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Abstract :

Understanding larval connectivity patterns is critical for marine spatial planning, particularly for designing
marine protected areas and managing fisheries. Patterns of larval dispersal and connectivity can be
inferred from numerical transport models at large spatial and temporal scales. We assess model-based
connectivity patterns between seamounts of the Southwestern Indian Ocean (SWIO) and the coastal
ecosystems of Mauritius, La Réunion, Madagascar, Mozambique and South Africa, with emphasis on
three shallow seamounts (La Pérouse [LP], MAD-Ridge [MR] and Walters Shoal [WS]). Using drifter
trajectory and a Lagrangian model of ichthyoplankton dispersal, we show that larvae can undertake very
long dispersion, with larval distances increasing with pelagic larval duration (PLD). There are three groups
of greater connectivity: the region between the eastern coast of Madagascar, Mauritius and La Réunion
islands; the seamounts of the South West Indian Ridge; and the pair formed by WS and a nearby un-
named seamount. Connectivity between these three groups is evident only for the longest PLD examined
(360 d). Connectivity from seamounts to coastal ecosystems is weak, with a maximum of 2% of larvae
originating from seamounts reaching coastal ecosystems. Local retention at the three focal seamounts
(LP, MR and WS) peaks at about 11% for the shortest PLD considered (15 d) at the most retentive
seamount (WS) and decreases sharply with increasing PLD. Information on PLD and age of larvae
collected at MR and LP are used to assess their putative origin. These larvae are likely self-recruits but it
is also plausible that they immigrate from nearby coastal sites, i.e. the southern coast of Madagascar for
MR and the islands of La Réunion and Mauritius for LP.

Keywords : Seamounts, connectivity, larval duration, larval drift, Lagrangian modelling, biophysical
model, surface drifters, Southwestern Indian Ocean, Ichthyop.
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1. Introduction

Marine resources are under threat from the combafietts of climate change, overfishing,
pollution, diseases, tourism and coastal developrnieAO, 2018). As marine ecosystems
degrade, so do the well-being and livelihoods ogpybations that depend directly on the
ecosystem goods and services they provide (MobedgFolke, 1999). Managing marine
resources effectively is therefore crucial, fromthb@ocial and ecological perspectives.
Connectivity is recognized as a key factor affegtimarine populations dynamics, population
persistence and stock sustainability (HastingsEuotdford, 2006), as well as the efficiency of
management strategies in the face of global chantfjas defined as “the exchange of
individuals among geographically separated sub@tiouns” (Cowen et al2007). Transport
processes are believed to connect distant popofatidespite early genetic studies showing a
fair degree of homogeneity between populations daege spatial scales (Doherty et al.,
1995), accumulating recent evidence suggests thailgtions are not as open as initially
thought. High levels of local retention and low éé of long-distance dispersal could be
maintained by mesoscale and sub-mesoscale eddiebleaof transporting larvae back to
their location of origin despite long pelagic ldrdarrations (Coweret al., 2000; Warner and
Cowen, 2002), thereby contributing to maintain endespecies around isolated islands

(Boehlertet al., 1992).

The majority of marine organisms have a bipariite lhistory and experience pelagic larval
stages before they settle and become sedentary, (1991). Larvae remain in the midwater
layers for days to months while they acquire swimgnand sensory capabilities that enable
them to control part of their dispersal (Kingsfatdal., 2002; Leis, 2002). This pelagic stage
facilitates the transport of individuals among &bt isolated populations. It has been

suggested that the pelagic larval duration (PLOhésmost important factor determining the
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level of larval dispersal and connectivity (Riginasd Victor, 2001; Selkoe and Toonen,
2011; Luizet al., 2013). Connectivity between distant poporfet may indeed be favoured by
long PLD, whereas larval settlement close to thelr@bitat can result from short PLD and
entail increased population differentiation oveorstscales (Planest al., 2001). However,

larval dispersal is also mediated by both compled dynamic oceanographic features and

biological properties (Pineds al., 2009).

The effective management of marine resources regjudstimating the realized levels of
connectivity between populations, but empiricalineates are scarce (Manel et al., 2019).
Indeed, marine larvae are notoriously difficulimonitor, due to their small size and possibly
long dispersal distances, up to hundreds of kilensefrom their initial release site (Leis,
1984; Victor, 1987). Patterns of larval dispersadl @onnectivity also vary between species.
Various methods such as population genetics andlogéggraphy, microchemical

fingerprinting, stable isotopes, otolith microchsetry, otolith shape analysis and biophysical
dispersal models have been developed to assessngatif larvae dispersal and population
connectivity across the marine environment (Schaltl Cowen, 1994; Roberts, 1997,
Cowenet al., 2000; Hellberg, 2007; Treml et al., 200&8nek et al., 2009; Mora et al., 2012,

Bryan-Brown et al., 2018).

The South West Indian Ocean (SWIO) has a high le¥eharine biodiversity, and marine
species in the region are widely used as food ressuand provide economic benefits to a
rapidly growing human population. However, the SWdne of the less studied regions of

the world (Obura, 2012; UNEP-Nairobi Convention &tODMSA, 2015).
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The SWIO has many seamounts. Seamount ecosystemscagnized as critical habitats for
a wide array of species (Clagt al.,, 2012) and are subject to anthropogenicoggion
(Rowden et al., 2010). Despite an increased foouthese particular ecosystems, the natural
processes involved to sustain biodiversity at seantsoremain largely unknown, in particular
in the SWIO. Seamounts are generally geographigadijated structures, but currents can

ensure connectivity between them and with adjaeeosystems.

In this paper, we consider nine seamounts of théCs\Wanging from latitudes 15°S to 45°S
(Figure 1), which were the focus of previous ocemaphic campaigns (Southern Indian
Ocean Seamounts Project in 2009: Read and PoR@id,; Rogers et al., 2017; Pollard and
Read, 2017). Five of them belong to the South Wehlan Ridge (SWIR, 25-50°S), an area
delineated by elevated rims reaching up to 200@lovbsea level, with several seamounts on
its flanks rising to only a few hundred metres bekhe surface (Guinotte, 2011): Atlantis
Bank, Sapmer Bank, Middle of What Seamount, MevBank and Coral Seamount. The
SWIR is crossed by subtropical and Agulhas Returrrébit convergences (Figure 1). These
strong hydrological discontinuities are almost isgable by small size organisrbsth in the
adult and larval stages. There is therefore no tgenennectivity between populations north
and south of the subtropical convergence line (RQ)g2012). We include three other
seamounts located on the Madagascar Ridge: twomauhgiinnacles — hereafter called
MAD-Ridge and Un-named seamount respectively) andltéé Shoal. The rugged
topography and numerous shoals on this portioh@Madagascar Ridge interact with ocean
currents (Roberts et al., 2020, this issue; Vianetl al., 2020, this issue). MAD-Ridge is a
steep pinnacle (33 km north—south; 22 km east—-westted 240 km south of Madagascar
and rises to 240 m below the surface. It is unterinfluence of a highly dynamic ocean

circulation (the East Madagascar Current and moftection, Figure 1; de Ruijter et al.,
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2004) inducing strong mesoscale activity (Polland &ead, 2017; Vianello et al., 2020, this
issue). Indeed, it is frequently crossed by medeseddies spinning off the South East
Madagascar Current. These eddies may become trappdthe seamount and have an
influence on the assemblages and diel vertical atigns patterns of micronekton
communities (Annasawmy et al., 2020, this issuedlt¥¥s Shoal and Un-named seamount
are very isolated features (>800 km south of Masega 1300 km off the South African
coastline) located at the southern end of the Maslzay Ridge. Both seamounts are classified
as Benthic Protected Areas by the Southern Indieea® Fisheries Agreement (Shotton,
2006; SIOFA, 2019). Walters Shoal is a large searhoging to 18 m below the surface
located 855 km south of Madagascar. Previous ima&in showed a 400 Kntaldera-like
shape of the summit (RV Marion Dufresne cruises9i3 and 1976, unpublished data). It has
moderate mesoscale dynamics (Pollard and Read)).20h& last seamount considered, La
Pérouse, is located 160 km northwest of La Réutstamd. It is under the influence of the
west-flowing South Equatorial Current (SEC, Figute (Tomczak and Godfrey, 2003;
Chapman et al., 2003) and has moderate mesosaaeniys. As an old volcano, La Pérouse
rises steeply to 55-60 m depth from the abyssah @a5000 m and is 10 km long (Marsac et

al., 2020, this issue).

We also considered eight coastal sites, where ladyd on species and/or circulation were
available, to assess exchanges with the seamdintao Mascarene archipelago sites, the
west coast of Mauritius (Morne Brabant) and La Reéwin(La Saline); (ii) four sites in

Madagascar (Sainte-Marie and Mamanjary on the @sesdt, Fort-Dauphin in the south and
Tulear in the southwest); and (iii) two sites oe #frican coast (Tofo in Mozambique and
Saint Lucia in South Africa) (Figure 1). As thesmastal sites are not fully representative of

the respective coastlines, we also defined buffeosind countries (Mauritius, La Réunion,
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Madagascar, Mozambique and South Africa), 1/3° fetrore, to highlight larval export from

seamounts to surrounding countries.

The aim of this paper is to assess the degree rufenivity, deduced from hydrodynamic
larvae dispersion, between the nine selected SW#eunts and nearby coastal ecosystems
represented by the eight coastal sites and alsdyeauntries. Emphasis is placed on the
three shallow seamounts which are the focus optkeent Special Issue: La Pérouse (LP —
doi:10.17600/16004500), MAD-Ridge (MR — doi:10.18606004900) and Walters Shoal

(WS — doi:10.17600/17002700) (Roberts et al., 2GR issue). In order to characterize

connectivity patterns, we first used drifter traggg data as evidence for possible
hydrodynamic connectivity. Then, to gain a broadew of connectivity patterns, we used
Ichthyop, a Lagrangian model (Lett et al., 2008}kitmulate ichthyoplankton dispersal. This
model was forced by near-surface ocean curremnasis (OSCAR). A wide range of PLD
values were considered to provide a synoptic vieseamount connectivity. Finally, we used
information on PLD and the age of larvae collecde®R and LP by Harris et al. (2020, this

issue) to assess their putative origin.

2. Material and methods

2.1 SMO marine species

More than 800 fish species have been recorded am@ants worldwide (Moratet al.,
2004). Most are robust demersal fish species, gabd swimming capabilities, high food
consumption and energy expenditure. Some of them @khibit great longevity (over 100
years) with late maturation (50-60 years) and levtility, making them extremely vulnerable

to intensive fishing (Koslow et al., 2000).
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Soviet and Ukrainian fisheries operating from 1969998 in the SWIO identified 81 fish
families including four Beryx species (alfonsinos, includingeryx splendens and B.
decadactylus) and orange roughyHpplostethus atlanticus) of high commercial value, pelagic
pentacerotidae Pseudopentaceros wheeleri, P. richardsoni), rockfish Gebastes spp.,
Helicolenus spp.), oreos (Oreosomatidae), cardinal flshigonus spp.), grenadiers (including
Coryphaenoides rupestris) and Patagonian toothfistiisostichus eleginoides) (Romanov,
2003). These fish are specifically associated wéhmounts, although they also live on the
continental slopes and slopes of oceanic islandszieS and Ukrainian fisheries also
inventoried a minimum of 13 threatened species hafrks (Romanov, 2003) and benthic
resources such as crustaceans (lobsters, crabB)soso sponges, and cold-water corals. A
new species of spiny lobstdPalinurus barbarae (Groeneveld et al., 2006), appears to be
endemic to the Walters Shoal (WS), as well as tiad Beuroisia duhameli (Guinot and
Richer de Forges, 1981) caught during the MD08 @agmpof RV Marion-Dufresne in 1976.
More recently, cruises to La Pérouse (LP), MAD-RidlyIR) and the WS seamounts allowed
identification of several micronekton species. Asamamy et al. (2019) reported vertically
migrating common open-water species of gelatinoustaceans, squid and fish concentrated
over the summit and flanks, and also an importaosimmunity of seamount-
associated/resident fish. Harris et al. (2020, idg8se) also collected mesopelagic fish larvae
during the current cruises, Myctophidae and Gonoataae being the most dominant

families at all three seamounts.

Despite these valuable recent data, biological aetamarine species inhabiting SWIO
seamounts are generally lacking, as underline@wersl publications (Rogers, 2012; FFEM,
2013; Rogeret al., 2017; Zucchi et al., 2018). In particuthere is only limited information

available on their PLD for ichthyological speciescarded during sea campaigns (e.g.



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

Pseudopentaceros richardsoni, Hoplostethus atlanticus, Beryx splendens), which have PLDs
ranging from one to several months. HerlBa&yx spp. may have a PLD of around one year
(Shotton, 2016)Jasus spp. (spiny lobsters) were recorded in seamoubitdta in the
southern hemisphere and are also known to have Rtuls. Hence, Booth (2006) reported
PLDs between 8 and 12 months fbrverreauxi, and between 12 and 24 months for
edwardsii. Harris et al. (2020, this issue) provided infotimi on specimens collected at MR
of the acanthuridNaso sp. having a PLD of 84 dabrid spp. with a PLD of 26—28 dpogon
spp. with a PLD of 18-34 d argynodus sp. with a PLD of 42 d (Stier et al., 2014). Thus, the

different species inhabiting the SWIO seamountecaJarge range of PLD values.

2.2 Oceanographic drifter trajectories

As a first approach to assessing dispersal andewbinity in the SWIO, we downloaded 6-h
interpolated trajectories of 1104 drogued oceargigcasurface drifters located in the SWIO
over the period 15/02/1979 to 30/06/2018 from thkb@l Drifter Program database

(https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noagdc: AOML-GDP, Lumpkin and

Centurioni, 2019). From that dataset, we selectdtes that came close (<50 or 100 km) to
one of the three focus seamounts (LP, MR and W8)pdotted their trajectories. We also
searched for drifters that came close to two of ghene seamounts, as an indication of

possible hydrodynamic connectivity between seansunt

2.3 Ichthyop larval dispersal model

To gain a broader perspective of dispersal and exdivity in the SWIO, we used the larval
dispersal tool Ichthyop, a free Lagrangian tooliglesd to study the effects of physical and
biological factors on ichthyoplankton dynamics (Lett al., 2008). Ichthyop can integrate the

most important processes involved in the early Bfages of marine larvae: spawning,
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transport, behaviour, growth, mortality and settéain As we wished to obtain a synoptic
view of connectivity patterns, rather than focusaoparticular species, we used a large range
of PLD values (15, 30, 45, 60, 90, 120, 180, 27@ 380 d)and assumed that all seamounts
had habitats and populations capable of both pinduand receiving larvae. This latter
assumption is supported by the findings of Hartigle (2020, this issue) who reported all
developmental stages of oceanic and some nert& ftam preflexion to postflexion at LP,
MR and WS, an indication that the correspondingcigsespawn in the vicinity of these
seamounts. We also assumed that larvae were tré@dppassively depending only on
horizontal surface currents. The term “larvae” usethe modelling part of this paper really
stands for “virtual larvae” because there were raugd truth data to calibrate and validate
the model. Particles were released every 5 d owaa®s, i.e. 10 000 particles at each of the
considered release locations, a number that wasrshtm be large enough to provide precise
estimates of connectivity values (Andredibal., 2013). Release locations (Figure 1) weee th
nine SWIO seamounts and the eight coastal sitesided in the introduction. Potential larval
destination areas were the nine SWIO seamountgigie coastal sites and the shorelines of
the five countries (Mauritius, La Réunion, Madagasdviozambique and South Africa;
Figure 1). Simulations were performed with two sizd buffer around locations used as

release and destination areas, 1/3 of a degre& dadree.

As expected, the simulated values of connectivigyenoverall greater with a 1° buffer than
with a 1/3° buffer, but as the connectivity patteiine. sites that are more/less retentive,
more/less connected, etc.) were similar, we onbs@nt the 1/3° case and refer the reader to
Appendix Figure E for the 1° buffer results. Thatlyyop model was forced by current fields

provided by the OSCAR product (see below) interq@aldinearly at the location and time of
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each larva, and their movement was solved usingRtiege Kutta % order scheme, diffusion

being added with a dissipation ratel E° m? s* (following Pelizet al., 2007).

2.4 OSCAR current product

OSCAR (Ocean Surface Current Analyses — Real Tpneyides estimates of ocean near-
surface currents by combining satellite-derivedradtry observations (sea-surface height; e.g.
TOPEX/Poseidon), scatterometer data that estime¢aro wind vectors, and sea surface
temperature sensors (e.g. AVHRR). OSCAR providegsenpoecise ocean current estimates
than those based exclusively on altimetry, pardidyl in the tropics, by combining
geostrophic shear dynamics, Ekman and Stommelpoahsnd a complementary term of
surface buoyancy gradient (Bonjean and Lagerld@2® Products are available worldwide
at 1/3° horizontal resolution every 5 d and repneserrents at a depth of ~15 m. Here we
used the currents data for the SWIO (latitude 10S5Mngitude 20-70°E) over the period
2010-2018, downloaded from the NASA data center siteb (ftp://podaac-
ftp.jpl.nasa.gov/allData/oscar/preview/L4/oscardhdeg/). OSCAR products were validated

for the northern part of the Indian Ocean by Sildiiakt al. (2013).

2.5 Modéd outputs and post-processing

We calculated connectivity matrices between seamsouretween seamounts and coastal
ecosystems, and between coastal ecosystems andws#arfor all the considered PLD values
averaged over all release dates. Connectivity eamterpreted as either the proportion of
larvae exported to each seamount or coastal eemsy#rval export, lines of the connectivity
matrices), or the proportion of larvae coming freath seamount or coastal ecosystem (larval
import, columns of the connectivity matrices). Lbiztention, i.e. the proportion of released

larvae that stayed at their natal sites, is thgathal of the connectivity matrices. We also

11



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

computed the dispersal distance as the “greatecildtance” between the initial and final

positions of larvae, averaged for all larvae ardase dates. We plotted maps of simulated
larval density, the average number of all larvaeqed at a given time. The cell size was set
as 1/3°, equivalent to the OSCAR resolution. Anadysvere carried out using the software

ArGIS 10.4.1 and Spyder (Python 2.7).

3. Results

3.1 Drifters

We found 13, 11, and 14 drifters passing less %8@ km from the LP, MR and WS
seamounts, respectively, at some time in theiretrav the SWIO (Figure 2). Most (11/13)
drifters that came close to LP ended up to thehsouthe direction of the other seamounts
(Figure 2a). One drifter (#45958) that came vepselto LP (~ 7 km) was also close to MR
(~ 8 km) 85 d later (the trajectory of that driftier highlighted by a white background in
Figure 2a). Drifters that travelled close to MR radvto the west or to the east and none
travelled to LP or WS (Figure 2b). Most (10/14)fnis that came close to WS ended up to
the west (Figure 2c), but along the way one drif#&3941330) came close (~ 43 km) to MR

after 75 d (the trajectory of that drifter is higjhited by a white background in Figure 2c).

We found 32, 23 and 21 drifters that travelled <k@®from LP, MR and WS, respectively
(Appendix Figure A). Among those, six drifters caolese to LP and then MR (with 46-189
d spent in between), two drifters travelled closeMiR and then WS (29 and 70 d spent in
between) and two drifters came close to WS and MBn(75 and 143 d spent in between).
One of those drifters (#9108691) is of particutderest because it came close to first LP (~51

km), then MR (~71 km) and finally WS (~18 km), ands the fastest drifter, travelling from

12
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LP to MR in 46 d and from MR to WS in 29 d (thgerdory of that drifter is highlighted by a

white background in Appendix Figure A).

3.2 Mean dispersal distances

In the simulations, as expected, the mean dispéistnces travelled by the virtual larvae
leaving seamounts increased with PLD, ranging f&dm km for PLD =15 d to 1366 km for
PLD = 360 d, all seamounts averaged (Table 1).deaateaving Atlantis Bank had the shortest
average dispersal distances (around 0.6 timegHassthe mean) except for PLD = 15, where
the shortest distance was for larvae leaving WI€rd). Conversely, larvae from Coral
Seamount had the highest mean dispersal distancedl fPLD (1.5-2.15 times above the
mean). For the three focal seamounts, larvae edelism WS travelled the shortest average

distances, whereas larvae leaving MR travelledhésstt

3.3 Connectivity matrices between all sites

Matrices presented in Figure 3 show the mean siteulilarval connectivity obtained between
all nine seamounts and eight coastal sites foetbfd¢he considered PLD values: 15, 120 and
360 d (matrices for the six other PLD values awvigled in Appendix Figure B). For a PLD
of 15 d (Figure 3a), there were bilateral exchargge/een Morne Brabant (Mauritius coastal
site), La Saline (La Réunion coastal site) and & of our three focal seamounts. For the
other two seamounts, there was also bilateral exgghaetween WS and Un-named Seamount
(which are close) and between MR and Fort DaupFe. highest local retention values were
for WS (11.1%), Atlantis Bank (7.5%) and LP (5.3%)decreasing order. For a PLD of 120
d (Figure 3b), there was bilateral connectivity wedn the five sites situated East of
Madagascar (Maurice, La Réunion, LP, MamanjaryStie Marie) and most of the seven sites

located south of Madagascar and in the Mozambigouan@el (WS, Un-named Seamount,

13
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MR, Fort Dauphin, Tulear, Tofo, Saint Lucia). Fiyakthere was connectivity between most
of the five seamounts situated on the SWIR (Atank, Sapmer Bank, Middle of What
Seamount, Melville Bank, Coral Seamount), attainamgelevated degree between Sapmer
Bank, Middle of What seamount and Melville Bank.efd was also bilateral exchange
between WS and MR, LP and MR, and WS and LP. FBLR of 360 d (Figure 3c), most
sites were connected in both directions to somengéxthe SWIR and South Madagascar
seamounts group tended to join. WS, MR and LP wemmected bilaterally to all seamounts
and coastal sites, with the sole exception of LRckvidid not receive any larva from Saint
Lucia. We assessed the temporal variability (seslsamd interannual combined) of simulated
connectivity for the different PLD values (Appendiigure C) and obtained little variability
with coefficients of variation (CV) of 2.7 at mo3the CV tended to decrease with PLD, and
to have similar values for seamounts within thee¢hdifferent identified groups, i.e. east
Madagascar, south Madagascar and Mozambique ChamieEWIR, and also between two

different groups (hence the “blocks” of similar @ots in Appendix Figure Cc).

3.4 Connectivity matrices between LP, MR and WS seamounts and coastal ecosystems

Figure 4 represents exchanges from seamounts &iataaosystems (coastal buffers) for
PLD values of 15, 120 and 360 d (matrices for tixeother PLD values are in Appendix
Figure D).

After 15 d of dispersal, connectivity ranged frono®.1%. Larvae released at LP reached the
coastal ecosystems of Mauritius (0.007%), Madagafe®3%) and La Réunion (2.1%),
whereas larvae from MR only reached MadagascaerAf20 d, larval connectivity values
were divided by ~5, ranging between 0 and 0.42%vde from LP reached all coastal
ecosystems (Mauritius, La Réunion, Madagascar, kbmgue and South Africa). The two

highest connectivity values were between LP andddadcar (0.42%) and between LP and

14
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La Réunion (0.21%). Larvae from MR also reachedcalistal ecosystems, but with lower
connectivity values. Larvae from WS reached allstalaecosystems except Mauritius, with
even lower connectivity values. After 360 d of disgal, larval connectivity values were
divided by ~10 relative to PLD = 120 d. All larvésaving LP, MR and WS reached all
coastal ecosystems. Overall, the lowest connegtvdas from WS, except to Mozambique

where it was the highest.

3.5 Larval dispersal fromLP, MR and WS

The patterns of weak connectivity between seamoamdisthe coast described above result
from a high degree of dispersal towards offshomations, as shown by maps of larval
density over the entire region. Figure 5 presergamiarval density maps for larvae released
at LP, MR and WS seamounts after 15, 120 and 360 LD (with the locations of the
drifters of Figure 2 superimposed). Larvae reledsech LP remained concentrated at high
density on the eastern side of Madagascar for a &fliip to 120 d, and then tended to drift
east. After 120 d, larvae released at MR split imto separate plumes, one directed east and
the other west towards the South African coastvaareleased at WS remained concentrated
around that seamount for a longer time, eventusdhgading east and west, similarly to larvae

released at MR.

3.6 Local retention and connectivity between LP, MR, and WS

Local retention decreased with increasing PLD fbthemee seamounts, but at a faster rate for
LP than for MR and WS (Figure 6). Conversely, catinégy between pairs of seamounts

initially increased with increasing PLD values (fiig 7). Patterns of connectivity change
with PLD and were similar for MR to WS, MR to LPnda WS to MR, first increasing

strongly, then peaking around 120 d and eventuddlgreasing slightly for longer PLDs.
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Connectivity between the most distant sites, WS ldhdwas much weaker and continued to
increase with PLD in the range of values testedar@otivity from LP to MR was at an

intermediate level and showed the least changeRNith.

3.7 Larval import at LP, MR and WS

The origin of larvae reaching LP, MR and WS is shaw Figure 8 after PLDs of 15, 120,
and 360 d. At 15 d, larvae reaching WS, MR and lePewmostly self-recruits (95%, 95% and
77%, respectively). For a PLD of 120 d, there wdkaslot of self-recruitment at WS (42%)
and MR (38%), but not at LP (15%), at which 57%ap¥ae came from Madagascar. At 360
d, there was still 27% of self-recruitment on WSl ano larvae coming from LP. The pattern
was similar for MR, but with only 17% of self-redment. For LP, there was only 9% of self-
recruitment, with the balance of larvae originatirgm MR (15%), WS (2%), Mauritius and

La Réunion (20%), Madagascar (37%) and other seat®¢10%).

3.8 Link with ichthyoplankton data

It is difficult to interpret the above results irbmlogical sense because the larval durations of
the species inhabiting the seamounts are poorlyvkndiowever, Harris et al. (2020, this
issue) provide useful information on PLD and ageafset of larvae they collected at MR and
LP. In particular, at MR, they collected larvaefair species with estimated PLDs close to 30
d (Labrid andApogon spp.), 45 d $ynodus sp.) and 90 d (the acanthuridbso sp.). Assuming
that these species reproduce at all the sites uwrwm®sideration, dispersal patterns can be
obtained for these PLD values (Figure 9) and aswal import and export for MR, where
most larvae were collected (Figure 10). For a PLE3B® d, virtual larvae arriving at MR

originated from Fort Dauphin, MR and Un-named seamd@Figure 10). For a PLD of 45 d,
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virtual larvae arriving at MR originated from Saibticia, Tofo, Fort Dauphin, MR, Un-

named seamount and WS. For a PLD of 90 d, theynatigd from all 17 release sites.

Harris et al. (2020, this issue) also provide agjarates for some of the larvae they collected.
All larvae collected at MR were in the range 1.4216, a range is largely consistent with the
ages of virtual larvae transported from Fort Danptoi MR in our simulations (Figure 11a).
Ages of virtual larvae transported from MamanjasyMR (>10 d, Figure 11b) suggest that
the oldest larvae collected, suchSysodus and Trachinocephalus myops, may also have been
transported from there. At LP, all larvae collectextept one (a atrourid specieshave
estimated ages >5 d and may therefore have beespteed from La Saline (Figure 11c),
whereas collected larvae >10 \dr(ciguerria spp) may also have come from Morne Brabant

(Figure 11d). Of course, all larvae collected caalkb have been self-recruits.

4. Discussion and per spectives

The aim of this work was to assess the degree miaxivity between nine seamounts of the
South West Indian Ocean (SWIO) and nearby coastdystems, with emphasis on three
shallow seamounts: La Pérouse (LP), MAD-Ridge (MRRd Walters Shoal (WS). The

Lagrangian model of larval dispersal allowed usxplore a wide range of pelagic larval

durations (PLDs) and revealed robust patternsreélaonnectivity.

4.1 Mean drift velocities and larval dispersal distance

Larvae dispersed far from their site of origin, lwitavelled distances increasing with PLD.
Mean drift velocities, obtained by dividing the mearval distances reported in Table 1 by
PLD, reached values as high as 10 kin(@bout 0.1 mY). Such values are consistent with

current surface velocities found by Pollard and RE017) and Vianello et al. (2020, this
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issue) during the MAD-Ridge cruise. They are aléthe same order of magnitude as other
estimates obtained by Lagrangian simulations irerotlegions. For example, median drift
velocities were about 4 km™din the Mediterranean Sea (Andrello et al., 2013dher
connectivity studies performed in the SWIO havehhghted long-distance colonization,
possibly over several generations, between coeds (€rocheleet al., 2016), between South
African ecosystems and La Réunion for vagrant dugkyipers (Reid et al., 2016), between
Mauritius and La Réunion for honeycomb grouperso(Belet et al., 2013), between the
Mascarene archipelago and Madagascar for tropgddP®us et al., 2010) and Seychelles for
Sargassum algae (Mattio et al., 2013), betweere#ist African coast and Madagascar for
mangrove propagules (Van der Stocken and Menemé&fis7) and for coral reef species
(Gamoyo et al., 2019; Schleyer et al., 2019), aetlveen ABNJ (Areas Beyond National
Jurisdiction) and coastal zones (Popova et al.920hina et al., 2020). Our results focusing
on seamounts show that currents around SWIO sedmoan be powerful means of larval
dispersal over relatively long distances. The l@hghkspersal distances were obtained from
the Coral Seamount, the southernmost seamountdasadiin this study, which is affected by

the strong current velocities of the Agulhas RetDumrent.

4.2 Potential colonization of coastal sites by larvae originating from seamounts

Connectivity from seamounts to coastal ecosystems weak, with a maximum of 2.1%
larvae originating from seamounts reaching coastalsystems. It is difficult to conclude
whether such a low percentage of dispersal is gomaigh to influence the communities of
the receiving sites, because the magnitude of imatan depends on survival during the
pelagic phase and on local dynamics (Armsworth22@urgess et al., 2014). If a population
is not self-sustaining as a consequence of hightaiityr or low fecundity rates, then

immigration from other populations contributes wpplation persistence. Although some of
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the seamounts mentioned herein are subject tomgsfwith strong impacts on stocks of long-
living species), coastal ecosystems are affectedgimater anthropogenic pressure (e.g.
fishing, dredging, pollution) and generally haveadier biomasses than isolated sites (Edgar
et al., 2014; Cinner et al., 2016). Therefore, smarts could be important sources of larvae
for coastal sites, if connectivity is strong enoughtransport sufficiently high numbers of
larvae over long oceanic distances and the reaeivabitat is appropriate. Owing to the lack
of data on local population dynamics and abundamdm®th the seamounts of origin and the

coastal sites of destination, however, this hypgitheannot be tested here.

4.3 Local retention at seamounts and connectivity between seamounts

Local retention (within a 1/3° buffer) at the thfeeal seamounts (LP, MR and WS) was also
low, peaking at about 11.1% at the shortest PLD @@cteasing sharply at longer PLDs.
These values may be an underestimation of actuiérpa of local retention, however,

because of the relatively coarse spatial resoludfahe ocean current product (OSCAR) and,
perhaps more importantly, the assumption of passireal dispersal, because active
swimming and larval orientation mechanisms canease local retention (Faillettaz et al.,
2018). Even if retention probabilities seem lowgugh, they might be sufficiently high to

replenish populations and ensure their persistémmause of high fecundities of the fish
species. For example, large female alfonsiBeryx splendens) spawn a range of 0.8-2.4

million eggs (Alekseeva, 1983). We also found tbaal retention was greater at WS than at
MR (Figure 6), which is consistent with Vianello at (2020, this issue) showing that

currents decrease from north to south along ad¢m®ing from MR to WS.

Maina et al. (2020) recently used a modelling appnosimilar to the one used here to assess

connectivity between seamounts of the SWIO usifRg.@ of 30 d. Here, we used a range of
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PLD values from 15 to 360 d and showed that comngcpatterns change dramatically with
PLD. Here we obtained large differences in disgessal connectivity patterns for PLD
values of 30, 45 and 90 d, which correspond brosembabrid andApogon spp.,Synodus sp.,
and acanthuridNaso sp., respectively, collected by Harris et al. (20&20s issue) at MR
(Figure 10). Therefore, differences in the putatorggin of these collected larvae were
significant (Figure 9), although a local (i.e. MB)gin was the most likely for all of them.
For some species, the presence of larvae, juveaitdsadults around the same seamount
suggests that their populations are self-sustai(@igerel et al., 2020, this issue). For neritic
reef-associated species, it is also plausiblegbiate of the larvae collected at MR originated
from the south-east coast of Madagascar (Harre.e2020, this issue). Indeed, MR has a
strong connection with the shelf waters throughsstshelf transport. This suggestion is
supported by our age analysis of larvae, which shthat larvae arriving at MR may come
from Fort Dauphin or Mamanjary (Figure 11). Simyarit is also possible that larvae

collected at LP come from the islands of La Réumind Mauritius (Figure 11).

Connectivity patterns between seamounts reveale throups of greater connectivity: the
region between the eastern coast of MadagascarritMauand La Réunion islands; the
seamounts of the SWIR; and the pair Walters Shodih-named seamount. Connectivity

between these three groups was only at long PLDs.

With the exception of the two lowest connectiviglues (between WS and LP), connectivity
peaked at around 120 d PLD and remained stableybtlg decreased at longer PLDs (Figure
7). However, that pattern does not consider thecesfof larval mortality, which are likely to

reduce connectivity proportionally to PLD.
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We found little temporal variability in simulatesdmnectivity patterns, which is consistent
with Vianello et al. (2020, this issue) who repdrteo clear seasonality or interannual

variability in currents along the Madagascar Ridge.

4.4 Complementarity of drifter data and Lagrangian simulations

Drifter data were used as ground-truth informatioh hydrodynamic dispersal and
connectivity, and they consolidated the results Laigrangian modelling. Indeed, the
trajectories followed by drifters passing closeetach of the three focal seamounts were
consistent with the general patterns followed biglas released there. In addition, we found
drifters passing LP and then MR, passing WS and iR, and passing LP and then MR and
WS, which were also among the strongest connectionsd between seamounts in the
Lagrangian model (Figure 7). Besides this, the eamigtime spent by drifters travelling from
LP to MR (46-189 d) corresponded well with the Pidbdues for connectivity between these
seamounts in the model. The range of time spedriftgrs between the other seamounts (29—
70 d from MR to WS, 75-143 d from WS to MR) wersoatonsistent with the model results,
although slightly slower. However, we found no @nifpassing MR and then LP, although

that is one of the strongest connections accorirsgmulation results (Figure 7).

4.5 Limitations of the modelling approach

Numerical transport models are increasingly beisgduto determine patterns of larval
dispersal as well as connectivity between populatiommn the marine environment. Larval
dispersal simulations are relatively simple andckuio implement in any study region.
Indeed, data necessary for model input (coastliekease sites, etc.) are freely available
online at high resolutions. Nevertheless, the wackomplished during this study could be

improved by taking into account additional oceaapgic and biological factors.
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We used an ocean current product (OSCAR) thatsrelieremote-sensing data to force the
Lagrangian larval dispersal model. OSCAR curremts available globally and over long
periods of time. Despite their coarse spatial wggmh (1/3°), OSCAR and other products
providing near-surface ocean current estimates baea shown to allow the simulation of
surface drifter trajectories with similar accuraces outputs from oceanographic models of

similar spatial resolution (Liu et al., 2014; Ameunet al., submitted).

However, OSCAR does not take into account the cadrsitratification of currents in the water
column, which may affect larval dispersal patternsthis study, larvae were considered as
passive particles drifting in the surface layercéhese we had no knowledge of the larval
biology of local species. However, the larvae ohgnapecies have good swimming ability
(Fisheret al., 2005) and are capable of changing theiawelr (e.g. by changing their depth)
in response to the environment (Leis and CarsondE\®802; Tolimieri et al., 2000). This
affects how larvae are carried by currents (Irissbal., 2010; Cherubin et al., 2011), because
transport is usually faster close to the surfaea ih the deeper layers. Larvae might therefore
rely on vertical migration to reduce their dispéesad promote local retention (Cowen, 2002).
When such information is available, it is thereforgortant to consider larval behaviour and
swimming capability during larval ontogeny (Lei€)1®), and physical data such as vertical

stratification of currents.

Vianello et al. (2020, this issue) reported no rcle@asonality or interannual variability in
currents along the Madagascar Ridge. Neverthefassasawmy et al. (2019) highlighted a
strong seasonality in primary productivity at LRdIaWR, with maximum values reached in

July, as a result of intense mixing caused by t&ral winter trade winds, and minimum
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values during the austral summer (December—Marbtgreover, chlorophyll a (Chl-a)

concentrations were twice as high at MR than atllRear round. This seasonality and the
differences between seamounts may have consequenc&scondary productivity and thus
on food availability, growth and survival for laeaHarris et al. (2020, this issue) also
showed that different environmental variables sashtemperature, Mixed Layer Depth
(MLD), Depth of Chlorophyll Maximum (DCM), zooplatdn settled volume and integrated
Chl-a, influence larval fish communities at LP, MRd WS. Therefore, environmental factors
and their effect on biological processes such asllagrowth and mortality are important

factors to consider in future modelling studies.

4.6 Perspectives

From the perspective of the conservation and manage of ecosystems, in particular in
areas beyond national jurisdiction (ABNJ) where m&WIO seamounts are located,
improving the understanding and knowledge of lamhgbersal is crucial. A new, legally
binding instrument for the high seas has been dggnisince 2006 under the United Nations
Convention on the Law of the Sea for the consesmatnd sustainable use of marine
resources beyond national jurisdiction. Larval displ will be a key point in designing
regional networks of Marine Protected Areas (Aridrel al., 2017) to conserve biodiversity
in the high seas efficiently. Studies using nunamodels in combination with the data and
knowledge gathered during at-sea expeditions coalkle a vital contribution to these efforts.
Indeed, genetic data could be gathered for segpedies covering a range of PLD values in
order to corroborate the connectivity patterns &wed here between seamounts. In addition,
behavioural data such as larval and adult mobikiyd demographic data including egg

production and pre- and post-settlement mortasihquld also be considered, because these
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572 factors are as critical information as connectiwitydetermining the dynamics of populations,
573 and therefore their persistence.
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Fig. 1. Main currents of the SWIO obtained from @$Ccurrent data averaged over the
period 2010-2017, and the location of the nineistldeamounts, the eight coastal sites and

surrounding countries (buffers).

Fig. 2. Trajectories of drifters passing less tb@rkm from (a) La Pérouse, (b) MAD-Ridge
and (c) Walters Shoal during their drift in the SWISmall white circles show the closest
locations of drifters to seamounts used as the stahe represented trajectories, and small

black circles are the final locations.

Fig. 3. Connectivity matrices between all seamoanis$ coastal sites for PLDs of (a) 15, (b)
120 and (c) 360 d. The values represent the pergerdf larvae released at each release site
transported to each destination site at the giudd. Fhe cells in the diagonal of the matrices
are values of local retention. White = no connaeistif0%). Note that the colour scale differs

between panels.

Fig. 4. Connectivity matrices between seamountscargtal ecosystems for PLDs of (a) 15,
(b) 120 and (c) 360 d. The values represent theeptaige of larvae released at each release
site transported to each destination site at tkengPLD. The cells in the diagonal of the
matrices are values of local retention. White =ceonectivity (0%). Note that the colour

scale differs between panels.

Fig. 5. Maps of average density for virtual larvakeased at La Pérouse (a, d, g), MAD-Ridge

(b, e, h) and Walters Shoal (c, f, i) for PLDs 6f 120 and 360 d. Pink dots are the locations
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598 of the drifters shown in Figure 2 at the same t{hee 15, 120 and 360 d after they passed less
599 than 50 km from the seamount).

600

601 Fig. 6. Local retention (%) at La Pérouse, MAD-Ridind Walters Shoal for PLDs of 15, 30,
602 45, 90, 120 180, 270 and 360 d.

603

604 Fig. 7. Connectivity (%) between La Pérouse, MARIgR and Walters Shoal for PLDs of 15,
605 30, 45, 90, 120, 180, 270 and 360 d.

606

607 Fig. 8. Origin of the larvae reaching La Pérous@&[WRidge and Walters Shoal for PLDs of
608 (a) 15, (b) 120 and (c) 360 d.

609

610 Fig. 9. Maps of average density for virtual larvakeased at all seamounts and coastal sites
611 for PLDs of (a) 30, (b) 45 and (c) 90 d. These Ridirespond broadly to labrid adgogon

612 spp., Synodus sp., and the acanthurdbso sp., respectively.

613

614 Fig. 10. Origin of larvae reaching MAD-Ridge (impg)rfor PLDs of (a) 30, (b) 45 and (c) 90
615 d, and the destination of larvae leaving MAD-Ridgeports) for PLDs of (d) 30, (e) 45 and
616 (f) 90 d. These PLD correspond broadly to labrid Apogon spp.,Synodus sp., and

617 acanthuridNaso sp., respectively.

618

619 Fig. 11. Age distributions of virtual larvae arng at MAD-Ridge from (a) Fort Dauphin and
620 (b) Mamanjary, and arriving at La Pérouse fromL@)Saline and (d) Morne Brabant.

621
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622 Table 1. Mean distances of larval dispersal (kminfeach seamount for different Pelagic

623 Larval Durations (PLDSs).

FROM \ PLD 15 30 45 60 920 120 180 270 360
La Pérouse 167 283 355 423 540 628 793 1031 1284
MAD-Ridge 337 460 575 665 804 901 1086 1368 1544
Walters Shoal 109 217 296 348 439 517 678 869 1014
Atlantis Bank 125 211 266 302 370 431 542 699 844
Sapmer Bank 164 236 292 356 443 530 674 854 1027
Middle of What Seamount 205 348 473 555 664 754 891 1061 1233
Coral Seamount 342 605 847 1070 1459 1718 2086 2393 2587
Melville Bank 311 551 719 830 979 1080 1256 1465 1638
Un-named Seamount 195 279 394 452 523 622 782 974 1122
Mean 217 354 469 556 691 798 976 1190 1366
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Appendix Fig. A. Trajectories of drifters passing0® km from (a) La Pérouse, (b) MAD-
Ridge and (c) Walters Shoal during their drift e tSWIO. Small white circles show the
closest locations of drifters to seamounts usetth@start of the represented trajectories, and

small black circles are the final locations.

Appendix Fig. B. Connectivity matrices betweensaamounts and coastal sites for PLDs of
(a) 30, (b) 45, (c) 60, (d) 90, (e) 180 and (f) 2r0Trhe values represent the percentage of
larvae released at each release site transportegctodestination site at the given PLD. The
cells in the diagonal of the matrices are value$ooél retention. White = no connectivity

(0%). Note that the colour scale differs betweemeta

Appendix Fig. C. Variability (seasonal and interaahcombined) of simulated connectivity
for PLDs of (a) 15, (b) 120 and (c) 360 d. CV is telative standard deviation (ratio of the

standard deviation to the mean).

Appendix Fig. D. Connectivity matrices between seants and coastal ecosystems for PLDs
of (a) 30, (b) 45, (c) 60, (d) 90, (e) 180 and27P d. The values represent the percentage of
larvae released at each release site and trandgoreach destination site at the given PLD.
The cells in the diagonal of the matrices are \&lfdocal retention. White = no connectivity

(0%). Note that the colour scale differs betweemeta

Appendix Fig. E. Connectivity matrices betweensaidmounts and coastal sites for all PLDs.
The buffer used around all release and destinaitess was 1° (instead of the 1/3° in Fig. 3
and Appendix Fig. B). The values represent thegreege of larvae released at each release

site transported to each destination site at tkengPLD. The cells in the diagonal of the
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651 matrices are values of local retention. White =coonectivity (0%). Note that the colour
652 scale differs between panels.
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Table 1. Mean distances of larval dispersal (km) from each seamount for different Pelagic

Larval Durations (PLDs).

FROM \ PLD 15| 30| 45 60 90, 120| 180| 270| 360
La Perouse 167|283 | 355| 423| 540| 628| 793| 1031| 1284
MAD-Ridge 3371460| 575| 665| 804| 901| 1086 | 1368 | 1544
Walters Shoal 109| 217|296 | 348| 439| 517| 678| 869| 1014
Atlantis Bank 125|211|266| 302| 370| 431| 542| 699| 844
Sapmer Bank 164 | 236|292| 356| 443| 530| 674| 854\ 1027
Middle of What Seamount | 205 | 348 | 473 | 555| 664| 754| 891| 1061| 1233
Coral Seamount 342 | 605| 847 | 1070| 1459 | 1718 | 2086 | 2393 | 2587
Melville Bank 311|551|719| 830| 979| 1080| 1256 | 1465| 1638
Un-named Seamount 195|279|394| 452 523| 622| 782| 974\ 1122
Mean 217|354 |469| 556| 691| 798| 976| 1190| 1366
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