub-sampled for subsequent
analysis of iron, phosphate and nitrate and ammmoemioncentration applying the respective
methods according to the target nutrient. To engwatonly dissolved nutriment content was
analysed, all water samples (both interstitial it water and from the freshwater source)
were filtered at 2am. Samples for nitrate and nitrites analysis weyedn and samples for iron
and phosphate analysis were acidified with chlorated (HCL) in order to prevent
precipitation from iron oxides. Colour analyses wn performed for iron (Stookey 1970),
phosphate (Murphy and Riley 1962), nitrate (Scheretgnd Lehners 2014) and nitrite
(Strickland and Parsons 1972) samples. Ammoniumpksmwere analysed through
conductivity flow injection analysis following Hadind Aller (1992).
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Nutrient concentration profiles were then obtaibgdhe estimation of the cumulated
concentration of all considered levels. Conceruretifor the level between 7 — 10 cm, that
were not considered for logistic reasons, werereggd through averaging concentrations from
2 -7 cmand 10 — 15 cm levels. Samples correspgndih5 — 20 cm depth were not considered
as they presented much higher porosity than theealayers and sediment composition was
mainly sandy. Because of the relatively surficiansidered depths, in order to obtain
significant results nutrient concentrations weraught to mol.Irt.

3.2.4 Plant trait measurements

At the end of the experiment, measurements of plamtphological traits were performed
within the twoSpartinacommunities, following Cornelissen et al. (2003ant vegetative and
reproductive height were measured in situ at treedensidered distances from the stream for
5 individuals (replicates) randomly picked withiB@x 30 cm quadrat. Additionally, five plant
individuals were sampled and taken to the lab, e/libey were scanned to determine the
Specific Leaf Area (SLA). They were also weightedfdoe and after being dried for 48h at
70°C. The Leaf Dry Mass Content (LDMC) was estirdatgth the fresh and dry weights
through the relation

LDMC = Leaf dry mass / Leaf fresh mass
which is given in g.@.

3.2.5 Statistical analysis

Survival, height and leaf increment rate data veer@ysed with a 4-way ANOVA considering
dominant community§. maritimaandS. anglicd, distance from the stream (close and distant),
neighbours (presence and absence) and target si@cimaritimaandS. anglica as crossed
factors. For RIl analysis, a 3-way ANOVA was implemted, considering dominant species,
distance from the stream and target species asextdactors. The environmental parameters
Eh and conductivity were analysed with a 3-way ANOWith dominant, distance from the
stream and neighbours as crossed factors. Nuienulated concentrations were analysed
with a 2-way ANOVA considering dominant species digance to the stream as independent
factors. Plant height, SLA and LDMC were analysethwa two-way ANOVA considering
dominant species and distance to the stream apandent factors. The ANOVA analyses
were considered with a split -plot design consiagihe dominant community as the main
treatment and distance from the stream, removatagét species as sub-treatments.

Simple Student tests were performed on RII valanesrder to determine significant
differences from zero value. All statistical test®re performed with R software (R
Development Core Team 2013).
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3.3 Results

3.3.1 Environmental and nutrient characterization

For soil oxygenation, there was a significant iatéion between the dominant community and
the relative distance to the stream (p = 0.04, dbl) because only withi8. maritima
communities Eh values were more negative furtr@nfthe freshwater stream (Figure 3.2a).
For conductivity, we found a tendency for a sigrafit dominant effect (p = 0.08, Table 3.1)
because values tended to be higher withiranglicathan withinS. maritimacommunities
(Figure 3.2b). Finally, for pH, there was also rdency for significant dominant X removal X
distance interaction because at close distandeetstteam pH increased in the removed plots
for S. maritimabut decreased f@. anglicawhile there were no differences due to the removal
treatment effect in both communities further awayT the stream (Figure 3.2c, Table 3.1).

Spartina anglica dominant Spartina maritima dominant
a) 0
0 - Control
S -100 -100 [ 1 Removed
g
-200
S 200
-300
-300
B)go - 80 -
& 60 60 A
g
o 40 1 40 -
0 - 0
D14 14
12 A 12 -
10 A 10 4
e 8 A 8 1
=% 6 - 6 A
4 A 4
2 1 2 4
0 - 0

Near Far Near Far

Relative distance to the stream

Figure 3.2.Means (+ SE, N = 64) cd) redox potentialb) conductivity anct) pH in the control (dark bars) and
removed (white bars) subplots of S. anglica aneh&itima dominants at the two distances from tlesHuvater
stream (near and far).
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Table 3.1. Results of the ANOVA on the effects of dominant, distance to the stream and removal treatment and
their interactions redox potential (Eh), conductivity (o) and pH. Significant effects are indicated in bold.

Redox potential Conductivity pH

Source of variation df F p df F p df F p
Dominant 1 2.63 0.11 1 321 0.08 1 452 0.04
Distance 1 2.68 0.11 1 2.57 0.11 1 5.38  0.02
Removal 1 0.61 0.44 1 0.54 046 1 0.005 0.94
Dom. x Dist. 1 441 0.04 1 043 0.51 1 6.55  0.01
Dom. x Rem. 1 2.08 0.15 1 0.69 041 1 478  0.03
Dist. x Rem. 1 1.07 0.30 1 037 0.54 1 1.08  0.30
Dom. x Rem. x Dist. 1 1.14 0.29 1 0.57 045 1 339  0.07
Residuals 56 56 56
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For nitrates, although the statistic tests weresigntificant, we found a tendency for
distance and dominant effects, with higher nitrat@scentration away from the stream and in
S. maritimathanS. anglicadominants, respectively (Figure 3.3 and Table. 3r23ontrast, for
ammonium, there was a highly significant distanitecg due to lower values further away
than closer to the stream. For phosphates, theee avaignificant dominant by distance
interaction, due to higher values close to theastravithinS. anglicacommunity only (Figure
3.3 and Table 3.2). For iron, there was a highipidicant dominant effect, due to higher values
within S. maritimathan withinS. anglicacommunities (Figure 3.3 and Table 3.2).
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= 0.003 - £ 0.0015
e )
g g
“,0.002 £ 0.001 -
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S. anglica S. maritima S. anglica S. maritima

Figure 3.3. Cumulated concentrations (+ SE mol m-2) of a) Nitrate (NO 3-), b) ammonium (NH4+), ¢) phosphate
(PO43-) and d) iron (Fe2+) in soil sediments within the two dominant species (S. anglica and S. maritima) at the
two relative distances from the freshwater stream, near (dark bars) and far (white bars).
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Table 3.2. Results of the ANOVA on the effects of dominant, distance to the stream and depth of soil sample and
their interactions on nutrient concentrations nitrate Nitrate (NO 3-), ammonium (NH4+), phosphate (PO43-) and

iron (Fe2+). Significant results are indicated in bold.

Source of variation
Dominant

Distance

Depth

Dom. x Dist.

Dom. x Depth

Dist. x Depth

Dom. x Dist. x Depth

Residuals

Nitrate Ammonium Phosphate Iron
df F p df F p df F p df F p
1 2.79 0.1 1 0.003 0.96 1 821 0.005| 1 10.86  0.001
1 3.71 0.06 1 185 <0.001 1 6.15  0.01 1 2.14 0.14
3 122 0.30 3 4.73 0.003 3 1.66  0.18 3 9.68 <0.001
1 0.05  0.82 1 1.45 0.23 1 6.26  0.01 1 0.11 0.74
3 018 091 3 0.16 0.92 3 1.28 0.28 3 2.48 0.06
3022 088 3 1.57 0.2 3 092 043 3 1.81 0.15
3 066 0.58 3 0.44 0.72 3 091 043 3 0.07 0.98
76 175 76 176

3.3.2 Plant traits

For height, there was a highly significant distaaffect because both species were 20% taller
close to the stream than away from it (Figure Bahle 3.3).
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S. anglica

S. maritima

Figure 3.4.Mean plant height (+ SE) for Spartina anglica aBdartina maritima dominated communities at the
two relative distances from the freshwater strenear (dark bars) and far (white bars).

For SLA, there was a highly significant dominantdigtance interaction (p = 0.001,
Table 3.3), because, closer from the stream, tlvasea much higher increase (36 %) in SLA
in the S. anglicacommunity than in th&. maritimacommunity (Figure 3.5a). Finally, there
was no significant treatment effects for Leaf Dradd Content (LDMC — Figure 3.5b).
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Figure 3.5. a)Specific leaf area (LSA) artj Leaf Dry Mass Content (LDMC) for Spartina anglicadaSpartina
maritima at the two relative distances from thesfr@ater stream, near (dark bars) and far (whited)ar

Table 3.3. Results for ANOVA on the effects of dominant and distance to the stream and their interaction on
Plant height, Specific Leaf Area (SLA) and Leaf Dry Mass Content (LDMC). Significant results are indicated in bold.

Source of variation
Dominant
Distance

Dom. x Dist.

Residuals

Plant height SLA LDMC
df E p df F p df E p
1 4320 <0.001 1 9 0.003 1 0.12 0.72
1 55 <0.001 1 19.92 <0.001 1 0.80 0.37
1 2.67 0.10 1 11.27  0.001 1 0.69 0.4l
116 116 116
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3.3.3 Removal experiment

For survival (Figure 3.6), there was a significBominant x Treatment x Distance interaction,
because in thé. maritimacommunity there was an increase in the negativecteiof
neighbours when getting further from the streamenshs there was an opposite tendency in
the S. anglicacommunity (p = 0.03, Table 3.4).

Spartina anglica dominant Spartina maritima dominant
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20 4
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Relative distance to the stream

Figure 3.6. Mean survival (x SE) of the two target speciesarBpa anglica and Spartina maritima, within the
two dominant communities at different distancemftbe freshwater stream (near and far), both inghesence
(control — black bars) and absence of neighbouesn@ved — white bars).

For growth, there was a significant distance effpet 0.02, Table 3.4), because growth
rate was higher for transplants close to the str@@gure 3.7). There was also a significant
Dominant by Treatment interaction because of highewth rates in the presence of
neighbours in thé&. anglicacommunity and the opposite f& maritimacommunities (p =
0.04, Table 3.4).
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Figure 3.7.Mean growth rate (£ SE) of the two target spect&gartina anglica and Spartina maritima, within
the two dominant communities at the two distanwes the freshwater stream (near and far), botthimpresence
(control — black bars) and absence of neighbouesn@ved — white bars). Results of t-tests are iteitabove
and below respective bars with asterisks: ., p¥ 8, p < 0.05; **, p< 0.01; ***, p< 0.001

Table 3.4. Results of the split-plot ANOVA on the effects of dominant, distance to the stream, removal treatment
and target and their interactions on transplant survival and growth rate. Significant effects are indicated in bold.

Survival Growth rate

Source of variation df F p df E p
Dominant 1 14.54  0.00016 1 5.68 0.02
Distance 1 4.13 0.043 1 5.63 0.02
Removal 1 7.82 0.0054 1 3.25 0.07
Target 1 37.21 <0.0001 1 0.08 0.79
Rem. x Dist. 1 0.58 0.45 1 1.25 0.26
Dom. x Rem. 1 4.13 0.043 1 4.42 0.04
Rem. x Target 1 0.06 0.8 1 0.13 0.72
Dom. x Rem. x Dist. 2 3.65 0.03 2 1.09 0.34
Dom. x Rem. x Dist. x Target 6 0.46 0.83 6 0.78 0.58
Residuals 368 276

Results for RIl survival were consistent with thadeFigure 3.6, with a significant
Dominant by Distance interaction, due to an inagaascompetition only in th&. maritima
community when getting further away from the strgans 0.01, Table 3.5, Figure 3.8).
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Figure 3.8.Mean (x SE) Relative Interaction Index (RII) farget species survival both in Spartina anglica and
Spartina maritima dominance at two distances fdmnfteshwater stream, close (black bars) and disanhite
bars). Positive values correspond to facilitatiordanegative values to competition. Results ofts&® indicated
below the respective bars with asterisks: *, p 3.

Table3. 5. Results of the split-plot ANOVA on the effects of dominant, distance to the stream and target and their
interactions on Rl survival. Significant effects are indicated in bold.

RIl Survival

Source of variation df F p

Dominant 1 8.26 0.006
Distance 1 2.17 0.14
Target 1 0.55 0.46
Dom. x Dist. 1 3.30 0.01
Dom. x Target. 1 0.41 0.53
Dist. x Target 1 1.21 0.27
Dom. x Dist. X Target 1 0.69 0.41

Residuals 56
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3.4 Discussion

We showed that the proximity to freshwater disckargmeliorates plant growth conditions in
salt marshes. A general increase in ammonium aasgblate concentrations was found, close
to freshwater input, particularly f@partina anglicacommunities. Both species grew taller
closer to the streams. However, o8y anglicashowed higher growth rates closer to the
freshwater streams, translated by higher valueSL#. The proximity to freshwater inputs
induced a decrease in the competitive behavious.ofmaritimaconsidering target plant
survival, whereas fd8. anglicafacilitated plant growth for both species. Ovenalltrient loads
into the Bay, through freshwater discharges seetietoease the competitive resistance of the
native Spartinaand to ameliorate the conditions fSpartina anglicathat lead to a self-
facilitating behaviour for this species and, congegly, increasing its invasion success. This
self-facilitation for growth had already been olveer in the previous assessment of niche
occupation by the twBpartinaspeciesChapter 2), where the exoti€partinapresented high
intraspecific facilitation for growth that was lie# to its investment in a well-developed root
system inducing subsequent sediment oxygenation.

3.4.1 Environmental and nutrient characterization

Previous studies have shown that the small fredwstteams running into the Bay of
Arcachon are a source of nutrients (Rimmelin e1888, Canton 2009). For plant absorption,
independently of loading, the most essential nasi@re nitrates and phosphates, under their
mineral form. Ammonium is also important as itslbgical degradation (nitrification) can be
fast and, hence, increase nitrates availabilitypfant assimilation.

With this experiment, it was shown that phosphawusilability was higher closer to
the freshwater inputs, particularly with. anglicacommunities. Indeed, phosphorus is a
particularly dynamic element that undergoes rapiycling (Canton 2009). This element is
easily absorbed by metallic oxides, namely iron alhohminium (Anschutz et al. 1998) and
within highly anoxic sediments, during organic reattlegradation, metallic oxides work as
oxidisers instead of oxygen (Froelich et al. 197H)e fact thatS. maritimacommunities
presented very low concentrations of phosphatedeaslated to the high iron concentrations
within this community, meaning that the above nmamd absorption processes are probably
happening, keeping phosphorus concentrations wery |

Concerning ammonium availability, higher and ald@centrations were also found
within closer distance from the streams, indepetigen Spartinadominance which indicates
that freshwater inputs are a likely a source of dement into the system. Conversely, nitrate
concentrations showed both a dependency on thendssto the streams, being lower closer to
the freshwater inputs and in tBg@artinacommunity, higher withirfs. maritimacommunities.
The higher nitrate concentrations found witl8n maritimacommunities suggest that this
nutrient is not being absorbed by the native sgedidditionally, before being absorbed by the
plants, nitrates go through a bacterial denitrifma process and mudflats in general are a
favourable environment for such process. Therefbeegeneral high biological activity within
the mudflat, that is additionally certainly depentden the plant communities, is a likely
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explanation of these variations in nitrate conaian within the sediments underneath the two
Spartinaspecies.

However, the role of freshwater discharges ang#r®rmance of macrophytes is not
always directly related (Adams et al. 2009) as oithdirect effects can interfere with nutrient
availability, like salinity or sediment redox poteth For example, it has been shown for
Spartina patensthat abiotic stresses, such as increased salmetyatively affected nutrient
uptake and plant growth (Merino et al. 2010). Higbedt marsh production in the presence of
freshwater inputs is related not only to increasattient availability, but also to salinity
dilution by freshwater (Adams et al. 2009). Howe\Matzke and Elsey-Quirk (2018) found
that, despite large plant response to added ntgrisnil properties were unaffected. Here,
conductivity measurements showed lower valuesdaptbximity of the water discharge, which
certainly contributes to better nutrient uptakebth species which can improve plant growth,
and, in particular, that of the exotpartina

3.4.2 Removal experiment

Studies on salt marsh vegetation have reportedgbyygic variations linked to the proximity
of nutrient sources that translated into highentdaand more dense meadows (Matzke and
Elsey-Quirk 2018). Additionally, nutrient availaityl is likely to affect species performance
through their competitive strategies. Nutrient eimment has previously been demonstrated to
positively affect plant aboveground biomass anddpectivity (Valiela et al. 1976,
Sundareshwar et al. 2003, ki and Pennings 2014, Matzke and Elsey-Quirk 20IBg
removal experiment presented in this chapter hasistihat both the exotic and the native
Spartinabenefited from the proximity to the freshwater mauas transplants on plots close to
the stream presented better performances. We Haserved distinct results for community
dominance between the two species. The effecteoéioticSpartinds community on target
survival was overal neutral. However, for growteriawas an overall facilitative behaviour of
Spartina anglicdor both conspecific and congeneric plants. Addilly, with the inproximity

to the stream, the intraspecific facilitation®fanglicawas increased. Conversely, witlsn
maritimacommunities, there was mostly competition becdnasle target survival and growth
were negatively affected by the dominant species.

On the contrary, withirs. maritimacommunities S. anglicatransplants experienced
stronger competition for survival, particularly tvitncreasing distance from the freshwater
source which corroborates previous findings, suog$hat the native species provides biotic
resistance against the invasion&fanglica Within the two communities, results on both
survival and growth rate showed contrasting contigetieffects and responses, for both
species. For instance&. maritima community presented a strong competitive effect at
increasing distance from the stream wli8fgartina anglicacommunity exhibited a facilitator
behaviour, independently of the distance to thehineater stream. These results are consistent
with the findings presented in the previous chafReoenca et al. 2019). However, in contrast
with the former study, wher®. anglicaonly presented a self-facilitating behaviour, héne
exotic species community facilitated also the reatbpecies. In Proenca et al. (2019), this
facilitating behaviour was related to the higherzome density presented by the exotic
Spartinawhich resulted in higher soil redox potential,icading more aerated substrates within
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S. anglicacommunities. However, in this experiment, redoxeptial measurements are not
completely consistent with the previous ones als sare found to be more anoxic witH
anglica than S. maritima Such difference could be related to the fact #atironmental
measurements of the present experiment were pextbrmMay whereas for the experiment
previously presented i€hapter 2 they were performed in mid-June. Indeed, May still
corresponds to an early stage of seasonal devetdpoh¢he invasiveSpartinawhereas the
native one is already developed.

Overall, transplant survival and growth rates wpositive in the proximity of the
streams which is probably a result of an enviroriadeamelioration related to nutrient
availability and lower salinity. In contrast thergiwal and growth rates of the exofspartina
were negatively affected by the increase in distafrom the stream. This effect was
particularly stronger in the presence of neighbo&sch result suggests that the position
further away from the riverine discharge corresgottda more stressful environment where
competition between individuals becomes more ingmdrtindeed, competitive interactions
among plant species vary along resource gradieat®bservations are sometimes conflicting
(Davis et al. 2000). According to Grime’s theor9T#), competition decreases with increasing
levels of disturbance and stress. However, thelteebere presented have shown thatSor
maritima communities competition increased further awaymfrthe freshwater streams,
independently of the target species. As it was mpat above, the positions further from the
stream presented more stressful conditions beirsgacterized by more saline soils and,
particularly withinSpartina maritimacommunities, phosphorus availability is low inding
it as a limitation resource. WithiBpartina anglicacommunities on the contrary, a general
tendency for facilitation was found. We can alsasider (Tilman 1982) model that proposes
that competition is related to resource allocatiade-offs and, in that case, competition
intensity might still be high within unproductivaastressful environments but it will concern
root-competition in nutrient poor environments @odhpetition for light in nutrient rich ones.
Spartina anglicgpresented higher SLA th&partina maritimaindicating a more exploitative
strategy thars. maritima Even thouglSpartina anglicgpresents a rapid growth that is typical
from ruderal plants, previous resul@h@pter 2) have shown that this species also favours the
allocation to roots and rhizomes, which contraditilsnan’s theory of the trade-offs that
indicates fast growing plants as poorly attributedoots. Such capacity to combine two
different strategies is probably related ®partina anglicasuccess in colonize harsh
environments that present strong physical pertighataind cope with frequent inundation and
highly anoxic soils.

Additionally, previous studies have demonstratedt tthe importance of positive
interactions increases in harsh environments, didé marshes, (Bertness and Hacker 1994,
Bertness and Callaway 1994). In accordance with, tlhihas been shown that the exotic
Spartina exhibits intraspecific facilitation. However, Mialet (2006) found facilitating
behaviours in medium-stress environments that dseckin extremely stressed conditions and,
according to Maestre and Cortina (2004), when striesels become extreme, biotic
interactions might even switch back to competitidudflats are usually poor nutrient systems
that present low oxygen diffusion conditions thaamcterize them as stressful environments.
This could explain the low performance&fanglicawithin the nativeSpartinacommunities,
since the latter presents high competitive abditidlternatively, the low performance of the
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invasive species could be related to a prematutmgrof the experiment, at a time where this
species was not at the peak of its seasonal dewelup In order to confirm this, further
experiments should be performed lasting to theadiide summer season and thus considering
the full development of the exotic species.

3.5 Conclusions

Freshwater streams are not only a source of ntdriemt also they favour soil oxygenation
induced by the water flow. Both species presenttteb performances (higher survival and
growth rates) in the proximity of freshwater stresarwhere environmental conditions were
characterized by lower salinities, higher nutriemmcentrations and higher redox potential. It
was shown that competition is stronger within théve Spartinacommunities and at further
distances from the freshwater streams. For bottiepecompetition decreased with decreasing
distance from the streams. Additionally, f8r anglica away from the freshwater inputs,
interactions even shifted back to facilitation.

In summary, we can conclude that nutrient inpuisdto soil oxygenation through the
freshwater inputs induce a decrease in the bi@sistance ofSpartina maritima Such
conditions can provide an opportunity for the ingasof the exotic species that, has a strong
self-facilitative behaviour. This self-facilitatigpresented by. anglicabecomes even more
important as it presents higher growth plasticityart the nativeSparting within more
favourable environmental conditions.
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Ecosystem engineers are living species that canéito the shaping of the environment they
inhabit by interacting with the incident physicatdes they are subjected to. In the long-term,
such modifications can propagate from a local saateevolve into changes in the landscape
morphology affecting physical habitats on a largetent. Spartinasp. are known for their
ecosystem engineering ability, mostly related tdirsent-trapping by their aerial biomass.
Because of such effecdpartina speciesgend to change intertidal mudflat, a marine
environment, into a terrestrial one.

We have seen i@hapter 2 that the European nati@&partina maritimas a competitive
species that offers resistance to the invasio8pafrtina anglica Because the exotic species
has the capacity to colonize towards the inner Béwnch is an area originally mainly occupied
by the seagrasgostera nolteithe question that arises is: how can the seapmaffected by
the arrival of this stronger ecosystem engineer@rdier to assess the extent of the impact of
tidal flat colonization bys. anglicaoverZ. noltei an experimentation was implemented in the
Bay of Arcachon. Individugbpartina anglicaussocks were randomly selected on the mudflats
within Lanton community, on the eastern side of Bag. Spartinavegetation within half of
the tussock was left intact and on the other hslérial parts were cut. A transecZoioltei
transplants was performed over each one of thepreaiously described treatments, as well
as control transect on sounding mudflat, ouspértinainfluence.

The aim of this work was to understand the extéth® effect of habitat alteration by
the colonization of mudflats b$partina anglicafor Zostera noltei.ln particular, | seek
answering the two following questions: (1) Dd&sanglicaaffect Z. noltei through short-
(mainly effects on resources) or long-term procge¢seosystem engineering legacy effects)?
and (2) Does the influence &t anglicaon Z. nolteiextend to larger spatial scales than the
immediate neighbour level?

The results of this work were published Mdrine Ecology Progress Seriés Proenca B,
Romuald M, Auby I, Ganthy F, Sottolichio A and Matkt R (2019). Disentangling ecosystem
engineering from short-term biotic effects of aaty invader on a native foundation species.
doi.org/10.3354/meps12999

The publication is presented in the following sectand the main conclusions are subsequently
summarised.
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Publication: Disentangling ecosystem engineering from short-term biotic effects
of a strong invader on a native foundation species
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Research article

Disentangling ecosystem engineering from short-term
biotic effects of a strong invader on a native fouthation
species

Barbara Proenca’, Marine Romuald?, Isabelle Auby? Florian Ganthy? Aldo Sottolichio!, Richard

Michalet?!
IUniversity of Bordeaux, U.M.R. 5805 EPOC, 33405 Tateoedex France
2JFREMER Arcachon, 33120 Arcachon

Abstract: Ecosystem engineering effects of dominant speaidsabitats and consequently on other species
are likely to propagate through time at longer atise than the close neighbourhood. Such effects are
important to disentangle from short-term bioticeett, especially in biological invasions, as engjiimg can
explain changes in invasion rates over the coufsbeoinvasion. We assessed the contribution aatiap
dynamics of ecosystem engineering effects of angtiovader, the cordgra§partina anglicaon Zostera
noltei, a foundation seagrass species of muddy intemsigktems in Europ&. nolteitransplants were grown

at different positions along transects crossingdt$. anglicapatches, cut patches and nearby bare sediment
on tidal flats in the Bay of Arcachon (France)pmder to separate ecosystem engineering effeats gtort-

term biotic effects and evaluate their likely sphfiropagation. Bed altimetry, sediment redox pizaéand
granulometry were measured in all treatments. \WiBiartinapatches, we found strong negative ecosystem
engineering effects of the cordgrass on the seagiesociated with increased sediment elevatiomedative

fine sediment content. Up to 2 m outside the pateh found significant negative ecosystem engingerin
effects and positive short-term biotic effects, ey were weak and counterbalanced each other. We
conclude thasS. anglicacan transform a marine muddy intertidal habitab iatdrier and more oxidized
terrestrial habitat, no longer suitable for thegsass. Although these effects may propagate ataevetres
from a patch, they appeared to be too weak toyliaéfect the seagrass at the scale of a whole bay.

Key words: Biological invasion, competition, ecosystem engin&gartina anglicaZostera noltei
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4.1 Introduction
Biological invasion is a highly dynamic processttbm time and spac@Pysek and Hulme
2005, Mitchell et al. 2006, Theoharides and Duk@@72 The impact of an invasive species
may vary over the course of the invasion, with Bwa rates changing through different
ecological and evolutionary processes that mayas® or attenuate the impact of invaders on
the resident communit{Gtrayer et al. 2006)ndeed, species’ evolution is an important driver
of invasion accelerations, as shown for severait@pecies after hybridization and polyploidy
events(Baumel et al. 2001, Treier et al. 2009, Ainouchale2009, te Beest et al. 201 Epr
example, the cordgras§partina anglicabecame a strong invader in European salt marshes
after hybridization in the UK between the North Artoan specieS§. alternifloraand the native
S. maritimafollowed by a polyploidy evolutio(Baumel et al. 2001, Strong and Ayres 2013)
In contrast, a decrease in invasion success mag &mom plant-soil feedback processes
(Dostal et al. 2013)r decrease in allelopathic compounds of the iav#ttough timéLankau
et al. 2009)

Changes in invasion rates related to population @xdmunity dynamics can be fast, in
contrast to ecosystem-driven invasion changestigtit need a much longer time to occur, in
particular when soil weathering processes are wad{Vila et al. 2011, Strayer 2012
coastal systems, several species strongly enhdreie ibhvasion rate due to their high
ecosystem engineering abiliti€Srooks 2002, Zarnetske et al. 201Erosystem engineers
contribute to shaping the space they colonize tracting with incident physical forces like
wind in sand dune systeniSeabloom et al. 2013)nd currents and waves in marine systems
(Bouma et al. 2005, 2007, Paul and Gillis 20&B)l, hence, inducing long-term changes in
landscape morphology and physical habi{8alke et al. 2012)One important challenge in
biological invasion studies is to disentangle stemn biotic processes, mainly related to the
effects of vegetation on resources, from ecosystegmeering processes, associated with soill
or sediment modification, in order to improve oundarstanding of the temporal and spatial
dynamics of biological invasions and their effecds biological diversity, ecosystem
functioning and ecosystem services. This is pddrbuthe case for cordgrass invasion in salt
marshes, which involves both evolutionary and estesy change@Baumel et al. 2001, Bouma
et al. 2005, Ainouche et al. 2012, Strong and A@&E3)

Disentangling ecosystem engineering from short-tbrotic effects is feasible using
specific methodologies, as already applied in stria@d systemgMichalet 2006, Schob et al.
2012, Noumi et al. 2015, 2016, Michalet et al. 2018017) but not yet tested in coastal
systems. This method can only be used in stressefbrahighly disturbed systems where
vegetation cover is not continuous, with patchegegietation alternating with patches of bare
ground. The short-term biotic effects of a livingighbour on resources (light, water and
nutrients), disturbance and microclimate are qtiadtioy comparing the performance of a
plant individual growing within the canopy of thigihg neighbour to that of an individual
growing in an area where neighbours have been rethdhe ecosystem-engineering effects
of the neighbours are quantified by comparing tedgsmance of a third individual growing
in naturally open patches to that of the secontviddal growing in removed vegetation. This
guantifies the legacy effects over several germratof the neighbours on soil characteristics,
and in particular positive effects on nutrients avater retention, but also interference effects
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due to litter accumulatio(Michalet et al. 2017)Finally, the comparison of the performance
of the first and third individuals quantifies thens of the short-term biotic and ecosystem
engineering effects of the neighbour, i.e. its efé¢cts on the target plant. This method has
proven efficient in separating these 2 effectschntonly be used in communities where within-
habitat environmental heterogeneity is due to estesy engineering effects. Indeed, the results
can be confounded by pre-existing environmentaérogeneity, as likely occurs in many
mountainous systems at the metrescale Segnbauer et al. 2016)n contrast, such
confounding effects are less likely to occur as thcale in muddy intertidal systems where
within-habitat environmental heterogeneity is lomdahus mostly exists when induced by
ecosystem engineering effe(Bouma 2009)

One interesting aspect of the ecosystem engineefiagts on landscape dynamics and
biological invasions compared to short-term biaftects is their likely extension to larger
spatial scales than the closest neighb@Rrstkerk and van de Koppel 2008, Vu et al. 2017)
One example are the dune-forming species in coggms, where their sand-trapping effects
can have landscape consequences on dune heigmapthology and, ultimately, control
storm-wave overtopping, as shownZarnetske et al. (2012ndSeabloom et al. (2013)ong
the North American Pacific coast (Oregon, USA). i&ny, Bouma et al. (20053uggested
that the invasiveéS. anglicamay negatively affecZostera noltein Dutch tidal flats through
sediment trapping, likely to affect neighbourindpttats at several metres beyond their canopy.
These species’ effects at large scales are imgaxaconsider in biological invasions since
they may explain changes in invasion rates in aalandscapes. However, their assessment
needs specific methodologies that, to our knowledgave never been applied nor
implemented.

In coastal intertidal systems, saltmarshes and lasdfare vulnerable habitats
characterized by a high susceptibility to biologicavasions (Hacker et al. 2001)The
importance of natural and anthropogenic physicstudbances facilitates the colonization by
invasive species, as shown in riparian systéfianty-Tabacchi et al. 1996, Saccone et al.
2010a, b) Studies in intertidal coastal systems have higitéid the importance of interactions
between plants or other sessile organisms in emtginative diversity or favouring biological
invasions(Bertness and Ewanchuk 2002, Bruno et al. 2003gerlet al. 2010) Natural
ecosystem vulnerability is even higher when invadae also strong ecosystem engineers
(Vitousek 1990, Crooks 2002)

Here we assessed the responses of the native toamdpecies of intertidal mudflats,
Z. noltej to the ecosystem engineering and short-termdaffects of the strong invasive
ecosystem engineer of European salt marshemglica There is a current important concern
about the global decline adfosterabeds(Orth et al. 2006, Waycott et al. 2009lue to the
crucial role oZosteraspecies as foundation species of coastal integiddémgDuarte 2002)
Several reports of decayir{psterabeds have been documented, e.g. in the Wadden Sea,
NetherlandgDen Hartog and Polderman 197%) the Bay of Arcachon, Fran¢Plus et al.
2010) in the Mira estuary, PortugéBranco et al. 2017)and in the Chesapeake Bay, USA
(Lefcheck et al. 2017Although the influence of anthropogenic factorghis decline has been
suggestedOrth et al. 2006, Waycott et al. 200€)e exact causes are still not fully understood.
In France(Boudouresque et al. 2009nd in particular in the Bay of Arcach@®lus et al.
2010) it has been hypothesized that the decline coeldcelated to a combination of factors,
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which includes extreme temperature eve(itassa et al. 2009and decrease in light
availability due to increasing sediment conterthimwater columifvan der Heide et al. 2010,
Suykerbuyk et al. 2016a, Lefcheck et al. 20R®centlyCognat et al. (2018&howed that the
performance ofZ. noltei in the Bay of Arcachon was primarily controlled like
hydrodynamics and secondarily by light availabil&though some experimental studies have
investigated interactions betwegnsteraspeciegBando 2006, Gribben et al. 2009 our
knowledge, no studies have directly assessed theaations between seagrasses and marsh
species using removal procedures.

In the Bay of Arcachon, the declinedfnolteimeadows was first reported in the early
2000s, and its dynamics have been documented dinergst 20 y(Auby and Labourg 1996,
Plus et al. 2010)Specifically,Plus et al. (20103alculated a 33% decline in meadows between
1989 and 2007. Interestingly, this decline occureggproximately 10-15 yr after the
introduction and expansion peak $f anglica(Le Nindre et al. 2004)Considering the high
sensitivity of Z. nolteito light conditions, the decrease in light availi&piassociated with
sediment dynamicéSuykerbuyk et al. 2016a, land the well-known role db. anglicaas an
ecosystem engineer through sediment trappgiBguma et al. 2005, 2007)t can be
hypothesized that the contingency of the recentadyos of the 2 species in the Bay of
Arcachon could be explained by causal relationshipe ecosystem engineering effectSof
anglicamay be sufficiently strong to modify the environrhgma negative way for the seagrass
beds. As suggested Bouma et al. (2005}he stiff stems of the cordgrass may affect waves
and currents, promoting accretion and bed elevatidevels offering too much drought stress
for the seagrass. However, and in order to ultimatensider the contribution of the cordgrass
to the decline of the seagrass, we first needdesssif the cordgrass can negatively affect the
seagrass through ecosystem engineering effectatdadst at longer distances than the patch
scale. Thus, we aimed to answer 2 main questions:

(1) DoesS. anglicaaffectZ. nolteithrough either ecosystem engineering or short-term
biotic processes?

(2) Do S. anglicaeffects onZ. nolteiextend to larger spatial scales than the immediate
neighbour level?
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4.2 Materials and methods

4.2.1 Study site and species
Our experiment was conducted in the eastern pdhieoBay of Arcachon, a mesotidal lagoon
system (tidal range: 0.8—4.6 m), located alongAhaitaine Atlantic coast, in south-western
France (44° 43’ N, 1° 04'W; Figure 4.1a). The imtuation ofSpartina anglican this lagoon
dates from the mid-198{taporte-Cru and Werno 1989)he origin of this invasive species
began with the hybridization betweé&n alterniflora(native to the USA) an®&. maritima
another cordgrass species native to Europe. Tleisteccurred in the UK and first produced
a sterile hybrid and then gave rise to the feridsv speciesS. anglicathrough polyploidy
evolution (Raybould et al. 1991a, Baumel et al. 20®.) anglicaforms diffuse thick stems
with large and stiff leaves and a very dense rhzsgstem. This species occurs not only close
to the land, like the nativ8. maritima but also in small patches throughout the tidal. .
nolteiis an intertidal seagrass species that presenghaénsitivity to physical disturbances.
While the decline oZ. nolteimeadows was first noticed in the Wadden Sea irl8&s, it
was not until the 2000s that this species’ meadstarsed to be affected in the Bay of Arcachon
(Plus et al. 2010)

Atlantic - Erance 18
ocean .

o Bay cf".;'
<Arcachon*

Experiment I:'

site

Figure 4.1. (a)Study site(b) Counting of Zostera noltei individuals in a tratept plot (left) and placement of
transplant plot in transect, with the wooden stiddimiting 2 diagonal extremes of the transplaldt @t the
initial time (ti) (right). (c) Transplant plots to be placed in a transect. Thegpkhown are representative of the
development stage of the Z. noltei individualshat beginning of the experimerfd) Two positions within a
transect, outside the Spartina patch at the fimakt (tf)
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4.2.2 Experimental design

In order to assess the ecosystem engineering amtdtehm biotic effects 08. anglicaon the
performance oZ. noltej and the spatial extent of these effects, bet@deranuaryt() and 20
May 2016 {f), we conducted a field experiment in which we tphdaustedZ. nolteiin 3
conditions ofS. anglicainfluence (withoutSparting within intact Spartinaand within cut
Spartina)and at different distances from the influenceSplartina (Figure 4.2). We first
randomly selected as treatment replicates 4 patufit@sanglicaof approximately 40-50 m2.
We considered isolated, elliptical anglicatussocks, and within each tussock, we delineated
2 parallel transects to the length of the tussackitie transect treatment, with at least 5 m
between transects within a single patch. All tratsevere oriented in the direction of the
predominant wave incidence, i.e. perpendiculah&shore. We randomly selected half of the
patch to apply the ci@partinatreatment (SAC) and used scissors to remove alleyound
parts ofS. anglica(the only plant species present in the patch) withdistance of 2 m from
each side of the transect. The cut vegetation wawved from the site, and removal was
conducted twice during the experiment due to tigeowth ofS. anglica The vegetation was
left intact in the other transect for the int&gartinatreatment (SA). For each replicate, we
also delineated in the bare sediment nearby a ttargect at a minimum of 10 m away from
the patch, for the control treatment. In each ef3hx 4 transects, for the position treatment,
we selected 8 positions along the transect whergamsplanted&. noltei 2 on the offshore
side of the patch, at 1 and 0.5 m from the limitr&S. anglicapatch, 3 inside the patch (1 at
the centre and the 2 others at 0.5 m from the ofeshnd onshore edges of ieanglicgpatch)
and 3 on the onshore side of heanglicapatch at 0.5, 1 and 5 m away from the patch. We
collected allZ. nolteitransplants in the vicinity of the patches usingetal box (12.5 x 8.5 x

8 cm) inserted within the muddy sediment. Eachsjpéanted plot included 6 to 12 noltei
individuals (Figure 4.1b—d). All transplanted plotere inserted at the 8 positions of the 12
transects, for a total of 96 transplanted plotse Transects had varying lengths across
replicates, but the distances between positionsimieplicates were kept constant to allow a
comparison between the cut, intact and controbgeats. Each transplanted plot was delimited
with wooden sticks located on the corners of thedplant surface to enable their identification
during site inspections (Figure 4.1b). Non-transf@dd Z. nolteiperformance transects were
also designed in order to control for the effectdransplantation. No significant effects
associated with transplanting methodology were doun
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Main wave incidence |
P1 — 1 m upstream from the patch
I I -
P2 = 0.5 m upstream from the patch
| | T P3 |~ 0.5 m from the upstream limit of the patch
"
] F P4 |~ Centre of the patch Ppacen
[ & . PSs |~ 0.5 m from the downstream limit of the patch
e
P6 |~ 0.5 m downstream from the patch
Pysnorel
P7 = 1 m downstream from the patch
L ] P8 I~ 5 m downstream from the patch Poniiore
Treatment Treatment Treatment
control S. anglica S. anglica cut

Figure 4.2. Experimental design. Black squares represent tigtipns of the Zostera noltei transplants along
transects for each treatment. Control treatmentsewecated on the mudflat in the direct vicinity $bartina
patches (approximately 10 m). The S. anglica treatntorresponds to transects crossing the intadt b
Spartina patches, and the S. anglica cut treatnoentesponds to transects crossing the cut half pEritha
patches where aerial vegetation was cut. Positehmswing no significant performance differences vwareled
and reduced to 4 main positions: offshorer{Rrg, inside patch (R« and first and second positions onshore
(Ponshoreland Ponshorea

4.2.3 Monitoring of Zostera noltei performance and environmental measurements
Shoot densityD) and the length of the longest I€a) of Z. nolteiwere measured &tandtf
for all transplanted plots. We then calculafedolteigrowth rates() between the initialty)
and final timestf) of the experiment using Eq. (1), whéteorresponds t® or L:

w = (X — Xai) X (1)

At each transect position and for all transectsyaion measurements were made at
the centimetre precision with a RTK Leica GS10aystand surface sediment samples were
collected in order to perform grain size analyBiedox potential was measured with an Eh-
meter probe assembled in a multi-parameter boxl(lref Multi 3320). The analysis of the
sediment of overall samples revealed that the ssalimvas mainly composed of sand and silt,
with a very low percentage of clay (<5%). To sifiplithe analysis of sediment
characterisation, silt and clay percentages wenmgeaeinto 1 category, in order to provide a
guantification of fine (cohesive) vs. sandy (gramulon-cohesive) sediment content.
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4.2.4 Plant-plant interaction indices
To investigate the effects dbpartina anglicaon Zostera noltei performances in the
transplanted plots we used the Relative Interadhdex of Armas et al. (2004):

RIl = (Xwith neighbour— Xwithout neighbou}/ (xwith neighbour+ Xwithout neighbou} (2)

where X corresponds to the performand2eKL) of Z. nolteiin the transplanted plots.

This index varies between -1 and 1. Negative vailogisate a negative effect (competition),
positive values a positive effect (facilitation)damero value corresponds to no significant
interaction.

Three Rlls were calculated in order to separatestfusystem engineering and short-
term biotic effects 08. anglicaon Z. noltej following Michalet et al. (2015, 2017The short-
term biotic effects were assessed using the RMegletation (Rleg), which quantifies the
relative difference in performance betwegnnolteitransplants growing in inta@partina
transects vs. in ci@@partinatransects (actual effect of livir§) anglicandividuals onZ. noltej
through changes in resources, disturbance, spatenamoclimate), whereas the ecosystem
engineering effects were assessed usingiRWhich quantifies the relative difference in
performance of. nolteitransplants growing in cUspartinatransects vs. control transects
(long-term effects ofS. anglicaon Z. noltej through legacy effects on environmental
conditions within the sediment, i.e. changes inreedt elevation, texture, nutrient content).
Finally, Rllspartinaquantifies the total effects & anglicaonZ. nolteiperformance, i.e. the sum
of the 2 previous effects, through the estimatibtie relative difference in performancesf
nolteitransplants growing in inta8partinatransects vs. control transects. The descriptibns o
the variables considered in each RIlI are summaiizdable 4.1.

Table 4.1. Neighbouring treatments used for calculating the 3 relative interaction indices (Rlls) for vegetation,
soil and net Spartina effects on Zostera noltei performance. SA: intact Spartina anglica treatment; SAC: cut S.
anglica treatment; control: bare sediment treatment

With neighbour Without neighbour
RII vegetation Abundance oZ. nolteiin SA Abundance oZ. nolteiin SAC
R soil Abundance oZ. nolteiin SAC Abundance oZ. nolteiin control
Rl spartina Abundance oZ. nolteiin SA Abundance oZ. nolteiin control
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4.2.5 Statistical analysis

We analysed the effects of transect (SA, SAC amnural), position treatments and their
interaction on the logarithm of final abundancezoholteiwith a split-plot ANCOVA, with
transect as the main effect and position as thesffebt. We also used a split-plot ANCOVA
to analyse the effects of the method (to quantifyrsterm biotic and ecosystem engineering
effects ofS. anglica) position treatments and their interaction on fRial abundance oZ.
noltei, with method as the main effect and position as ghb-effect. In both split-plot
ANCOVAs, we used both a linear and quadratic tefimthe position effect in order to
eventually detect non-linear relationships. Thet Imaedel was chosen by application of a
stepwise method using Akaike’s information criteridkaike 1973) We also used 1-way
ANOVA to assess the effects of the transect or oek#ifects at each position along transects.
To simplify the representation of the results, wanlpd the 2 upstream positions into 1
upstream point (dshord, the 3 positions within the patch into 1 patclsipon (Rawcy and the

2 first downstream positions into a first downsingaoint (Rnshore). We used 1-samptetests

to assess significant deviations of RIl means fowmalues. For environmental data (altimetry,
redox potential and relative fine sediment contem® used a 3-way ANCOVA to test effects
of Transect, Position and Positfoand their interactions. We also used 1-way ANOV&s
assess the effect of the transect treatment atpesstion. For all analyses, we also conducted
post hoc Tukey HSD tests when necessary. Data hioymeas verified through a Shapiro-
Wilk test, for which we obtaine@/ = 0.916 (p < 0.001) on fin&. nolteiabundance and/=
0.934 (p < 0.001) on RIl. Because data met the abtyrcriterium (values oW close to 1),
no transformations were applied. All statisticadlgses were performed with R version 3.3.2
(R Development Core Team 2013)

4.3 Results

There was a highly significant transect effecthe ANCOVA onZostera nolteiabundance
(F2,87 = 12.96, p < 0.001, Table 4.2), because, ovepaditions along the transects, the
abundance oZ. nolteiwas higher in the control transects (with@guarting than in the cut-
Spartina transects, with intermediate values for the ingygartina transects (Figure 4.3,
Tukey, intactSpartina(A), cut-Spartina(A), control (B)). We also found a highly signict
effect of the positiohtreatment (Es7= 19.55, p < 0.001, Table 4.2) because, ovemisicts,

Z. nolteiabundance was much lower at thewdRposition than at the other three positions
(Figure 4.3, Tukey, p < 0.05). However, there wasignificant treatment X positién
interaction, because this quadratic position effeas only observed for the c8partinaand
intact-Spartinatransects (Fs7 = 5.42, p = 0.006, Table 4.2). Indeed, at thg.fposition Z.
noltei abundance was close to 0 in both the SA and Satécts vs. 24 (x 3.15) individuals
on average in the control transects. In contrasheaRnshorep0Sition Z.noltei abundance was
50% lower (16.6 £ 6.35 individuals) in the cBpartinathan in the intacEpartinatransects
(32 £ 5.7 individuals) and there were no significdifferences among treatments at the other
two positions.
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Figure 4.3.Mean (+ SE) Zostera noltei final number of indivédisl per transplant plot at four positions along
intact-Spartina transect (SA) — solid black linlgray cut-Spartina transect (SAC) — dashed black &§nd along
control transect (bare sediment) — grey solid liResitions along transect: within 1 m on the offghside of the
patch (Risnord, inside the patch (Recr, within 1 m on the onshore side of the patchdBe) and 5 m away from
the patch (Bshore). Upper-case letters are the results of the Tulksy for the transect effect and lower-case
letters are the results of the Tukey test for theitfpn effect (with significance at p < 0.05).

We observed a highly significant Method efféet,s7 = 23.59, p < 0.001, Table 4.2) in the
ANCOVA on RIl abundance, because over all posititaash Rlkoi and Rlkparinavalues were
globally negative, whereas Rd§ values were slightly positive (Figure 4.4). Theras also a
significant Positioheffect(F1,s7= 11.46, p = 0.001, Table 4.2), because RIl aburelaalues
were lower (and negative) at thgadh position than at the other 3 positions. Even tlhotng
interaction Method x Positidiwas not significant, we observed a tendency foy negative
RIl values at the Richposition that were only observed for Riland Rlkparina but not for
Rllveg In addition, at the §Rshore1position, only Rldei was still significantly negative, whereas
RllspartinaWwas null and Rlkg was significantly positive. Overall, these resudt®ow thatS.
anglica had dominant negative soil effects and that, alghothese effects were by far the
strongest within th&partinapatch, they slightly extended at least up to 5 mrgkiream from
the Spartinapatch (position Rsnhore) and even up to 1 m upstream (significant sartpsts
at all positions along transects for &i).

120



Chapter 4: Spatial and temporal interactions betvgartina anglicaand Zosteraoltei

1 4 A —=—RII

vegetation
0.8 15 —-== RIL,

0.6 1
0.4
0.2

B RIISpam’n I3

02
0.4
-0.6

RIT abundance

¥

~ EE T -

-0.8 ~ s

1
~ o \;- _,’
Fack

P

Poffshnre patch Ponshm‘e 1 Punshore

Main wave incidence
Positions in transect

Figure 4.4. Mean (x SE) Relative Interaction Intensity (RIl)dax for final Zostera noltei abundance per
transplant plot at four positions along transecdee Table 4.2 for the ecological significance eftitree RII
indices, Rl{anopy(solid black line), R (black dashed line) and Rpkrina(grey dashed line). Positions along
transect: within 1 m on the offshore side of thiepgPusshord, inside the patch R, within 1 m on the onshore
side of the patch (Rshored @and 5 m away from the patchofRore). Asterisks show the results of the T-tests: * <
0.05, ** < 0.01 and *** < 0.001. Upper-case lettersdicate the results of the Tukey test for thehoeteffect
(with significance at p < 0.05).
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Table 4.2.Results of the mixed linear models on the effafctise transect (or method), position (and pos#jon
and their interactions on the logarithm of finalwattlance of Zostera noltei (left) and Relative latdion Index
(right). Significant results are indicated in bol-value significance thresholds: *, p < 0.05; 13,< 0.01; ***,

p <0.001.

Log(final abundance+1) RII
Effects df F P Variable df F p
transect 2 12.96 <0.001 method 2 2359 <0.001
Position 1 1.31 0.256 position 1 4.14 0.045
position? 1 1955 < 0.001 positioR 1 1146 0.001
transect x pos. 2 0.77 0.466 method x pos. 2 0.59 0.557
transect x pos.2 2 5.42 0.006 method x pos.2 2 2.73 0.071
Residuals 87 87

There was a significant Transect effé€t 103 = 4.42, p = 0.014) in the ANCOVA
conducted on elevation, because, over all positelesation was lower in the control transects
than in both intacBpartinaand cutSpartinatransects (Figure 4.5a). We also found a significan
Positiorf effect(F1,103= 8.17, p = 0.005); across all transects, elexatias higher at the level
of the Spartinapatches (positions 3 to 5) than at all other pos#i Finally, there was a
significant Transect x Positiérinteraction(F2,103= 3.95, p = 0.022), because the higher
elevations observed at the levels of B@artinapatches occurred only in the SA and SAC
transects but not in the control transects, aqaiticular at P4, the position at the centre of the
patch (see results of the 1-way ANOVA at P4; pG0Q).

For redox potential, we found a tendency for ovdrigher values in the inta8partina
than in the cuSpartinatransects on the offshore side of the patch aridespartinapatch,
whereas the opposite was observed on the onslum®ftthe patch. In particular, at position
4 (centre of the patch), redox potential was sigaiftly lower in the cuSpartinatransects
than in the other 2 transect types (1-way ANONA1= 7.71, p = 0.008; Figure 4.5b). There
was a significant position effe€F1,103= 10.81, p < 0.01) in the ANCOVA conducted on
relative fine sediment content; over all transegptsnts from the level of thBpartinapatches
and upstream of the patches had lower fine sedicmrtent than points downstream of the
patches, in particular position 2 vs. position éspectively (Figure 4.5b, Tukey, p < 0.01).
These differences in relative fine sediment condéenbss positions were mostly found for the
SA and SAC transects but not for the control tratssend in particular for position P5 (1-way
ANOVA at P5:F2,11= 10.61, p = 0.003).
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Figure 4.5.Mean (= SE) (a) elevation of transect positions), £bil redox potential (Eh) and (c) relative fine
sediment content, for the 3 transect types: ingrtina (SA), cut Spartina (SAC) and control tests (bare
sediment). For transect positions see Figure.4[t& thick black line between P3 and P5 shows tlséipo of
the Spartina patch within the transect. Uppercasttels indicate the results of the Tukey test lier Transect
treatment (with significance at p < 0.05). Loweredstters indicate the results of the Tukey testtfe particular
positions where the Transect treatment is significaamely P4 for altimetry and Eh and P5 for fsegliment
content

123



Chapter 4: Spatial and temporal interactions betvgartina anglicaand Zosteraoltei

Table 4.3.Results of the ANOVA on the effects of the trangesition (and positiod treatments and their
interactions on altimetry, redox potential (Eh) amdative fine sediment content. Significant resalte indicated
in bold. P-value significance thresholds: *, p <08; **, p < 0.01; ***, p < 0.001.

Altimetry Eh Relative fine sediment
content

Effects df  F  p of  F  p  df F p
transect 2 442 0.014 2 216 0.121 2 0.36 0.670
position 1 0.01 0.916 1 0.11 0.737 1 10.81 0.001
position? 1 8.17 0.005 1 1.62 0.206 1 1.05 0.309
transect x pos. 2 0.40 0.670 2 296 0.056 2 2.66 0.074
transect x pos? 2 3.95 0.022 2 0.34 0.713 2 1.23 0.297
Residuals 103 103 103

4.4 Discussion

At short distances (i.e. withiBpartina patches), we found dominant negative ecosystem
engineering effects 06. anglicaon Zostera nolteithat were correlated with 2 long-term
environmental modifications, an increase in elera@énd in relative fine sediment content.
This was also correlated to an increase in sedirogpgenation, but not to any positive
shortterm effect for the seagrass. At long distanetfects orZ. nolteiwere much weaker, but
negative ecosystem engineering effects on envirateheonditions were still significant up
to 2 m downstream from tHgpartinapatch, while weak significant positive shorttermtim
effects were observed up to 1 m downstream fronSfteatinapatch. These results provide
evidence that a strong invader of salt marshesegatively affect an important foundation
seagrass species of intertidal mud flats, mosthpudlh ecosystem engineering effects
occurring at short distances.

4.4.1 The short-distance effects of Spartina anglica on environmental conditions and

Z. noltei

The role ofSpartinaspecies as ecosystem engineers of muddy integigdéms has been
widely documentedCrooks 2002, Bouma et al. 2005, Strong and AyfHs3p In tidal flats,
they interact with the hydrodynamic forces in a whgt promotes significant bed level
elevation, commonly forming dome-shaped tussocksmoall islands, and ultimately salt
marshegBalke et al. 2012)The specific ability ofs. anglicato trap sediment and to behave
as an ecosystem engineer that expands its hapithmncing sediment accretion has been
widely acknowledge(Castellanos et al. 1994, Sanchez et al. 2001, Rairal. 2005)Bouma

et al. (2005xhowed tha8. anglicawas able to modify its physical environment by m@dg
hydrodynamic energy from waves with its stiff steaisthe cost of relatively large drag forces.
In our study, we showed, through differential GEGRS) elevation measurements in the tidal
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flat, thatSpartinameadows were associated with significant higherdéeels than surrounding
Z. noltei habitats. Contrasting elevations were associatél kvgher relative fine sediment
content for theSpartinapatches, since both habitat modifications were ¢éeduby the higher
sediment-trapping ability 06. anglicaas compared t&@. noltei(Bouma et al. 2005)These
parallel changes in habitat conditions and randwtmildution of Spartinapatches on the tidal
flats (B. Proenca pers. obs.) strongly suggestdif#rences in elevation betwe&n anglica
andZ. nolteihabitats cannot be due to pre-existing environniéetarogeneity that could have
confounded our results, as likely to occur in tamial habitats where within-habitat
environmental heterogeneity is much higher thanudy intertidal systemS&teinbauer et al.
2016) Additionally, our measurements of annual sedindepiosition belovpartinacanopies
in the Arcachon Bay show that the observed diffeesnn elevation betwe&partinapatches
and adjacent bare tidal flats are achieved at Soaes on the order of decades (B. Proenca
unpubl. data).

Given the low performance &. nolteitransplants within the cordgrass patches, the
sediment-trapping activity ob. anglicacan gradually transform this marine habitat into a
system that can no longer be inhabitedZzbyoltej as already suggested Bpuma (2009)
Several studies have shown the sensitivity of seags to desiccation strégan der Heide et
al. 2010, Kim et al. 2016, Suykerbuyk et al. 20168h}l, even thougHl. noltei possesses
physiological adaptations to reduce tissue wates land keep appropriate photosynthesis
levels during emersion periodsarkum et al. 2006, Folmer et al. 201@esiccation stress
might still limit its colonization of higher intedal levels(van der Heide et al. 2010, Folmer et
al. 2016) Additionally, at higher exposed bed levelsnolteiis submitted to a wider range of
temperature changes, another relevant factor tayrass performand®arba et al. 1996)

Using a specific methodology that was already a&pbin terrestrial systems, we were
able to disentangle ecosystem engineering legamy fshort-term biotic effects and to
demonstrate that only the former could explain dbmpetitive exclusion oZ. nolteiby S.
anglica, thus supporting this assumption of previous agthét short distances (within
Spartinapatches), we showed thHat anglicahad no significant short-term biotic effects #r
noltei. S. anglicahad a significant short-term biotic effect on habitonditions, in particular
by strongly enhancing sediment oxygenation. Althohgyher sediment oxygenation due to
the effects of ecosystem engineers positively &dfetany salt marsh speci@allaway and
King 1996, Hacker and Bertness 1998¥lid not positively affecZ. noltej likely because this
is an aquatic species adapted to anoxia but ndtaoght. Additionally, a likely benefit of
increased oxygenation might have been outweighdtidogost of drought. It should be noted
that the competitive exclusion @f nolteidue to drought stress induced $yanglicacould
not be considered as an example of resource caiopetlated to the high ability &. anglica
to take up water, but it is a consequence of a-teng ecosystem engineering effect of the
invasive. Thus, this is rather an example of isesmce effect on water sediment content due
to legacy effects of ecosystem engineers on hatotaditions, as already shown in terrestrial
alpine systems where the accumulation of hydroghbitér through time may induce water
stress for other speci@dlichalet et al. 2017)
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4.4.2 The long-distance effects of Spartina anglica on environmental conditions and
Zostera noltei

Although much weaker than withBpartinapatches, negative ecosystem engineering effects
were still present outside the patch, becauseiRlalues were significantly negative at all
points along the transects. Downstream of the palhce was correlated with a tendency for
higher relative fine sediment content for int&piartinatransects than for the control transects,
whereas it was the opposite upstream of the patichre relative fine sediment content of the
control transects tended to be higher than thosthefother 2 transect types (significant
interaction between the Transect and Position rtreats). This suggests that the negative
ecosystem engineering effectsfmolteioccurring downstream of the patch were still due to
the sediment-trapping effect 8f anglica-This shows that these effects may negatively affect
seagrass beds located several metres from thaue\geecies, as suggestedBouma (2009)

In contrast, the negative ecosystem engineeriregesffoccurring on the offshore side of the
Spartinapatches were likely due to increased wave enerdytans, physical disturbance for
the seagrass at the front of the patghanthy et al. (20133lso showed foZ. nolteibeds that

an increase in wave action during energetic wietents favours superficial fine sediment
erosion, thus inducing a coarser sediment textareontrast, they found higher fine sediment
content under lower energy incidence.

Remarkably, we found positive short-term bioticeetf ofS. anglicaon Z. nolteiat a
distance of 1 m downstream of the patch. This shbatthe canopy of the cordgrass facilitated
the seagrass, just downstream of t8partina patch, likely through a reduction in
hydrodynamic energy by the stiff stems of the comdg(Bouma et al. 2005)Again,
considering sediment properties as a proxy forhyrodynamic conditions, our sediment
measurements along the transects are consistemtawieffective energy reduction by the
Spartina vegetation and a protective effect downstream ef Spartina patches. In our
experiment, foiZ. nolteigrowing at positions receiving the shelter effeicSo anglica both
the reduction of incident energy and the associatete stable sediment conditions likely
decreased physical disturbance, thus slightly awratlng the habitat for a suitable
development of the seagra&uykerbuyk et al. 2016a, b, Folmer et al. 20H)wever, a
minimum level of wave and current action is reqdifer the seagrass since the physical
remobilization of the leaves, especially in denseadows, can decrease self-shading and
increase nutrient uptakPaul and Gillis 2015)

However, all of these subtle negative or positegaky or short-term effects observed
outside of the&Spartinapatches, up to a distance of 2 m from the patdwes)terbalanced each
other since all net effects measured outside thehpaere not significant. Thus, although
further experiments including longer transects witbre replicates and located in varying
conditions of hydrodynamics are certainly needeunl,results strongly suggest that the long-
distance effects db. anglicaare too weak to potentially contribute to the deelofZ. noltei
in Arcachon Bay. Indeed, the decline of the seaghas been shown to occur throughout the
Bay, even in tidal flat areas whe®e anglicahas never been observed.
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4.5 Conclusion

Using a specific methodology to disentangle ecesystngineering effects from short-term
biotic effects at different distances froBpartina anglica we showed that the invasive
cordgrass had strong negative ecosystem enginegfifiexgjs onZostera noltelikely through
sediment trapping and sediment accretion occumastly at short distances (with8partina
patches).S. anglicaalso increased sediment oxygenation, a short-tevsitipe effect on
environmental conditions for a terrestrial plantt that did not affecZ. noltej an aquatic
species strongly adapted to anoxia. We also foigmifisant negative ecosystem engineering
effects and positive short-term biotic effects lué tordgrass on the seagrass at a distance up
to 2 m from theSpartinapatches, likely due its ability to alter wave enength its stiff stems.
However, these effects were much weaker than tbe-distance effects and neutralized each
other outside thé&partinapatches, which allows us to conclude that the castgweakly
contributed to the regional decline of the seagdissumented throughout Arcachon Bay.
However, this does not preclude that in the lomgntehe coalescence of &partinapatches
on a tidal flat might transform this low intertid@bitat in a continuous salt marsh from which
Z. nolteiwill be excluded. To complement this study and ssdbke role of the inter-annual
variability in abiotic conditions, it would be ammriate to perform further experiments
including measurements of nutrient and light avmgliy for the Zosteratransplants. Our
results are crucial for stakeholders strongly imedlin the control of invasives, in particular
through mechanical removal of the plants. Althotigbse actions include a root removal of
the invasive species, they are very unlikely tatliong-term invasion due to the legacy effects
on sediment elevation and oxygenation, which eithain in the absence of sediment removal.
Indeed, the new cordgrass recruits will find insthetrongly modified habitats more suitable
environmental conditions than before the invastbns increasing the probability of further
invasion.
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Conclusions

In this chapter, | assessed to what extent thesimgacordgrasS$partina anglicacan affect,
temporaly and spatially, the performance of thgsessZostera nolteiThe application of two
treatmentsS. anglicantact ands. anglicacut, allowed to distinguish the influence of thving
cordgrass vegetation (short-term biotic effectsirfits effect through soil modification (long-
term ecosystem engineering effects), respectivety,the seagrass. Spatial effects were
considered through different distance positonsasfaplants from th8partinapatches.

From this experiment, two main conclusions are Inyhited:

» Strong, short-distance negative effectSoanglicaoverZ. nolteiperformance. This is
related to the cordgrass strong ecosystem engimeeapacity to modify the soil and
promote elevation of the tidal flat level. Such nfigdtion likely induces important
drought stress, a factor found in the literaturegdimiting for the seagrass colonization
of higher levels of the tidal flat.

* At adistance up to 2 m from tl& anglicapatch, we found significant negative long-
term effects and positive short-term effects of thedgrass orZ. noltei However,
effects counterbalanced and cancelled each otadimig to a null net influence ah
noltei’s performance. These positive short-term biotic effere likely related to the
interactions between the cordgrass and the locdfoldynamics, translated by an
attenuation of wave energy.

In conclusion, this study shows the presence ohgtiong-term effects that are important
to consider in the global comprehension of the dyina ofSpartina anglic& invasion and in
eventual control measures. Nevertheless, the segnlthe spatial influence of the cordgrass
do not highlight any particular ability that cowaplain the global decline of th#osteraon
the short-term. Still, the long-term coalescencthefSpartinapatches could contribute to the
seagrass’s decline through the transformationt@resitional marine environment into a more
terrestrial one, no longer suitable #wstera noltei
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Cordgrasses in general are known for their abititinfluence sediment motion through their
interaction with the hydrodynamic forces. On onendhathe physical conditions of the
environment determine the success of the intertidgétation settlement. On the other hand,
the intertidal vegetation itself will contribute the shaping of the environment and the
magnitude of its impact is dependent on the physitaracteristics of each plant species. In
systems that are substantially shaped by suchacttens between the plants and the physical
environment, like in coastal wetlands, a biologicalasion can induce important changes to
the system. These changes can occur at differealsland affect both the local biodiversity
and the resilience the resilience of the systetheaatural physical forces it is subjected to.
In this sense, it is not only important to undandtéhe conditions and tolerances that favour
the installation of exotic species but also to ss$lee impacts on the wetland stability resulting
from an eventual vegetation species replacement.

We have seen in the previous chapter that the suisitantial effect of the exotic
cordgrass on the seagra&sstera noltewas its strong capacity to change bed level elewvat
Therefore, in this chapter, | assess the ecosystegimeering ability of botbpartina anglica
and Spartina maritimain order to understand the outcoming physical icigaon the
environment happening in the sequence of the e$piartinds invasion. Field measurements
of wind waves and associated sedimentation andoerteels were performed within patches
of the twoSpartinaspecies for a period of nearly two years.

The work presented in this chapter was preparedubmission to a peer review journal. The

version to be submitted is presented in the follmasection and the main conclusions are
subsequently summarised.
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Publication: Comparing the impacts of a native and an exotic Spartina species
on tidal flat sedimentation
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Research article

Comparing the impacts of a native and an exotiSpartina

species on tidal flat sedimentation

Barbara Proenca, F. Ganthy?, R. Michalet!, A. Sottolichiot

1IEPOC - OASU, Université de Bordeaux, Pessac, 33FaH5ce
2JFREMER, Arcachon, 33120, France

Abstract. Field measurements of bed elevation variation exldted wave events were performed within
meadows of twdbspartinaspeciesSpartina anglica(exotic species) anfipartina maritima(native species), in
tidal flats of the Bay of Arcachon (SW France) imer to explore species dependency of sedimentmigsa
within vegetation. The collected time series dditanged to infer on the sediment behaviour pattéras short-
term (wave to tidal events) to long-term (seastmalear). A good correlation was found betweenhibé level
variation and the incident wave forcing, with eossoccurring during storm events and accretion watyduring
low energy periods. Such behaviour was observeumihe two species but the magnitude of bed leaghtion
was significantly higher within the nati& maritimathan the exoti&. anglica This difference in the magnitude
of sediment deposition in the order of the centimetas explained by the opposite allocation ofrzies between
the two species, with the native favouring abovagtbbiomass and the exotic one underground biorides.
tidal regime was also found to affect sedimentatiod erosion patterns within the study site, wisa@iment
delivery was found to occur during spring tides,arahversely, sediment mobilization was observethduneap
tides. On the long-term, the balance between thet-¢brm (wave and tidal) processes showed a damomaf
the episodic storm wave events over the tidal fay@nd, a general sediment deficit on the sitsuggested by
an overall bed level decrease registered withirptitehes of the two species. Understanding therdifit species
ability to attenuate hydrodynamic energy, influebeel sediment stabilization and their potentiddudd marsh
from the mudflat pioneer stage is of great imparéafor coastal management in the context of globahge and,
in particular, biological invasion.

Keywords: mesotidal lagoon; ecosystem engineering; field eexpent, acoustic altimetry,
sedimentation/erosion patteri@partina
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5.1 Introduction

The two-way interaction between aquatic vegetasind the environment it inhabits plays a
major role in the evolution of coastal areas (D'@dg et al., 2007; Kirwan and Murray, 2007,
Temmerman et al., 2007; Murray et al., 2008; Boeirel., 2013; Fagherazzi et al., 2013). The
resultant biologically mediated modifications ofetiphysical environment are commonly
known as ecosystem engineering (Jones et al., 199¥; Crooks, 2002; Bouma et al., 2005).
In particular, the bio-geomorphic feedback betwtenhydrodynamic forces and the aquatic
organisms is a complex process. The resulting @naand accretion patterns at the scale of an
ecosystem depend on local, short-term, sedimenardigs around or within patches of
vegetated structures, where their species depewnderstill poorly understood (Tinoco and
Coco 2018). The comprehension of the underlyingspsygoverning the formation and
evolution of these landscapes is crucial (Cocol.e2@L3), as growing attention is given to
ecosystem-based coastal defence solutions wheenti®nment is favourable (Borsje et al.,
2011; Temmerman et al., 2013, Ondiviela et al. &20like in the case of tidal wetlands.

Given the valuable ecosystem functioning and sesvrovided by tidal marshes (Barbier et
al. 2011), considerable attention has been givetheéounderstanding of the feedback loop
between plants, hydrodynamics and sediment mottin io current-driven flows and wave-
driven ones (Bouma et al., 2005; 2007; NeumeierAands, 2006; Nepf, 2012; Ganthy et al.,
2015; Maza et al., 2015, Weitzman et al., 2015;adaset al., 2016, Nowacki et al., 2017).
Indeed, an organisms efficiency to sediment tragppimd stabilization by alteration of incident
physical forcing is closely related to its tram#ich are species (Horstman et al., 2013) and
season dependent (Neumeier, 2007; Chen et al.)).2bilparticular, in the case of aquatic
vegetation, the plant traits action can then bearsdpd in aboveground and belowground
effects.

The aboveground effects directly concern the vegeta aerial biomass and are dependent on
specific traits, such as height, density and st (Temmerman et al., 2005; Nepf, 2012;
Bouma et al., 2007; 2013; Chen et al., 2018) amthse of occupation (Bernik et al. 2018).
More specifically, vegetation aerial biomass cdnites to the reduction of the hydrodynamic
energy (Peralta et al., 2008; Bouma et al., 20023}, leading to a decrease of bottom shear
stresses (Bouma, 2009; Nepf, 2012; Green and @8ddl). For example, Chen et al., (2018)
observed thaSpartina alterniflorapioneer patches on the bare mudflats show coradiber
flow reduction ability, even better than homogen8partinacover with high biomass density,
but they failed to confirm the same pattern foreottypes of vegetation. Such result supports
the strong species dependency of the responseadaticaiorces. By slowing water velocities,
plant shoot will consequently tend to favour tezrigus sediment deposition (Balke et al.,
2012; Fagherazzi, 2012; Kirwan and Megonigal, 2@iR), specific marsh grass morphologies
can further affect inorganic sediment accretione@iichs and Perry 2001).

Furthermore, mechanical reinforcement of soil $itglsan be largely enhanced by plant root
systems (Coops et al., 1996; Schwarz et al., 2Gdb)instance, the erosion-reducing potential
of species presenting root systems with differeoperties (diameter and length) has been
shown by Vannoppen, (2016) with a field experimerBelgium river dikes. They investigated
the depth of action of five communities of planbtrgystems, each of them showing different
properties on soil resistance to erosion and famdverall rapid decrease of both root density

141



Chapter 5: Ecosystem-engineering impactsSofanglicaand S. maritimaon tidal flat
sedimentation

and soil cohesion with depth. Erosion tests coretliot tidal flats colonized by the seagrass
Zostera noltei(Ganthy et al., 2011) also showed an increaseeth dediment stabilisation
related to an increase in the critical shear stfesed erosion, due to seasonally more
developed root systems.

In the Bay of Arcachon (Southwest Atlantic coastodnce), salt marshes are dominated by
two cordgrass specieSpartina maritimaa European native species, &puhrtina anglicaa
species that was introduced in the Bay in the 194B@simel et al., 2001). The two species
present significant differences in terms of trali®mass allocation and seasonal development
(Proenca et al. 2019). Given the numerous funcaigpmalues provided by salt marshes and
considering the growing global change pressure Hreyfacing, a deep knowledge of the
underlying processes of marsh adaptation capauibugh tidal flat colonization is needed
(Bouma et al. 2016). The evolution of tidal flatgo salt marsh entails an evolution of its
functioning, both physically (hydrodynamics and ptavlogy) and biologically. The processes
underlying the interactions between vegetation gnedincident hydrodynamic forces have
been widely assessed both with field and laborastugdies. However, they mostly consider
well-developed marsh vegetation and less atteritaanbeen given to marsh vegetation at the
pioneer stage. Hence, for management purposesinipiortant to understand the underlying
processes of the transition between the pioneefflaiiglage and marsh development. With
this study, we aim at comparing the relative impddhe two cordgrass species present in the
Bay of Arcachon on sedimentation during the tidil €olonisation stage.

5.2 Material and methods

5.2.1 Study area

The Bay of Arcachon is a mesotidal coastal lageemi-enclosed from the ocean by the Cap
Ferret sandspit, located in the Bay of Biscay (sowgst Atlantic coast of France — Figure 5.1).
The Bay has an equilateral triangular shape offdddng sides. Its mean depth is of 4.6 m
(Plus et al. 2009) and 75% of the total surfaceesmonds to intertidal mudflats (Allard et al.
2009).

The Cap Ferret sandspit and the presence of sarks lbad shoals at the inlet strongly limit
the entrance of oceanic swell and thus, circulainside the bay is mainly driven by tidal
currents and locally-generated wind waves (Paeasat. 2008). Tides are predominantly semi-
diurnal and tidal amplitude in the lagoon ranges0.8 m at neap tides to 4.5 m at spring
tides (Cayocca 2001). The general circulation enBlay is ebb-dominated (Plus et al. 2009),
which means that the lagoon mostly exports sediifi&ngocca 2001). The strength of the tidal
currents significantly decreases throughout thedag where highest values can reach more
than 2 m/s at the entrance passes (Plus et ab; Slles et al., 2015), decreasing to values
between 0.1 and 0.5 m/s on the intertidal zones(Btual., 2009; Ganthy et al., 2013). The
waves are wind dominated and thus, closely reldtedvind conditions (Parisot et al. 2008).
Strongest winds come mostly from W-NW sector. Bseaaf this wind dependency, wave
heights inside the Bay are limited by the fetchjalvhon its hand, depends on wind direction
and is strongly affected by the presence of amdsia the middle of the Bay, “I'lle aux
oiseaux”. Wave and wind measurements by Parisat ¢2008) inside the lagoon showed a
good correlation between wind intensity and wind/@grmation. More precisely, they found
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that winds higher than 10 mtgenerated waves higher than 10 cm and strongest avients
could generate waves higher than 20 cm that cealdrup to 50 cm. They also verified a non-
linear relationship between the increase of sigaift wave height and water depth and typical
wave periods between 1 and 4 seconds.

Many small streams discharge into the lagoon. Hanedhe main riverine input mostly comes
from two rivers: the Eyre, in the SE, and the Pargeal, on the northern limit, contributing
with 73 and 24% of the total annual discharge, eespely (Plus et al., 2009; 2010). This
riverine discharge (and inherent sediment inpukbeigligible, as it is significantly lower (400
times) than the volume of incoming seawater, ardoerall sediment budget in the Bay is
negative (Allard et al. 2009). At the mouth of tagoon the sediment is mainly composed of
coarse-grain sand (Blanchet et al. 2005). At tmeriridal flats sediment is mostly muddy,
which shows the sheltered character of the inteseetion of the Bay.
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Figure 1.1: (a) Location of the study site of Andernos (yellow heithin the Bay of Arcachon. Red/yellow star
indicates the location of the Cap Ferret's meteogital station.(b) Characterization of Spartina anglica
meadow (top left) and individual plant (top riglathd Spartina maritima meadow (bottom left) and vidiial
plant (bottom right)(c) Wind rose for wind records at the meteorologidatisn of Cap Ferret indicated in (a)
during the period of the field experime(d) ALTUS device mounted on a structured installethiwiSpartina
maritima vegetation patch.

5.2.2 Vegetation in the Bay of Arcachon

Mudflats in the Bay of Arcachon are extensivelyotited byZostera noltei These seagrass
meadows occupy more than 40% of the intertidalas@rfand it has been demonstrated that
they damp tidal currents (Kombiadou et al. 2014) play a major role on tidal flat sediment
stabilization (Ganthy et al., 2011, 2013). Howewiltis species presence in the Bay is
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reportedly declining since the middle of the 20(®sis et al. 2010). Since seagrass beds have
important ecological values (Barbier et al. 201rhportance is currently given to the study of
the factors contributing to its decline in the B&pgnat et al. 2018).

Salt marshes in the Bay of Arcachon were initidthyninated by the cordgrass speSesrtina
maritima, a native European species. In the 1980s, thesetheintroduction of the exotic
speciesSpartina anglicawhich is considered as a strong invader in sézetmtries (Baumel

et al.,, 2001; Strong and Ayres, 2013, ). B&partinaspecies present the same range of
occupation along the intertidal profile (Proencalet 2019). They typically form extensive
meadows along the coast but, they can also extemdrdls the inner Bay in isolated clonal
patches, especially the exoBpartina,where it co-occurs with seagradsstera nolteiEven
though the two cordgrass species are very sintilay, present significant differences in terms
of biomass allocation, where the native speciesues/aerial biomass and the exotic one, on
the contrary, presents a more developed root amdme system (Proenca et al., 2019).

5.2.3 Sampling and analysis

Field work was conducted on the tidal flat at Amatey (44.74° N, 1.12° W), located in the
north eastern part of the Bay of Arcachon (Figufea} during a total period of 14 months,
between the 28of November 2016 and th& ®f February 2018.

The choice of the sampling zone was determinedheytesence of patches®fanglicaand

S. maritima located nearby, at the same topographic level exgosed to the same
hydrodynamic conditions. The patches of the &partinaspecies presented roughly the same
characteristics, with a diameter of 2.5 m and peght between 10 and 20 cm (variable with
the season). They were placed approximately 20art apd located at about 250 m from the
shoreline. At the centre of the two selected padlo@e of each species) we positioned an
ALTUS probe (Bassoullet et al. 2000), consistingioficoustic altimeter coupled to a pressure
sensor to perform continuous measurements of tdddwel variation and associated wave
events under the influence of edgpartinaspecies (Figure 5.1b and 5.1d). We followed the
protocol proposed by Ganthy et al. (2013) for tee af ALTUS systems within vegetation.
Plants growing under the range of the ALTUS sensere cut at the beginning of the
experiment and the need of plant trimming was nooed at every site inspection.

ALTUS devices are submergible acoustic altimeterth B.2 mm resolution and 5 mm
precision (Jestin et al. 1998). Both water deptth sediment bed level data were acquired in
bursts of 260 seconds, every 15 minutes at a fre;yuef 2 Hz, during immersion periods.
Sediment bed level measurements are performedghrthe emission and reception of a 1
MHz acoustic wave. The sensor can record up tadbgB1 to B4). Each one of these beams
is based on a different threshold of the returreistic energy, which is a proxy of the degree
of the bed level's density. This allows the detattof an eventually layered sediment bed.
More precisely, in the case of a bed composed oérfloid sediment over consolidated one,
the beam with lowest return signal should detextthter/sediment interface and the remaining
beams progressively detect the deeper layers thetoonsolidated bottom. In absence of bed
layering, all beams should provide an equivalestaglice to the bottom. Because altimetry
measurements can be affected by the presencetimigmm the water column that can diffuse
the beams return signal and originate spikes ofrahaus data, here we consider the altimetry
based on the maximum echo obtained through thellatilon of the standard deviation over
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the despiked burst, following the standard-deviatieethod described by Cea et al. (2007),
initially applied to velocity measurements usingo@stic Doppler velocimeters (ADV).

Water depth measurements by the ALTUS pressuresans provided at a resolution of 20
mm. Skewness of water elevatioy) (vas computed for each semi-diurnal tide according
Nidzieko and Ralston (2012), following Eq. (1):

y= 45 (1)
u

2

where the m-th moment about zero is defined by(Eq.
1
P = 5 Zi=a ()™ (@)
where N is the number of samplesand, in particular for water level asymmetry, mgigen

by the variation of the water level over time feliag Eq. (3):

__ 0h
n = E (3)

The skewness of water elevation was used as a fooxigal horizontal asymmetry in order
to estimate the asymmetry of tidal currents at shaly site, whereg > 0 indicates ebb-
dominance (ebb currents stronger than flood cuwsjeartdy < O indicates flood dominance
(flood currents stronger than ebb currents).

Wave height and period were extracted from the Hfrighuency water depth measurements
through spectral analysis. Maximum wave orbitabegles (Ub) were then calculated through
linear wave theory. Subsequent bottom shear sestSmations were based on the wave

induced friction factor (f) from Eq. (4), according to Soulsby (1997):

1
Tw = 2 - Pwater - fw- sz (4)

wherepwater is the water density (kg B and f,is estimated according to Soulsby (1993), as
function of the quotient between half the fluid tpde excursion at the bottom and the bed
roughness length ¢ expressed by Eq. (5):

fw = 1.39.(4/Z,)"> (5)

and assuming the typical value aoffégr muddy sediments of 0.2 mm. Even though sediment
from the two stations presented slight differenicesediment composition, these differences
were small and the same ¥as considered for both. Nevertheless, we do rdude the
possibility that further attention should be gitervariations in the influence of the ¥alue

in the bed sediment dynamics within the two specksegetation. However, given the
magnitude of differences we observed in the sedindgnamics patterns within the two
vegetation species, even with the assumption ofstdmae bed roughness length for both
stations; such analysis goes beyond the scope grésent study.

The total wave energy over each tidal cycle wasnaséd from Eq. (6):

Ewave = 25—12% . 981 -pwater -Hwave(t)z (6)
Considering that waves in the Bay are mainly wirdeyated, wind measurements (direction
and intensity — Figure 5.1c) available at the metiegical station of Lége-Cap Ferret (Figure
5.1a) were used and directly correlated to wavection. Atmospheric pressure data was also
obtained to apply atmospheric and non-hydrostaticections to water depth measurements.
Surficial sediment samples were collected withia tlivo meadows dbpartinain winter and
summer to perform grain size analysis, water cdrdged density determination.
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Finally, since the two species may differently irtipthe state of bed sediments regarding
erosion processes, we estimated the critical bot#bear stress for erosioned) from time-
series of measured bed level and wave-inducedroatear stress () on each of the species.
We first selected, as much as possible, wave edemisg which the bed experienced erosion
for both species. Ten events matching this critem@re found, with durations ranging from
one single tidal cycle up to five consecutive tides each selected we applied the Partheniades
erosion law given by Eq. (7):

E(t) = E,. (TW(t) — 1) for Tw> Tce, andE (t) = 0 for tw<= Tce (7)

Tce

whereEy is the erosion rate (kg fis?). Based on the recent work of Mengual et al. (304/@
determinedEo values depending on winter value of sand fraati@asured within both species,
giving 4.06x1@ and 3.1x16 kg m?2s? for S. anglicaandS. maritimayespectively. For each
wave event and species, 1000 valuescpivere alternatively tested (ranging from 0.001 to
4.000 N n?) and the value providing the best theoretical lesel evolution compared with
data was retained. From the Partheniades relaipr{ffartheniades 1965) we could then
estimate the theoretical bed evolution for eacbctetl wave event following Eqg. (8):

Hbedtheoretical(t) = Hbedtheoretical(t - 1) - dh(t) (8)
wheredh (m) corresponds to the eroded thickness betwesstl andt according to Eq. (9):

dh(t) = dt. 22 9)
Pdry

wheredtis the time step between measurementand t (secondspary is the dry density of

bed sediment (kg 1), andE(t) is the instantaneous erosion sediment flux, preshoobtained

through Eq. (7).

5.3 Results

We collected time-series data of water elevatiod lb@d variation under the influence of a
native and an exotiSpartina species in the pioneer zone of the tidal flatsh@ Bay of
Arcachon for over one year. In this section, wstfpresent the short-term events, responsible
for most relevant changes in bed level within the $partinaspecies and determinant for the
long-term trends, following presented. We then carapthe differences in bed variation
between the two species.

5.3.1 Seasonal to event patterns of sediment dynamics within Spartina anglica and
Spartina maritima

Seasonal registered wave, sediment and vegetatiaraateristics for both stations are
summarised in Table 5.1.

The hydrodynamic measurements showed significdférdnces between wave conditions
during Autumn/Winter and Spring/Summer. Whereasnduthe low energy seasons wave
heights were on average around 5 cm and did neeei20 cm, during the high energy seasons,
wave heights varied between 5 cm and up to 65 cmingl periods of strong winds (Figure
5.2b). Even though wave heights within the two sgseof vegetation were of the same order
of magnitude, with differences under 5 cm, thepstated into significant differences in terms
of impact on the bottom (Figure 5.2d). Notably, floee same wave events, wave bottom shear
stress{w) was consistently higher by 4 to 30 % witRipartina anglicghanSpartina maritima
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stands (Figure 5.2c). In terms of plant specifiareloteristics, significant differences were
mostly found in terms of patch density, wh&e maritimadensity was twice higher than
Spartina anglicaduring summer and their difference tripled in wmtime. This is likely a
central factor explaining the differences obserwatthin the hydrodynamics within the two
Spartinaspecies.
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Table 5.1.Summary data for the two Spartina species statpdsy = sediments dry density;bulk = sediments
bulk density D50 = Sediment mean particle size; Hmean spectral wave height (m); Hmax = maximunaava
height (m); Tp = wave peak period (s = Bed shear stress (N m-2); h = water depth.

Spartina anglica Spartina maritima
Parameters Autumn/Winter Spring/Summer Autumn/Winter Spring/Summer
Plant properties Patch density 39 (x8) 63 (£ 13) 124 (£ 16) 130 (= 24)
(n° individuals m2 + SE)
Plant height (cm) 15 15 20 20
Water content (% ) 188 (+ 60) 216 (+23) 224 (+20) 218 (+15)
Sediment properties p dry (Kg m?) 505 (£ 152) 391 (£ 34) 380 (£29) 384 (£ 9)
p bulk (Kg m3) 1363 (& 90) 1229 (+ 19) 1226 (+ 25) 1220 (+ 14)
Porosity (-) 0.86 (£ 0.06) 0.84 (£ 0.02) 0.85 (£ 0.02) 0.84 (£ 0.01)
D50 (pum) 23.1(x7.5) 28.5(x£3.1) 183 (£ 1.9) 28.7 (£ 3.18)
Fine sed. fraction (mud and silt 81.3 (= 11) 73.6 (£ 4.7) 87.5(x1.9) 74.7 (+ 4.4)
%)
Sand fraction (%) 18.7 ( 11) 26.4 (+4.7) 12.5 (= 1.9) 25.3 (2 4.4)
HmO (min, max) <0.05, 0.65 <0.05,0.34 <0.05,0.63 <0.05,0.29
Hydrodynamics Hmax (min, max) 0.06, 0.85 0.06, 0.38 0.05, 0.86 0.06, 0.33
Tp (min, max) 1,9 1,9 1,9 1,9
T,, (nin, max) 0.09, 16.42 0.1,5.29 0.11, 15.12 0.16,0.5
HmO0/h 0.02,0.27 0.02, 0.36 0.03,0.47 0.08, 0.27
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Figure 5.2: Time-series records ¢&) water level(b) spectral wave height for Spartina anglica stat{gallow)
and Spartina maritima (red) statio(g) wave bottom shear stress for S. anglica statiefiqyw) and S. maritima
(red) station andd) bed level variation within S. anglica (yellow #tlaxis) and S. maritima (red — right axis)
and tide average bed level variation for both spe¢black line), for the entire survey period, kedw November
28, 2016 and February 3, 2018.

The comparison between the critical wave bed stieass between the tv@&partinaspecies
(Figure 5.3) showed that in any case, higher valupso 3 times) of wave bed shear stress are
required for sediment mobilisation within the exdd. anglicawhich is consistent with the
lower bed level variability verified within the stds of this species.
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However, the analysis of wave action over the beth through its energy and wave bed shear
stress did not reveal a clear tendency in termzedflevel response within the tv&partina
species (data not shown).
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Figure 5.3: Critical wave shear stress.t— N m?) within Spartina anglica versus Spartina maritifga< 0.002
with significance threshold at p = 0.05). The blaidshed line represents the line of equality y = x.

Sediment characteristics within the meadows otwweSpartinaspecies were similar for the
Spring/Summer period. Overall, both species preskatsediment characterized by medium
silt and, during the low energy season, mean sedigrain size was of 28m for the two
species. Still under low energy conditions, botrefsediment and sand fractions presented
close values, around 74% and 25%, respectively. édew differences between the two
species increased during the high energy seasomirgiWinter). Precisely, sediment $
maritimashowed higher percentage of fine sediments (6rt) @onversely, sand percentage
was lower of 6 % than in the exopartina This translated in a slightly higher D50 (23.1 pm
against 18.3 um) for the exotic species. Dry sedtnuensity fdaryy was also significantly
different for the two species within this seasohewsediment under the influenceSofanglica
presented agry of 505 Kg m® whereas withirS. maritimapary was of 384 Kg ni (Table 5.1).
Considering the seasonal sediment budget, presémtéthure 5.4, we observed that the
sediment trapping capacity of the two species atitial flat during the survey period was
strongly counterbalanced by the erosive processé&®th species presented overall negative
sediment budget, except for the Spring/Summer seaghin Spartina anglicathat presented
an accretion of 2.5 mm. Comparing the two Autummtéfi seasons, we verified a strong
inversion in the sediment budget in the behaviduhe bed level between the two species
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explaining the contrasting net budget observedndutine two winter periods in Figure 5.5.
During Autumn/Winter 2016/2017, characterized by tspaced but stronger wave episodes,
Spartina maritimapresented a higher erosive behaviour. During goersd Autumn/Winter
(2017/2018), wave events did not reach the samaitoags as the previous one and the wave
induced bottom shear stresses were more frequamdlye 1 N i, comparing to the previous
year. With this continuous action of waves, it waes bottom under the influence $f anglica
that presented higher sediment loss. Howeverptatliudget indicates an erosion twice higher
within S. maritimathanS. anglica(Figure 5.4).
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Figure 5.4: Sedimentation budget (mm) per season (A/W — Adimter and S/S — Spring/Summer) estimated
from the difference in the bed level at the begigraind at the end of each season and total budgiet&ed from
the difference in bed level between the beginnimjthe end of the survey. Negative values indieaision and
positive values indicate accretion.
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Figure 5.5: Zoom on winter storm events fra@) Autumn/Winter 2016 an¢b) Autumn/Winter 2017. Top
graphics consider wind conditions measured at Caprét’'s meteorological station with wind speed €lin
representation) and wind direction (colour repretdion). Central graphics represent measured meanew
height (blue line) and bed level variation (yelldats) under the influence of Spartina anglica. Battgraphics

represent measured mean wave height (blue linepaddevel variation (red dots) under the influen€S&partina

maritima.

The evolution of the consolidation state of sudidediment within the tw8partinaspecies
presented both seasonal and event related paftéguse 5.6). Notably, between mid-March
and Mid-June, during the low energy season, trekiigiss of the non-consolidated bed (soft
mud layer) tended to be higher than during moregate periods, in particular withifs.
maritima, where it ranged from under 5 mm up to around lwhereas withirs. anglicathe
variation was always under 5 mm. During storm esieitt particular the one of the 28
February 2017, withirS. maritima we observed a strong erosion, with a decreasteof
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consolidated bed of more than 1 cm. However, titisidt produce an effective erosion of this
order of magnitude as it was accompanied by a fagptien of the upper layer of the bed,
translated into an increase the soft mud layektigss. The same behaviour was foundSfor
anglicawith variations of lower magnitude.
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Figure 5.6: Consolidated bed level (solid surface) and softl teuel (dashed line) and corresponding mean wave
height (blue line) within the vegetation patchega)fSpartina anglica angb) Spartina maritima. Dashed grey
box indicates “no data” period.

5.3.2 Tide-induced variations in sediment dynamics

As expressed by the long-term time-series of beel lehange under the action of b&partina
species, tide-induced bed level dynamics showedah® behaviour (well correlated accretion
and erosion episodes) but with variations witBirmaritimatwice higher that withits. anglica
(Figure 5.7).

The tidal asymmetryy] was found to increase with tidal range (Figur®).5The scatterplot
indicates that the tide is ebb dominant for nedpst while it becomes flood dominant for
spring tides, above a tidal range of approximate?yn. The linear increase in flood dominance
with tidal range, can favour sediment import inte tstudy site for spring tides conditions.
More precisely, during spring tides, when currarts stronger, more sediment is likely to be
eroded from channels and tidal flats and becaose tturrents are stronger (flood dominance),
sediment transport occurs mostly towards the iBagrwhere it settles with lower probability
of being re-suspended in ebb due to weaker curr€otsversely, during neap tides, when ebb
currents exceed flood currents, sediment is m&edyito be re-suspended and mobilized from

the site.
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Figure 5.7. Bed level variation (in mm) within Spartina marif versus variations within Spartina anglica
vegetation. Bed levels variations are tidally agrd values. Negative values indicate erosion arsitige values
indicate accretion. Black line corresponds to lineagression expressed by the equation y = 3.58x(R =
0.83, n = 235, p < 0.001, with significance threkhat p = 0.05).
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Figure 5.8.Tidal asymmetry index)(as a function of tidal range (m) at the studg silack line corresponds to
linear regression expressed by the equation y 501 0.16 (R= 0.41, n = 778, p < 0.001 with significance
threshold at p = 0.05). Values ¢f> 0 correspond to flood dominance and values &f0 correspond to ebb
dominance.
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The sediment trapping efficiency of the two spedas be verified by the estimation of the
sedimentation rate at the two sites. The relatigrisétween sedimentation rate and tidal range
variation (Figure 5.9) showed strong correlationtfee exoticSpartina(R?> = 0.8, p < 0.001)
and no correlation for the nativ@partina(R? = 0.08, p < 0.001), significant in both cases.
Within Spartina anglicaa clear trend for accretion was verified (seditagon rate > 0) in the
transition from spring to neap tides (tidal rangeiation < 0). This is consistent with the
previously indicated higher sediment availabilityridg spring tides, that can settle with
decreasing tidal currents as we move towards atnd@pegime. In the transition from neap to
spring tides, a tendency for erosion was foundeast mostly related to the increase in tidal
current velocities that will then re-suspend sedittieat previously settled. Sediment variation
within Spartina maritimanfluence showed a lower direct response to tta tegime.
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Figure 5.9. Sedimentation rate (mmthas function of tidal range variation withifa) Spartina anglica andb)
Spartina maritima. Black lines correspond to lineagression expressed by the equations y = -2.362-@R =
0.8, n =168, p < 0.001) for S. anglica and y =36x-0.25 (R= 0.08, n = 472, p < 0.001) for S. maritima (with
significance threshold at p = 0.05).
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5.3.3 Annual bed level evolution under Spartina species influence

The hydrodynamic measurements for the whole timeséFigure 5.2a — 5.2c) showed that
the two considered winters presented overall differenergetic conditions. Notably, the
Autumn/Winter 2016/2017 was marked by strong eptssetbrm events where wave heights
and wave bed shear stress reached around 0.85 miGamdl n?, respectively, whereas
Autumn/Winter 2017/2018 was characterized by lorged lower magnitude wave events
where wave heights and wave bed shear stressesotligo over 0.4 m and 5 Nm
respectively.

The observations of the long-term time series (e@hmdriod of survey) revealed a general
stronger tendency for sediment stability underittileience of the exoti&S. anglicathan the
nativeS. maritimaboth under calm and energetic hydrodynamic candit(Figure 5.2d). The
bed level within the exotiSpartinapatch experienced little change, presenting vanat
within an amplitude of 5 mm. On the other handideshe patch of the nati& maritimathe
amplitude of bed level change was considerablyelargot only on a regular basis, with
variations going up to £ 1 cm, but also in respasparticular wave events, like the storm
from the 4" February 2017 (Figure 5.2b-5.2c), presenting aatat decrease in bed level of
2.4 cm. Although, it is to note, that the abruptréase in the bed level withB. maritima
registered in June is not associated to any mefniplgysical event but most likely to a field
survey where vegetation under the sensor was trariraace possibly releasing soft sediment
deposits. However, average bed level evolutioniwithe twoSpartinaspecies was strongly
correlated (R = 0.83 — Figure 5.7) which indicatest the same processes govern sediment
patterns within both species of vegetation, i.datterosion and accretion occurred
simultaneously for both species as response thytieodynamic forcing.

5.4 Discussion

To assess the differences in the ecosystem-enmgeshility of twoSpartinaspecies, a native
and an exotic, field measurements of waves ancceded bed level variation were performed
in the tidal flats of the Bay of Arcachon. The bedel variation is an important parameter for
the understanding of the extent of the interactlmetsveen the vegetation, hydrodynamics and
the resultant sediment motion (Willemsen et al.8&0The importance of bed level variation
is due to the fact that it integrates a serieshybral and biological processes that determine
marsh formation. With the present study, we obsksteng differences in bed level dynamics
betweenSpartina anglicaandSpartina maritimawhere, overall, sediment influenced by the
exotic Spartinahad a higher temporal stability than those infeeghby the native species.

5.4.1 Sediment dynamics under the influence of waves

In tidal flats, waves are considered as a primainyed for sediment dynamics (Hu et al., 2015,

Belliard et al., 2019) and the two consideSghrtinaspecies presented distinct magnitudes of
response to energetic wave events. However, in ¢aghs, a time shift was verified between
the highest wave action and the starting time @$ien. Indeed, the first impact of wave action,

rather than immediate sediment mobilization, islitpeefaction of the sediment bed, i.e., the

oscillatory pressure generated by the incident wawe a consolidated bed level induce a
fluidization of the surficial bed sediments thaenhbecome erodible and available for
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mobilization at the subsequent wave incidencessf@g et al. 2018). Such process is
consistent with our measurements of surficial mayeet thickness that showed, for the two
species, an increase in the non-consolidated hiekindss at the arrival of energetic wave
events, in particular for the nativ& maritima This higher fluidization within the native
Spartinatranslated in higher erosion rate than witBpartina anglicaThe sediment colonized
by the nativeSpartinapresented lower critical bottom shear stresseg;hwdan be explained
by less consolidated sediments. This may be dtleettigh sediment trapping capacity and
consequent high bed level variability. In this caskess dense root system can also contribute
to a lower impact on sediment bed resistance tsi@no
The higher resistance to erosion of sediments medgh the exoti€partina,demonstrated by
the higher critical wave shear stresses within nteadow, supports an increased bed
consolidation within this species, probably relateds voluminous root system. Alternatively,
the erosion differences found for the two specmsd be explained by the canopy density
related turbulence. It has been experimentally shbywTinoco and Coco (2018) that higher
plant density requires higher critical wave orbitallocity for sediment resuspension but denser
arrays of vegetation also increase turbulent kiretiergy levels. Consequently, it is turbulence
and not wave orbital velocity the main driver fedgnent resuspension because they found a
decrease in wave orbital velocity in increased teggm and they still had high suspended
sediment concentrations. Indeed, our meadows diw/ shsubstantial difference in terms of
canopy density, but further hydrodynamic measuresshould be performed in order to verify
the experimental findings of Tinoco and Coco (2018)

Nevertheless, erosion events were always corretatédte occurrence of storms and they
were more significant for the sediment bed underattion ofSpartina maritimathan within
Spartina anglica

5.4.2 Tidally driven sediment dynamics

The duration of the tidal inundation is directipked with sedimentation rates in tidal flats
(Kirwan et al. 2010). Therefore, the tidal forciagtion, which is the dominant forcing during
summertime, when periods characterized by largees/ave scarce, represents an important
factor in the sediment trapping capacity of a patéir species. The relationship between the
sedimentation rate and tidal range variation withmtwo species @partinashowed a much
higher variability with tidal action within the ne¢ S. maritimathan the exoti§. anglicaDue

to its denser canopy, the nati@partina maritimashowed a stronger ability capacity for
sediment trapping. However, freshly deposited sedisy are more easily eroded than
consolidated muddier sediments and increased péititygand water content reduces soil
strength and resistance to erosion (Escapa e0@8)2Becaus&. maritimaexhibits a strong
ability for sediment trapping, new sediment is amnbusly depositing without time get
consolidated and is easily washed away as has\mdied by Ganthy et al. (2011) within
Zostera nolteimeadows during low energy summer season. On ter dtand, the exotic
Sparting at the pioneer stage, presented sparse aeffiateuoverage, which indicates that its
action on flow deceleration and subsequent capémityediment trapping is probably limited,
inducing less sediment motion variation. This ssggéhat at the earlier stage of development,
the ecosystem-engineering ability $partina anglicato vertically increase soil elevation is
mostly related to its high resistance to erosiod #re organic contributions of vegetation
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(Nyman et al. 2006) rather than by accumulatiomofganic sediment. Overall, tidally driven
sediment dynamics mostly induced accretion atitieebsit it was of very low magnitude and,
on the short-term, more significant within the watiSpartina canopy. Considering the
combination between tides and episodic storm eyeasential for the long-term dynamics, we
verified that, on one hand storms induce erosiahamnthe other hand tidal dominance during
fair weather induces accretion. The weighing ofséhéwo processes indicates a stronger
predominance of storm-induced erosion which, aleitg sediment supply deficiency within
the inner zone of the Bay, leads to a general ttermed erosion at the study site.

5.4.3 Long-term differences in bed level variation between Spartina anglica and
Spartina maritima

The seasonal continuous monitoring of bed leveluwgan under the action of two species of
Spartinareveals a species dependent influence on soilligtdlon in the tidal flats. As
demonstrated by Bouma et al., (2013), speciedstiapact the intensity and scale of the
interactions between organisms and their environn®iomass measurements of the two
Spartinaspecies in the Bay of Arcachon (Proenca et al9p@ave shown that, on the lower
intertidal levels, the exotiSparting S. anglica presents twice higher belowground allocation
than aboveground whereas the native @&enaritimafavours aboveground biomass to the
detriment of roots and rhizomes. The long-termatarms in bed evolution we have registered
within the two types of vegetation are consisteithwhis biomass distribution for the two
Spartinaspecies. The soil under the influence of the imeaSpartinapresented significant
stability, even during the action of energetic logdmamic events. This capacity of
voluminous root systems to increase soil resistgScbwarz et al., 2010; Balke et al., 2012;
Fagherazzi et al., 2013) to erodibility has pattidy been shown by the works of Vannoppen,
(2016). These authors verified an inter-speciffe@fveness in reducing soil erosion rates and
that resistance to erosion was positively corrdléderoot biomass density.

Strong ecosystem engineers in tidal flats, sucBpastinaspecies, are most commonly known
to enhance bed elevation (Thompson 1991). Thisalsl for homogenous well-developed
marshes. However, for isolated cldBeartinapatches in the pioneer zone it is not always the
case and the topographic evolution (expansion nlghg) of the tussock strongly depends
on the large-scale net-sediment dynamics, sedimpem size and other prevailing abiotic
conditions that can change in time (Balke et al2)0Indeed, the size of clone is considered
as a major conditioning accretion (Castellanos. 4994) and Sanchez et al. (2001) have found
an increase in accretion rates with increasinghpditemeter foSpartina maritimgpopulation.

In our study we found a general tendency for sedidoss within the patches of the two species
of Spartina Considering that rivers are a major player ieiitiial morphodynamics providing
sediment for saltmarsh expansion (Fagherazzi @04R), this can possibly be due to the low
mineral sediment availability in the Bay of Arcachdn fact, salt marshes maintain their
elevation by deposition of mineral sediment andipation of organic matter, but vertical and
horizontal marsh growth is only possible if theseenough sediment available in the water
column (Friedrichs and Perry, 2001; Kirwan et2010; Fagherazzi et al., 2013; Lauzon et al.,
2018). In this process, the tidal inundation isiraportant factor and it can be considerably
affected by changes in Sea Level Rise. The chametelork at the entrance of the Bay has
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been giving signs that the lagoon is currently éidgpo Sea Level Rise (Nahon et al., 2019).
However, further studies should be performed taegkithe role of the saltmarshes in the Bay
to this adaptation.

5.5 Conclusions

The understanding of vegetation related short-téted flat sediment dynamics is essential to
the knowledge of the species’ dependent long-teyaticcprocesses of marsh development,
which is crucial in a context of global change.

The monitoring of bed level variation under theluehce of the invasiv&partina anglica
showed weak erosion both on the event scale (resptnstorms) and on the long-term in
opposition toSpartina maritimathat presented much higher vulnerability for seditriess
during high energy events. However, the exotic igsealso showed a limited ability in
promoting accretion on the pioneer zone of the fatidbmparing to the native one. The joint
action of these two effects seems to lead to a reffeetive bed stabilization and protection
against erosion from the exofpartina anglicapointing out this species as a better ecosystem
engineer on the mudflat’s pioneer zone.

We have shown that closely related species canempreslifferent influences on
sedimentation/erosion patterns which should betake account within management actions.
Additionally, in a context where marshes are glyblaéing threatened by human action, it is
important to understand the different species’ gategn mechanisms to the environment they
colonize as well as the repercussions these brdflgiinduced changes can have on a global
scale and with an interdisciplinary perspectiveoider to achieve a balanced evaluation of
eventual management actions that should be taken.
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Conclusions

Field measurements of wave events and the assbtiatklevel variations under the influence
of Spartina anglicaand Spartina maritimashowed that the two species present contrasting
sedimentation/erosion patterns. Notably the obsenshighlighted that:

* The sediment under the influence of the ex8&tianglicapresented an overall more
stable behaviour than under the influence of thv@&. maritima

* S. maritimapresented a higher sediment trapping capacitywibatrelated to its dense
aerial biomass;

* S. anglicapresented a higher soil consolidation capacity Wes related to its dense
underground biomass.

The combination of the biomass measurements pexs@mChapter 2 and the observations
sediment patterns here presented allowed an inkegnanderstanding of the capacity of the
two cordgrass species to build marsh within thex@ér zone. Overall, even when the aerial
biomass ofS. anglicais reduced to a minimum, in winter time, duringrsmenergetic wave
events, soil stabilisation tends to be higher utitkeinfluence of the exot@partinainfluence.
Such results can be of great relevance to facaoeras a scenario of climate change and
increased storm events.
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Synthesis and general conclusions

The present thesis aimed at improving the undedstgrof the impacts oBpartina anglica
invasion in the Bay of Arcachon, both on the phgisenvironment and on the native plant
communities.Spartina anglicais considered as a strong invasive species innsafshes
throughout the world. However, salt marshes wortlbvare facing major threats, mostly
concerning direct and indirect human actions aecktfs a global concern to adopt preservation
strategies as such systems sustain several eallagictions of importance. In this sense, the
evaluation of the impacts of a biological invasamd its temporal evolution becomes crucial
to correctly assess the needs for interventiothénBay of Arcachon, contemporary changes
to the arrival ofSpartina anglicavere noticed in the Bay, such as the declinéastera noltei
beds and intensive colonization of some coastlirasaof the Bay, that brought concerns to
local human communities and management entities.

The analysis of aerial photographs from 1949 to62@hapter 1) showed that even
the European nativ@partinahas a relatively recent presence in the Bay, ddtom the years
1940/50s in the study site of Andernos, at themesdstern part of the Bay. Even though the
exotic Spartinahas had a recent important development in sonas arethe Bay (that were
not considered in this study), the invasive spedidsot replace the native one where it was
well installed and formed well-developed meadowstdad, remote sensing inspection of salt
marsh evolution primarily colonized by the natSpartinahas demonstrated th&partina
anglicaoccupies empty niches along the intertidal gradierevious cartography works on the
Spartinasp. occupation in the Bay had already been perfoiioe Nindre et al. 2004 - BRGM
reports). These studies showed a considerablendestaf expansion of the exot&partina
towards the inner Bay. Because of this successlamizing interior zones of the mudflat, local
managers suggested that this species colonizaditidlat along a gradient of anoxia due to
higher tolerance to inundation than the natBartina However, the environmental and
biomass measurements here presented have showhehatoSpartinaspecies occur at the
same intertidal levelsOhapter 2). Even though both the exotic and the na8partinashowed
preferential occupation for higher levels of theertidal profile, they were both found at the
lower tidal levels, excluding the hypothesis presly suggested by local managers that the
invasiveSpartinahas higher tolerance to anoxia. Thus, its sucaesslonize inner zones of
the Bay may only be explained by a better resigtdao@erturbation, as suggested by its high
investment in rhizome and growth, as compared tivené&Spartina However, this new
hypothesis remains to be directly tested. The ex®piartinadid not reveal to be capable of
outcompeting the nativeSpartina in stable undisturbed communities. In contrass, it
performance was clearly improved within the presesfcneighbours of its own species. This
intra-specific facilitation is likely due to its gacularly voluminous root system that certainly
contributed to its ability to cope with the consita of the lower tidal levels, for instance the
amelioration of soil oxygenation.

Even if the exotiSpartinafaces a strong biotic resistance from the nathes making
its colonization more difficult in places where tlad¢ter one is well-installed, several places
around the Bay's coastline are currently domindigdexotic Spartina Additionally, it has
been observed th&partinaspecies presented phenotypic plasticity that sdemée linked
with anthropogenic perturbations on nutrient loatts the Bay. An experiment was then
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conducted in order to understand how these petiorsacan affect the strength and sign of
the interactions between the tw&partina species that might have influenc&partina
dominance in some zones of the B@&pépter 3). It was observed that both the native and the
exotic Spartina were favoured by the freshwater inputs into they Blaat induced an
amelioration in environmental conditions, namelyotigh increased nutrient contribution
(particularly ammonium and phosphates) and soibxgubtential and a decrease in sediment
salinity. In accordance with the previous resul®, nativeS. maritimashowed again to be
resistant to the invasion of the exotic specidsray distance from the source of perturbation
(the freshwater streams). However, close to thehfrater inputs the competitive ability of the
native Spartinaexperienced a decrease related to the environmamitaliorations which can
likely provide a window of opportunity to the exopartina Spartina anglicaon its hand,
presented a consistent absence of competitionmitthicommunities which is likely the key
of its success. Additionally, this species seemset@ble to combine two different strategies
that represent a great asset in the colonizatiosatbfmarshes. On one hand, it favours the
allocation to roots that contribute to a bettet saiygenation and likely nutrient absorption
and, on the other hand, it also presents high mtodty and rapid growth which is an
advantageous ability in fertilized environments.

The fact thaSpartina anglicasuccessfully extends towards the inner zoneseoBty,
which are typically occupied Zostera nolteidoes not seem, at short-term level to represent
a threat to the seagrass species. Indeed, thenpeeskthe exotiSpartinaon the inner Bay is
restricted to scattered isolated patches and plyliafited the hydrodynamic disturbances.
The most negative effect of mudflat colonizationtbg cordgrass is related to its long-term
ecosystem engineering ability to increase the matid#vel Chapter 4). However, this
transition from mudflat to marsh zone is slo@hg@pter 5) and the capacity of the exotic
Spartinato promote accretion seems to be on one hand depend the morphology of the
cordgrass species and, on the other hand, limiyethd availability of inorganic sediment.
There is extensive literature showing the capaxfisgubmerged aquatic vegetation to attenuate
the hydrodynamic forcing and consequently favoardgbdimentation of suspended sediments.
In this study such behaviour was observed for @ie/e Spartinawhich presented a higher
sediment trapping ability tha®. anglicabut also a much reduced ability to maintain trappe
sediment. Conversely, the exo8partinashowed a particularly increased capacity to promote
soil stabilisation, probably due to its high rootvéstment, and consequently, bed level
variations within this species were reduced conmgato the native one. Coming back the
consequences of mudflat colonization by the exadrdgrass t@ostera nolteiit is a fact that
the Spartinais able to settle in the pioneer mudflat, occugyzones that could eventually be
suitable for the seagrass. However, the presenBearfglicain such zones is limited probably
due to the fact that these are highly disturbedegand its extent of colonization cannot be
related to the recent decline of the seagrass. tibddily, the exoticSpartina species
particularly favours soil consolidation.

Either way, in the Bay of Arcachon, the presencéhefexoticSpartina anglicadoes
not seem to currently represent a significant thie¢éhe native specie€gpartina maritimaand
Zostera noltei.The exoticSpartinahas gained territory in places that have beeniqusiy
disturbed and that present perturbations to whih riative Spartina is less tolerant to.
However, given the pervasiveness of human activigidsting in the Bay, on the long-term

169



Synthesis and perspectives

and at large scale the widespread presence oftiiee én the Bay can represent a threat for
the native species. Indeed, simple physical disturbs on the nativ@partinacommunities,
likely occurring during eliminations of the exofiry stakeholders, or nutrient loads by the
freshwater streams may certainly disrupt its bio#gistance. Additionally, long-term bottom
elevation and fusion ddpartinaof the exoticSpartinapatches on the inner areas of the Bay
may contribute to damage seagrass meadows.

On the other hand, in a context of global chandgeerer Sea Level Rise and storm
frequency are set to increase, several studiesiwmlé have indicated that intertidal vegetation
plays a major role in hydrodynamic energy atterumaéind shoreline protection. In this sense,
the exoticSparting with its strong capacity for soil stabilizationdaresistance to disturbance,
seems to be a suitable ally in coastal protectimhwaeighted considerations should be done
one whether it is preferable to have a marsh dadhlay an exotic species or no marsh at all.
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Perspectives and future lines of investigation

The present thesis contributed to the understandingpartina anglic& colonization
mechanisms in the Bay of Arcachon and its inteoasti with native species with an
interdisciplinary perspective. In addition to thdightening of the colonization processes by
the exotic species, several other questions wee raised providing further directions of
investigation that would be interesting to pursuégéhwin order to achieve a better
comprehension of the subject.

* Remote sensing approach

The use of satellite images presented a great fatenthe assessment of marsh evolution and
species identification. Despite the good resultsea@d with supervised classification methods
depending on the vegetation’s seasonal developntleatbiological perturbations of the
intertidal environments can still represent a o@ust to the accuracy of species distinction
especially when the target features are of smailkedsions as it is the case of small cordgrass
patches at the early stage of colonization.

Even though one of the objectives of using remoselgsed images is to limit field
works on access difficult environments, groundhrkmnowledge revealed to be essential and
necessary on a regular basis. Precisely, due todhability of spectral signatures, each
biological feature can have, related to its phegwplanterference from itinerant biological
deposits and response to particular meteorologicatlitions. Prior to the application of an
operational remote sensing based methodolog\criuigal to acquire a robust data base of the
different spectral signatures of the vegetatiortgsepresent on site. Another point to consider
is that, even though nadir images are preferaideacttual taken image can present small angle
variations going up to 30°. In this sense, fiellectance measurements, should also be
performed considering a range of angles in ordectoeve the possible accordance between
field and satellite data. Additionally, it could lbeeful to explore upscaling analysis of field
reflectance data which has been previously shownmiprove the agreement between
hyperspectral ground truth data and satellite oht@asing species spectral distinction in salt
marshes. Finally, because intertidal vegetatiodge¢a form monospecific patches sometimes
with particular shapes, it would be relevant tdf@en a combined spatial and spectral analysis
of satellite images, first through exploitationtbé full spatial resolution of Pléiades products
for the detection of patch patterns and then thgliGaiion of the pixel classifications
algorithms on the detected patches.

» Experimental and field measurement approaches

The different manipulative experiments performedhimi this study provided relevant
information on the tw&@partinaspecies niche occupation. It was shown that theSpartina
species occupy the same levels along the intettigalgraphic profile. However, due to higher
tolerance to disturbances, the ex@jartinahas a more abundant presence towards the inner
Bay. In order to verify this higher tolerance testdrbance fronSpartina anglica further
experiments should be performed, notably throughrdnsplantation of propagules from both
Spartinaspecies along profiles of increasing distancénéodoast. Another question that still
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remains is whether this zones wh&eanglicathrives to colonize correspond in general to
previously elevated levels or if they were origipahudflat pioneer low levels that were
subsequently increased by the ecosystem engineabitity of the cordgrass. One way to
assess this question could be to perform dGPS merasuts of newly colonized mudflat zones
all over the Bay. Complementary and to reducedasis point measurements on a difficult
environment as the mudflats, it would be interggtm acquire terrestrial scan (LIDAR) data
which provides topography of large surfaces atadentimetres resolutions.

The nutrient characterization within the tpartinacommunities have shown interesting
differences namely in the availability of nitratsd phosphates. In order to better understand
these differences, it would be convenient to prdceath analysis of the microbiotic
communities associated to botBpartina species and integrated these results in the
understanding of nutrient absorption by the twacsgse

Even though the assessment of the consequendes exatic cordgrass mudflat colonization
have presented a clear long-term and short-distaffeets based on the strong ecosystem
engineering capacity o%. anglica short-term and long-distance effects could bedebet
explored as interesting tendencies were found. pté would be opportune to reproduce the
experiment presented iBhapter 4 considering more replicates and transectg.oholtei
transplants over the cordgrass patches considiemggr distances.

Finally, the altimetry measurements within the t3artinaspecies have shown very distinct
behaviours for the two species. To further undetdstine relationship between the exotic
Spartinds root system and its ability for sediment staaition it would be necessary to
perform laboratory erodimetry experiments. Addiéithy, to be able to extrapolate the current
results to the scale of the Bay it wold be necgstgaperform more measurements following
the protocol presented in tihapter 5 considering more replicates aBgdartinameadows at
the high marsh levels.

172



Synthesis and perspectives

173



Résumeé étendu

174



175



Résumé étendu

L’arrivée d’'une nouvelle espece dans un écosystsheource de préoccupations quant aux
possibles menaces sur la biodiversité locale. Toigtecela représente aussi une excellente
opportunité de comprendre la capacité d’'un systams&adapter aux changements (Crooks
2002). Dans un contexte de changements globawcotapréhension des dynamiques
temporelle et spatiale des invasions biologiquésessentielle pour en évaluer les impacts
(Strayer et al. 2006), notamment, l'acclimatatian ld nouvelle espece et I'adaptation de
'environnement d’accueil.

Une difficulté majeure lors d’invasions biologiquest de comprendre les mécanismes
d’adaptation aux changements de la part des difféseespeéces. La complexité augmente
lorsque le résultat de I'invasion est a la foisto@lg par des interactions biotiques (a travers de
la compétition pour les ressources et pour I'espanée espéeces invasives et populations
natives) et influencé par les modifications deViemnnement physico-chimique induites par
les espéeces exotiques (Vitousek 1990, Vitousek £987). Les organismes qui présentent une
telle capacité a changer leur environnement soalifgs d’'ingénieurs d’écosystemes (Jones
et al. 1994, Jones et al. 1997, Crooks 2002). Dfagen générale, I'ingénierie d’écosystemes
consiste en la création, destruction ou modificaties habitats par des organismes vivants,
par des moyens directs ou indirects (Crooks 2002).

Les environnements cotiers sont tres dynamiquefrégment faconnés par des
processus physiques. Pour cette raison, ils repefged’excellents sites pour I'étude de
I'ingénierie d’écosystemes (Murray et al. 2008)sGgstemes sont caractérisés par des patrons
de distribution de la végétation résultant d’'un poomis entre les habilités compétitives des
plantes et leur tolérance au stress (Grime 197@nsDe cas des zones intertidales, ou la
croissance des plantes est fortement conditionaeke stress physique (Belliard et al. 2017),
'ingénierie d’écosystémes et les interactions fpo=s représentent un facteur clé dans le
succes de la colonisation (Bertness et Callaway, 1B&ino et al. 2003). De nombreuses études
ont montré que la végétation a tendance a dévelogg®e associations positives qui lui
permettent de surmonter les contraintes liées momdations fréquentes, aux sols fortement
salins et a I'anoxie (Bertness et Hacker 1994, Br2000, Dethier et Hacker 2005, Pennings
et al. 2005).

Les prés salés sont des environnements trés pifsgdactrant de nombreux bénéfices
(Constanza et al. 2008, Barbier et al. 2011). Natant, ils contribuent a la purification de
'eau et a la séquestration du carbone atmosplerilitch et Grosselink 2007). Ce sont
également des zones de nidification et jouent U@ dans la protection coétiere, a travers
'atténuation des vagues (Moller et al. 1999, Mendé Losada 2004, Bouma et al 2005,
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Temmerman et al. 2013) et la stabilisation dessénis (Castellanos et al. 1994, French et al.
1995).

Les processus locaux d’interaction entre les ptaetdes flux incidents (eau ou air) se
propagent a large échelle et peuvent étre détemsir@our I'évolution du paysage dans les
environnements cotiers (D’Alpaos et al. 2007, Kimat Murray 2017, Temmerman et al.
2007). lls affectent ainsi la croissance des osyaes et leur survie a une plus large échelle.
Ces interactions sont a I'origine de la bio-géorhogynamique (Corenblit et al 2008, Murray
et al. 2008, Coco et al 2013). La bio-geomorphodvgae s’appuie sur des approches pluri-
et interdisciplinaires, qui répondent aujourd’hui lzesoin de comprendre la réponse de ces
ecosystemes, aux perturbations extérieures. Dddaimenaces globales sur la biodiversité et
sur la santé des systémes cotiers, ce besoinwsetanijourd’hui de plus en plus préssant.

La présente these répond a ce besoin et vise ant@réhension des mécanismes de
colonisation de la Spartine anglaise dans le BaBsirtachon, ainsi que ses interactions avec

les environnements biotique et abiotique. Notamptenis questions majeures sont abordées

(1) Quels sont les principaux mécanismes d’invasiotadgpartine anglaise et quelle est
sa niche d’occupation préférentielle ?

(2) Quels sont les impacts de la colonisation de latBgaanglaise dans les prés salés
auparavant dominés par la Spartine maritime ?

(3) Dans quelle mesure la colonisation des zones itddes du Bassin par la Spartine

anglaise peut affecter les herbiers de Zostereeriain

Pour répondre a ces questions, différentes méthsalgisutilisées, qui composent une
approche interdisciplinaire.

Le chapitre 1 traite de de I'évolution spatio-temglie des prés salés dans le secteur nord
este du Bassin (commune d’Andernos). Pour celax detthodologies de télédeétection sont
utilisées. Une série d'images aériennes, acquisese @949 et 2016, a permis d'éstimer la
dynamique a long-terme. Ensuite, des images stéllitaute résolution spatiale ont éte utilisées
pour tester le potentiel d’identification de I'espéexotique lors d’'un état peu avancé de
invasion. Les résultats ont montré que, sur laezd’Andernos, les prés salés occupent une
surface relativement stable depuis les années 198Me aprés l'arrivée de la Spartine
anglaise. L'espéce native européenne, la Spartar@ime, s’est établie sur ce site dés les
années 1940 et les herbiers de cette espece m@sante importante expansion jusqu’aux

années 1980. L’'arrivée de la Spartine anglaisecsusite s’est faite de facon modéree, sa
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présence restant relativement restreinte aux Ztgp@survues de Spartine maritime. Ce résultat
suggere que la Spartine anglaise n’est pas suffigarhcompétitive pour remplacer la Spartine
maritime et vient surtout s’installer dans des aghides.

Le chapitre 2 porte sur les interactions biotiqeesre les deux espéces de Spartine.
L’approche expérimentale mise en place vise a @udrois points majeurs : (i) la nature des
interactions entre Spartine maritime (native) etarfBpe anglaise (exotique); (i) la
caractérisation des niches préférentielement ced@si par chacune des deux espéces et (iii)
I'identification des niches effectivement occuppasl’espéce native et I'espéce exotique. Une
expérience de transplantation réciproque a d'ab&e conduite a différents niveaux
topographiques, auxquels se trouvent naturellenetdeux especes de Spartine. Cette
expérience s'est accompagnée de mesures de paaménvironnementaux et
d’échantillonages de biomasse. Les résultats dadsee et les estimations de productivité ont
montré que les deux espéces de Spartine ont uhleuneiperformance aux niveaux les plus
hauts de la zone intertidale. Ces résultats orsi auis en évidence des allocations de biomasse
opposées entre les deux espéces. Notamment, l&espéee favorise la production de parties
aériennes, alors que l'espece exotique a un systameaire plus développé. En ce qui
concerne les parameétres environnementaux, la petecdifférence entre I'habitat des deux
especes est 'oxygénation des sols. Les sites is@l®par la Spartine anglaise (principalement
aux niveaux topographiques intermédiaires et éJemésprésenté des sols moins anoxiques,
c’est-a-dire plus oxygénés. Ce résultat pourrait §& a la forte allocation en biomasse
souterraine par cette espece. Le calcul d'indicesedaction a montré ensuite que les deux
especes sont réciproguement résistantes a I'invaBie plus, la Spartine anglaise présente
également une forte auto-facilitation pour la csarsce des individus au sein de ces herbiers.
Ces résultats suggérent que le succes de la calimmsle la Spartine anglaise est probablement
lié a son systeme racinaire bien développé, quiiared’oxygénation du sol, ainsi qu’a son
auto-facilitation intra-spécifique, qui favorise @aissance.

Le chapitre 3 présente les résultats d’une expegiafisant a déterminer I'impact des
apports en eau douce sur les performances de targpaaritime et de la Spartine anglaise.
En effet, dans le Bassin d’Arcachon, il semblegait la plasticité phénotipique des Spartines
(en particulier celle de I'espéce exotique) vandanction de leur proximité avec les apports
en eau douce. Les résultats de I'expérience mdrgrenpour les deux especes de Spartine, le
taux de survie et la croissance des plantes spiesiélevés a proximité des apports, soit la ou
les conditions environemmentales sont caractéripéesine plus faible salinité et par des

concentrations en nutriments et des potentielsxr@lies élevés. En général, une plus forte
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compétition est observée au sein des communaut8patéine maritime, en particulier a plus
grande distance des apports en eau douce. A ptéxdes affluents, la compétition diminue
pour les deux espéces de Spartine et, pour I'espéxtigue, le signal des interactions s’inverse,
indiguant un comportement facilitatif. Ces résuslfaérmettent de conclure que I'augmentation
de la disponibilité en nutriments, allié a 'amétibon de I'oxygénation des sols induits par la
présence des apports en eau douce menent a unessi@asce de la résistance biotique de la
Spartine maritime. Ainsi, cela peut créer une opputé a I'invasion de la Spartine anglasise
qui présente une forte capacité de facilitation.

Le chapitre 4 présente une expérience de trangpilamtde Zosteres le long de patchs de
Spartine. En effet, en colonisant le Bassin d’Ahgag la Spartine anglaise vient cohabiter avec
les herbiers de Zostéres naines. Cela pose laiguelts conséquences de cette cohabitation
pour la Zostére, dont I'importance pour le bon &g du Bassin est reconnue. Le dispositif
expérimental a été défini de sorte a répondre & daastions principales : « Quelles sont les
effets a court terme (effets sur les ressources)otg terme (effets d'ingénieur d’écosystemes)
de la Spartine sur la Zostere ? » et « Est-ce’mpfleénce de la Spartine sur la Zostére s’étend
au-dela du voisinage proche des patchs de Spa&rtinées résultats montrent qu’au sein des
patchs, la Spartine anglaise exerce un fort impagatif sur la performance de la Zostére naine.
Cet impact est sGrement lié a la forte capacitég@nieur d’écosystéemes de la Spartine, qui
favorise la surélévation du sol et augmente aiasittess hydrique au sein des patchs de
Spartine. Les résultats quant a I'influence spatiid la Spartine sur la Zostere n’ont pas mis
en évidence des facteurs indiquant une influendesigece exotique sur le déclin des herbiers
de Zostére.

Enfin, dans le chapitre 5, les capacités d’'ingénidécosystémes de chacune des deux
Spartines sont évaluées. Pour cela, des mesuresdtasiges des vagues et des variations
altimétriques du fond ont été réalisées au seinddesx especes concernées, pendant une
période de presque deux ans. Ces mesures montrantsgin des patchs de Spartine anglaise,
le fond est relativement stable. Au contraire, aun sles patchs de Spartine maritime, les
variations interannuelles et verticales du fond bms marquées. Il est ainsi fait I'hypothese
gue le plus grand développement du systeme raeidailespéce exotique favorise la stabilité
des sédiments, alors que I'espéce native, grace argportante biomasse aérienne, capte plus
largement les sédiments en suspension. Ceux-ciessnite facilement mobilisables lors des
événements de tempéte, du fait d'une moindre ctjpae fixation. Ces résultats devront
permettre de déterminer dans quelle mesure lesisgmpourraient modifier 'environnement

physique qu’elles colonisent.
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Ainsi, la présence de Spartine anglaise (exotiglams le Bassin d’Arcachon ne semble pas
représenter, a court terme, une menace signifegiour les especes natives, que sont la
Spartine maritime et la Zostére naine. Aussi, Bespexotique a proliféré essentiellement sur
des sites préalablement perturbés, perturbatioxgpualles la Spartine maritime (native) serait
moins tolérante, ce qui aurait induit indirectems&atisparition. Etant donné I'importance des
activités humaines sur le Bassin, la prolifératien’espéce exotique est a priori favorisée et
pourraient éventuellement remplacer la Spartinev@alNotamment, les interventions locales
de « combat » (i.e. campagnes d'arrachage de IdifBpaxotique), ainsi que les décharges
d’eaux usagées perturbent davantage la résistaotigue des herbiers voisins de Spartine
maritime et fournissent une opportunité a la Sparéinglaise de I'y remplacer.

Enfin, la végétation intertidale est reconnue pgon role d'atténuateur de I'énergie
hydrodynamique et de protection cétiere. En ce,s#anss le contexte actuel de changements
globaux (i.e. augmentation du niveau de la meedadréquence des évenements de tempéte),
la Spartine anglaise, grace a sa plus forte capdeitstabilisation des sols et sa plus forte
résistance aux perturbations, devrait représemamportant allié pour la préservation des

contours du Bassin d’Arcachon.
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