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Scientific Significance Statement

Mesoscale eddies, large swirling currents in the ocean on the order of tens to hundreds of kilometers in diameter, create
dynamic habitats that support diverse marine life. While their physical variability is well studied, much less is known about
how mid-trophic organisms such as mesopelagic fishes respond as conditions change within eddies over time. By following a
single eddy for nearly a month, our study shows that fish rapidly reorganize their distributions in response to shifting prey,
demonstrating that eddies are dynamic ecosystems where trophic interactions and species’ vertical distributions evolve on
weekly to monthly timescales.

Abstract
Mesoscale eddies are physically dynamic environments, yet biological responses within them are often treated
as static, with eddy polarity (anticyclones vs. cyclones) serving as the dominant conceptual framework. Tempo-
ral dynamics of animals within eddies—particularly at mid-trophic levels—remain largely unresolved. We
tracked a long-lived anticyclonic eddy in the Northeast Atlantic for nearly a month using a Lagrangian frame-
work, generating one of the few continuous time series of mesopelagic fish distribution within an eddy.
Coupled physical–biological observations revealed marked vertical changes following a major wind storm: com-
pact fish aggregations dispersed as phytoplankton distributions expanded and zooplankton deepened, despite
comparable integrated fish biomass before and after. These results show that aggregation dynamics of mesope-
lagic fishes are modulated by bottom-up variability on weekly to monthly timescales. By moving beyond static
snapshots, our study demonstrates that eddies function as dynamic ecosystems whose ecological roles in pelagic
food webs evolve through time.
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Biological–physical interactions shape ocean variability across
space and time, structuring populations and trophic dynamics
(Haury et al. 1978; Bakun 1996). Mesoscale eddies—long-lived,
energetic vortices spanning tens to hundreds of kilometers—are
ubiquitous throughout much of the global ocean (Chelton
et al. 2007, 2011; Early et al. 2011) and define the environment
for planktonic and nektonic communities. As they evolve,
eddies modify nutrient fluxes (McGillicuddy 2016), transport
zooplankton and ichthyoplankton (Craddock et al. 1992; Mac-
kas and Galbraith 2002), and attract predators ranging from
large pelagic fishes to seabirds (Seki et al. 2002; Weimerskirch
et al. 2004; Braun et al. 2019; Arostegui et al. 2022). While
cyclonic eddies (“cold-core rings”) are often associated with
enhanced primary production relative to anticyclonic eddies
(“warm-core rings”) (McGillicuddy 2016), biological responses at
mid-trophic levels remain ambiguous, with studies reporting
contrasting patterns (Drazen et al. 2011; Potier et al. 2014; Della
Penna and Gaube 2020; Wang et al. 2023; Receveur et al. 2024).

Eddies are inherently time-varying habitats. Their polar-
ity (cyclonic vs. anticyclonic) and life stage drive temporal
shifts in isopycnal displacement, nutrient supply, and pri-
mary production (McGillicuddy and Robinson 1997;
McGillicuddy 2016). Such variability is typically driven by
wind-driven Ekman pumping and eddy–eddy interactions
(Gaube et al. 2015), mediating the timing and intensity of
phytoplankton blooms, with blooms in cyclones often pre-
ceding those in anticyclones by weeks (e.g., Maúre
et al. 2017). Capturing this temporal evolution is essential
for understanding ecosystem functioning.

Biological observations in mesoscale eddies, especially for
mid-trophic organisms that link phytoplankton to top preda-
tors, remain scarce relative to physical measurements. Most
biological sampling lacks the temporal and spatial resolution
needed to assess the role of eddies in structuring pelagic com-
munities. While satellite and optical sensors capture temporal
variability in primary productivity (McGillicuddy et al. 2007;
Mahadevan et al. 2012; Gaube et al. 2013), traditional net
tows for zooplankton and ichthyoplankton integrate over
large spatial and temporal scales (Davis and Wiebe 1985;
Craddock et al. 1992; Mackas and Galbraith 2002; Goldthwait
and Steinberg 2008), obscuring fine-scale patterns. Active
acoustics offer higher-resolution views of zooplankton and
fish in dynamic environments (Kaartvedt et al. 2012a; Benoit-
Bird et al. 2019; Sato and Benoit-Bird 2024), but previous stud-
ies in eddies have largely been snapshots (Godø et al. 2012;
Della Penna and Gaube 2020; Wang et al. 2023; Receveur
et al. 2024). This reflects the difficulty of continuously sam-
pling moving eddies and disentangling temporal variability in
animal distributions from diel vertical migration. Conse-
quently, biological responses have often been treated as static,
with eddy polarity serving as the dominant conceptual frame-
work, leaving temporal dynamics largely unexplored.

Here, we address this gap using multidisciplinary observa-
tions collected within an eddy tracked for nearly a month in a

Lagrangian framework. By following the eddy, we move
beyond the snapshot paradigm to reveal a time series of bio-
logical properties at mid-trophic levels. These observations
reveal pronounced temporal dynamics in mesopelagic fish dis-
tributions linked to shifts in lower-trophic prey, highlighting
the importance of predator–prey interactions and their poten-
tial implications for top predators.

Materials and methods
Study design and environmental context

This study was conducted within an anticyclonic mode-
water eddy during the 2021 EXport Processes in the Ocean
from RemoTe Sensing (EXPORTS) field campaign in the
Northeast Atlantic (May 3–30). A detailed description of the
eddy’s physical properties is provided in Johnson et al. (2024).
Several wind storms drove surface-water exchange via Ekman
transport and intermittently interrupted ship-based sampling.
Wind velocity was measured at 1 Hz at 19.4 m above sea level
using an anemometer (Gill WindSonic) on the RRS James
Cook. Sampling followed a Lagrangian framework, leveraging
the eddy’s retentive core (� 15 km within an effective radius
of � 25 km) to co-locate multidisciplinary measurements from
autonomous and ship-based platforms (Erickson et al. 2023;
Johnson et al. 2024). This approach enabled concurrent obser-
vations of phytoplankton, zooplankton, and mesopelagic
fishes. Eddy center positions were tracked using satellite and
in situ observations (Erickson et al. 2022; Johnson
et al. 2024). Analyses were restricted, when possible, to data
collected within 15 km of the eddy center (the eddy core),
where horizontal advection is minimized, allowing focus on
biological variability intrinsic to the eddy. The associated data
are available in Sato et al. (2025).

Phytoplankton
Temporal variability in chlorophyll concentrations was

examined using in situ Seaglider profiles within the eddy core.
The glider profiled from the surface to � 1000 m every 6 h,
measuring chlorophyll fluorescence every 5 m. For each pro-
file, peak chlorophyll concentrations were identified and
aggregated into 24-h bins (medians � interquartile ranges).
Vertical distributional changes were characterized using the
dispersion index (Woillez et al. 2007) to quantify population
spread relative to the center of mass, also summarized as daily
medians.

Zooplankton
Zooplankton abundance and distribution were quantified

using complementary net sampling and optical imaging. Ana-
lyses focused on nighttime observations, when mesopelagic
fishes migrate to the surface to forage and overlap with their
zooplankton prey. Acoustic methods were not applied here
because zooplankton and fishes co-occur near the surface at
night, producing overlapping backscatter that prevents reli-
able separation of their signals.
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Net samples—Depth-stratified oblique tows were conducted
with a Multiple Opening/Closing Net and Environmental
Sensing System (MOCNESS; Wiebe et al. 1985) aboard the RRS
James Cook. A 9-net system (200 μm mesh, 1 m2 mouth open-
ing) was towed at � 2 knots (1 m s�1). Three paired day–night
tows (May 6–7, 17–18, and 26–27, 2021) sampled 50 m strata
in the upper 200 m, 100 m strata from 200 to 500 m, and
250 m strata from 500 to 1000 m. Each sample was split at
sea: half was fractionated into five size classes, with data mer-
ged to create three for our analysis (0.2–2.0, 2.0–5.0, and
> 5.0 mm) for dry weight; a portion of the remainder was pre-
served in formalin. Subsamples were processed using the
ZooSCAN–Zooprocess–Ecotaxa pipeline (Gorsky et al. 2010;
Vandromme et al. 2012), following Maas et al. (2021). Ana-
lyses focused on the upper 200 m. Tow trajectories intersected
different positions relative to the eddy center: 8.1–12.9 km
(May 6–7), 17.0–21.6 km (May 17–18), and 18.4–22.0 km
(May 26–27). Day–night differences were assessed by compar-
ing integrated biomass in the upper 200 m across size classes.

Optical imaging—Zooplankton were imaged using three
inter-calibrated Underwater Vision Profiler 5 (UVP5) units
(Picheral et al. 2010) deployed on CTD rosettes aboard the
RRS James Cook, RRS Discovery, and R/V Sarmiento de Gamboa.
The UVP5 detects particles ≥ 100 μm equivalent spherical
diameter (ESD) and images zooplankton and aggregates
≥ 600 μm ESD. Images were processed with Zooprocess and
Morphocluster (Schröder et al. 2020), followed by manual val-
idation in Ecotaxa (Picheral et al. 2017). Detailed processing is
described in Drago (2023). Across vessels, 6–9 UVP profiles
were typically obtained per day within the eddy core, except
during storms (Siegel et al. 2023). Due to high spatial variabil-
ity and low detection rates, zooplankton densities were aver-
aged into 20 m depth bins. Only metazoan zooplankton were
included, excluding Rhizaria (unicellular eukaryotes), since
mesopelagic fish diets are dominated by crustaceans (Hopkins
et al. 1996; Drazen and Sutton 2017) and gelatinous taxa
(Eduardo et al. 2020; Bucklin et al. 2024). We focused on
nighttime profiles (typically 1–3 per day) within the eddy
core. When multiple profiles were available for a given night,
densities were averaged to obtain a nightly mean.

Fish
Fine-scale distributions of mesopelagic fishes were exam-

ined using shipboard multifrequency echosounders and net
samples for species composition within the eddy core. Ana-
lyses focused on nighttime periods (1.5 h after sunset to 1.5 h
before sunrise), when vertically migrating mesopelagic fishes
ascend to the upper water column to feed under reduced pre-
dation risk.

Acoustic observations—Acoustic data were collected from the
RRS James Cook and Discovery using multifrequency echo-
sounders (Simrad EK60s). Both vessels operated continuously
at 18, 38, 70, 120, and 200 kHz, recording every 2 s with a
pulse duration of 1024 μs and a vertical resolution of 20 cm.

Data from the Discovery’s 38-kHz echosounder were excluded
due to malfunction. The James Cook echosounders were cali-
brated using the standard sphere method (Demer et al. 2015)
and used to intercalibrate instruments on the Discovery. Ana-
lyses focused on 18- and 70-kHz data to ensure consistency
and sensitivity to fish targets.

Data were processed in Echoview (v.13.1). To minimize
near-field effects and surface bubble interference, data
shallower than 15 m were excluded. Due to increasing noise
with depth, particularly at 70 kHz, analyses were restricted to
the upper 460 m. Data were averaged over 30 pings � 5 bins
(� 70 s � 1 m) to reduce stochastic variability (Simmonds and
MacLennan 2005). A 3-point running median filter was
applied in both time and depth to enhance feature continuity
while preserving edges. Scattering layers were identified using
the difference in volume backscattering strength (ΔSv)
between frequencies (Kang et al. 2002; Sato et al. 2015), calcu-
lated as ΔSv,i�j = Sv,i � Sv,j, where i and j denote frequency
(kHz). Analyses focused on surface scattering layers, typically
located within the upper 200 m at night and composed of
both migratory and non-migratory components. Surface scatter-
ing layers were isolated by retaining regions where �3.5 dB re
1 m�1 < ΔSv,18-70kHz ≤ 5.3 dB re 1 m�1. Only data with Sv stron-
ger than �85 dB re 1 m�1 at both frequencies were included.

Temporal variability was quantified using the dispersion index
and Nautical Area Scattering Coefficient (NASC; m2 nmi�2),
a linear measure of integrated backscatter (MacLennan
et al. 2002). Daily averaging was not applied because sam-
pling within the eddy core was uneven, often limited to a
few nighttime hours as the ship transited in and out of the
core. To better capture short-term variability and reduce
sampling bias associated with the patchy distribution of
mesopelagic fishes, acoustic data from multiple days were
aggregated into 15-min time-of-day intervals, excluding
those with fewer than 50 samples. Two analysis periods
were defined to contrast conditions before and after the
strong storm event—May 3–19 and May 21–29, 2021—
when scattering layer structure changed markedly (Fig. 3).
Differences in dispersion index and NASC between periods
were tested using Mann–Whitney U tests, and day–night
differences were assessed from NASC values over the full
record.

Net samples—To link acoustic observations with species
identity, mesopelagic fishes were collected using a 5-net
MOCNESS system (333 μm mesh, 10 m2 mouth opening)
deployed on the R/V Sarmiento de Gamboa. A single nighttime
tow targeted the surface scattering layer (0–100 m) within the
eddy core on May 6 (3.3–3.6 km from the eddy center). Speci-
mens were flash-frozen in liquid nitrogen (�80�C) or pre-
served in 95% ethanol, identified to the lowest possible
taxonomic level using morphological and genetic methods,
and measured for standard length (SL). Additional methodo-
logical details, including the animal collection protocol, are
provided in McMonagle et al. (2024). While MOCNESS
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catches underestimate abundance due to net avoidance
(Wiebe et al. 1982; Kaartvedt et al. 2012b) and efficiency
issues (Davison 2011; Hern�andez-Le�on et al. 2019), they pro-
vided key information on the species composition and size
structure of dominant acoustic scatterers.

Results
Vertical distributions of phytoplankton were strongly

influenced by storm activity during the eddy occupation. The
most intense storm event occurred on May 20, with wind
speeds reaching 46.4 knots. This disturbance coincided with a
marked redistribution of phytoplankton: prior to the storm,
chlorophyll a was concentrated within the upper 50–80 m,
whereas afterward, vertical distributions broadened (Fig. 1a),
the dispersion index increased, and peak concentrations
declined by � 30% (Fig. 1b).

Zooplankton distributions at night mirrored this pattern.
Net tows on May 27 showed deeper occurrences across size
classes relative to May 7 and 18 (Fig. 2a–c), consistent with a

downward shift following the phytoplankton redistribution.
At night, copepods dominated the zooplankton community,
comprising 75.7–85.9% of individuals in the 0.2–5.0 mm
range. In the > 5.0 mm fraction, amphipods (10.5–73.6%),
euphausiids (2.2–48.9%), and copepods (0–61.0%) were domi-
nant, depending on sampling date. Comparisons between day
and night tows revealed higher integrated biomass in the
upper 200 m at night for all size classes (Supporting Informa-
tion Fig. S1), suggesting dominance of diel vertical migrators.
Similarly, optical imaging observations of zooplankton densi-
ties (dominated by Crustacea) at night showed broader verti-
cal distributions toward late May (Fig. 2d). An overall increase
in zooplankton biomass later in the field campaign was evi-
dent in both the MOCNESS tows and UVP profiles, but the
magnitude and timing varied among size classes and sampling
periods. UVP data showed increased densities in the upper
200 m following the May 20 storm (Fig. 2d). In contrast,
MOCNESS-derived biomass increased primarily on May 17–18
(Supporting Information Fig. S1), prior to the storm. A distinct
post-storm increase in the MOCNESS data was observed only

Fig. 1. Temporal variability of (a) chlorophyll a concentrations measured within the eddy core (< 15 km from the eddy center), and (b) maximum chlo-
rophyll a concentrations (black) and their dispersion index (gray). In (b), circles indicate medians and error bars represent one interquartile range, and
the two data sets are offset for clarity in visualization. The dotted lines with an arrow on May 20 indicate the timing of the strongest storm during the
field campaign, corresponding with the changes in concentrations and distributions of phytoplankton.
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for the > 5.0 mm size class during nighttime sampling on May
27, characterized by a pronounced biomass peak at � 150 m
depth (Fig. 2c) associated with large amphipods.

Mesopelagic fish within the eddy core exhibited parallel
changes. Acoustic biomass of surface scattering layers was 2.1
times higher during nighttime than in the day, suggesting the
increase of biomass due to diel vertical migrators (Fig. 3a,c).
Prior to May 20, these layers formed compact aggregations
(Fig. 3b), whereas afterward they broadened (Fig. 3d) and at
times extended below 200 m. These structural changes were
reflected in hourly patterns of the dispersion index, which
remained low during May 3–19 but increased markedly during
May 21–29 (Fig. 4a; p < 0.001 for all datasets). Nautical Area
Scattering Coefficient values were comparable between
periods during the first half of the night (22:00–01:00;
p < 0.05 for only 33.3% of the data), but diverged during the

latter half, being higher and more variable during May 3–19
and consistently low during May 21–29 (01:00–04:00; Fig. 4b;
p < 0.05 for all data). Net catches from 0 to 100 m provided
taxonomic context for surface scattering layers early in the
campaign. These samples were dominated by a single species
of myctophids, Benthosema glaciale (SL = 26.5 � 6.8 mm
[mean � standard deviation]), comprising 100% of the catch
on May 6.

Discussion
Using a Lagrangian framework, we tracked a single meso-

scale eddy for nearly a month, yielding a rare continuous time
series of mid-trophic level organisms within mesoscale eddies
(e.g., Joyce et al. 1984; Davis and Wiebe 1985; Cowles
et al. 1987). This sustained tracking minimized advective

Fig. 2. Temporal variability in (a–c) dry weight of three zooplankton size classes from nighttime MOCNESS tows and (d) mean zooplankton density from
nighttime UVP profiles. UVP data represent measurements within the eddy core (< 15 km from the center), while MOCNESS samples were collected across the
eddy at 8.1–20.5 km from the center. The dotted lines with an arrow on May 20 in (d) mark the strongest storm event during the field campaign.
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effects that typically obscure open-ocean behavioral patterns.
Mesopelagic fish distributions shifted rapidly with changes in
chlorophyll a and zooplankton distributions, transitioning
from tight aggregations to more diffuse vertical structures,
likely mediated by prey availability. In contrast to snapshot-
based studies that classify eddy productivity at mid-trophic
levels solely by polarity (Godø et al. 2012; Della Penna and
Gaube 2020; Receveur et al. 2024), our results demonstrate
that temporal variability is a critical dimension for under-
standing the ecological roles of mesoscale eddies.

The field campaign coincided with the decline phase of the
North Atlantic spring bloom, one of the most productive phy-
toplankton blooms in the global open ocean (Siegel
et al. 2002). After May 20, chlorophyll a concentrations
decreased while their vertical extent increased (Fig. 1), consis-
tent with a community shift from diatoms to haptophytes
and dinoflagellates (Meyer et al. 2024) and relatively stable
nitrate and silicate concentrations (Siegel et al. 2025). During
this period, zooplankton distributions deepened across size
classes and sampling methods, likely reflecting changes in

phytoplankton availability and vertical structure. Although
four storm events exchanged surface waters via Ekman trans-
port (Johnson et al. 2024), their effects on vertically migrating
taxa—typically residing below the mixed layer during the day
and during periods of enhanced surface turbulence—were
likely minimal (Mackas et al. 1993; Incze et al. 2001; Tsurumi
et al. 2005). Net tows extended beyond the eddy core, where
zooplankton species composition can differ between core and
edge communities (Wiebe et al. 1992); however, the consis-
tent dominance of diel vertical migrators across samples sug-
gests a coherent behavioral response to food availability
rather than sampling artifacts. In addition to these structural
changes, temporal increases in zooplankton biomass within
the upper 200 m likely resulted from enhanced accessibility to
phytoplankton dispersed deeper into the water column fol-
lowing the storm event. This mechanism provides a plausible
explanation for the post-storm biomass increase observed in
the UVP data, which more clearly resolves temporal variability
within the eddy core than MOCNESS samples that integrate
broader spatial scales. Increased prey availability across a wider

Fig. 3. Example echograms of scattering layers at 18 kHz on (a) 16–17 May and (c) 25–26 May 2021 observed within the eddy core (< 15 km from the
eddy center). The gray box in (c) indicates the region outside the eddy core. Panels (b, d) show nighttime scattering layers from the upper 200 m,
defined by �3.5 dB re 1 m�1 < Sv,18–70kHz ≤ 5.3 dB re 1 m�1, highlighting changes in scattering layer structure.
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depth range may, in turn, have promoted more diffuse distri-
butions of mesopelagic fishes. Consistent with this interpreta-
tion, acoustic scattering layers became more vertically diffuse
later in the campaign (May 21–29) relative to earlier (May 3–
19) (Fig. 3b,d). Given that myctophids forage on zooplankton
near the surface at night (Merrett and Roe 1974; Hudson
et al. 2014), these changes in prey distribution likely mediated
the observed shifts in fish aggregation.

We hypothesize that temporal variability in phytoplankton
patchiness structured zooplankton distributions and abun-
dance, which in turn broadened mesopelagic fish aggregations
within the eddy. While bottom-up control is a well-
established mechanism shaping marine food webs (Heath
et al. 2014; Lynam et al. 2017), our results extend previous
work focused on eddy polarity (Godø et al. 2012; Della Penna
and Gaube 2020; Receveur et al. 2024) by demonstrating that
even among eddies of the same polarity, fine-scale spatial het-
erogeneity can vary markedly over time, driven by additional
physical and biological processes (e.g., Cowles et al. 1987).
Patchiness—rather than total biomass—is increasingly recog-
nized as a key driver of predator–prey interactions in pelagic

ecosystems, as heterogeneous prey fields can sustain predators
across trophic levels (Benoit-Bird and McManus 2012; Benoit-
Bird et al. 2013; Benoit-Bird 2024). Accordingly, the temporal
shifts we observed toward more diffuse prey fields near the sea
surface may have cascaded upward, influencing the nighttime
foraging success of top predators such as tuna, blue shark, and
swordfish, which overlap with surface scattering layers at
night (Josse et al. 1998; Dagorn et al. 2000; Braun et al. 2023).
Foraging may therefore have been more favorable earlier in
the campaign (May 3–19), when mesopelagic fishes were
tightly aggregated, even though total biomass remained simi-
lar throughout. These findings suggest that the role of eddies
as foraging grounds for higher trophic levels is dynamic, vary-
ing on weekly to monthly timescales in response to shifts in
lower-trophic spatial structure.

Our findings demonstrate that bottom-up effects within
mesoscale eddies can shape mesopelagic fish aggregation pat-
terns over short timescales. This perspective helps explain the
mixed evidence for prey enhancement across eddy types:
some studies report elevated mesopelagic biomass in anticy-
clones (Godø et al. 2012; Fennell and Rose 2015; Della Penna

Fig. 4. (a) Dispersion index and (b) Nautical Area Scattering Coefficient (NASC) values of scattering layers at night within the eddy core. Circles indicate
medians and error bars represent one interquartile range. The two data sets are offset for clarity in visualization.
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and Gaube 2020; Devine et al. 2021; Wang et al. 2023), others
in cyclones (Drazen et al. 2011; Annasawmy et al. 2020), and
still others weak or polarity-independent responses (Potier
et al. 2014; Receveur et al. 2024). Rather than focusing on
polarity or biomass alone, a shift toward understanding how
trophic interactions and aggregation dynamics shape ecosys-
tem function is essential for assessing the biological signifi-
cance of eddies (see also Sato et al. 2026). Ultimately,
mesoscale eddies should be viewed not as static features
defined by polarity, but as dynamic ecosystems whose roles
within pelagic food webs evolve through time.
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