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Abstract

Southern Ocean eddies shape the foraging ecology of marine apex predators such as marine mammals and seabirds. A growing

number of animal tracking studies show that predators alter their swimming, diving, and foraging behavior in mesoscale eddies.

However, little is known about how Southern Ocean eddies influence the distribution of mesopelagic micronekton (fish, squid,

and crustaceans), which are major prey items of megafauna. Studies in other parts of the world have found that eddies can

impact the abundance and community composition of micronekton. Here, we analyze acoustic observations from a 14-day

survey of a mesoscale eddy, its surrounding waters, and the Sub-Antarctic frontal waters where the eddy originated. We report

and interpret spatial patterns of acoustic backscattering at 18 kHz, a proxy indicating combined changes in species, size, and

abundance of micronekton. We find that the vertical distribution of Deep Scattering Layers matched the underwater light

conditions characteristic of the eddy core, periphery, and surrounding waters, at scales smaller than 10 km. Furthermore, the

average water-column integrated acoustic backscattering values in the eddy core were only half of the values measured in the

Sub-Antarctic Zone waters surrounding the eddy. By contrast, the acoustic properties of the eddy core were similar to those

measured in the Polar Front Zone, where the eddy originated 27 days before our sampling. These results show that, as for

physical and chemical tracers, the eddy maintained its biological characteristics from its source waters creating a unique habitat

compared to its surrounding waters.
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Key Points: 18 

• We observed the distribution of Deep Scattering Layers (DSL) in the mesopelagic across 19 

a Southern Ocean cyclonic eddy. 20 

• Acoustic properties such as integrated backscattering and DSL distribution within the 21 

cyclonic eddy were similar to its origin waters. 22 

• The eddy presented a unique habitat compared to its surrounding waters, affecting the 23 

accessibility of mesopelagic prey to diving predators. 24 

Abstract 25 

Southern Ocean eddies shape the foraging ecology of marine apex predators such as marine 26 

mammals and seabirds. A growing number of animal tracking studies show that predators alter 27 

their swimming, diving, and foraging behavior in mesoscale eddies. However, little is known 28 

about how Southern Ocean eddies influence the distribution of mesopelagic micronekton (fish, 29 

squid, and crustaceans), which are major prey items of megafauna. Studies in other parts of the 30 

world have found that eddies can impact the abundance and community composition of 31 

micronekton. Here, we analyze acoustic observations from a 14-day survey of a mesoscale eddy, 32 

its surrounding waters, and the Sub-Antarctic frontal waters where the eddy originated. We 33 

report and interpret spatial patterns of acoustic backscattering at 18 kHz, a proxy indicating 34 

combined changes in species, size, and abundance of micronekton. We find that the vertical 35 

distribution of Deep Scattering Layers matched the underwater light conditions characteristic of 36 

the eddy core, periphery, and surrounding waters, at scales smaller than 10 km. Furthermore, the 37 

average water-column integrated acoustic backscattering values in the eddy core were only half 38 

of the values measured in the Sub-Antarctic Zone waters surrounding the eddy. By contrast, the 39 

acoustic properties of the eddy core were similar to those measured in the Polar Front Zone, 40 

where the eddy originated 27 days before our sampling. These results show that, as for physical 41 
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and chemical tracers, the eddy maintained its biological characteristics from its source waters 42 

creating a unique habitat compared to its surrounding waters.  43 

 44 

Plain language summary 45 

Mesoscale eddies are rotating currents that are ubiquitous in the ocean. They are the oceanic 46 

equivalent of weather patterns and have typically radii of 10-100 km and lifetimes between 47 

weeks and months. Mesoscale eddies have a dramatic impact on the distribution of primary 48 

production in the open ocean, on the transport of heat and salt across oceanic regions, on global 49 

biogeochemical cycles, and on the feeding behavior of apex predators such as pinnipeds, sharks, 50 

billfishes, and seabirds. In this study, we evaluated the impact of a Southern Ocean mesoscale 51 

eddy on the distribution of deep water micronekton, a diverse group of small animals including 52 

fish, crustacea, and squids. We found that the abundance and vertical distribution of deep water 53 

micronekton, detected using a sonar, inside the sampled mesoscale eddy differed from those of 54 

the surrounding waters. Micronekton distribution and abundance were instead more similar to 55 

those of the locations where the eddy had originated a month prior to our sampling. Our results 56 

suggest that mesoscale eddies can maintain their biological characteristics from its source waters 57 

creating a unique habitat compared to its surrounding waters. 58 

 59 

1 Introduction 60 

Southern Ocean mesoscale eddies, rotating currents characterized by spatio-temporal scales of 61 

10-100 km and lifetimes weeks-months, are key foraging regions for top marine predators such 62 

as mammals (Campagna et al., 2006; Dragon et al., 2010; Bailleul et al. 2010; Della Penna et al., 63 

2015; Cotté et al., 2015) and seabirds (Cotté et al., 2007).  These animals forage primarily on 64 

micronekton, including small fish, cephalopods and crustaceans, and mesozooplankton, which 65 

mostly inhabit the mesopelagic zone (the stratum lying between 200 and 1000 m depth; 66 

McMahon et al., 2019). 67 

 68 

Despite their importance for marine ecosystems (Murphy et al., 2016; Subramanian et al., 2020), 69 

little is known about mesopelagic micronekton and how mesoscale eddies may affect their 70 

distribution. These organisms are challenging to observe: they are too small to be tagged with the 71 

animal tracking devices used to study top predators and are invisible to our current satellite 72 

sensors, which are generally limited to observing the near-surface of the ocean. Current methods 73 

to observe mesopelagic micronekton include mid-water trawling (Wiebe et al.,1985; Greene et 74 

al. 1990), optical devices (Kloser et al., 2016) and acoustic methods (Kloser et al., 2009; Ryan et 75 

al., 2009). Furthermore, micronekton varies at many temporal and spatial scales.  These include 76 

the scales spanning diel vertical migration behavior (DVM; Cuvier, 1817; Hays, 2003) to 77 

seasonal and inter-annual variability (Urmy et al.,2016; Escobar-Flores et al., 2018). 78 

Disentangling this variability in the remote Southern Ocean is further complicated by the 79 

logistical challenges of collecting ship-based data in the often harsh conditions of this region. 80 

 81 

 82 

In recent years, the number of observations of acoustic backscattering has been growing, 83 

resulting in the creation of datasets of multi-frequency observations from research vessels and 84 

ships of opportunity (Kunnath et al., 2021). These new observations facilitate an analysis of the 85 
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spatial distribution of biogeographical provinces, or bio-regions, for mesopelagic organisms 86 

(e.g., Proud et al. 2015; Klevjer et al. 2016). Bio-regions define the large-scale habitat of the 87 

marine animals that prey on mesopelagic nekton. Yet, such bio-regions do not capture the fine-88 

scale variability that highly mobile predators encounter during their foraging trips. This 89 

variability is largely influenced by mesoscale and submesoscale features such as fronts, 90 

filaments, and eddies (Tew-Kai et al., 2009; Bost et al., 2009; Gaube et al., 2018; Braun et al., 91 

2019; Chapman et al., 2020) and is central in understanding the role of patchiness in modulating 92 

biogeochemical fluxes (Moreau et al., 2017; Frenger et al, 2018; Orselli et al., 2019; Rohr et al., 93 

2020a-b, Patel et al., 2020). An improved understanding of how fine scales distribute 94 

micronekton and mesozooplankton (the so-called intermediate trophic levels) is pivotal for 95 

building a comprehensive view of marine ecosystems, from phytoplankton all the way to top 96 

predators, as well as their role on exporting carbon into the deep ocean (Belcher et al, 2019, 97 

Davison et al, 2013). 98 

 99 

In the North Atlantic, a handful of studies observed how eddies impact the distribution of 100 

micronekton using both midwater trawls and acoustic backscattering (Boyd et al. 1986; 101 

Craddock et al., 1992; Godø et al., 2012; Fennel and Rose, 2015; Della Penna and Gaube, 2020; 102 

Devine et al., 2021). In this region, eddies differed in micronekton abundances, community 103 

composition and patterns in acoustic backscattering from their surrounding waters. A growing 104 

number of studies are addressing the distribution of acoustic backscattering in the Southern 105 

Ocean, either to relate observed patterns to hydrographic features (Behagle et al., 2017; Escobar-106 

Flores et al. 2018) or to define the boundaries of mesopelagic biogeographies (Proud et al., 107 

2015). However, to our knowledge, no study has explicitly addressed how Southern Ocean 108 

mesoscale eddies affect the distribution of acoustic backscattering associated with micronekton. 109 

 110 

Here, we combine hydrographical and acoustic measurements to analyze how a Southern Ocean 111 

cyclonic eddy affected acoustic backscattering vertically integrated over the upper 1,200 m, as 112 

well as its impact on the distribution of DSL. First, we highlight the contrasting distributions of 113 

DSL inside the eddy core with the surrounding waters from the case study of a transect. We 114 

relate some of these differences with gradients in the underwater light field and light attenuation 115 

properties in the water column. Second, we show how the integrated distribution of acoustic 116 

backscattering in the water column within the eddy core relates to ambient SAZ waters and the 117 

waters in the PFZ where the eddy formed. Finally, we discuss how the provenance of the eddy 118 

influences the resident micronekton. Specifically, while the eddy core displays micronekton 119 

acoustical properties that are more similar to its origin, the waters at the eddy periphery display 120 

more similarities to the SAZ, suggesting that the resident mesopelagic communities are mixed – 121 

at the eddy margins - with those from the SAZ. 122 

2 Materials and Methods 123 

2.1 Multi-platform sampling of the eddy and its region 124 

The studied Southern Ocean cyclonic feature was tracked using satellite data (altimetry-derived 125 

Sea Surface Height and Sea Level Anomaly (SLA), Sea Surface Temperature, and near-surface 126 

chlorophyll) and sampled during the voyage IN2016_V02 of the Australian RV Investigator 127 

(Patel et al., 2019). In particular, we used SLA maps to track and illustrate the position and shape 128 

of the eddy (Fig.1). SLA data were downloaded from the Copernicus CMEMS web portal as 129 

daily maps gridded to a nominal spatial resolution of ¼°. The studied eddy had been first 130 
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identified as a meander in the Sub-Antarctic Front (SAF) on 3 February 2016 that then detached 131 

as a cyclonic eddy and started moving northward on 3 March 2016 (Patel et al., 2019). The eddy 132 

had a diameter of approximately 190 km and was sampled between the 30 March and 5 April 133 

2016, approximately 20 days before the eddy was re-absorbed by a SAF meander.  134 

After sampling the eddy with a star-shaped pattern of Conductivity-Temperature-Depth (CTD) 135 

stations (Fig. 1), the RV Investigator headed to the PFZ, where the eddy had originated 27 days 136 

before the beginning of our sampling (Moreau et al., 2017; Patel et al., 2019). The PFZ and the 137 

SAF were observed for ~ 18 hours before the RV Investigator headed back towards port in 138 

Hobart, Tasmania, allowing for some more sampling of the SAZ in the proximity of the eddy. 139 

Physical, biological,  biogeochemical, and acoustic measurements were performed inside the 140 

eddy, in the surrounding SAZ and in the PFZ. Continuous sampling with a thermosalinograph, 141 

an in-line fluorometer, and 18 CTD casts revealed a marked doming of isopycnals as well as 142 

anomalies in temperature, oxygen distribution, salinity, chlorophyll and nutrients inside the eddy 143 

(Moreau et al., 2017; Patel et al., 2019; Patel et al.,2020). The onboard 75 kHz acoustic Doppler 144 

current profiler (ADCP) was used to identify the location of the eddy center following Patel et al. 145 

(2019) and to discriminate between the eddy core and periphery (in red and ochre respectively in 146 

Fig. S1). Here, we consider the eddy core as the region within 25 km from the eddy center, 147 

where geostrophic velocities near the surface were smaller than 30 cm/s (Patel et. al, 2019). We 148 

assume all observations within an anulus with radii of 25 km and 75 km away from the eddy 149 

center as belonging to the eddy periphery. In situ physical and biogeochemical measurements 150 

discussed by Moreau et al., (2017) were used to define the boundaries between the PFZ and the 151 

SAZ.  152 
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 153 
Figure 1 Map of Sea Level Anomaly (SLA, referring to 01/04/2016) for the region of interest. 154 

Black contours indicate isolines of Sea Surface Height and identify the eddy and two branches of 155 

the Sub-Antarctic Front (SAF). White lines identify the ship track. The transect shown in Figure 156 

2 corresponds to the part of the ship track marked in red.  157 

 158 

 159 

 160 

2.2 Acoustic measurements and processing 161 

A single-beam scientific echosounder (Simrad EK60, Kongsberg Maritime) was used to measure 162 

acoustic volume backscattering (Sv dB re 1 m-1) during the entire duration of the trip at the 163 

frequency of 18 kHz. Pulse length and pinging period were 2 ms and 0.2 Hz respectively. The 164 

echosounder was calibrated prior to the voyage and we assume no change in the Sv calibration 165 

with surface temperature as sound velocity induced variations cancel out (Bodholt, 2002). Since 166 

our study is focused on comparing patterns in the distribution of Sv, any bulk echosounder 167 

performance change should not impair the analysis of the gradients we present. In total, we 168 

collected more than 308 hours of acoustic data, 159 during daytime and 149 during night-time: 169 

62 hours inside the eddy core (42 daytime/20 night-time), 55 hours within the periphery of the 170 

eddy (23/32), 173 hours in the SAZ (82/91) and 18 hours in the PFZ and SAF (12/6, Table 1).  171 
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Daytime and night-time observations were classified by comparing the time-stamp associated 172 

with each ping with the sunrise and sunset times computed for the associated longitude and 173 

latitude calculated using the equations described in Meus et al., (1991). Observations collected 174 

within 30 minutes of sunrise and sunset were excluded for the average daytime or night-time 175 

profiles and only retained to plot the echograms (Bianchi and Mislan, 2016). Raw data of 176 

backscattered power were processed using ESP3, an open-source software, Matlab-based 177 

package for visualizing and processing acoustics data, developed by the deepwater fisheries 178 

acoustics team at NIWA (Wellington, New Zealand, https://sourceforge.net/projects/esp3/, 179 

Ladroit et al., 2020). We assumed a sound speed of 1500 m/s and an absorption coefficient of 180 

0.0027 m-1. Data were processed using the software bad data detection, spike detection, and 181 

noise filtering algorithms (with a noise threshold of -140 dB, spike threshold of 10 dB). No 182 

corrections were made for non-linear power responses as outlined by De Robertis et al., (2019) 183 

as our results are treated as relative indicators and were not used to calculate fish biomass. 184 

Observations from depths below 1,200 m and shallower than 15 m were excluded from this 185 

analysis since the corresponding signal tends to be dominated by noise or the waves and bubbles 186 

near the surface. Nautical area scattering coefficients (NASC) were calculated using the 187 

equations detailed in MacLennan, (2002) over depth intervals of 5m. NASC is commonly used in 188 

fisheries acoustics to represent the linear increase in the numbers of biomass of fish present of 189 

similar size/weight and acoustic reflectivity.  190 

 191 

 192 

 Eddy core Eddy periphery SAZ PFZ 

Daytime 40 23 82 12 

Night-time 20 32 91 6 

Total 62 55 173 18 

Table 1: Duration of sampling in hours for the different subregions explored during 193 

IN2016_V02 194 

 195 

 196 

2.3 Estimates of underwater light-levels and near-surface fluorescence 197 

We used vertical profiles of photosynthetically available radiation (PAR) to estimate the vertical 198 

distribution of irradiance and describe the light levels encountered by the mesopelagic organisms 199 

in the different sampled subregions. Daytime CTD casts with PAR measurements were obtained 200 

from the subregions as follows: 4 in the eddy core, 4 at the periphery, 3 in the SAZ and 2 in the 201 

PFZ. Since the light levels that characterize the mesopelagic are below the detection limit of the 202 

PAR sensor (Log Quantum Cosine Irradiance Sensor, QCP2300, Biospherical), we estimated a 203 

representative coefficient of diffuse light attenuation, kd(PAR), for each subregion. Daytime 204 

observations of PAR between 50-180m were used to fit a linear relationship between log(PAR) 205 

and depth (Fig. S2 in the Supplementary Materials). These kd(PAR) values were used to estimate 206 

the average profiles of irradiance for each subregion and compared using a Student’s t test. 207 

 208 

In the transition between subregions, we used uncalibrated measurements of fluorescence of 209 

near-surface water sampled through the shipboard flow-through system using a WETStar 210 

fluorometer (WS3S-443P, Wetlabs, SeaBird Inc.). As detailed in Moreau et al., (2017), these 211 

fluorescence measurements were impacted by differences in the fluorescence yield per unit 212 

https://sourceforge.net/projects/esp3/
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chlorophyll during different times of the day. However, the observations still produced a 213 

meaningful and consistent quantification of near-surface chlorophyll. We chose to use 214 

fluorescence to identify the strong gradient in near-surface chlorophyll associated with the 215 

periphery of the sampled eddy. 216 

 217 

2.4 Historical acoustics observations of the Southern Ocean 218 

To provide context for our acoustics observations, we integrated into our study a collection of 219 

acoustic observations collected by research vessels and ships of opportunity from the Integrated 220 

Marine Observing System (IMOS) / Australian Ocean Data Network (AODN, 221 

https://portal.aodn.org.au/). This dataset contains processed acoustic backscattering (Sv) that has 222 

been filtered for different types of noise following the guidelines described in Kunnath et al. 223 

(2021). From this relatively large dataset, we selected only the observations collected at 18 kHz 224 

during the summer-fall months (January-May), which restricted the dataset to ten voyages and 225 

corresponded to more than 700 hours of sampling (Table S1, Fig. S4). We then separated the 226 

observations obtained in the SAZ from the ones collected south of the SAF (in the PFZ). The 227 

SAF was defined using the 0.2 m isoline of Sea Surface Height following Sokolov and Rintoul 228 

(2009). To homogenize the sampling frequencies for the voyages, all acoustics observations were 229 

interpolated at 30 minutes’ intervals.  230 

 231 

3 Results 232 

The vertical distribution of DSL inside the eddy core were remarkably different compared to the 233 

surrounding SAZ waters (Fig.2). The example in Fig.2 showcases observations of acoustic 234 

backscattering sampled while the RV Investigator was transiting from the core of the eddy to the 235 

ambient SAZ waters. As the vessel’s distance from the eddy center approached 25 km (blue line 236 

in Fig. 2b), patterns in the distribution of acoustic backscattering changed dramatically (~3:00 237 

a.m. UTC/ 13:00 local time, white dashed line in Fig. 2a and black line in Fig. 2b).  238 

 239 

The depths of several DSL that are present both inside the eddy core and at the periphery were 240 

remarkably different in these two subregions (Fig. 2a). For instance, the deepest scattering layer 241 

in the core shoaled from ~ 1200m to 900m as the distance from the center increased, while the 242 

lower limit of the non-migrating DSL became ~ 100 m shallower. The upper limit of the non-243 

migrating DSL also moved up in the water column as the ship transited outside of the eddy core. 244 

The general movement of all DSLs towards shallower depths correlated with the uplift of 245 

isolumes (depths characterized by the same light levels, dotted black lines in Fig. 2a). The latter 246 

was in turn linked to higher surface chlorophyll outside the eddy, which enhanced light’s 247 

attenuation and reduced light’s penetration into the water column (Fig. 2b). Light attenuation 248 

coefficients in the eddy core were significantly different from those of the eddy periphery 249 

(p<0.05), and surrounding SAZ waters (p<0.05), yet not significantly different (p=0.07) from the 250 

origin PFZ waters (Fig. S3). 251 

 252 

 253 

https://portal.aodn.org.au/)
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 254 
 255 

Figure 2 Echogram (a) showcasing an example of transition between eddy core (18:00-03:00 256 

UTC / 04:00-13:00 local time) and eddy periphery (03:00-16:00 UTC / 13:00-02:00 local time). 257 

This echogram refers to the time starting on 31/03/2016 UTC. Grey vertical dashed lines 258 

indicate the times corresponding to the DVM (towards and from the mesopelagic from left to 259 

right at approximately 20:00 UTC/ 06:00 local time and 08:00 UTC/18:00 local time, 260 

respectively) and the white dashed line represents the boundary between eddy core and 261 

periphery. White filled lines indicate data that was not retained during quality control. 262 

Horizontal dash lines represent the position of the isolumes for the eddy core and eddy periphery 263 

calculated from the CTD casts conducted in the respective regions. Different labeled isolumes 264 

represent how much of the light available near the surface penetrates to a given depth, in log10 265 

scale.. As the distance from the eddy center increases (b, blue line), the boundary of the eddy 266 
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core is crossed around 25 km away from its center and a sharp gradient in surface fluorescence 267 

appears (red dots in b). 268 

 269 

 270 
Figure 3 Differences in the distribution of deep scattering layers (DSLs, a) and integrated 271 

NASC  (b) between locations in the eddy core, in the Sub-Antarctic Zone (SAZ) and in the Polar 272 

Front Zone (PFZ). Solid lines in (a) indicate the median daytime NASC values in the SAZ (blue), 273 

in the eddy core (red), and in the PFZ (black). Shadings indicate the 25th and 75th percentiles 274 

divided by the square root of the number of observations.  275 

 276 

While differences in the light field account for some of the differences between the DSLs 277 

distribution in the eddy core and ambient waters, some scattering layers, such as those at 200-278 

300 m were observed immediately outside of eddy, but not inside the eddy core. In contrast, the 279 
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100m deep scattering layer in the eddy core was not detected at 75 km from the center of the 280 

eddy.  281 

 282 

On average, there were fewer and less acoustically reflective DSL in the eddy core compared to 283 

the SAZ waters (Fig.3a, Fig. S5). The average integrated NASC inside the core of the eddy was 284 

approximately 50% of the NASC in the surrounding waters of the SAZ (Fig. 3a, 3b and Fig. S6). 285 

By contrast, the daytime distribution of NASC in the top 600 m (corresponding to the epipelagic 286 

and upper mesopelagic) was remarkably similar to the PFZ, where the eddy had originated 287 

(Fig.3a). Integrated values of NASC in the PFZ were also as low as the inside the eddy core and 288 

noticeably smaller than the SAZ (Fig. 3b). This strong difference in acoustic backscattering 289 

between the SAZ and the PFZ was consistently found in historical acoustic data where integrated 290 

NASC values in the SAZ can be more than three times higher than in the PFZ  (Fig. S4).   291 

 292 

NASC differences between the eddy core and those in the PFZ are less than half of the 293 

differences between the eddy core and the SAZ (Fig.4). Observations of NASC from the eddy 294 

periphery were highly variable (ochre shading in Fig. 4,a) and, on average, intermediate between 295 

the SAZ and the eddy core ones (Fig. 4a). Conversely, NASC values measured at the eddy 296 

periphery are on average larger than the PFZ (positive anomalies in Fig. 4,b) throughout the 297 

water column.  298 

 299 

4 Discussions and conclusions 300 

We examined the distribution of acoustic backscattering inside the core and at the periphery of a 301 

cyclonic eddy and compared it with the typical patterns in acoustic backscattering in the SAZ 302 

and in the PFZ. Our major findings, which we explore here in more detail, were as follows. First, 303 

the distribution of DSL inside the eddy core was different from the ambient waters of the SAZ 304 

even a month after eddy formation. Differences were partially, yet not exclusively, due to 305 

changes in the light-field encountered by mesopelagic organisms due to the different horizontal 306 

distribution of near-surface phytoplankton. The average water-column integrated values of 307 

NASC inside the eddy core are similar to the average of the PFZ (950 m2nmi-2 vs 850 m2nmi-2), 308 

but lower approximately 50% of the SAZ mean (Fig. 3). Finally, the eddy periphery values of 309 

acoustic backscattering were intermediate between those observed in the core and the SAZ 310 

ambient waters (Fig. 4). 311 

 312 

Inside the eddy light penetrated deeper into the water column due to low concentrations of 313 

surface chlorophyll (Fig. 2b and Moreau et al., 2017). We estimated very low light attenuation 314 

coefficients typical of the Southern Ocean during autumn and winter (Nelson and Smith, 1991; 315 

Son and Wang, 2015). We did find statistically significant differences in light attenuation 316 

coefficients between the eddy core and the PFZ (low chlorophyll, clearer waters), the SAZ 317 

(higher chlorophyll), and the eddy periphery (also higher chlorophyll, higher light attenuation 318 

coefficient; Fig. S2). These differences affected the vertical distribution of DSL that, consistent 319 

with previous studies, matched the distribution of isolumes across the water column (Røstad et 320 

al., 2016, Aksnes et al., 2017). The horizontal gradients in the depths of DSL were sharp and 321 

matched the gradients in near-surface fluorescence that characterized the transition between the 322 
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core and the ambient waters of the SAZ, similar to other ocean basins (Della Penna and Gaube, 323 

2020). 324 

 325 

 326 
Figure 4 Differences between acoustic backscattering in selected areas of the eddy (core in 327 

red/dashed line, periphery in yellow/ brown), the Sub Antarctic Zone (SAZ, a), and the Polar 328 

Front Zone (PFZ, b) as a function of depth. Shadings refer to the 25th-75th percentiles of the 329 

differences between the profiles from the eddy core and periphery compared to the median 330 

profiles of the SAZ and PFZ respectively. 331 

 332 

 333 

We observed a different number of DSL in the eddy core, with a deeper vertical distribution 334 

compared to ambient waters. Indeed, the distribution was more similar to the PFZ where the 335 

eddy originated. In particular, the eddy core retained some acoustic properties typical of its 336 

origin suggesting that micronekton were transported from the PFZ more than 200 km north in the 337 

SAZ, probably by eddy trapping. High to mid-latitude mesoscale eddies are characterized by a 338 
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trapping power due to their non-linearity (Early et al., 2011). Southern Ocean eddies have been 339 

suggested to trap, retain, and transport water parcels inside their cores (d’Ovidio et al., 2013). 340 

Our eddy had rotational speed averages of ~40 km/day and a translational speed between 1.5-6.6 341 

km/day (1.7 km/day at the time of sampling, and maxima of 6.6 km/day when detaching from 342 

the meander, Patel et al., 2019).  Therefore, the ratio between rotational speed and translational 343 

speed was > 5 for the entire lifetime of the eddy, suggesting that this eddy was highly nonlinear, 344 

with a strong trapping power (Chelton et al., 2011). 345 

 346 

 347 

Eddy trapping has significant consequences for the transport of salt and heat across the Antarctic 348 

Circumpolar Current (Patel et al., 2019), impacts the distribution of primary producers (Dawson 349 

et al., 2018; Frenger et al., 2018), weather (Frenger et al., 2013), and regulates the exchanges of 350 

carbon crucial for climate (Moreau et al., 2017, Dufour et al, 2015). Our results show that eddy 351 

trapping also impacts mesopelagic micronekton. It is difficult to evaluate whether micronekton 352 

alone were trapped and transported or if it was their zooplanktonic prey that was transported and 353 

the micronekton followed. Without complementary observations of zooplankton and 354 

micronekton community composition, it is not possible to provide a definitive answer to this 355 

question. However, two lines of evidence suggest that micronekton itself was trapped and 356 

transported. First, studies focused on trawl and predator avoidance suggest that most 357 

mesopelagic micronekton are generally lethargic when not vertically migrating or actively 358 

escaping from a threat (Kaartvedt et al., 2012). Second, to initiate movement, it is likely that 359 

micronekton would be responding to a stimulus, such as a gradient in temperature, pressure or 360 

light (Franks, 1992). From the inner core of a mesoscale eddy, the closest horizontal gradients in 361 

such properties (orders of magnitude weaker than the vertical ones) are tens of kilometers away 362 

requiring for a mesopelagic fish to be able to perceive a gradient on scales that are four orders of 363 

magnitudes larger than their body size. 364 

 365 

Our results also indicate that, while the eddy core preserved many of the acoustical properties of 366 

the PFZ, the structure of DSL in the eddy periphery was more similar to the SAZ. We can 367 

interpret this pattern as an indicator of exchanges and mixing of water parcels (and the organisms 368 

there contained) between the SAZ and the periphery of the eddy. This result is supported by the 369 

analysis of water masses conducted using CTD data collected during the same voyage (Moreau 370 

et al., 2017) and by the overall distribution of biogeochemical tracers (Patel et al., 2020) 371 

including oxygen (Fig. S7). These findings are consistent with the theoretical results about eddy 372 

trapping by Early et al. (2011), who highlighted that while eddy core waters can be ``isolated’’ 373 

for a significant part of an eddy lifetime, the peripheries of eddies regularly exchange water 374 

masses with the surroundings.  375 

 376 

The strong difference between the SAZ and PFZ observed during INV2016_V02, both in terms 377 

of integrated NASC, and distribution of DSL, was corroborated by the historical data from the 378 

IMOS database, that consistently show less acoustic backscattering in the PFZ compared to the 379 

SAZ. This was also shown in other studies that have found a general decrease in acoustic 380 

backscattering with increased latitude (Escobar-Flores et al., 2018; Dornan et al., 2019).  381 

 382 

The depth of DSL located at ~ 100m matches the mixed layer depth and the beginning of the 383 

thermocline as well as a peak in the vertical distribution of ammonia that can reflect excretion by 384 
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marine organism such as zooplankton and fish (Patel et al., 2019).  While changes in density 385 

associated with the upper thermocline have been observed with 18 kHz echo-sounding (Stranne 386 

et al., 2018), the high values of acoustic backscattering associated with this DSL are spread over 387 

a depth range of more than 50m suggesting that they are more likely associated with a biological 388 

signal.  389 

 390 

Acoustic backscattering is commonly used as a fisheries-independent way to estimate fish 391 

biomass (Fernandes et al., 2002; Kloser et al., 2009; Irigoien et al., 2014). Our main conclusion 392 

is that the sampled cyclonic eddy had lower mesopelagic micronekton biomass compared to the 393 

ambient SAZ waters and similarly to its origin on the PFZ. However, we should consider 394 

alternative explanations for our observations. A recent study by Dornan et al., (2019) showed 395 

that fish biomass estimated with acoustic backscattering decreased with increasing latitude in the 396 

Southern Ocean, whereas biomass measured using mid-water trawls did not. This trend was 397 

attributed to size and physiological temperature-driven changes in the resonating swim-bladders 398 

that are responsible of strong backscattering signal. We think it is unlikely that the small 399 

temperature and latitude difference between the eddy location in the SAZ and its SAF origin are 400 

responsible for the observed differences.  Another possibility is a change in community 401 

composition of the micronekton: some species of micronekton do not have a swim-bladder or it 402 

is filled with oil instead of air, causing weaker backscattering signals. This may have impacted 403 

our results if the community composition was different in the SAZ compared to the SAF, but this 404 

is part of our point: the eddy transported the community from its origin to where we sampled it. 405 

Finally, fish belonging to the same species, but characterized by different size (and therefore of a 406 

larger or smaller swim bladder) can backscatter sound differently producing different profiles of 407 

acoustic backscattering (Fielding et al., 2012). During the IN2016_V02 expedition, we did not 408 

carry out any mid-water trawling, and, therefore, we cannot discriminate further all aspects of 409 

these hypotheses. However, our results suggest a difference between an eddy and the 410 

surrounding waters in terms of biomass, community composition and/or physiological state. 411 

Future studies will be needed to understand how these effects intertwine with each other and 412 

affect the patchiness of micronekton distribution, eventually impacting the foraging strategies of 413 

top predators. 414 

 415 

Differences in the horizontal and vertical distribution of mesopelagic micronekton can have 416 

important consequences for upper trophic levels. In the region of interest, the organisms 417 

inhabiting the DSL we detected typically include myctophids, squids, swarming euphasiids, and 418 

amphipods (Flynn and Kloser, 2012). These animals constitute the prey of a variety of marine 419 

megafauna, including seabirds, penguins, and marine mammals (Cherel et al., 2010; Watanuki 420 

and Thiebot, 2018; McMahon et al., 2019). For these diving predators, horizontal patchiness of 421 

their prey field is an important driver of their foraging strategies, so differences in micronekton 422 

composition or abundance can underpin their interactions with the prey fields which are in turn 423 

set by the dynamics associated with mesoscale eddies. Furthermore, the differences in vertical 424 

distribution of DSL are likely to have an impact on the accessibility of the prey to diving 425 

predators. This difference might be particularly dramatic for air-breathing animals such as 426 

seabirds and marine mammals whose foraging time underwater is limited by the need to breathe 427 

at the surface (Jaud et al., 2012; Guinet et al., 2014; O’Toole et al., 2017), but also to fish whose 428 

thermal niche can limit the vertical extent of their diving behavior (Gaube et al., 2018; Braun et 429 

al., 2019). In general, the metabolic cost associated with getting the same amount of energy if the 430 
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prey is located deeper in the water column (and therefore potentially in colder water) will be 431 

higher. These costs have the potential to result in cyclonic eddies, like the one we sampled, being 432 

a non-profitable region for foraging. 433 
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Tables 

 

 North of the SAF South of the SAF 

Daytime 285 188 

Night-time 174 128 

Total 459 316 

Table S1: Duration of sampling in hours for the different subregions extracted from the 

IMOS dataset 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figures 

 
Figure S1: Map representing the sampling of the Sub Antarctic Zone (SAZ, blue), Sub 

Antarctic Front (SAF, black) and the eddy's core (red) and periphery (ochra). Stars (in red, 

black and blue) indicate the locations used as examples in Figure 3. Black contours show 

the -0.4 m and 0.2 m contours of Sea Surface Height corresponding to the northern and 

southern flank of the SAF during the study period, and the location of the eddy. 

 



 
Figure S2 Estimation of the average light attenuation coefficient for the different 

subregions of this study. Red: eddy core, ochre: eddy periphery, black: PFZ, and blue: 

SAZ. The grey dashed lines indicate the interval between 50-150 m depths were the 

irradiance profiles were assumed to be logarithmic and their values used to estimate 

kd(PAR).  



 

 
Figure S3 Distribution of Kd(PAR) across the subregions of this study. A Student’s t-

test confirmed that the differences between the eddy core and the periphery (p<0.05)  

and the SAZ waters (p<0.05) are statistically significant, while the differences between 

PFZ are considerably smaller and might be a result of the limited sample size of our 

observations (p=0.07).  

 

 

 



 
Figure S4 Historical observations of acoustic backscattering at 18 kHz from the 

IMOS database. The solid black line indicates the average location of the Sub-Antarctic 

Front, estimated using Sea Surface Height maps. Dashed lines indicate the standard 

deviation of the latitude of the front. 

 



 
Figure S5: Examples of daytime echograms inside the eddy core (a, referring to 

2016/4/4), in the surrounding SAZ waters (c, referring to 2016/4/12) and in the PFZ(d, 

referring to 2016/4/6) where the eddy was originated. 

 



 
Figure S6  Integrated values of daytime acoustic backscattering in the Sub-

Antarctic Zone (SAZ), eddy core, and Polar Front Zone (PFZ). These diagnostics were 

calculated for the entire observed water column (down to 1200 m, a), for the epipelagic 

(20-200m, b), the upper mesopelagic (200-600m, c) and lower mesopelagic (600-

1200m,d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
Figure S7 Average profiles of oxygen concentration for the different subregions of 

this study. Oxygen was measured during the same CTD casts as the ones used to 

estimate the light attenuation coefficients using a photometric oxygen system (Patel et 

al., 2020). We observed significant differences in oxygen concentration between the 

eddy core (red line) and both its origin (PFZ, black line), and SAZ and eddy periphery 

waters (blue and ochre lines respectively). 


