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ABSTRACT: Cyclonic eddies are widespread upper ocean
features known to enhance primary productivity via nutrient
upwelling; yet, their role in the transport and retention of
anthropogenic contaminants remains poorly understood. Here,
we present high-resolution oceanographic measurements from a
submesoscale cyclone in the Western Mediterranean Sea, revealing
a pronounced subsurface accumulation of textile microfibers (MFs)
within the eddy core (0.34 MF I7') relative to surrounding waters
(0.09 MF I™"). This enrichment persisted in a secondary, smaller
cyclone that detaches following the main cyclone’s fragmentation.
Elevated chlorophyll-a concentrations in the upper 40 m, driven by
isopycnal uplift, point to a coupled biological response to physical
forcing. Spatial heterogeneity in pollution sources, vertical
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circulation, and mixing likely explains the observed microfiber distribution. Our findings demonstrate that submesoscale cyclones
can function as transient yet efficient reservoirs of man-made contaminants, with potential consequences for pollutant exposure

pathways and trophic transfer in marine ecosystems.
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B INTRODUCTION

Anthropogenic contaminants such as microplastics and
microfibers (MFs) pervade the global ocean, dispersed by a
variety of physical processes that operate across spatial and
temporal scales.” Studies have well-documented their accumu-
lation in large-scale oceanographic structures like subtropical
gyres.z’3 In contrast, much less is known about how these
contaminants distribute within smaller, ephemeral features,
such as submesoscale eddies.

Eddies, ranging from mesoscale (30—100 km; lifespans of
weeks to months) to submesoscale (1—10 km; lifespans of
hours to days), are ubiquitous features in the global ocean.”
Although submesoscale eddies are transient, they play a key
role in material transport, vertical nutrient fluxes, and
biogeochemical interactions in pelagic ecosystems.”™” In the
Northern Hemisphere, cyclonic eddies rotate counterclock-
wise, and anticyclonic eddies rotate clockwise. Researchers
have traditionally associated cyclonic eddies with upwelling
and outward particle flux,'’ although recent observations
suggest that cyclonic structures may also retain buoyant
particles such as microplastics.'”'* Cyclonic eddies can also
stimulate biological production by uplifting nutrient-rich
waters into the photic zone, fueling phytoplankton blooms
and supporting marine food webs.”'”"? Such processes are
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especially relevant in oligotrophic regions like the offshore
Western Mediterranean, where primary production depends
heavily on episodic nutrient inputs.'*"?

The Balearic Sea, located between the Gulf of Lyon and the
southwestern Mediterranean, features a complex thermohaline
circulation shaped by atmospheric forcing, bathymetry, and
frontal dynamics. This region hosts recurrent submesoscale
vortices, providing a natural laboratory to study fine-scale

=19 Eddies generate coherent

11,22

ocean transport processes.1
vorticity fields that often trap particles within their cores,
while simultaneously enhancing mixing and dispersion along
their peripheries.””** These advection-diffusion dynamics™ are
further modulated by vertical motions and wind-driven Ekman

”

transport, especially at density fronts,”">> where convergence

zones may foster particle accumulation.
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Figure 1. Submesoscale cyclonic eddy in the Western Mediterranean, sampled before and after splitting. (a) Study area in the Balearic Sea. (b—d)
Evolution of the eddy splitting pattern observed through satellite chlorophyll-a estimates during the 2022 CALYPSO campaign. The geographic
locations of the stations along the two transects are displayed, with the orange (purple) markers indicating stations located inside (outside) the
cyclone. Daily Level 4 chlorophyll-a estimates, with a spatial resolution of 1 km, were obtained from the Copernicus Marine Data Store (https://

data.marine.copernicus.eu/).

. . . . 26-32
MFs, a dominant subset of marine microplastics,

predominantly originate from textile shedding during launder-
ing and regular use. They enter the marine system through
atmospheric fallout, wastewater effluents, land runoff, and
riverine discharge.”_36 Although typically concentrated near
coastal areas and at the ocean surface, studies have also
detected MFs in deep waters and marine sediments,
particularly in the Mediterranean Sea.”””** The transport
and vertical distribution of MFs depend on a complex interplay
of fiber shape, orientation, turbulence, density stratification,
and hydrodynamic patterns.‘”'_48 However, we still lack a clear
understanding of how energetic submesoscale features
influence their sinking, accumulation, and retention.*” ™!

While recent works have highlighted surface accumulation of
buoyant plastics in flow convergence zones across multiple
scales,* ™ few have investigated the subsurface distribution of
MFs in actively evolving mesoscale and submesoscale
eddies.*>*°~** This represents a critical knowledge gap. MFs
not only serve as substrates for microbial colonization but are
also frequently ingested by plankton and other marine
organisms.’>**~%* If cyclonic eddies retain MFs while
simultaneously acting as biological hotspots, they may facilitate
the rapid incorporation of pollutants into marine food webs.
Understanding these dynamics is crucial for assessing the fate,
transport, and ecological impacts of MF contamination in
marine ecosystems.

This study investigates the distribution of MFs within a
submesoscale cyclonic eddy in the Balearic Sea, sampled
during the 2022 Coherent Lagrangian Pathways from the
Surface Ocean to Interior (CALYPSO) campaign (Figure 1).
High-resolution oceanographic transects captured the evolu-
tion of a cyclonic eddy as it split into two smaller coherent
structures.”* We focus on two of these transects: one crossing
the primary cyclone prior to fragmentation (Figure 1b) and a

second crossing the southern smaller cyclone that formed after
the split (Figure 1d and Table 1). Subsurface MF accumulation

Table 1. Eddy Characteristics”

Eddy parameters Before splitting After splitting

Major axis (km) 2222 7.90
Minor axis (km) 9.28 5.39
Area (km?) 162.03 33.46
Perimeter (km) 52.82 2125
Eccentricity 0.91 0.73
Velocity upper 100 m (cm s™") 17.86 18.28

“Eddy boundaries were identified using chlorophyll-a estimates from
Figure 1, and horizontal current velocities were derived from Acoustic
Doppler Current Profiler data collected during the cruise.

was detected in both eddies and identified through physical
(temperature, salinity, current direction) and biogeochemical
(dissolved oxygen, chlorophyll-a) variables. We explore the
mechanisms driving MF retention and discuss their interaction
with marine debris and primary production in submesoscale
oceanographic settings.

B MATERIALS AND METHODS

Sampling Strategy

Sampling was conducted during the CALYPSO 2022 cruise onboard
the R/V Pourquoi Pas?, operating in the Balearic Sea between the
Iberian Peninsula and the Balearic Islands in the northwest
Mediterranean Sea (Figure 1). The campaign aimed to identify
subduction pathways from the surface to the ocean interior and assess
their influence on the physical and biogeochemical properties.
Microfiber (MF) sampling was performed along predefined transects,
resulting in 91 water column samples collected by using a Rosette
sampler. Conductivity Temperature Depth (CTD) casts typically
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Figure 2. Profiles of salinity, microfiber concentrations, and chlorophyll-a along the two transects. (a, b) Absolute salinity. (c, d) Microfiber
concentration. (e, f) Chlorophyll-a concentration. The left (right) panels show the transects in the eddy before (after) the split (Figure 1).
Contours represent potential density anomaly. Water sampling locations are indicated by gray dashed lines, with colored markers above the upper
panels denoting whether stations were located inside (orange) or outside (purple) the cyclone. Absolute salinity and chlorophyll-a concentration
were measured using a Conductivity Temperature Depth (CTD) profiler. Note: color scales for microfiber panels (c, d) are set to 0—1.2 MF 1" to
optimize visualization of spatial patterns. The complete data range is shown in Figure 3.

extended to depths of 200—300 m, with 5—6 sampling depths per
station selected based on the CTD down-cast profiles (Supplementary
Table 1). At each depth, two 12-1 Niskin bottles were generally
triggered. Initially, duplicate samples were collected at each depth to
account for within-site and between-sample variability.”® This
included all six stations along the first transect across the main
cyclone, with 3 stations inside and 3 outside (Figure 1b). However,
due to constraints on the water budget and prolonged filtration times,
sampling was reduced to single replicates per depth after February
25th. Consequently, the four stations comprising the second transect
across the smaller southern cyclone formed after the eddy splitting
(with 2 stations inside and 2 outside; Figure 1d) were collected as
single samples (one sample per depth). Despite this adjustment,
replicate samples from the first transect showed acceptable agreement
and no systematic bias between measurements,®> with an absolute
mean difference between replicates of 0.02 + 0.33 MF I”! (mean +
standard deviation; Figure S1).

Microfiber Quantification

To minimize external contamination, water samples were filtered on
the ship’s deck using a closed-loop filtration system that prevented air
exposure of the samples throughout the entire sampling procedure.
After retrieval of the rosette, a 47 mm stainless-steel filter holder
(Advantec MFS, Inc.) was connected to the Niskin bottle faucets
using silicone tubing. Filtration was performed using a diaphragm
vacuum pump (Rocker Alligator 200) that was directly connected to
the filter holder outlet. The filtered volume (median: 10.5 L per
sample) was measured using graduated cylinders collecting the water
outflow from the pump.

Strict contamination control protocols were enforced throughout
the cruise. All sampling equipment was prewashed with filtered water
prior to use. Filters and containers were kept covered during sample
processing, and the air exposure of sampling equipment was
minimized. Procedural blanks were performed at every station by
filtering distilled water (preﬁltered through GF/D filter cartridges, 2.7
pum pore size) using the same setup and volume as those used for
seawater samples. All seawater samples (n = 91) and procedural
blanks (n = 45) were filtered using 47 mm mixed cellulose ester
(MCE) membranes with a nominal pore size of 5 ym. Filters were

labeled and stored at —20 °C in glass Petri dishes until laboratory
analysis. In the laboratory, filters were examined under a stereo-
microscope (Leica MZ16) at X4S magnification. Anthropogenic fibers
were identified based on their uniform thickness, absence of cellular
structure, coloration, and high tensile strength.éé’é7 MF concen-
trations were expressed as fibers per liter (MF 17!). Procedural blanks
revealed minimal contamination during sampling, with fibers detected
in 66.7% of the blanks at a median concentration of 0.08 MF 17},
significantly lower than environmental values (Mann—Whitney U test,
p = 1.6 X 10711). All MF concentrations were corrected for procedural
blank contamination (Supplementary Table 1), and all negative
corrected values were set to zero.

For polymeric composition analysis, 34 seawater samples and 4
procedural blanks were selected for yFTIR spectroscopy. For the
stations along the transect in the main eddy, one of the two replicates
collected at each depth was randomly selected, and 100% of the
recovered MFs (n = 171) were analyzed. Fibers were manually
extracted, mounted on moistened glass slides, and oven-dried at 40 °C
before spectral acquisition. yFTIR analysis was performed using a
LUMOS stand-alone FTIR microscope (Bruker Optik GmbH)
operated in Attenuated Total Reflectance (ATR) mode.”® Fiber
dimensions (length and diameter) were measured to the nearest ym
by using the digital images captured by the instrument. Spectral data
were processed using OPUS 7.5 software, with polymer matches
>75—80% similarity to reference spectra considered valid. Polymer
identification was carried out using a combination of commercially
available reference libraries and a custom spectral library developed
within the JPI Oceans project BASEMAN.®® To enhance
identification accuracy, FTIR spectra of common natural and
synthetic fabrics, clothing, and textiles were additionally acquired
and incorporated into the database based on their label specifications.
Fibers were classified as synthetic (e.g, polyester, polypropylene,
acrylic), animal-based (e.g., wool), or cellulosic (natural: e.g., cotton;
or man-made: e.g, rayon/viscose). Fiber dimensions (length and
diameter) and polymer types were consistent across stations and
depths. Median length was 539 ym (Q1—Q3: 339—1007 um), and
median diameter was 15 um (Q1-Q3: 13—19 um), with no
significant differences detected by ANOVA or Kruskal—Wallis®” tests.
Spearman correlations between station or depth and fiber dimensions
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Figure 3. Microfiber concentrations measured inside and outside the cyclones. (a) Combined data from both transects. (b) Data from the transect
conducted before the eddy splitting. (c) Data from the transect conducted after the eddy splitting. The median MF concentration is represented by

« »

a line inside each box, while the mean is indicated by an “x”. Outliers, computed using the interquartile range, are displayed as circular markers. The
lower and upper quartiles are represented by the bottom and top edges of the box, respectively. Whiskers extend to the maximum and minimum
values, excluding outliers. Orange and purple represent data collected inside and outside the cyclones, respectively.

were weak and nonsignificant (p < 0.19, p > 0.01 after correction).
Polymer composition was consistently dominated by cellulosic fibers
(91.7%; Supplementary Table 2), with minor contributions from
synthetic (4.8%) and animal-based fibers (3.4%), and showed no
association with station or depth (chi-square, p > 0.05). All fibers
found in procedural blanks were classified as cellulosic, and no
significant differences in length or diameter were observed between
fibers recovered from seawater samples and those found in procedural

blanks.
Physical and Biogeochemical Variables

Temperature and salinity were measured with a SeaBird 911plus CTD
probe. Following postprocessing, the data were binned into 1-m
intervals. CTD-derived chlorophyll-a fluorescence (WETStar Fluor-
ometer) was calibrated a%ainst in situ chlorophyll-a concentrations
measured fluorometrically.”® The SeaBird 43 dissolved oxygen sensor
was calibrated before and after the campaign and showed no
significant drift. Conservative temperature, absolute salinity, and
potential density were calculated using the Gibbs SeaWater (GSW)
oceanographic toolbox (https://www.teos-lO.org/software.htm).
Current velocity and direction were measured by using a hull-
mounted 150 kHz Teledyne RDI Ocean Surveyor Acoustic Doppler
Current Profiler (ADCP), operating continuously during the cruise,
with a vertical bin size of 4 m (Figure S2).

Clustering of Oceanographic Stations along the Transects

K-means nonhierarchical clustering was used to group stations based
on similarities in upper-layer hydrography.”' The mean values of
temperature, salinity, oxygen, and chlorophyll-a within the upper S0 m
were used as clustering variables. Data were normalized to enhance
the algorithm’s performance,”” followed by clustering using the
Euclidean distance metric. The optimal number of clusters (k = 2)
was determined using silhouette scores after 1000 iterations, yielding
a total within-cluster sum of distances of 1.09 (Figure S3). Stations
from the main and smaller eddies clustered together, while the
remaining five external stations formed a separate group (Figure 1).
Hierarchical clustering using the farthest distance method confirmed
this division. A dendrogram with a cophenetic correlation coeflicient
of 0.65 was generated (Figure S3) based on the degree of dissimilarity

of physical and biogeochemical oceanographic properties. Both
clustering methods revealed a grouping pattern consistent with
patterns observed in satellite chlorophyll-a imagery (Figure 1) and
vertical CTD profiles (Figure 2 and Figure S4). Mean values of
physical and biogeochemical variables across several depth ranges (0—
75, 100, 150, and 200 m) were also analyzed using cluster analysis.
The results indicated a consistent division of stations except for
variability attributed to the third station located within the smaller
cyclone formed after the splitting event.

Statistical Differences in MFs Collected Inside and Outside
the Eddy

The distribution of MF concentration data was assessed using the
Kolmogorov—Smirnov test,”> which indicated an absence of normal-
ity (p = 1.9 X 107"). Consequently, a nonparametric Mann—Whitney
U-test’* was used to evaluate differences between MF concentrations
measured inside and outside the eddy, as well as between procedural
blanks and seawater samples.

B RESULTS AND DISCUSSION

Cyclone Detection and Characterization

Cyclonic eddies were identified along both transects based on
the combined analysis of salinity, density, and chlorophyll-a
profiles (Figure 2) and further supported by temperature,
dissolved oxygen, and current direction patterns (Figure S4). A
prominent uplift of isopycnals was observed near the eddy
core, with the greatest vertical displacement occurring around a
100 m depth. At this depth, saline, low-oxygen, and
chlorophyll-a-depleted waters were brought upward from
deep layers. Current velocities derived from ADCP data
revealed counter-rotating flow across the eddy center,
consistent with the characteristic anticlockwise circulation of
Northern Hemisphere cyclones.

Outside the eddy, isopycnals remained flat, and water masses
exhibited distinct physical and biogeochemical properties.
Cyclone boundaries were delineated using hydrological criteria
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(detailed in Materials and Methods), enabling the classification
of sampling stations as either located “inside” or “outside” the
eddies.

Mean chlorophyll-a concentrations in the upper 40 m were
significantly higher inside the eddy (0.44 mg m™) than outside
(0.15 mg m™?), as shown in Figure 2 and Figure SS. Dissolved
oxygen levels followed a similar trend, averaging 8.0 ml 1™
within the cyclone compared to 7.7 ml I”' outside. Both
differences were statistically significant (Mann—Whitney U
test, p < 0.05), consistent with elevated phytoplankton biomass
within the eddy.

Microfiber Accumulation in Submesoscale Cyclones

A total of 1182 MFs were counted in the water samples,
yielding a median concentration of 0.17 MF 17! across the
entire data set (interquartile range Q1—Q3: 0.08—0.33 MF
1!). Consistent with previous findings,” the majority of MFs
(91.7%) were identified as cellulosic (Supplementary Table 2),
followed by synthetic polymers and animal-based fibers,
indicating primarily negatively buoyant polymers. The
polymeric composition did not differ significantly between
samples collected inside and outside the cyclone.

MF concentrations were significantly higher within the eddy
cores (p < 0.05), particularly at the first and third stations of
the first transect and the first station of the second transect
(Figure 2). When data from both transects were merged,
median MF concentrations inside the eddy reached 0.34 MF
17!, nearly four times higher than outside (0.09 MF 17!, p = 3.7
X 107*). Analyzed separately, median concentrations inside the
eddy before its fragmentation reached 0.44 MF 1, compared
to 0.19 MF 1" outside. After the eddy split, values remained
elevated within the smaller southern eddy (0.32 MF 17!), while
concentrations outside dropped to 0.01 MF 1! (p = 0.01 in
both cases; Figure 3). These results indicate a 27% decline in
MF concentration within the eddy core postfragmentation and
a striking 95% reduction in surrounding waters, underscoring
the cyclone’s role as a transient but efficient MF retention
structure. Within the eddy, MF concentrations exhibited clear
vertical and horizontal gradients, with a subsurface maximum
typically observed along the doming of the 28.9 kg m™
isopycnal. Concentrations were generally higher along the
flanks than at the eddy center (median = 0.58 MF 1! vs 0.32
ME1} p = 0.07), suggesting lateral convergence and retention
near the periphery. In contrast, outside the eddy, MF profiles
were vertically homogeneous and consistently low, reflecting
the absence of strong recirculating flow and vertical transport.

When compared with published data sets, the MF
concentrations observed in this study are substantially lower
than those typically reported for Mediterranean and open-
ocean waters.”**? Even the highest values within the cyclone
core (0.58 MF I™') are about an order of magnitude below
previously published ranges (2—8 MF 1™'). This difference
primarily reflects our use of a closed-loop filtration system that
eliminated external contamination, thereby producing more
conservative and environmentally representative estimates.
Despite these lower absolute concentrations, the 4-fold
enrichment observed inside the cyclone relative to surrounding
waters confirms its function as a transient retention “hotspot”
for microfibers.

Although the highest MF concentrations were observed near
the eddy edge, statistical comparisons between edge and core
values (p = 0.07) indicate that this difference was not
significant. Given the limited number of sampling stations

within the eddy, particularly along the second transect, these
patterns should be interpreted cautiously.

Mechanisms Driving Microfiber Accumulation

The cyclone formed along the Balearic front, a persistent
mesoscale boundary separating denser, cyclonic waters in the
northwest from lighter, anticyclonic waters in the southeast
(Figure S6).”° Although sinking particles typically settle within
a few tens of kilometers from their source,”®”” recent studies
have shown that mesoscale circulation and frontal dynamics in
the Balearic Sea can transport microplastics and other
anthropogenic contaminants from coastal areas toward off-
shore regions.'*"*” This regional connectivity may partly
explain the MF heterogeneity across the front (Figure S7),
with denser, northwest-sourced waters potentially carrying
elevated MF loads due to their coastal provenance. Never-
theless, water mass characteristics and source proximity alone
cannot fully explain the MF enrichment observed within the
cyclone. The strong vertical and horizontal gradients are best
explained by physical retention processes, consistent with the
local hydrographic structure and circulation patterns. We
therefore focus on the cyclone’s internal physical dynamics as
the primary drivers of MF retention, assuming a uniform MF
input dominated by surface atmospheric deposition.”**>”*

The vertical settling behavior of rigid microplastic particles
has been extensively studied in laboratory settings.”” ™' Under
quiescent conditions, negatively buoyant particles, such as
MFs, sink at a constant settling rate (ws) determined by their
size, shape, and density. The Maxey—Riley—Gatignol (MRG)
equation®” provides a theoretical framework to quantify ws for
small, near-spherical particles.””** However, the actual particle
velocity (wp) combines ws with the ambient fluid velocity (w),
and determining wp is complex due to MFs’ flexibility and
pronounced deviation from sphericity.*** Consequently,
simplified formulas for ws are often unreliable, and even the
concept of settling velocity becomes ambiguous.** Laboratory
studies report settling velocities of 0.5—3.7 mm s~ in still
water for synthetic MFs.**** However, in natural systems,
convective and turbulent motions can substantially reduce the
effective sedimentation flux by generating upward and
oscillatory flows that resuspend or vertically redistribute fibers,
keeping them suspended for extended periods. Such processes
can decrease the total downward flux by up to 75%, effectively
lowering the apparent sedimentation rate without altering the
intrinsic settling velocity of the particles.””*>

Vertical velocities in the ocean vary by scale: small-scale
processes such as Langmuir cells and boundary layer
turbulence can generate velocities of several cm s™' near the
surface,*>*° while mesoscale structures exhibit lower velocities,
typically up to 1 mm s ".*”*® Drifter-derived measurements
along the cyclone flank before the splitting indicate upward
vertical velocities of 0.7 mm s within the upper 15 m.*” This
provides quantitative evidence of the presence of submesoscale
processes capable of significant vertical transport, therefore
impacting the MF settling velocity. Indeed, vertical velocities
within the cyclone are likely due to several interacting
processes. On the one hand, we expect a general upwelling
pattern within the eddy core, as indicated by the domed
isopycnals, subsurface oxygen depletion, and elevated surface
chlorophyll-a concentrations (Figure 2 and Figure S4). On the
other hand, more transient processes are likely to generate
significant vertical recirculation.”” These include alternating
cyclogeostrophic upwelling/downwelling associated with the

https://doi.org/10.1021/acs.est.5c13987
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c13987/suppl_file/es5c13987_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c13987/suppl_file/es5c13987_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c13987/suppl_file/es5c13987_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c13987/suppl_file/es5c13987_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c13987/suppl_file/es5c13987_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c13987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

cyclone’s elongated structure and possible distortion,**”

possible wind-induced Ekman pumping processes,” and
near-inertial oscillations.*® Also, vertical mixing at the front
could lead to turbulent thermal wind balance (TTW), driving
secondary circulations with enhanced vertical velocity.”"”*

Overall, the presence of these motions likely retains
negatively buoyant MFs in suspension, explaining their
observed presence in the cyclone.”” Although the higher
density of water within the cyclone may slightly reduce MF
settling compared to adjacent waters (Figures S5-S6), such
effects are likely negligible relative to the dynamical processes
discussed above.”” We note that TTW processes occurring at
the fronts might contribute to MF accumulation at eddy edges,
as well as the interaction between the cyclone’s dynamic
structure and particle movements under asymmetric and
nonsteady flow conditions.”” While this is consistent with
the qualitative pattern shown by the MF concentration in the
cyclone (Figure 2), we recall that the difference between the
edges and the core is not statistically significant and could be
due to limited sampling and transient processes. Indeed, the
measurements are not sufficient to sort out the specific effects
of each dynamical mechanism on MF resuspension. The
combination of elevated chlorophyll-a, domed isopycnals, and
counter-rotating currents at the eddy center nonetheless
supports the interpretation that the cyclone acted as a
coherent retention structure for microfibers, even if local
concentrations varied spatially within its interior.

Further insight into MF retention could be achieved by
applying idealized vortex models or high-resolution simulations
nested within regional forecasting systems.”* However,
developing suitable particle models for MFs remains a key
challenge, as conventional approaches like the MRG equation
fail to capture the behavior of dense, flexible fibers without
incorporating semiempirical corrections and fiber-specific
hydrodynamic properties.**”>°

Ecological Implications of Microfiber Retention in Eddies

Our high-resolution observations underscore the dual role of
submesoscale eddies as zones of both enhanced biological
productivity and pollutant retention in pelagic ecosystems. The
co-occurrence of elevated chlorophyll-a and MF concen-
trations within the cyclone reveals a critical dynamic-ecological
coupling: the physical processes that retain negatively buoyant
MFs (i.e, upwelling, vertical recirculation, and frontal
convergence) simultaneously enhance nutrient supply and
primary production. This may create conditions where
phytoplankton blooms develop in contaminant-enriched
waters, potentially facilitating rapid MF incorporation into
marine food webs.”” Vertical retention of negatively buoyant
MFs within the photic zone keeps them bioavailable and
increases encounter rates with plankton, filter feeders, and
planktivorous organisms.”® Their widespread detection in
zooplankton, commercially important fish species, seabirds,
and marine mammals, reflects the pervasiveness of microfiber
contamination, which often dominates the spectrum of
ingested anthropogenic particles.”>”*~'"" While species-
specific toxicological implications remain uncertain, %710
the potential for bioaccumulation, trophic transfer, and broader
ecological ramifications raises significant concerns.*>

Despite compelling evidence of MF retention within
submesoscale cyclones, our study has several limitations.
Observations were limited to two transects over a short
temporal window, precluding a full reconstruction of the

eddy’s three-dimensional structure, temporal evolution, and
retention timescales. Vertical velocities were inferred from
isopycnal displacement rather than measured directly, and
although the methodology was kept consistent for all samples,
MF quantification may be subject to sampling uncertainty and
operator classification bias. The biological response variables
were limited to chlorophyll-a concentrations; direct measure-
ments of zooplankton abundance, feeding rates, or MF
ingestion within the eddy were not obtained and would
strengthen future investigations of dynamic-ecological cou-
pling. Moreover, the specific hydrographic context of the
Balearic Sea may constrain a broader extrapolation of our
findings.

Nonetheless, our results are consistent with previous reports
identifying hotspots of microplastics-marine life interactions in
other small-scale surface ocean features, such as fronts and
convergence zones.'%° Although transient and small in scale,
submesoscale eddies may act similarly, functioning as dynamic
and biologically significant retention structures in pelagic
ecosystems. Given their ubiquity across global oceans, these
features likely play a more significant role in contaminant
redistribution than those previously recognized. This study
bridges a critical gap between physical oceanography and
marine pollution science by providing direct field evidence of
microfiber accumulation in submesoscale eddies. Integrating
these dynamics into contaminant transport models is essential
to improving predictions of microplastic and microfiber fate in
the ocean. Future work should focus on quantifying retention
times, assessing seasonal and regional variability in eddy-driven
MF accumulation, and evaluating biological uptake within
these widespread dynamic features.
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