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Mesoscale eddies play a key role in structuring open ocean ecosystems, affecting the

entire trophic web from primary producers to large pelagic predators including sharks and

elephant seals. Recent advances in the tracking of pelagic predators have revealed that

these animals forage in the mesopelagic and the depth and duration of their foraging

dives are affected by the presence of eddies. The ways in which eddies impact the

distribution of mesopelagic micronekton, however, remain largely unknown. During a

multi-seasonal experiment we used a shipboard scientific echosounder transmitting at

38 kHz to observe the distribution of acoustic backscattering in the energetic mesoscale

eddy field of the northwestern Atlantic. Observations were collected at 24 stations with

6 located in anticyclonic and 7 in cyclonic eddies. The sampled anticyclonic eddies are

characterized by intense acoustic backscattering in the mesopelagic and changes in

the intensity of acoustic backscattering layers match gradients of surface properties.

Furthermore, mesopelagic daytime backscattering is positively correlated with sea level

anomaly. These results suggest that anticyclonic eddies in the northwestern Atlantic

impact the distribution of mesopelagic micronekton and may have the potential to locally

enhance or structure spatially mesopelagic communities.

Keywords: NAAMES, North Atlantic Aerosols and Ecosystems Study, micronekton, mesoscale, eddies,

echosounder, bioacoustics, intermediate trophic levels

1. INTRODUCTION

Mesoscale eddies affect primary production by modulating and structuring phytoplankton
biomass, phenology, community composition, and diversity (Bracco et al., 2000; d’Ovidio et al.,
2010; Mahadevan et al., 2012; Gaube et al., 2014; McGillicuddy, 2016). At the other end of the
trophic web, a growing number of satellite-based animal trajectories suggests that mesoscale eddies
are foraging hotspots for marine predators including sharks, sea turtles, marine mammals, and
seabirds (Cotté et al., 2007; Cotté et al., 2015; Bailleul et al., 2010; Tew Kai and Marsac, 2010;
Woodworth et al., 2012; d’Ovidio et al., 2013; Della Penna et al., 2015; Gaube et al., 2017, 2018a).

Mesoscale eddies are generated via a number of different mechanisms. In the open ocean,
for example, baroclinic instability, topography effects, and adjustments of the fronts associated
with strong currents (e.g., western boundary currents) can all spawn long-lived mesoscale eddies
(Robinson, 2012). The northwest Atlantic is characterized by large amplitude eddies with some
originating from the unstable meanders of the Gulf Stream and others by baroclinic instabilities
in the open ocean. Eddies in this region can be expected to be present at any given location up to
80% of the time, as can occur along the northward extension of the Gulf Stream, while much of the
region has a percent coverage range of 30–40%.
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Almost all of the eddies in the mid-to-high latitudes are
characterized by swirl velocities that exceed their propagation
rates (Chelton et al., 2011a). During their formation, these
non-linear eddies trap water masses within their cores that
may then be transported thousands of kilometers (Flierl, 1981;
Chelton et al., 2011a; Early et al., 2011). In addition to
the effect eddies have on advective transport, eddy formation
drives vertical fluxes of nutrients and phytoplankton that
can modulate the penetration of light into the mesopelagic
(for a review of mesoscale physical/biological interactions, see
McGillicuddy, 2016).

These mechanisms introduce a source of variability for
physical and biogeochemical tracers that can be readily identified
in satellite observations of ocean color and sea surface
temperature (with cyclones and anticyclones often associated
with cool and warm temperature anomalies, respectively). The
ocean color signatures of cyclonic eddies in the northwest
Atlantic are generally characterized by enhanced levels of
near-surface chlorophyll-a (Garçon et al., 2001; Gaube et al.,
2014; Gaube and McGillicuddy, 2017). Enhanced chlorophyll-
a (Chl-a) in cyclones likely originates during eddy formation
with the trapping of productive waters and can be sustained
by the upwelling generated during their intensification. In
contrast, anticyclonic eddies in this region contain, on average,
anomalously low Chl-a, which inmuch of the region is consistent
with the trapping of water with low Chl-a during eddy formation
(Gaube et al., 2014).

The study of how mesoscale eddies structure higher trophic
levels is beginning to make significant progress as a result
of the combination of satellite animal telemetry with satellite
observation of sea surface height. For example, the tracking of
large pelagic animals including sea turtles and sharks in the
Atlantic has revealed that these animals are more likely to occupy
anticyclones compared to cyclones (Gaube et al., 2017, 2018a;
Braun et al., 2019; Chambault et al., 2019). Relatively few studies,
however, have focused on the effect of mesoscale features on
intermediate trophic levels including micronekton: organisms
such as crustaceans, small cephalopods, and small fish (e.g.,
myctophids, hatchetfish, and the abundant bristlemouth fish).
These animals constitute a key intermediate trophic level between
plankton and top predators (Irigoien et al., 2014) yet are too small
to be tagged and tracked and are also not currently observable
using space-borne sensors. These intermediate trophic levels can
only be sampled directly using net trawls (which have been
shown to be affected by net-avoidance of the fastest organisms,
Kaartvedt et al., 2012), or remotely using active acoustics (Wiebe
et al., 1985; Greene and Wiebe, 1990), or, more generally, a
combinations of the two (Ryan et al., 2009). In addition to this
challenge, micronekton sampling strategies have to take account
of the diel vertical migration performed by many micronekton
species (Kloser et al., 2009). Only in recent years has the amount
of data grown to a level allowing the delineation of basin scale
biogeographies of mesopelagic micronekton (Irigoien et al., 2014;
Bianchi and Mislan, 2016; Proud et al., 2017).

Mesoscale eddies can impact the distribution of mesopelagic
micronekton in several ways. Eddies can enhance primary
production or trap productive waters creating regions that may

have positive effects on mesopelagic micronekton communities.
In addition, the displacement of isopycnals and the trapping
of colder/warmer waters may support different communities
compared to the surrounding waters. Finally, we cannot exclude
that mesopelagic micronekton may be “trapped” inside the core
of eddies during the eddy formation stage. Mesoscale eddies
can trap and transport water parcels within their cores. Motile
organisms, such as fish and squid, can escape the trapped cores
of nonlinear eddies, crossing the eddy periphery and moving
to a different water mass. While the movement properties
of individual mesopelagic organisms are poorly understood,
patterns in diel vertical migration suggest that their maximum
speed is of the order of 0.1 m/s, which is at least an order of
magnitude slower than the typical currents at the peripheries
of mesoscale eddies (Chelton et al., 2011a; Bianchi and Mislan,
2016). These relatively slow swimming speeds coupled with eddy
surface areas exceeding 20, 000 km2 can suggest that active escape
by micronekton likely has a small effect on the trapping of
mesopelagic communities in eddy cores.

Basin scale studies have identified a positive relationship
between primary production at the ocean surface and acoustic
backscattering in the mesopelagic (Irigoien et al., 2014; Proud
et al., 2017), yet their relationship at the (sub)mesoscale (spatial
variability with scales of order 1–100 km) remains a mystery.
Midwater trawls and acoustic sampling of a Gulf Stream warm
core ring have suggested that eddies can present differences in
biomass of micronekton and deep scattering layers and their
temporal evolution compared to the surrounding waters (Boyd
et al., 1986; Conte et al., 1986; Craddock et al., 1992). More
recently Godø et al. (2012) used acoustic backscattering to
survey mesoscale eddies in the northeast Atlantic, concluding
that they can act as “oases” for micronekton. Other research in
the Mozambique channel suggests a more complex relationship
where seasonal variability and eddy polarity (i.e., whether an
eddy is cyclonic or anticyclonic) may modulate the impact of
mesoscale eddies on micronekton (Béhagle et al., 2014; Potier
et al., 2014).

Here we analyze the vertical structure of acoustic
backscattering inside a number of North Atlantic mesoscale
eddies and regions outside the direct influence of eddies
to evaluate whether mesoscale eddies have an impact on the
distribution of micronekton and if eddies with different polarities
present differences in acoustic backscattering.

2. DATA AND METHODS

2.1. Sampling Strategy
The observations used in this study were collected during the
four North Atlantic Aerosols and Ecosystems Study (NAAMES)
expeditions in November 2015, May 2016, September 2017, and
March 2018 on board of the R/V Atlantis (Behrenfeld et al.,
2019). Table S1 summarizes the eddy properties of the different
stations where the data were collected. From a total of 33 stations
sampled during the four expeditions, we were able to perform
acoustic measurements in 24: one was located within an intra-
thermocline mode-water eddy, 6 within anticyclonic features, 7
within cyclones, and 10 outside of eddies (Figure 1, Della Penna

Frontiers in Marine Science | www.frontiersin.org 2 July 2020 | Volume 7 | Article 454

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Della Penna and Gaube Eddies Structure DSL

FIGURE 1 | Eddy coverage of the study area between the years 1993 and 2015. The eddy coverage was calculated as the number of days when each 1/4◦ pixel was

occupied by a mesoscale eddy (defined as closed contour of Sea Level Anomaly) divided by the total number of days during the years 1993–2015. Red and blue dots

indicate the locations of anticyclonic and cyclonic eddies, respectively, and black dots to the out-of-eddies sampling. Different symbols refer to different surveys:

circles refer to November 2015, stars to May 2016, squares to September 2017, and diamonds to March 2018.

and Gaube, 2019). In total, we collected more than 650 h of
acoustic data:∼ 410 h during the night and∼ 240 during the day.
We excluded the observations collected in the intra-thermocline
mode-water eddy as we expect its dynamics to be different from
the ones of ordinary anticyclones. As detailed in the results,
during one of the long duration stations, N2S4, we sampled
waters from inside an eddy core, at its periphery and outside
of the eddy. To take into account this variability, we separated
the observations collected at N2S4 into “core” and “periphery”
of an anticyclone and “out-of-eddies.” After this processing
our samples consist of observations from 7 cyclonic eddies, 6
anticyclones, and 11 out-of-eddies stations (Figures 2A,B).

2.2. Acoustic Measurements and Data
Processing
Acoustic data were collected using a Biosonics single-beam
scientific echosounder transmitting at 38 kHz. The transducer
was mounted at the end of a steel pole affixed to the side of
the R/V Atlantis during NAAMES 1, 2, 3 and in a transducer

well in the hull of the R/V Atlantis during NAAMES 4.
The transducer was not calibrated in situ: calibrations were
performed by the manufacturer before NAAMES 1, 2, and 3.
While having uncalibrated data would be problematic if we were
trying to estimate fish biomass, our analysis of anomalies in
backscatter is not affected by this issue. Furthermore, we opted
for comparing seasonal anomalies of acoustic backscattering to
remove any effect caused by inter-annual, seasonal variability
and transducer location. Pulse length and pinging period were
of 2 and 0.2 ms, respectively during NAAMES 2, 3, and 4
and were adjusted according to different conditions during
NAAMES 1. Data were collected using the Biosonics DT-X
system and converted and analyzed using a set of custom-written
Matlab/Octave scripts. First, the time-dependent range and
volume backscattering, Sv, were calculated from 10-pings
medians and corrected for the time-varying soundspeeds
estimated using temperature and salinity measured at the surface
using the shipboard thermosalinograph. Second, we followed
the method described by De Robertis and Higginbottom (2007)

Frontiers in Marine Science | www.frontiersin.org 3 July 2020 | Volume 7 | Article 454

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Della Penna and Gaube Eddies Structure DSL

FIGURE 2 | Schematic of the sampled eddies and the location of the sampling in respect to the estimated location of the cores of cyclones (A) and anticyclones (B).

Daytime (C) and night-time (D) NASC seasonal median anomalies (lines) for cyclones (blue, referring to the stations inside the outer dashed circle in A), anticyclones

(red, referring to the stations inside the outer solid circle in B) and out-of-eddy (black) stations. Colored bands indicate the respective 15th and 85th percentiles divided

by the square root of the number of observations. (E,F) The same diagnostics we calculated using only the locations inside eddy cores (i.e., inside the inner circles

in A,B).

Frontiers in Marine Science | www.frontiersin.org 4 July 2020 | Volume 7 | Article 454

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Della Penna and Gaube Eddies Structure DSL

to quantify and mitigate background noise and the methods
described by Ryan et al. (2015) to filter out the majority of
impulsive and transient noise, as well as signal attenuation due
to surface bubbles. Finally, echograms were visually inspected
and the pings corresponding to unrealistic patterns were
flagged. Data from the top 15 m were excluded to remove
the effect of the bubbles created by breaking waves. Data
deeper than 700 m were flagged because of low signal to noise
ratio. The processed data can be found on SeaBASS at the URL
https://seabass.gsfc.nasa.gov/archive/UWASH/gaube/NAAMES/.

2.3. Discrete Net Samples of Deep
Scattering Layers
During the last three NAAMES expeditions, an Isaacs-Kidd
Midwater Trawl (IKMT) (Devereux and Winsett, 1953) was
towed in the deep scattering layers at each station to qualitatively
describe the composition of these layers. The mesh size for the
net was 3.2 mm and the net was closed by a cod-end with mesh
size of 0.2 mm. Details about the trawling conducted at each
station (e.g., target depth, ship velocity, etc.) and the respective
data sheets can be found in the Supplementary Material.

2.4. Satellite Altimetry
The location, polarity, and amplitude of the various sampled
eddies were determined from maps of high-pass filtered sea level
anomaly (SLA) following the methods detailed in Della Penna
and Gaube (2019). Altimetry maps were downloaded from
the Copernicus Marine Service Information (CMEMS). We
calculated the high-pass filtered SLA as the difference between
the daily SLA fields provided by CMEMS and a smoothed
SLA that captures the effects of seasonal heating and cooling
following Chelton et al. (2011b). The sign of each encountered
SLA feature was used to classify it as a cyclone, anticyclone,
or “out-of-eddy” station–i.e., a location outside of the direct
influence of eddies. A combination of in situ observations
from the shipboard thermosalinograph and Acoustic Doppler
Current Profiler (ADCP) was used to discriminate between eddy
peripheries and cores. Inmost cases, the structure of the velocities
detected using the shipboard ADCP were in close agreement
with the geostrophic velocity field detected using altimetry. We
therefore associated each feature with the high-pass filtered SLA
extracted along the ship track at times corresponding to the
echosounder observations. An exception was found at station
N2S3 where the trajectories of the drifters deployed indicate that
this station was located at the periphery of an anticyclonic eddy
yet the corresponding extracted high-pass filtered SLA values
were negative. This suggests that the relatively coarse spatial
resolution of altimetry (nominally 1/4◦) resulted in a mismatch
in this specific case. We excluded this station from our analysis of
high-pass filtered SLA and backscattering. The eddy properties of
each sampled station are summarized in Table S1.

2.5. Continuous Measurements of
Temperature and Salinity
Continuous measurements of temperature and salinity
were carried out using a thermosalinograph connected
to a flow-through system that collected water at a depth

of 5 m. Measurements of temperature and salinity were
used to estimate water density using the SeaWater package
(Fofonoff and Millard, 1983).

2.6. Statistical Analyses
For each station, we separated data collected during the day from
those collected at night and computed the median profiles of
Sv and Nautical Area Scattering Coefficient (NASC, MacLennan
et al., 2002) calculated for each 10 m depth bin. Our early
analysis indicated that mean backscattering varied with season,
regardless of eddy polarity. To address this unrelated variability
we computed seasonal medians and seasonal anomalies of
NASC for each station and for each depth bin by subtracting
the appropriate seasonal median from each station’s median.
Looking at anomalies instead of absolute values (shown in
Figure S1) would also remove any inter-annual and inter-survey
sources of variability. To compare themesopelagic backscattering
(defined here as backscattering reflected by sources between 200
and 700 m) in cyclones and anticyclones with the “out-of-eddies”
stations, we grouped the anomalies and used them to compute
the medians of daytime and nighttime seasonal anomalies of
NASC by polarity.

We used the Wilcoxon rank-sum test to evaluate whether
the differences observed between mesopelagic backscattering
for different polarities are due to the finiteness of the number
of observations (Wilcoxon, 1945). The test was performed by
pooling together all the median seasonal anomalies within the
mesopelagic depths and testing if observations from anticyclones
and cyclones, anticyclones and “out-of-eddies,” and cyclones and
“out-of-eddies” stations, belonged to the same populations. This
approach was chosen because it is based solely on the order in
which the observations from the samples fall, is robust for limited
sample sizes, and does not requiremaking assumptions regarding
the distributions followed by the observations.

To compare the high-pass filtered SLA amplitude of the eddies
to their mesopelagic backscattering anomalies, we computed
the least squares fit between scattering anomalies and high-
pass filtered SLA and calculated the Pearson’s correlation
coefficient. For this specific analysis, we excluded an anticyclonic
eddy sampled during NAAMES 2 (N2S3, marked in gray in
Figure 3) because the corresponding signature extracted from
the altimetry map was likely to be affected by a spatial shift, as
described above.

3. RESULTS

Measurements of acoustic backscattering revealed that
mesopelagic micronekton at the sampled stations was
distributed in deep scattering layers whose composition
was investigated using a IKMT. Most of the samples were
dominated by myctophids species such as Benthosema
glaciale, Diogenichthys Atlanticus, and Myctophum
punctuatum and bristlemouths (from the genus Cyclothone).
Hatchetfish (Argyropelecus hemigymnus) and different
species of Euphasiids were also observed (as detailed in the
Supplementary Material).
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FIGURE 3 | Relationship between high-pass filtered SLA and mesopelagic

daytime NASC seasonal anomaly. Blue dots represent sampling locations

within the core or the periphery of cyclonic eddies, red dots represent

locations within the core or the periphery of anticyclonic eddies, black dots

represent out-of-eddy stations and the gray dot refers to N2S3 (SLA ∼ −10

cm), excluded from this analysis. Empty dots indicate stations at eddy

peripheries whereas filled dots indicate stations within eddy cores. Errorbars

refer to the standard deviation of the SLA extracted for the locations of the

acoustic sampling and to the propagated uncertainty from the 15 to 85

quantiles for the NASC anomaly. The dashed line represents the linear

relationship fitting the eddy stations (R2
= 0.37, p-value = 0.03).

On average, our surveys revealed that the median NASC
seasonal anomaly in anticyclones is larger than in cyclones and
out-of-eddies stations (Figures 2C,D). This trend is particularly
evident in the mesopelagic where both night and daytime NASC
are significantly higher. A Wilcoxon rank-sum test performed
over the NASC values measured in the mesopelagic is compatible
with the scenario that our observation of stronger backscattering
in anticyclones is not due to the finiteness of the number of
observations. Also the differences between out-of-eddies stations
and cyclonic eddies are, even if of smaller magnitude, not due
to the finiteness of our sample size. Furthermore, high-pass
filtered SLA, a combination of the eddy amplitude, an indicator
of how strong the eddy signature is in sea surface height, and the
position of the observation in respect to the center of the eddy,
correlates positively with the integrated mesopelagic daytime
NASC seasonal anomaly (Figure 3, R2 = 0.37, p − value = 0.03
for “in-eddy” stations).

Mesopelagic acoustic backscattering in anticyclones appears
to be particularly intense inside their cores (Figures 2E,F).
The observations of mesopelagic acoustic backscattering
collected at the peripheries of anticyclones, on the other
hand, are indistinguishable from the ones from stations
outside of the direct influence of mesoscale eddies (Figure S2).
This radial pattern was further observed during a long
occupation station (NAAMES 2–Station 4, N2S4) where
the R/V Atlantis radially transected the core and periphery
of an anticyclonic eddy (Figure 4A). Gradients in density
(used here to delineate eddy regions) are collocated in
time with sharp differences in the distribution of acoustic

backscattering in the mesopelagic (Figures 4B,C, with
transitions indicated by red vertical lines). The most striking
transition occurs as the ship leaves the eddy core and enters
into the eddy periphery, which occurs around 70 km of the
transect (Figure 4B) and is marked by a drastic reduction in
mesopelagic backscattering and an increase near-surface acoustic
backscattering (Figure 4C).

4. DISCUSSION AND CONCLUSIONS

Our results indicate that, in the northwest Atlantic, mesoscale
features impact the distribution of acoustic backscattering in
the mesopelagic zone. In particular, we find that anticyclonic
eddies are characterized by intense acoustic backscattering.
This result is consistent with the results presented by Godø
et al. (2012) who found that four anticyclones in the Icelandic
Basin (northeast Atlantic) were characterized by intense
acoustic backscattering. Our findings are also consistent
with those of Fennell and Rose (2015) who found that
NASC densities in the deep scattering layer and average SLA
were positively correlated on a yearly basis across transects
from Ireland to the Grand Banks of Newfoundland. Our
results suggest that the cores of anticyclones are regions of
intense mesopelagic acoustic backscattering. Furthermore,
our results indicate that the structure of mesopelagic
backscattering is modulated by the in-eddy variability. This
was highlighted by our radial transect across an anticyclone
which revealed a sharp transition between the eddy core and its
periphery (Figure 4).

Mesopelagic acoustic backscattering at 38 kHz is dominated
by micronekton: a diverse and relatively unknown ensemble
of small (2–10 cm), but actively swimming fishes, squids,
and crustaceans (Benoit-Bird and Lawson, 2016). The species
observed using the midwater trawl during NAAMES 2, 3, and 4
are consistent with those observed during the WHOI midwater
program (Judkins and Haedrich, 2018). Measurements made
using a single frequency, single beam echosounder do not allow
for the identification of the species or groups that are scattering.
The intensity of acoustic backscattering by fish is determined,
in part, by the presence, gas content, and morphology of their
swim bladder. It has been observed that these factors present
a strong variability across species and life stages (Davison
et al., 2015). In particular, a recent study conducted in the
Southern Ocean highlighted how, going from sub-Antarctic to
Antarctic waters, the proportion of mesopelagic fish with a
gas-filled swim bladder -and therefore the biomass estimated
from acoustics- decreased while the biomass measured by mid-
water trawling remained approximately constant (Dornan et al.,
2019). It is therefore important to emphasize that the patterns in
acoustic backscattering we identify in this study may result from
differences in micronekton biomass, community composition, or
fish physiology.

As mentioned in the introduction, in the region of study,
we expect mesoscale eddies to impact the distribution of
mesopelagic micronekton via several mechanisms: eddy trapping
and transport of micronekton, the creation of thermal niches
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FIGURE 4 | Case study of an anticyclonic eddy sampled in the subtropical northwest Atlantic in May (N2S4). (A) High-pass filtered SLA map overlapped to the R/V

Atlantis ship track. The white section of the trajectory corresponds to the acoustic sampling and the black arrow indicates the start of the section. (B) Observations of

density (black) and mesopelagic NASC (blue) across the eddy. The distance is calculated from the start of the acoustic sampling. (C) 38 kHz echogram of

backscattering strength. Gray and black bands on the top of (B,C) indicate observations collected at night (black) and during the day (gray). Red lines (dots in A)

identify the transitions between eddy core, periphery, and ambient waters.

that can sustain the growth of different species compared to the
surrounding waters, and enhancement of primary production,
possibly leading to enhanced epipelagic biomass that could be
available to mesopelagic organisms.

Most of the eddies in the study region show distinctive
trapping of near-surface Chl-a (Gaube et al., 2014). The sampled
eddies had not moved more than a few hundreds of kilometers
from their origin when they were sampled suggesting that they
could not have trapped particularly productive water from far
away locations (for example from the continental shelf). On the
other hand, the fact that the sampled eddies may have isolated the
contained mesopelagic communities from the ones in ambient
waters is likely to be important.

In the northwest Atlantic anticyclonic eddies are generally
warmer than their cyclonic counterparts or compared to ambient
waters (Gaube et al., 2018a). This could have important
consequences for the mesopelagic community inhabiting such
eddies: temperature can positively influence metabolic rates and
therefore growth and reproduction (Proud et al., 2017) and could
favor or limit the growth of specific species. The anticyclones we
observed present indeed a strong positive temperature anomaly
when compared with the average monthly temperature from the
World Ocean Atlas (Locarnini et al., 2013, Figure S3).

If we interpret strong acoustic signals as a proxy for
mesopelagic biomass, the observed pattern may appear counter

intuitive as anticyclones are generally associated with reduced
phytoplankton biomass in this region (Gaube et al., 2014; Gaube
and McGillicuddy, 2017). Recent work has indicated that near-
surface Chl-a may not be the valid measure of whether an
eddy is more or less productive. Anticyclones are generally
characterized by deeper mixed layers (Dufois et al., 2016;
Gaube et al., 2018b) resulting in vertically-integrated Chl-a
being significantly elevated in anticyclones compared to ambient
waters and cyclonic eddies during the height of the annual
spring bloom (Gaube, pers. comm.). If anticyclones are “primed”
with a more productive ecosystem, it is likely that they could
enhance biomass of intermediate trophic levels, including the
micronekton largely responsible for the acoustic backscattering
at 38 kHz.

Global scale studies have found a strong relationship
between near-surface primary production and mesopelagic
backscattering. At smaller scales, we do not expect locations
characterized by high primary production to necessarily present
high mesopelagic biomass. Indeed, in our study, surface
fluorescence (a proxy for Chl-a) and mesopelagic backscattering
do not show any clear relationship suggesting that different
mechanisms may be dominant (Figure S4). We should expect
a time lag between the time of a peak in primary production
at a given location and the development of a profitable
environment for micronekton (similarly to what observed for
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mesozooplankton by Druon et al., 2019). While such lag is
strongly dependent on the species present inside different
water masses, it is of the order of magnitude of few months
(Croll et al., 2005). The limited size and temporal resolution
of our observations do not allow to draw conclusions in
this respect.

The presence of potentially abundant mesopelagic ecosystems
inside northwest Atlantic anticyclones presented here is
consistent with the growing body of literature detailing
observations resulting from the satellite tracking of large marine
animals including top predators such as great white sharks
(Gaube et al., 2018a), blue sharks (Braun et al., 2019), and
sea turtles (Gaube et al., 2017; Chambault et al., 2019). In
particular, Braun et al. (2019) found that blue sharks spend
considerably more time, likely foraging, inside the cores
of anticyclonic eddies. These studies all suggest that large
animals are more likely to be found in anticyclonic eddy
cores when compared to the peripheries of anticyclones or the
interiors of cyclones. Although the mechanisms proposed for
this affinity toward anticyclones is anomalously warm water
found within their cores, we cannot definitively link elevated
micronekton biomass to anomalously warm water in the
mesopelagic within the cores of anticyclones. Further studies
are required in order to assess whether anticyclonic eddies
can actually support enhanced biomass or contain different
mesopelagic communities.
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