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Abstract 1 

Micronekton distributions and assemblages were investigated at two shallow seamounts of 2 

the south-western Indian Ocean using a combination of trawl data and multi-frequency 3 

acoustic visualisation techniques. La Pérouse (~60 m) seamount is located on the outskirts of 4 

the oligotrophic Indian South Subtropical Gyre province with weak mesoscale activities and 5 

low primary productivity all year round. The “MAD-Ridge” seamount (thus termed in this 6 

study; ~240 m) is located in the productive East African Coastal (EAFR) province with high 7 

mesoscale activities to the south of Madagascar. This resulted in higher micronekton species 8 

richness at MAD-Ridge compared to La Pérouse. Resulting productivity at MAD-Ridge 9 

seamount was likely due to the action of mesoscale eddies advecting larvae and productivity 10 

from the Madagascar shelf rather than local dynamic processes such as Taylor column 11 

formation. Mean micronekton abundance/biomass, as estimated from mesopelagic trawl 12 

catches, were lower over the summit compared to the vicinity of the seamounts, due to net 13 

selectivity and catchability and depth gradient on micronekton assemblages. Mean acoustic 14 

densities in the night shallow scattering layer (SSL: 10-200 m) over the summit were not 15 

significantly different compared to the vicinity (within 14 nautical miles) of MAD-Ridge. At 16 

La Pérouse and MAD-Ridge, the night and day SSL were dominated by common diel vertical 17 

migrant and non-migrant micronekton species respectively. While seamount-associated 18 

mesopelagic fishes such as Diaphus suborbitalis (La Pérouse and MAD-Ridge) and 19 

Benthosema fibulatum performed diel vertical migrations (DVM) along the seamounts’ 20 

flanks, seamount-resident benthopelagic fishes, including Cookeolus japonicus (MAD-21 

Ridge), were aggregated over MAD-Ridge summit both during the day and night. Before 22 

sunrise, mid-water migrants initiated the first vertical migration event from the intermediate 23 

to the deep scattering layer (DSL, La Pérouse: 500-650m; MAD-Ridge: 400-700 m) or 24 

deeper. During sunrise, the other taxa contributing to the night SSL exhibited a successive 25 

series of vertical migration events from the surface to the DSL or deeper. Some scatterers 26 

were blocked in their upward and downward migrations due to the seamount topography, 27 

more commonly known as the sound scattering layer interception/topographic blockage 28 

hypothesis. Possible mechanisms leading to the observed patterns in micronekton vertical and 29 

horizontal distributions are discussed. This study contributes to a better understanding of how 30 

seamounts influence the diel vertical migration, horizontal distribution and community 31 

composition of micronekton and seamount-associated/resident species at two poorly studied 32 

shallow topographic features in the south-western Indian Ocean. 33 
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1. Introduction 37 

Seamounts are ubiquitous underwater topographic features, usually of volcanic origin, which 38 

rise steeply through the water column from abyssal depths. They exhibit various shapes 39 

(conical, circular, elliptical or elongated) with the summit reaching various depths below the 40 

sea surface. Shallow seamounts are those reaching into the euphotic zone. As topographic 41 

obstacles, seamounts may influence prevailing ocean currents by disrupting the oceanic flow 42 

and causing spatial and temporal variability in the current field (Royer, 1978; White et al., 43 

2007). The combined interaction of various seamount characteristics, stratification and 44 

oceanic flow conditions may provide local dynamic responses at seamounts such as 45 

formation of a Taylor Column or Cone, isopycnal doming (Mohn & Beckmann, 2002), 46 

enclosed circulation cells and enhanced vertical mixing (White et al., 2007). The 47 

aforementioned physical processes may cause various responses over seamounts, notably, 48 

upwelling and vertical mixing of nutrient-rich waters from deeper to shallower layers and 49 

enhanced productivity (Boehlert & Genin, 1987; Genin, 2004). The enclosed, semi-enclosed 50 

circulation pattern around seamounts may also be important retention mechanisms for 51 

drifting organisms produced over, or advected from the far field into the vicinity of the 52 

seamount (White et al., 2007). 53 

Seamounts are important for fisheries around the world since they aggregate large pelagic 54 

organisms of commercial value such as tunas (Fonteneau, 1991; Holland & Grubbs, 2007; 55 

Dubroca et al., 2013), alfonsinos and orange roughy (Ingole & Koslow, 2005; Bensch et al., 56 

2009). In the southwestern Indian Ocean seamount-associated fisheries gradually developed 57 

since the early 1970s, targeting various species, including alfonsinos (Beryx sp.), rubyfish 58 

(Plagiogeneion rubiginosus), cardinalfish (Epigonus sp.), pelagic armourhead (Pentaceros 59 

richardsoni), rudderfish (Centrolophus niger), bluenose (Hyperoglyphe antarctica), and later 60 

expanded to orange roughy (Hoplostethus atlanticus) and oreos (Oreosomatidae) throughout 61 
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ridge systems of the southern Indian Ocean including Walters Shoal and deeper areas such as 62 

Madagascar and Mozambique ridges (Collette & Parin, 1991; Romanov, 2003; Clark et al., 63 

2007; Parin et al., 2008; Rogers et al., 2017), Tunas are also subjected to fishing pressures at 64 

the Travin Bank, also known as the “Coco de Mer” (Indian Ocean), since its discovery in the 65 

late 1970s (Marsac et al., 2014). Several hypotheses have been proposed to explain the high 66 

densities of marine megafauna associated with seamounts. La Pérouse seamount may present 67 

favourable breeding habitats for humpback whales (Dulau et al., 2017). Seamounts may 68 

provide navigation aids in fish movements and tunas may gather around these features to 69 

enhance the encounter rate with other con-specifics (Fréon & Dagorn, 2000) or they may be 70 

attracted by aggregations of prey (Holland & Grubbs, 2007; Morato et al., 2008). Organisms 71 

inhabiting the mesopelagic zone, the micronekton, represent an important forage fauna for 72 

top predators (Guinet et al., 1996; Cherel et al., 2010; Danckwerts et al., 2014; Jaquemet et 73 

al., 2014; Potier et al., 2004, 2007, 2014). 74 

Micronekton can be divided into the broad taxonomic groups- crustaceans, cephalopods, 75 

fishes (Brodeur & Yamamura, 2005; De Forest & Drazen, 2009) and gelatinous organisms 76 

(Lehodey et al., 2010; Kloser et al., 2016). They typically range in size from 2-20 cm. They 77 

form dense sound-scattering layers since some of them reflect sound in the water, due to their 78 

swimbladders, hard shells and gas inclusions (Simmonds & MacLennan, 2005; Kloser et al., 79 

2009). Different scatterers are expected to have different relative frequency responses 80 

(Benoit-Bird & Lawson, 2016). While organisms with gas-filled structures such as epi-81 

mesopelagic fishes with gas-filled swimbladders and gelatinous organisms with 82 

pneumatophores dominate the 38 kHz frequency (Porteiro & Sutton, 2007; Kloser et al., 83 

2002, 2009; 2016; Davison et al., 2015; Cascão et al., 2017; Proud et al., 2018), large 84 

crustaceans, small copepods, squids and non-gas bearing fishes are relatively weak scatterers 85 

at this frequency (Cascão et al., 2017; Proud et al., 2018). Euphausiid shrimps are better 86 
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targets at 70 kHz (Furusawa et al., 1994; Simmonds & MacLennan, 2005). Smaller plankton 87 

are stronger targets at 120 kHz compared to the 38 kHz and is a commonly used feature for 88 

separating plankton and fish marks on echograms (Simmonds & MacLennan, 2005). 89 

Some micronekton taxa undergo diel vertical migration (DVM) from deep to shallow layers 90 

(upper 200 m) at dusk and from shallow to deep layers (below 400 m) at dawn (Lebourges-91 

Dhaussy et al., 2000; Béhagle et al., 2014; Annasawmy et al., 2018). Other taxa were shown 92 

to exhibit delayed migration (Watanabe et al., 2002), reverse migration (Alverson, 1961; 93 

Gjosaeter, 1978, 1984; Marchal & Lebourges-Dhaussy, 1996; Lebourges-Dhaussy, 2000; 94 

Annasawmy et al., 2019c), mid-water migration or non-migration (Annasawmy et al., 2018). 95 

It is thought that the spatial/horizontal distribution of micronekton communities is also not 96 

uniform across the Atlantic (Judkins & Haedrich, 2018) and south-western Indian Ocean 97 

(Annasawmy et al., 2018). Various physical processes such as mesoscale eddies, proximity to 98 

continental shelves and landmasses, and seamounts may influence micronekton’s 99 

distributions (Annasawmy et al., 2019c). Seamounts, by introducing irregularities into the 100 

pelagic environment, such as a hard substrate, disrupted current flows, increased primary 101 

productivity, entrapment of plankton, and presence of benthic predators, are thought to 102 

influence the abundance, biomass, diversity and taxonomic composition of micronekton 103 

(Genin 2004; Wilson & Boehlert, 2004; De Forest & Drazen, 2009). 104 

Although seamounts in other ocean basins are hypothesized to have a general influence on 105 

mesopelagic communities (De Forest & Drazen, 2009; Tracey et al., 2012), little is known 106 

about the micronekton dynamics at La Pérouse and MAD-Ridge seamounts, two shallow 107 

topographic features of the south-western Indian Ocean. La Pérouse is located 90 nautical 108 

miles (nmi) to the North West of Reunion Island (Fig. 1a; Fig. 2), on the outskirts of the 109 

oligotrophic Indian South Subtropical Gyre Province (ISSG) (Longhurst, 2007). The summit 110 

depth is ~ 60m below the sea surface and is 10 km long with narrow and steep flanks. MAD-111 
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Ridge seamount (thus termed in this study) is located along the Madagascar Ridge, 130 nmi 112 

to the South of Madagascar (Fig. 1b; Fig. 2). The summit depth is 240 m below the surface 113 

and is 33 km long (North to South) and 22 km wide (East to West). MAD-Ridge is located 114 

within an “eddy-corridor” along the Fort Dauphin upwelling area and is frequently crossed by 115 

mesoscale eddies spinning off the South East Madagascar Current (Pollard & Read, 2015; 116 

Vianello et al., 2019). These eddies may become trapped over the seamount and have an 117 

influence on the assemblages and DVM patterns of micronekton communities (Annasawmy 118 

et al., 2019c). 119 

The main objectives of this study are to investigate (1) the prevailing environmental 120 

conditions at La Pérouse and MAD-Ridge seamounts using satellite data, (3) the vertical and 121 

horizontal distributions of the scattering layers at MAD-Ridge using acoustic data, (2) the 122 

micronekton assemblages at La Pérouse and MAD-Ridge using trawl data, and (4) whether 123 

La Pérouse and MAD-Ridge summits aggregate higher biomasses/densities of micronekton 124 

compared to the immediate vicinity of the seamounts, using acoustic and trawl data. 125 

2. Methods 126 

2.1 Study area and scientific cruises 127 

La Pérouse cruise (DOI: 10.17600/16004500) was carried at latitude 19°43’S and longitude 128 

54°10’E on board the R.V. ANTEA from the 15th to the 30th of September 2016, departing 129 

from/returning to Reunion Island (Fig. 1a). MAD-Ridge cruise (DOI: 10.17600/16004800 130 

and 10.17600/16004900) was divided into two legs: leg 1 from Reunion Island to Fort 131 

Dauphin (Madagascar) from the 8th to the 24th of November 2016, and leg 2 from Fort 132 

Dauphin (Madagascar) to Durban (South Africa) from the 26th of November to the 14th of 133 

December 2016. MAD-Ridge seamount (latitude 27°28.38’S and longitude 46°15.67’E), was 134 
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sampled for acoustics and trawling during leg 2 of this cruise on board the R.V. ANTEA (Fig. 135 

1b). 136 

2.2 Satellite monitoring of La Pérouse and MAD-Ridge seamounts 137 

Delayed-time mean sea level anomalies (MSLAs) at a daily and 1/4° resolution, produced 138 

and distributed by the Copernicus Marine Environment Monitoring Service project 139 

(CMEMS) and available at http://marine.copernicus.eu/, were used to describe the mesoscale 140 

eddy field at the time of La Pérouse and MAD-Ridge cruises. Sea surface chlorophyll (SSC) 141 

data, with a daily and 4.5 km resolution was downloaded from the MODIS sensor 142 

(http://oceancolor.gsfc.nasa.gov) and was used to calculate 5-day averages to obtain a proxy 143 

of surface oceanic primary production. Monthly mean chlorophyll a concentrations for the 144 

defined regions (La Pérouse: 18.5°-20°S/53°-55°E; MAD-Ridge: 27°-28°S/44°-48°E; Fig. 145 

2c) were averaged from January to December 2016 to investigate the annual variability in 146 

chlorophyll a concentration/productivity. 147 

2.3 Acoustic surveys 148 

Acoustic surveys were carried out with a Simrad EK60 echosounder operating at four 149 

frequencies during both cruises: 38 kHz (750 m of acquired range), 70 kHz (500 m), 120 kHz 150 

(250 m) and 200 kHz (150 m). The transducers were calibrated prior to the cruises following 151 

the procedures recommended in Foote et al. (1987). The pulse duration was set at 0.512 ms 152 

and the transmitted power at 1000 W (38 kHz), 750 W (70 kHz), 200 W (120 kHz) and 90 W 153 

(200 kHz) during data acquisition periods. The water column was correctly sampled to a 154 

depth of 750 m during data acquisition for the 38 kHz frequency. La Pérouse acoustic data 155 

were intermittently recorded during transits and few mesopelagic trawl stations. The acoustic 156 

transects during MAD-Ridge transit periods were petal-shaped (Petals I-VII, see Fig. 3a), 157 

starting from the seamount summit either at sunset between 3:48pm and 4:10pm Universal 158 
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Time (Petals I-II) or at night between 6:13pm and 7:20pm Universal Time (Petals III-VII) till 159 

the next morning between 05:38am and 06:29am (see Fig. 3b-h). 160 

Acoustic data were processed with the Matecho software (an open source IRD tool computed 161 

with MATLAB 7.11.0.184, Release 2010b- and based on the Ifremer’s Movies3D software; 162 

Trenkel et al., 2009; Perrot et al., 2018). Acoustic data sampled during transit (~ 8-9 knots) 163 

and trawl stations (~ 2-3 knots) were processed and echo-integrated separately, with different 164 

parameters to account for the differing ship speed. Transient (multiple pings) and background 165 

noises, bottom echoes and attenuated signals were removed using the algorithms designed by 166 

De Robertis & Higginbottom (2007) and Ryan et al. (2015). The first 10 m below the sea 167 

surface was removed to account for the presence and over amplification of the signal due to 168 

surface bubbles. Echo-integrations of acoustic data were performed on 1-m layers at a 169 

threshold of -80 dB to exclude scatterers not representative of the micronekton community 170 

(Béhagle et al., 2017). The echo-integration cell size was fixed at 0.1 nmi during transit 171 

periods and at 10 pings during trawl stations. The volume backscattering strength (SV, dB re 172 

1 m-1, MacLennan et al., 2002) was calculated to obtain the relative acoustic densities of 173 

scatterers per unit volume. The water column was separated into three depth categories, based 174 

on epi-mesopelagic layers: surface/shallow (10-200 m), intermediate (200-400 m) and deep 175 

(400-750 m). 176 

Red Green Blue (RGB) composite images were generated in MATLAB (version 2016), based 177 

on the 38, 70 and 120 kHz MAD-Ridge echo-integrated acoustic data. This acoustic 178 

visualisation technique is useful in determining the relative contribution of each frequency to 179 

the overall backscatter, in identifying the different scattering layers and identifying dense 180 

micronekton aggregations. It is used to enhance and colour-code sample volumes with similar 181 

acoustic features. The 38, 70 and 120 kHz echo-integrated acoustic data were given in red, 182 

green and blue colour codes respectively on each RGB plot, with the dynamic of the SV 183 
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values for each frequency being converted in 256 levels of each colour. A linear 184 

transformation of the backscatter was applied for each frequency: 185 

Color index (0 to 255) = [255/ (High scale threshold- Low scale threshold)] x [SV (fr) – Low 186 

scale threshold], whereby 187 

the high scale threshold is the maximum backscatter for hue visualisation, the low scale 188 

threshold is the minimum backscatter for hue visualisation and SV (fr) is the backscatter value 189 

at frequency (fr) which can be the 38 kHz/70 kHz/120 kHz frequency. 190 

In the resulting RGB composite, the “hue” gives the frequency with the highest backscatter. 191 

On an RGB composite image based on the 38, 70 and 120 kHz echo-integrated acoustic data 192 

and given in red, green and blue color codes respectively, a dark red colour indicates a 193 

dominant but low 38 kHz backscatter, whereas a light red colour indicates a dominant and 194 

high 38 kHz backscatter. The same rule applies to the blue (70 kHz) and green (120 kHz) 195 

hues. A black dominating hue on the RGB plot indicates that all backscatters are under the 196 

low scale threshold of -80 dB whereas a white dominating colour indicates that all 197 

backscatters are close to the high scale threshold of -50 dB. 198 

2.4 Net sampling 199 

Ten epi-mesopelagic tows were performed at La Pérouse and 17 tows at MAD-Ridge (Table 200 

1; Fig. 1a and 1b). Trawl MZC was carried in the Mozambique Channel (Fig. 1) and will be 201 

used as reference for open-water trawls compared to trawls 1-17 carried at MAD-Ridge 202 

seamount. A 40m long International Young Gadoid Pelagic Trawl (IYGPT) was used, having 203 

an 80 mm knotless nylon delta mesh netting at the front tapering and 5 mm at the codend and 204 

a mouth opening of ~ 96 m2. The trawl was towed at a ship speed of 2-3 knots at the targeted 205 

depth for 60 minutes during La Pérouse cruise and 30 minutes during MAD-Ridge cruise. 206 

During both cruises, the sampling depth was that of the sound scattering layer in that ship 207 
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position and at that time of day, with no rigid plan of sampling preselected depths. Trawl 208 

depth was monitored with a Scanmar depth sensor during both cruises. The total volume of 209 

water filtered by the net tows was calculated by multiplying the distance travelled during the 210 

tows by the area of the trawl mouth opening to account for the differing sampling durations 211 

during the cruises. The total volume of water filtered during La Pérouse ranged from 379 408 212 

m3 to 871 181 m3, and from 154 086 m3 to 312 321 m3 during MAD-Ridge. Trawl stations 213 

were further classified into the categories summit, flank and vicinity according to whether 214 

they occurred on the summit plateaus of the seamounts, on the slopes or in the vicinity of the 215 

seamounts (i.e. any trawl not carried out on the summit and flanks) (Table 1.0). 216 

The micronekton organisms collected during both cruises were sorted on board, divided into 217 

four broad categories: gelatinous organisms, crustaceans, cephalopods and fishes. The wet 218 

mass (WM) in grams was recorded for each category. Total length of selected gelatinous 219 

organisms, abdomen and carapace length of selected crustaceans, dorsal mantle length of 220 

selected cephalopods and standard length of fishes were measured. The micronekton 221 

components were counted and identified to the lowest possible taxon on board and also 222 

onshore from frozen samples preserved at -20°C. The total micronekton abundance estimates 223 

were calculated by dividing the total number of individuals per trawl by the volume of water 224 

filtered and multiplying by the average thickness of the day/night backscattering layer (100 225 

m) and expressed as abundance within the backscattering layer (ind. m-2) (as in Kwong et al., 226 

2018). Similarly, the total biomass of organisms collected per trawl (g WM m-2) was 227 

calculated by dividing the total wet mass (WM g) of micronekton broad categories per trawl 228 

by the volume of water filtered and multiplying by the average thickness of the day/night 229 

backscattering layer (100 m). The habitat ranges of available micronekton taxa were obtained 230 

from literature (Clarke & Lu, 1975; Pearcy et al., 1977; Smith & Heemstra, 1986; Van der 231 

Spoel & Bleeker, 1991; Brodeur & Yamamura, 2005; Davison et al., 2015; Romero-Romero 232 



12 
 

et al., 2019). Detailed fish species size distributions and compositions from both La Pérouse 233 

and MAD-Ridge cruises are described in Cherel et al. (2019). Detailed habitat and size 234 

ranges, and trophic positions of selected micronekton taxa are given in Annasawmy et al. 235 

(2019a). 236 

2.5 Data visualization and statistical analyses 237 

La Pérouse and MAD-Ridge seamount bathymetry data were acquired with the 12 kHz 238 

frequency of a Simrad EA 500 echosounder and the 38 kHz of the Simrad EK60 239 

echosounder. The bathymetry data were interpolated on a regular grid using the software 240 

Surfer Version 10.3.705. Wilcoxon rank sum tests were performed to investigate the 241 

differences in mesopelagic trawl abundance and biomass estimates between La Pérouse and 242 

MAD-Ridge and the mean acoustic densities over the summit and vicinity of MAD-Ridge. 243 

Micronekton species richness was calculated using R (3.3.1) vegan package (2.5-1, Oksanen 244 

et al., 2018). The PRIMER v6 software was used to perform multivariate analyses according 245 

to Clarke & Warwick (2001) on La Pérouse and MAD-Ridge micronekton abundance 246 

datasets to test for the effects of depth, trawl location and time of day on micronekton 247 

abundance and to identify the shallow-dwelling/deep-dwelling and seamount-248 

associated/resident fauna. The fourth root transformation was used on species abundance data 249 

to down-weight strongly abundant species, thus allowing rare species to exert some influence 250 

on the similarity calculation (Clarke & Warwick, 2001). Resemblance matrices were created 251 

from the Bray-Curtis measure of similarity and were used to run the SIMPROF (similarity 252 

profile) permutation testing to identify statistically significant cluster of samples. Non-metric 253 

dimensional scaling (MDS) were used to produce 2-dimensional ordination of samples 254 

according to the selected grouping variables Depth category, Trawl location and Time of day. 255 

Bubble plots were overlaid on the MDS ordination diagrams to represent the relative 256 
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abundance of the selected species per trawl station (plotted at the bubble centres). The larger 257 

the bubble, the greater the mean number of individuals were captured at that site. One-way 258 

ANOSIM (analysis of similarities) was calculated to test for significant differences in the 259 

micronekton community composition according to the factors Depth, Trawl location and 260 

Time of Day. The SIMPER (similarity percentages) analysis was carried out to identify the 261 

taxa contributing most to the similarities/dissimilarities within each resultant cluster group. 262 

3. Results 263 

3.1 Prevailing environmental conditions at La Pérouse and MAD-Ridge seamounts 264 

During La Pérouse cruise in September 2016, the seamount was under the influence of a 265 

weak cyclonic eddy with a MSLA of ~ -10 cm (Fig. 2a). MAD-Ridge was under the 266 

influence of an eddy dipole with the anticyclonic feature being trapped on the seamount 267 

during the cruise in November 2016 (Fig. 2b). The MSLA at MAD-Ridge was ~10 cm (eddy 268 

periphery) to 40 cm (core of the anticyclone) during leg 1 of the cruise. The annual primary 269 

productivity, derived from satellite observations, followed the same pattern in both regions of 270 

La Pérouse and MAD-Ridge seamounts, with maximum values reached in July, as a result of 271 

an intense mixing caused by the austral winter trade winds, and minimum values observed 272 

during austral summer (January-March and November-December) (Fig. 2c). Both La Pérouse 273 

and MAD-Ridge cruises took place during a decreasing trend of oceanic productivity. 274 

Although, the annual mean chlorophyll a concentration depicted the same cycle at both 275 

seamounts, chlorophyll a concentrations at MAD-Ridge were twice higher than at La Pérouse 276 

all year round. 277 

3.2 Vertical and horizontal distributions of biological scatterers at MAD-Ridge 278 

The highest mean acoustic densities (SV) of the 38 kHz frequency were observed at night in 279 

the surface layer (10-200 m) across all petals (I-VII) at MAD-Ridge (Fig. 3a-h). The mean 280 
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acoustic densities in the surface layer showed a decreasing trend at sunrise and during day 281 

time (Petals I to VII, Fig. 3b-h) while gradually increasing in the deep layer across petals II to 282 

VI (Fig. 3c-g). The intermediate layer showed the lowest acoustic densities compared to the 283 

surface and deep layers, although a peak can be observed during sunrise when organisms 284 

vertically migrated towards deeper layers. A peak in day time acoustic densities in the deep 285 

layer can be observed across petals II and IV (Fig. 3c and 3e) over the seamount flanks, 286 

which can be attributed to topographic blockage of biological scatterers (Fig. 4a, b and c). 287 

Echograms of the 38 kHz frequency showed organisms migrating from below 400 m (deep) 288 

to above 200 m (surface) at dusk across Petal II (Fig. 4a). Biological scatterers were also 289 

shown to perform a successive series of DVM events from the intermediate/surface layers to 290 

deeper layers before sunrise and during sunrise, reaching the DSL before day time (Fig. 4a, b 291 

and c). Across petals IV, an increase in the mean acoustic densities in the day time DSL can 292 

be observed (Fig. 3e), indicating a likely downward migratory trend of the biological 293 

scatterers to deeper layers and blockage and/or preferential association of some micronekton 294 

taxa with the flanks of MAD-Ridge seamount (Fig. 4c). A dense SSL between ~10-200 m 295 

and a DSL between ~400-700 m were observed throughout the night during MAD-Ridge 296 

cruise (Fig. 4a, b and c). After vertical migration of scatterers to deeper depths at dawn, the 297 

day SSL became less dense (compared to the night SSL) and persisted in the top 100 m of the 298 

water column. Biological scatterers were associated with MAD-Ridge seamount summit and 299 

flanks both during night time and day time. 300 

To investigate the influence of MAD-Ridge summit, the mean night time acoustic densities of 301 

the 38 kHz frequency between 10-250 m over the summit and at the seamount vicinity 302 

(within 14 nmi from the summit) were investigated along petals III-VII (Fig. 5a, b and c). 303 

Petals I and II were discarded since these transects were incomplete, not being carried from 304 

the summit. The mean acoustic densities between the summit and vicinity of MAD-Ridge 305 



15 
 

seamount were not statistically different (W=43610, p > 0.05). The highest acoustic 306 

responses to the 38 kHz frequency in the surface layer (10-250 m) at night can be observed 307 

across Petals IV and V, while Petal VI exhibited the lowest acoustic responses (Fig. 5b). 308 

RGB composites of the 38, 70 and 120 kHz frequencies across petals III-VII showed distinct 309 

scattering layers in the top 150 m of the water column, with some scatterers being strong 310 

targets at the 38 kHz frequency and others at the 70 kHz frequency (Fig. 5c). The peak in 311 

acoustic densities at 0.1 nmi across petal IV (Fig. 5b) may be attributed to the relatively high 312 

SV at ~250 m (i.e. below the night SSL) on the seamount summit. Patches of relatively high 313 

SV (seen as “white patches”) can be observed on the seamount summit across petals IV, V 314 

and VII (Fig. 5c). 315 

3.3 Taxonomic composition of trawl catches 316 

At La Pérouse seamount, 147 taxa from 10 trawls representing 7, 16, 17 and 107 taxonomic 317 

groups of gelatinous organisms, crustaceans, cephalopods and epi-mesopelagic fishes, 318 

respectively, were collected. At MAD-Ridge, 149 taxa from 17 trawls, representing 5, 13, 17 319 

and 114 taxonomic groups of gelatinous organisms, crustaceans, cephalopods and epi-320 

mesopelagic fishes, respectively, were collected. Six individuals of the benthopelagic fish 321 

species, Cookeolus japonicus, were further collected at MAD-Ridge seamount summit (Fig. 322 

8d, 9b and 10c). MAD-Ridge and La Pérouse trawls caught 3, 12, 14 and 66 identical taxa of 323 

gelatinous organisms (jellyfish, salps and pyrosomes), crustaceans, cephalopods and epi-324 

mesopelagic fishes respectively. 325 

Micronekton abundance and biomass estimates were greater at MAD-Ridge compared to La 326 

Pérouse (Fig. 6a), however, values were not significantly different (Abundance:, W= 144.5, p 327 

> 0.05; Biomass: W=115, p > 0.05). Mean micronekton abundance and biomass estimates 328 

were lower over La Perouse summit (0.004 ind m-2 and 0.006 g WM m-2) compared to the 329 
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vicinity (0.15 ± 0.11 ind m-2 and 0.26 ± 0.18 g WM m-2). At MAD-Ridge, the summit also 330 

recorded lower abundance and biomass estimates (0.03 ind m-2 and 0.11 g WM m-2) 331 

compared to the vicinity (0.33 ± 0.43 ind m-2 and 0.46 ± 0.22 g WM m-2). The species 332 

richness was higher at MAD-Ridge (maximum species richness of 155) compared to La 333 

Pérouse (138), with the probability of encountering new or rare species with increasing 334 

fishing effort being higher at MAD-Ridge (Fig. 6b). The length distributions of organisms 335 

captured during both La Pérouse and MAD-Ridge were heavily skewed towards smaller 336 

sizes. Most of the micronekton captured were less than 100 mm (Fig. 6c), except for a few 337 

larger nektonic squid and fish species such as Cranchiidae sp. (339 mm- mantle length) and 338 

Nemichthyidae (614mm- standard length) during La Pérouse and the gelatinous Salpa sp. 339 

(207 mm- total length), squid Ommastrephes bartramii (490 mm- mantle length) and fish 340 

Nemichthyidae (446 mm) during MAD-Ridge. 341 

Multivariate analysis of the taxa collected at La Pérouse seamount indicated that the sampling 342 

depth and trawl location were significant factors influencing micronekton community 343 

composition (ANOSIM, sampling depth: R= 0.38, p < 0.05; trawl location: R= 0.52, p < 344 

0.05), while there was no significant effect of the time of day probably due to the low 345 

daytime fishing effort (ANOSIM, R= 0.846, p > 0.05). The assemblages from the deepest 346 

(400-600 m) and shallowest (0-110m) depth categories (SIMPER, average dissimilarity= 347 

69.1%) and those from the vicinity and seamount summit (SIMPER, average dissimilarity= 348 

81.0%) were the most dissimilar, while those from the intermediate and deep categories were 349 

the least dissimilar (SIMPER, average dissimilarity= 58.3%). A main cluster at 40% 350 

similarity helped differentiate the night shallow, intermediate and deep tows carried at the 351 

flank and vicinity from the day trawl carried at the summit of La Pérouse (Fig. 7a). 352 

The day shallow trawl over La Pérouse summit sampled a greater percentage abundance and 353 

biomass of gelatinous organisms, crustaceans and fishes (Fig. 7b). Cephalopods were caught 354 
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most abundantly and in greater biomass during the night shallow trawls compared to the night 355 

deep, intermediate and day shallow trawls (Fig. 7b and 9a). Crustaceans were caught in all 356 

trawls at La Pérouse seamount (Fig. 7b) except the meso-bathypelagic crustacean Pasiphaea 357 

sp. and Neognathophausia which were caught in night deep and intermediate trawls only at 358 

the vicinity of the seamount as shown by bubble plot overlays of the MDS ordination (Fig. 359 

7c). The sternoptychid Argyropelecus aculeatus and Argyropelecus hemigymnus were absent 360 

from the shallow trawls and were caught either in the intermediate and/or deep trawls at La 361 

Pérouse flanks and vicinity (Fig. 7c and 9a). The myctophid fish Diaphus suborbitalis was 362 

caught in high numbers, both in shallow and deep layers, on the flanks of La Pérouse 363 

seamount at night. La Pérouse flanks also hosted four individuals of the sternoptychid 364 

Argyripnus hulleyi in the deep layer at night (Fig. 7d and 9a). 365 

At MAD-Ridge, sampling depth, time of day and trawl location were significant factors 366 

influencing the micronekton community composition as shown by multivariate analyses of 367 

the micronekton taxa and species abundance data (Effect of sampling depth: ANOSIM, R= 368 

0.351, p < 0.05; Effect of time of day: ANOSIM, R=0.369, p < 0.05; Effect of trawl location: 369 

ANOSIM, R=0.205, p < 0.05). A main cluster at 35% similarity confirmed a depth gradient 370 

in community composition in shallow and deep layers (Fig. 8a). Clusters at 30% similarity 371 

helped differentiate samples collected during night shallow tows at the seamount summit and 372 

flanks from all other tows carried out during the cruise. The micronekton assemblages from 373 

the deepest (440-550 m) and shallowest (0-210m) depth categories were the most dissimilar 374 

(SIMPER, average dissimilarity= 69.9%; ANOSIM, R= 0.477, p < 0.05) and those from the 375 

intermediate and deep categories were the least dissimilar (SIMPER, average dissimilarity= 376 

50.8%; ANOSIM, R=-0.333, R > 0.05). 377 

The majority of crustacean species were caught across all trawls (Fig. 8b), except Pasiphaea 378 

sp. caught in night deep trawls only (Fig. 9b). Cephalopods were caught most abundantly and 379 
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in greater biomasses in the shallow trawls compared to the intermediate and deep trawls (Fig. 380 

8b and 9b). Gelatinous organisms and fishes were abundantly caught across all trawls in the 381 

shallow, intermediate and deep layers and at MAD-Ridge seamount summit, flanks and 382 

vicinity (Fig. 8b). Juveniles of the reef-associated epipelagic fish Acanthuridae sp. was 383 

abundantly caught in night shallow trawls at the vicinity of MAD-Ridge seamount and not in 384 

the deep trawls (Fig. 8c and 9b). The vertical migrant Ceratoscopelus warmingii 385 

(Myctophidae) was abundantly caught in the shallow, intermediate and deep layers at the 386 

flanks and seamount vicinity (Fig. 8c and 9b). The fish Cyclothone sp. (Gonostomatidae) and 387 

A. aculeatus (Sternoptychidae) were absent from the shallow trawls during MAD-Ridge 388 

cruise (Fig. 8d and 9b). MAD-Ridge seamount attracted the mesopelagic fishes D. 389 

suborbitalis, Benthosema fibulatum, Diaphus knappi and Neoscopelus macrolepidotus (Fig. 390 

8e). The summit also consisted of the apparently settled population of the benthopelagic C. 391 

japonicus as shown by bubble plot overlays of the MDS ordination (Fig. 8e). 392 

3.4 Micronekton community compositions and acoustic backscatter intensities 393 

At La Pérouse seamount, the gelatinous plankton Pyrosoma sp. and salps, the crustacean 394 

Natantia sp., phyllosoma larvae, the squid Abraliopsis sp., leptocephali larvae and the fish C. 395 

warmingii were caught across almost all trawls in the night SSL and DSL over the flanks and 396 

vicinity of the seamount (Fig. 9a). At MAD-Ridge seamount, Pyrosoma sp., salps, 397 

phyllosoma larvae, Abraliopsis sp. and the squid Enoploteuthidae sp. were caught across 398 

almost all trawls in the day and night SSL, DSL and intermediate layer over the summit, 399 

flanks and vicinity of the seamount (Fig. 9b). The myctophid fish Hygophum hygomii was 400 

abundantly caught over the summit, flanks and in the vicinity of MAD-Ridge (Fig. 9b). Since 401 

the IYGPT net had no closing device, shallow water species might have contributed to the 402 

catch in deeper trawls as the net was lowered and retrieved. 403 
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The backscatter intensity within the day SSL between 10-100 m over La Pérouse summit was 404 

lower compared to MAD-Ridge summit (Fig. 9a and b). Over La Pérouse summit, the day 405 

SSL consisted of a greater percentage abundance and biomass of gelatinous organisms 406 

including various types of jellyfishes, salps, and the siphonophore Diphyidae along with three 407 

leptocephali larvae and one juvenile of Chaetodon sp. (9a). The night SSL during La Pérouse 408 

cruise extended from the surface to 200 m. Over La Pérouse flanks, the night SSL consisted 409 

of high numbers of the crustacean Natantia sp. and the meso-bathypelagic squid Abraliopsis 410 

sp. and lower numbers of the cephalopods Cranchiidae sp., Oegopsida sp., Abralia sp., and 411 

Octopoda sp., and epi-, meso- and bathypelagic fishes of the Gonostomatidae, Malacosteidae, 412 

Myctophidae, Paralepididae and Synodontidae families. The night SSL in the vicinity of La 413 

Pérouse included similar specimens as those sampled over the flanks, such as Pyrosoma sp., 414 

jellyfishes, salps, Natantia sp., phyllosoma larvae, Abraliopsis sp., Cranchiidae sp., and 415 

Octopoda sp., and various types of fishes of the Myctophidae family. 416 

The DSL over the flanks and vicinity of La Pérouse was less dense at night time compared to 417 

day time and was located between 500-650 m compared to MAD-Ridge (400-700 m) (Fig. 418 

9a). The night deep trawls over La Pérouse flanks consisted of the seamount-associated fish 419 

D. suborbitalis in high numbers, the deep-dwelling A. aculeatus, the fish A. hulleyi (also see 420 

Cherel et al., 2019), and a variety of crustaceans and gelatinous plankton in lower numbers 421 

(Fig. 9a). D. suborbitalis were caught within the night SSL over the flanks of La Pérouse but 422 

not in the vicinity of the seamount. The night deep tows in the vicinity of La Pérouse 423 

consisted of the crustaceans Oplophoridae sp., Natantia sp., Sergestidae sp., Caridea sp., 424 

Phronima sp., Funchalia sp., Pasiphaea sp., and Neognathophausia sp., the cephalopods 425 

Abraliopsis sp. and Octopoda sp., the non-migrating fishes A. aculeatus and A. hemigymnus 426 

and diel vertically migrating and mid-water migrating fishes of the Gonostomatidae, 427 

Melanostomiidae, Myctophidae, Stomiidae, Paralepididae, Scorpaenidae and Phosichthyidae 428 
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families. Mid-water migrants showed earlier vertical migration from the intermediate to 429 

deeper layers at the end of the night, as shown by the echogram of the 38 kHz frequency. The 430 

majority of micronekton organisms however, migrated from the SSL to the DSL or deeper 431 

during sunrise in a successive series of migration events and contributed to the intensification 432 

of the backscatter within the DSL during day time. Micronekton taxa may be blocked by La 433 

Pérouse seamount in their upward migration as shown by the echogram of the 38 kHz 434 

frequency. 435 

The night SSL over MAD-Ridge summit consisted of the gelatinous plankton salps and 436 

Pyrosoma sp., crustaceans Oplophoridae sp., and Natantia sp., squids Enoploteuthidae sp., 437 

Ornithoteuthis volatilis, Abraliopsis sp., and Onychoteuthidae sp., and a range of diel 438 

vertically migrating fishes of the Myctophidae, Nomeidae and Melanostomiidae families 439 

(Fig. 9b). Few individuals of the slope-associated benthopelagic fish C. japonicus and 440 

juveniles of the reef-associated fish Chaetodon sp. were collected within the night SSL over 441 

MAD-Ridge summit. The night SSL over the flanks of MAD-Ridge consisted of the 442 

crustaceans Oplophoridae sp., Sergestidae sp., Funchalia sp., Euphausiacea sp. and 443 

Phronima sp., squids including Ommastrephidae sp., mesopelagic fishes and high numbers of 444 

gelatinous plankton. D. suborbitalis were sampled in high numbers within the night SSL over 445 

the flanks and in lower numbers within the day deep tow over the flanks and in the vicinity of 446 

the seamount. 447 

The day SSL over MAD-Ridge flanks comprised squids such as Cranchia scabra, 448 

Abraliopsis sp., Enoploteuthidae sp., and fishes such as Nemichthyidae sp., Paralepididae sp. 449 

and leptocephali. The day deep tows on the flanks and in the vicinity of MAD-Ridge 450 

consisted of a range of crustaceans and migrating fish species of the Gonostomatidae, 451 

Myctophidae, Chauliodonthidae and Photichthyidae families commonly found in deeper 452 

layers during day time. Day and night deep tows over the flanks and seamount vicinity 453 
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consisted of the non-migrating fishes A. aculeatus, A. hemigymnus, Cyclothone sp. 454 

Echograms of the 38 kHz frequency showed high backscatter intensities over the summit and 455 

flanks of MAD-Ridge during night time and day time due to the presence of seamount 456 

summit and flank-associated/resident species. Before sunset at MAD-Ridge vicinity, the DSL 457 

was intensified and scatterers began streaming vertically upwards. A dense night SSL was 458 

formed within the first 200 m of the water column. Some micronekton species started their 459 

vertical migration from the DSL or deeper towards the SSL before sunset, other species 460 

during sunset and at night time. 461 

RGB composite images were analysed in conjunction with data of trawls #14, 15 and 16 to 462 

determine the acoustic responses of the micronekton captured and to make inferences about 463 

micronekton behaviour at the seamount summit as opposed to the South Mozambique 464 

Channel (trawl #21) (Fig. 10). Trawls on the seamount summit predominantly sampled dense 465 

aggregations of organisms (seen as “white patches” on RGB composites), being strong 466 

targets to the 38, 70 and 120 kHz frequencies, and having a relatively flat response to all 467 

three frequencies (Fig. 10a and c). These trawls predominantly sampled the swimbladdered 468 

myctophid fishes D. suborbitalis and B. fibulatum over MAD-Ridge flanks (Fig. 10a), the 469 

mesopelagic fishes H. hygomii and N. macrolepidotus, and the benthopelagic fish C. 470 

japonicus over the summit (Fig. 10c). Trawl #15 sampled a greater number of the gelatinous, 471 

Pyrosoma sp. which are strong targets at the 38 kHz frequency within the night SSL (Fig. 472 

10b). Trawl #21 predominantly sampled organisms being strong targets at the 38 kHz 473 

frequency, with the fish H. hygomii, the squid Enoploteuthidae sp., the gelatinous Pyrosoma 474 

sp. and the crustaceans Oplophoridae sp. being most abundantly caught (Fig. 10d). No dense 475 

aggregations (“white patches”) were observed on RGB composites of trawl #21, as opposed 476 

to trawls over the seamount summit and flanks of MAD-Ridge. Organisms were more likely 477 
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dispersed in the water column in the Mozambique Channel as opposed to the seamount 478 

summit and flanks where they formed dense aggregations. 479 

 480 

4. Discussion 481 

4.1 Sampling biases and constraints 482 

Pelagic trawls like the IYGPT have coarse meshes at the front through which an unknown 483 

fraction of mesopelagic organisms may escape (Kaartvedt et al., 2012). Highly mobile 484 

micronekton such as cephalopods and fishes may show avoidance reactions to nets which 485 

may lead to discrepancies between net-based and acoustic estimates (Reid, 1991; Kaartvedt et 486 

al., 2012). Organisms with fragile bodies, such as gelatinous plankton, may break apart, 487 

biasing final abundance/biomass estimates (Domokos et al., 2010; Rogers et al., 2017; Proud 488 

et al., 2018). La Pérouse acoustic data at sampling stations were incomplete and hence a 489 

thorough comparison in mean backscatter between La Pérouse and MAD-Ridge could not be 490 

carried out. Owing to bad quality acoustic data beyond 750 m, echo-integrations were limited 491 

to that depth. Biases in acoustic density estimates may arise from variations in fish 492 

swimbladder volume (that depends on the depth range and subsequent swimbladder 493 

compression), the swimbladder size distribution and aspect (Benoit-Bird & Lawson, 2016; 494 

Cascão et al., 2017; Proud et al., 2018). Some organisms also have low acoustic target 495 

strengths and hence low acoustic backscatter even if found in dense aggregations on 496 

seamounts (McClatchie & Combs, 2005). The RGB visualisation technique is color-vision 497 

dependent but however, provides information on the mean backscatter at all three frequencies 498 

on a single plot at high resolution compared to a single frequency echogram. Studies have 499 

demonstrated a seasonal effect in the variability of micronekon acoustic densities (Wilson & 500 

Boehlert, 2004; Cascão et al. 2017) owing to the life strategies and behaviour of the 501 
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seamount-associated fauna. This study therefore, only provided a snapshot in time of the 502 

composition of micronekton at La Pérouse and MAD-Ridge during a declining phase of 503 

oceanic productivity. 504 

4.2 Oceanography and biological response 505 

This study highlighted contrasting environmental patterns at La Pérouse and MAD-Ridge. 506 

While MAD-Ridge was under the influence of strong cyclonic and anticyclonic eddies 507 

originating from the South East Madagascar current, La Pérouse was under the influence of 508 

moderate mesoscale activities. As topographic obstacles, seamounts may either bifurcate, 509 

trap, split or destroy eddies (Schouten et al., 2000; Herbette et al., 2003; Adduce & Cenedese, 510 

2004; Sutyrin, 2006; Lavelle & Mohn, 2010). Trapping duration of eddies may last several 511 

months, with important estimated effects on biological production and plankton retention 512 

(Bograd et al., 1997). Eddies are well known in influencing local water properties, such as the 513 

trapping of anomalous water masses (Swart et al., 2010; Pollard & Read, 2015), or the 514 

advection of coastal waters with high phytoplankton biomass from the coast to open waters 515 

(Quartly & Srokosz, 2004; Tew-Kai & Marsac, 2009; Kolasinski et al., 2012). Coastally 516 

upwelled waters of high biological productivity over the southern Madagascar shelf 517 

(Ramanantsoa et al., 2018) may be trapped by mesoscale features that propagate over MAD-518 

Ridge (Annasawmy et al., 2019c). 519 

Local productivity at MAD-Ridge did not result from a Taylor column (Annasawmy et al., 520 

2019c) since the latter may form transiently, under specific conditions of summit depth, water 521 

column stratification and current speeds (Owens & Hogg, 1980, Freeland, 1994, Mohn et al., 522 

2009, Wagawa et al., 2012; Bashmachnikov et al., 2013). Read & Pollard (2017) concluded 523 

that while, Taylor columns may theoretically be formed over several seamounts of the 524 

Madagascar Ridge, the relatively strong currents associated with mesoscale eddies may 525 
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prevent their formation or sweep away any incipient Taylor cap before settlement. The 526 

current speeds at La Pérouse were too high and the summit depth too shallow for Taylor 527 

column formation (Annasawmy et al., 2019c). The high yearly biological productivity at 528 

MAD-Ridge and connectivity with neighbouring seamounts of the Madagascar Ridge 529 

(Letessier et al., 2017) and with the Madagascar shelf might be one of the reasons accounting 530 

for the greater micronekton species richness and denser SSL and DSL at MAD-Ridge 531 

compared to La Pérouse. Higher mean acoustic responses were also recorded along Petal V 532 

during MAD-Ridge, which may be an aggregating effect on organisms of the strong local 533 

gradient of sea level anomalies at the anticyclonic eddy periphery (Sabarros et al., 2009). 534 

4.3 Effect of seamounts on the DVM of micronekton  535 

As evidenced in our study, the majority of micronekton taxa including various myctophids 536 

performed daily DVM whereas the deep-dwelling Pasiphaea sp., A. aculeatus, A. 537 

hemigymnus and Cyclothone sp. did not migrate to surface layers at dusk. Diel vertical 538 

migration did not occur as a single event, but as a successive series of events from, firstly, the 539 

mid-water migrants which migrated from the intermediate layer to the DSL or deeper before 540 

sunrise. Secondly, the surface migrants migrated from the SSL to the DSL or deeper during 541 

sunrise. Various cues such as light penetration and intensity, productivity, oxygen minima, 542 

temperature, food, clear oligotrophic waters and chemoreception of kairomones (chemical 543 

cues) released by fish, are commonly thought to influence the vertical migration of organisms 544 

and the onset of DVM (Youngbluth, 1975; Andersen et al., 1998; Cohen & Forward, 2009; 545 

Ekau et al., 2010; Bernal et al., 2015; Olivar et al., 2012, 2017). The presence of a seamount 546 

may cause some of the vertically migrating organisms to be temporarily blocked in their 547 

upward ascent/downward descent and to be concentrated on the flanks of the seamount. This 548 

“topographic blockage” mechanism/sound-scattering layer interception hypothesis has been 549 

previously described (Isaacs & Schwartzlose, 1965; Genin, 2004; Porteiro & Sutton, 2007; 550 
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Hirch & Christiansen, 2010), whereby the pre-dawn migratory descent of some mesopelagic 551 

organisms was found to be temporarily halted by the seamount topography and presence of 552 

predators using the seamount as a barrier to concentrate prey (Johnston et al., 2008). 553 

4.4 Micronekton scattering layers and assemblages at La Pérouse and MAD-Ridge 554 

At both La Pérouse and MAD-Ridge seamounts, the night SSL was shown to consist of 555 

gelatinous organisms (pyrosomes) and a range of common open-water swim-bladdered 556 

mesopelagic fishes that undergo DVM and are strong acoustic targets at the 38 kHz 557 

frequency. The day SSL, on the other hand, consisted of non-migrant gelatinous organisms, 558 

phyllosoma larvae, leptocephali (La Pérouse and MAD-Ridge) and few cephalopods (MAD-559 

Ridge). While gelatinous organisms are strong targets at the 38 khz, phyllosoma larvae, 560 

leptocephali and cephalopods are relatively weak targets at this frequency. Scattering layers 561 

being strong targets at the 70 kHz frequency were observed at various distances from MAD-562 

Ridge summit. These biological scatterers were not sampled by the IYGPT net but were 563 

shown to be associated with the depth of the maximum fluorescence (Annasawmy et al., 564 

2019c). These organisms may be phytoplankton-eaters, siphonophores with pneumatophores 565 

smaller than those having a high response to the 38 kHz frequency (Arthur Blanluet, pers. 566 

comm.), or larger crustaceans that have a response to the 70 kHz frequency but have escaped 567 

our trawls. The day and night SSL may also have consisted of organisms that were 568 

horizontally advected in addition to species showing vertical migration (Annasawmy et al., 569 

2019c). 570 

A DSL was present both during the day and night at La Pérouse and MAD-Ridge seamounts. 571 

The DSL is a ubiquitous acoustic signature and is commonly formed by mesopelagic fishes 572 

and invertebrates (Aksnes et al., 2017; Proud et al., 2017). DSLs were shown to be dominated 573 

by non-migrant swimbladdered sternoptychids and gonostomatids in the Atlantic (Fennell & 574 
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Rose, 2015; Ariza et al., 2016), Pacific (Romero-Romero et al., 2019) and Indian Oceans, 575 

south of Mauritius Island and in the Mozambique Channel (Annasawmy et al., 2018). 576 

However, the DSL depth is not uniform across ocean basins. The DSL was deeper in the 577 

south-western Indian Ocean at La Pérouse (500-650m), MAD-Ridge (400-700 m), south of 578 

Mauritius and Reunion Islands and over the Madagascar Ridge (400-800 m) (Boersch-Supan 579 

et al., 2017), compared to the Chagos Archipelago in the central Indian Ocean, where it 580 

extended from 300 to 600 m (Letessier et al., 2015). Micronekton taxa showing delayed 581 

vertical migration and no DVM contributed to the backscatter intensities within the night 582 

DSL. Delayed vertical migration of organisms at night is commonly employed by organisms 583 

to reduce competition during feeding (Watanabe et al., 2002). Some of these organisms were 584 

bathypelagic species still ascending from depths deeper than 1000 m at the time that the 585 

acoustic transects were conducted. 586 

The most common squids sampled at La Pérouse and MAD-Ridge can be divided into the 587 

following main groups (as defined by Nesis, 1993): nerito-oceanic species that occur over 588 

seamounts as paralarvae, juveniles or sub-adults (eg. Onychoteuthidae and Histioteuthidae) 589 

and diel vertically migrating species that are advected over seamounts at night and descend to 590 

deeper depths at dawn (Abraliopsis sp.-Enoploteuthidae, Histioteuthidae and 591 

Octopoteuthidae). Abraliopsis sp. may descend deeper than 1000 m during day time, hence 592 

the low numbers caught in the day deep trawls. Of the 77 cephalopod taxa reported from the 593 

region of the Madagascar Ridge (Laptikhovsky et al., 2017), our study sampled only 17 taxa 594 

at both La Pérouse and MAD-Ridge seamounts, largely under sampling this broad category. 595 

Squids are also relatively weak acoustic targets at 38 kHz (Simmonds & MacLennan, 2005) 596 

and studies commonly used a combination of frequencies to locate squid schools (Starr and 597 

Thorne, 1998). Of the 32 species of decapods and lophogastrids reported from the 598 

Madagascar Ridge, (Letessier et al., 2017), only 16 and 13 crustacean taxa were correctly 599 
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identified at La Pérouse and MAD-Ridge respectively. Studies have found elevated 600 

abundances of crustacean taxa in the vicinity of seamounts of the South West Indian Ridge 601 

and have concluded that some taxa may resist advective lost from seamounts by active 602 

migration (Letessier et al., 2017). These taxa were reported to support rich communities of 603 

benthopelagic fishes living close to the bottom of the ridge (Vereshchaka et al., 1995). 604 

While D. suborbitalis, N. macrolepidotus and B. fibulatum are diel vertical migrants, 605 

associated with the summit and flanks of seamounts but can also be found in the open ocean 606 

at the seamount’s vicinity, the non-migrant benthopelagic fish species C. japonicus and 607 

larvae from the Priacanthidae family, were exclusively caught over the summit of MAD-608 

Ridge and were hence truly resident at the seamount. Large populations of D. suborbitalis 609 

have previously been found to be associated with the Equator seamount (close to the shallow 610 

peak called Travin Bank) in the Indian Ocean (Parin & Prut’ko, 1985; Porteiro & Sutton, 611 

2007). These fishes were reported to be located on the slopes at 500-600 m depth during 612 

daylight hours and to ascend in dense schools to 80-150 m depth at night for feeding on 613 

oceanic plankton, mainly copepods (Gorelova & Prut’ko, 1985), while at the same time being 614 

preyed upon by several top predators such as tunas and swordfish (Parin & Prut’ko, 1985). 615 

The fish B. fibulatum was found to be associated with the Hawaiian Cross seamount summit 616 

(330 m below the sea surface) in the Pacific (De Forest & Drazen, 2009), but abundance 617 

estimates at the seamount depended largely on lunar illumination (Drazen et al., 2011). 618 

4.5 Do seamounts have higher abundance/biomasses/densities over the summit? 619 

The physical obstruction created by a seamount has been hypothesized to reduce the density 620 

of animals over the flanks and summits, particularly at night (eg. Genin et al., 1988; 621 

Diekmann et al., 2006; De Forest & Drazen, 2009), hence the lower abundance/biomass 622 

estimates of micronekton over the summit compared to the immediate vicinity. However, 623 



28 
 

gas-bearing seamount-associated/resident fauna including D. suborbitalis, N. macrolepidotus, 624 

B. fibulatum, C. japonicus (MAD-Ridge) and D. suborbitalis (La Pérouse), might have 625 

formed dense aggregations below the SSL, in close proximity to the summits and flanks 626 

(hence the “white patches” seen on RGB composites). The densities and/or target strengths of 627 

these organisms are high. These high acoustic detections might also have been caused by 628 

deep-water fish aggregations (more commonly described as “plumes”) (Bull et al., 2001; 629 

O’Driscoll et al., 2012) that were not sampled by the IYGPT net. Fish species such as orange 630 

roughy which are commercially fished at Walter Shoals along the Madagascar Ridge 631 

(Collette & Parin, 1991), are poor acoustic targets due to their oil-filled swimbladders and are 632 

known to avoid mesopelagic trawls (Kloser et al., 2002). The plume peaks that rose above the 633 

summits of La Pérouse and MAD-Ridge seamounts into the water column might have been 634 

caused by horizontal fish movements from elsewhere on the seamount or vertical movements 635 

when fish moved in the water column (O’Driscoll et al., 2012). These plumes may represent 636 

aggregations of seamount-resident fishes that avoided advective loss from the seamount and 637 

formed dense aggregations over the summits and flanks. In the open ocean such as the South 638 

Mozambique Channel, micronekton were more dispersed in the water column since no dense 639 

aggregations (“white patches”) were observed. 640 

Organisms may associate with the La Pérouse and MAD-Ridge seamounts: (1) to increase 641 

feeding efficiency (Vereshchaka et al., 1995; Wilson & Boehlert, 2004), (2) to take advantage 642 

of a broader range of habitat diversity created by the topography (Wilson & Boehlert, 2004; 643 

Porteiro & Sutton, 2007) such as shelter regions for spawning, and (3) to decrease energy loss 644 

by using this habitat as a shelter during non-feeding intervals whereby in the open ocean 645 

organisms may have to swim constantly. Annasawmy et al., (2019a) showed these seamount-646 

associated fishes to prey on calanoida and chaetognatha at the MAD-Ridge summit and to 647 

display similar trophic levels irrespective of their body sizes, confirming the importance of 648 



29 
 

MAD-Ridge seamount as a feeding ground for some mesopelagic/benthopelagic taxa. 649 

Benthopelagic animals (such as C. japonicus) were reported to prefer rocky seabeds and may 650 

take advantage of strong currents over seamounts for advection of their main prey items 651 

while avoiding being swept from the summit by using rocky canyons within the seamount 652 

topography as shelter regions (Vereshchaka et al., 1995). 653 

The reasons for the observed variability in mean backscatter at MAD-Ridge summit 654 

compared to the immediate vicinity and the reasons for the observed decrease in trawl 655 

abundance/biomass estimates at the summit are further discussed with respect to the sampling 656 

strategy and IYGPT net used. Although trawl surveys are necessary to determine the 657 

taxonomic composition of micronekton present in the water column in space and time, the 658 

composition and biomass obtained largely depend on the type of trawl used (Kwong et al., 659 

2018), their catchability towards various taxonomic groups of nekton and the depth range 660 

sampled. Trawl sampling is difficult on shallow topographies because of the high risk of 661 

damaging the sampling gear (Christiansen et al., 2009). Hence, the time spent surveying the 662 

summit is generally limited. The trawls #14, 15 and 16 over the summit and flanks of MAD-663 

Ridge were directed to specifically sample dense aggregations observed by acoustics and 664 

hence the trawl had failed to capture the full suite of organisms present at the study sites. 665 

While trawl surveys are useful in terms of the determination of the species composition and 666 

assemblages of micronekton, they are also generally expensive, time-consuming and allow a 667 

relatively limited collection of samples at any given area. Trawl catches provide only a 668 

snapshot of the communities dwelling at seamounts which depends strongly on the time of 669 

day and the sampling depths. 670 

Active acoustics, on the other hand, while not being able to correctly resolve the taxonomic 671 

composition of the micronekton fauna yet, provide continuous measurements of the 672 

mesopelagic layer and can be used to determine organisms’ abundances/densities, 673 
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movements and migrations at various spatial and temporal scales. The combination of active 674 

acoustics with trawl and Scanmar data in the form of RGB composites provide invaluable 675 

insights into the distributions, the depths of the different scattering layers, the scattering 676 

properties of organisms and can be used to speculate about organisms’ aggregating 677 

behaviour. Kloser et al. (2002) used a similar approach, but the composite image was 678 

produced by assigning a separate colour palette to each frequency (12 kHz, 38 kHz and 120 679 

kHz) and dynamically optimising the frequencies to highlight the amplitude differences in the 680 

echogram. Our RGB composite approach has the added advantage of further highlighting the 681 

presence of structures under-sampled by trawls due to their patchy distribution (“blue 682 

patches” with a high frequency response to the 120 kHz; Fig. 10d, Trawl #21 at ~30m) and 683 

that could be further investigated using multi-frequency classification. 684 

Due to the successful collection of mesopelagic organisms that can be used to ground-truth 685 

the biological scatterers observed under acoustics, our future work will focus on multi-686 

frequency classification to better discriminate sound scatterers, thus allowing us to investigate 687 

the relative composition and density of the most common micronekton taxa across the whole 688 

cruises where trawl data are missing. This study allowed accurate visual observations of 689 

communities present over seamounts at the time of the cruises and will allow the 690 

development of accurate schematics, representing the various DVM strategies and the 691 

different scattering properties of the micronekton broad categories (gelatinous organisms, 692 

crustaceans, cephalopods and fishes) in the open ocean, on the flanks and summits of 693 

seamounts. 694 

Concluding remarks 695 

We used a combination of datasets (active acoustics and mesopelagic trawls) to investigate 696 

the dynamics of micronekton at two shallow seamounts. The eddy dynamics, advection of 697 
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productivity from the Madagascar landmass and connectivity with neighbouring seamounts 698 

and landmasses may result in greater micronekton species richness at MAD-Ridge compared 699 

to La Pérouse which is located in an oligotrophic environment. As topographic obstacles, 700 

seamounts may have an impact on the vertical distribution of micronekton by temporarily 701 

halting the latter in their upward and downward migrations. The night SSL (between 10-200 702 

m) over the summit and flanks concentrated common open-water species of gelatinous (salps 703 

and pyrosomes), crustaceans (Euphausiacea sp., Funchalia sp. and phyllosoma larvae), 704 

squids (Enoploteuthidae sp., C. scabra and Abraliopsis sp.), and fishes (leptocephali larvae, 705 

H. hygomii and various species of Diaphus sp.). In addition to the vertically migrant 706 

organisms forming the SSL, we provided evidence that La Pérouse and MAD-Ridge 707 

seamounts support an important community of seamount-associated/resident fishes (La 708 

Pérouse and MAD-Ridge: D. suborbitalis; MAD-Ridge: B. fibulatum and C. japonicus) that 709 

occur in dense aggregations over the summits and flanks. Despite several shortcomings in 710 

this work, notably during La Pérouse and MAD-Ridge cruise sampling, this study fills an 711 

important knowledge gap. The combined use of satellite, mesopelagic trawl and acoustic data 712 

at the time of the cruises, provides an integrative and accurate picture as to the mechanisms 713 

involved in micronekton vertical/horizontal distributions and assemblages at shallow 714 

topographies. More importantly, this study helps contribute to our growing understanding of 715 

seamount ecosystems in the south-western Indian Ocean. Improving our knowledge of the 716 

ecosystems associated to shallow seamounts is a key issue towards the promotion of specific 717 

sustainable use and conservation measures dedicated to protecting such critical environments. 718 
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Table 1 Summary of trawl stations carried out at La Pérouse and MAD-Ridge seamounts. 

Figure 1 Map of the (a) La Pérouse trawl stations numbered 1 to 10, (b) MAD-Ridge trawl 

stations numbered 1 to 17 plotted on the bathymetry (m). Colour bar indicates depth below 
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Figure 2 Averaged sea level anomaly (MSLA) map, with La Pérouse and MAD-Ridge 

seamounts shown as black star symbols, and dated (a) 16-28 September 2016, (b) 14-23 

November 2016. Colour bar indicates the SLA in cm, with positive SLA (red) and negative 

SLA (blue). (c) Averaged satellite image of chlorophyll a distribution from 18/09/2016 to 

07/12/2016. Monthly mean chlorophyll a values for the region defined by the red squares are 

depicted from January to December 2016. The dates of La Pérouse and MAD-Ridge cruises 

are marked by grey bars on the monthly mean plot. Colour bar indicates the chlorophyll a 
concentration in mg m-3. 

Figure 3(a) Petal-shaped acoustic transects I to VII carried at MAD-Ridge, starting at 

sunset/night (red/blue) at the summit (star symbol) and ending during the day (yellow) at the 

summit. Arrow heads give an example of change in ship direction. The Madagascar land 

mass is shown in grey. (b-h) Biomass density (SV, dB re 1 m-1) estimates for the 38 kHz 

frequency in the surface (10-200 m, red), intermediate (200-400 m, grey), deep layers (400-

750 m, black), and total water column (yellow) for Petals I-VII. The time of day is denoted 

by coloured rectangles and the change in ship direction is denoted by black arrowheads. The 

position of MAD-Ridge seamount is denoted by grey rectangles on plots c-h. 

Figure 4 Echograms of the 38 kHz frequency during (a) Petal II at sunset, night, sunrise and 

daytime denoted by red, blue, violet and gold coloured rectangles respectively, (b) Petal III, 

and (c) Petal IV. Diel vertical migraton (DVM) at dusk is denoted for Petal II. The successive 

series of DVM events from the intermediate layer and from the SSL are denoted by circular 

dotted lines. The night SSL and day SSL are denoted by solid and dotted rectangles 

respectively. The DSL is denoted by solid rectangles. Seamount-associated species and 

topographic blockage mechanism are also noted. Colour bar indicates SV in dB re 1 m-1. 

Figure 5(a) Night time acoustic transects III to VII from the MAD-Ridge seamount summit 

(star symbol) to 14 nmi from the summit. The Madagascar land mass is shown in grey. Arrow 

indicates ship direction. (b) Biomass density (SV, dB re 1 m-1) estimates for the 38 kHz 

frequency in the surface layer (10-250 m) at night, from the summit (grey bar) to 14 nmi 

away from the seamount (vicinity), for Petals III to VII. (c) RGB composites of SV values 

(dB re 1 m-1) from 10-250 m for the selected acoustic transects III to VII, with the 38 kHz, 

70 kHz and 120 kHz frequencies given red, green and blue colour codes respectively. 

Figure 6 At La Perouse and MAD-Ridge seamounts, (a) boxplot of total abundance and 

biomass estimates (in ind m-2 and g WM-2 respectively), (b) species richness with increasing 

sampling effort (volume of water filtered in 1000 m3), (c) length distributions of selected 

gelatinous plankton, crustaceans, cephalopods and epi-mesopelagic fishes sampled. 

Figure 7(a) Similarity cluster dendrogram of species abundance at La Pérouse trawl stations 1 

to 10. Brackets represent cluster groups at 40% (Summit; Night shallow, flank and vicinity; 

Night intermediate, vicinity; Night deep, vicinity). (b) Schematic diagram of La Pérouse 

seamount. Pie charts represent the abundance and biomass of micronekton (gelatinous 

organisms in blue, crustaceans in orange, cephalopods in violet and fishes in yellow) within 

the cluster groups. (c-d) Bubble plot overlays of the MDS ordination representing the relative 
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abundance of common (c) deep dwelling, (d) and seamount flank associated species. Trawl 

stations are numbered 1 to 10 on the bubble plots and the 40% similarity clusters are denoted 

by dotted lines. The larger the bubble, the greater the number of individuals captured at that 

trawl station. 

Figure 8(a) Similarity cluster dendrogram of species abundance at MAD-Ridge trawl stations 

1 to 17. Brackets represent cluster groups at 35% (Night shallow, vicinity and flank; Day 

deep, vicinity and flank); and 30% similarities (Night shallow, summit and flank). b) 

Schematic diagram of MAD-Ridge seamount. Pie charts represent the abundance and 

biomass of micronekton (gelatinous organisms in blue, crustaceans in orange, cephalopods in 

violet and fishes in yellow) within the cluster groups. (c-e) Bubble plot overlays of the MDS 

ordination representing the relative abundance of common (c) shallow-dwelling and vertical 

migratory fish species, (d) deep-dwelling, (e) and seamount summit and flank associated fish 

species. Trawl stations are numbered 1 to 17 on the bubble plots and the 35% and 30% 

similarity clusters are denoted by dotted lines. The larger the bubble, the greater the number 

of individuals captured at that trawl station. 

Figure 9 Schematics of (a) La Pérouse, and (b) MAD-Ridge seamounts listing the most 

dominant taxa (gelatinous organisms in blue, crustaceans in orange, cephalopods in violet and 

fishes in yellow) within the cluster groups. The numbers in brackets indicate the number of 

individuals caught. Organisms are classified as being epi (epipelagic), meso (mesopelagic), 

bathy (bathypelagic) and bentho (benthopelagic). Echograms of the 38 kHz frequency at 

sunset, night, sunrise and daytime are denoted by red, blue, violet and gold coloured 

rectangles respectively. The successive series of DVM events from the intermediate layer and 

from the SSL are denoted by circular dotted lines. The night SSL and day SSL are denoted by 

solid and dotted rectangles respectively. The DSL is denoted by solid rectangles. Seamount-

associated species and topographic blockage mechanism are also noted. Colour bar indicates 

SV in dB re 1 m-1. 

Figure 10 (a-d) RGB composites of SV values (dB re 1 m-1) of trawls 14 and 15 (flank), 16 

(summit) and 21 (South Mozambique Channel) during MAD-Ridge. White dotted lines 

represent the trawl path as determined from Scanmar depth sensor. The seamount summit is 

denoted by the black polygon and labelled accordingly. The 38 kHz, 70 kHz and 120 kHz 

frequencies were given red, green and blue colour codes respectively. Corresponding 

frequency diagrams of the species count and frequency responses for trawls #14, 15, 16 and 

21 are given. Broad categories are coloured orange (crustaceans), yellow (fishes), blue 

(gelatinous organisms), and violet (cephalopods). 

































Table 1 Summary of trawl stations at La Pérouse and MAD-Ridge seamounts 
 

Cruise Trawl 

# 

Latitude 

Beginning 
(°) 

Longitude 

Beginning
(°) 

Maximum 

Trawl 
Depth (m) 

Trawl Position Day/Night Trawling 

Speed 
(knots) 

Filtered 
water 
volume (in 

1000 m3) 

La 
Pérouse 

1 -19.77 54.09 590 Vicinity Night 3.0 837 

 2 -19.79 54.10 400 Flank Night 3.2 379 

 3 -19.65 53.85 90 Vicinity Night 2.7 444 

 4 -19.68 54.15 110 Flank Night 3.0 512 

 5 -19.76 54.18 35 Summit Day 3.6 808 

 6 -19.72 54.18 60 Flank Night 3.0 485 

 7 -19.63 54.10 500 Vicinity Night 3.0 502 

 8 -19.80 54.17 430 Vicinity Night 3.2 512 

 9 -19.81 54.08 240 Vicinity Night 3.2 622 

 10 -19.76 54.21 250 Vicinity Night 4.0 871 

MAD- 
Ridge 

1 -27.41 45.67 500 Vicinity (North 
West) 

Day 3.2 228 

 2 -27.65 46.43 542 Vicinity (North 
West) 

Night 2.3 211 

 3 -27.44 46.23 43 Vicinity (North 
West) 

Night 2.2 163 

 4 -27.67 46.44 100 Flank (West) Day 2.8 249 

 5 -27.75 46.28 324 Vicinity (South 
West) 

Night 2.8 270 

 6 -27.69 46.46 45 Flank (South 
West) 

Night 2.6 154 

 7 -27.64 46.37 437 Vicinity (South 
West) 

Day 3.1 276 

 8 -27.78 46.35 38 Flank (South) Night 2.7 240 

 9 -27.70 46.45 76 Vicinity (South 
East) 

Night 2.6 179 

 10 -27.60 46.53 470 Flank (North 
East) 

Day 2.2 212 

 11 -27.69 46.53 90 Flank (North 
East) 

Night 2.3 172 

 12 -27.41 46.38 550 Vicinity (North) Night 2.8 270 

 13 -27.65 46.31 460 Flank (North) Day 3.2 303 

 14 -27.68 46.27 210 Flank (West) Night 2.7 228 

 15 -27.67 46.22 150 Flank (West) Night 2.1 187 

 16 -27.59 46.32 205 Summit Night 3.4 312 

 17 -27.51 46.32 550 Vicinity (North 
West) 

Day 2.3 222 

 




