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Mesoscale eddies play a critical role in marine ecosystems by regulating ocean environments and thereby
influencing marine life. By integrating zooplankton observations from the Continuous Plankton Recorder (CPR)
project with satellite-derived sea surface temperature (SST), chlorophyll (Chl) concentration, and eddy datasets
based on sea surface height, we investigate the impacts of eddy populations on zooplankton community abun-
dance in the North Atlantic. To comprehensively assess both the abundance and richness of zooplankton com-
munities, we introduced the Abundance Index as a unifying metric. The mid-latitude North Atlantic is segmented
into three latitudinal zones: the southern zone (35°N-45°N), the middle zone (45°N-55°N), and the northern
zone (55°N-70°N). Our analysis revealed distinct annual variations in the Abundance Index across the three
zones from 1993 to 2017. The Abundance Index was consistently higher within cyclonic eddy (CE) cores
compared with anticyclonic eddy (AE) cores in the southern and northern zones, contrasting with the patterns in
the middle zone. However, the composite patterns of eddy-affected Chl and SST were similar across all zones. By
employing six machine learning models, we assessed the feature importance (FI) of log-transformed Chl (log-Chl)
and SST in explaining the Abundance Index. Log-Chl was found to have a greater impact than SST, particularly in
the northern zone, highlighting the greater importance of food availability relative to ambient temperature.
Significant shifts in the Abundance Index differences between AE and CE cores were detected in 1998, 2002, and
2003 in the southern, middle, and northern zones, respectively, suggesting that optimal habitats may have
shifted in response to ocean climate change. These findings provide deeper insights into the effects of mesoscale
eddies on zooplankton communities and highlight their broader implications for marine ecosystem dynamics.

1. Introduction excretion, and diel vertical migration (DVM), zooplankton facilitate the

transfer of energy from primary producers to fish populations (Benedetti

Mesoscale eddies are ubiquitous rotating water masses in the oceanic
realm, representing a prominent oceanographic phenomenon charac-
terized by spatial scales spanning tens to hundreds of kilometers and
temporal durations ranging from several days to years (Chelton et al.,
2011a, 2011b). The dynamic processes inherent in these eddies generate
unique physical, chemical, and biological attributes that set them apart
from the surrounding waters. Zooplankton—key intermediaries in ma-
rine food webs—are particularly susceptible due to their limited
mobility. Through essential behaviors such as respiration, grazing,

et al., 2021; Govoni et al., 2010), and thus play a significant role in
global biogeochemical cycles (Eden et al., 2009).

Mesoscale eddies influence zooplankton communities through both
horizontal and vertical dynamic processes. Horizontally, eddies can
transport or redistribute phytoplankton (Chelton et al., 2011a; Gaube
et al., 2014) and have the capacity to trap zooplankton (Duran-Campos
et al., 2015; Govoni et al., 2010; Zhu et al., 2009). Vertically, eddy dy-
namics can induce upwelling or downwelling and displace isopycnal
surfaces (Gaube et al., 2014; McGillicuddy, 2016), thereby altering light
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conditions, temperature, ocean mixing, and nutrient availability
(Falkowski et al., 1991; Gaube et al., 2015; McGillicuddy et al., 2007).
These changes subsequently affect phytoplankton growth and a range of
zooplankton characteristics, including distribution (Batten and Craw-
ford, 2005; Govoni et al., 2010), abundance (Eden et al., 2009; Strze-
lecki et al., 2007; Wang et al., 2023), biomass (Govoni et al., 2010; Labat
et al., 2009; McGillicuddy et al., 2007), behavior (Eden et al., 2009),
community structure (Duran-Campos et al., 2015; Eden et al., 2009),
and grazing rate (An et al., 2024). These effects can propagate to higher
trophic levels, influencing the behavior of tropical predators (Xing et al.,
2023, 2024).

Although previous case studies have identified associations between
the behavior of specific zooplankton species and mesoscale eddies,
notable limitations persist. Most investigations have concentrated on a
narrow set of taxa, leading to insufficient taxonomic coverage and an
absence of a comprehensive community-level perspective. Furthermore,
the prevalent reliance on site-based observations has constrained both
the spatial and temporal resolution of findings, thereby hindering the
detection of broad-scale response patterns. Systematic cross-regional
assessments of entire zooplankton communities, along with the mech-
anisms underlying their responses to mesoscale eddies, remain scarce. It
is still unclear whether these responses are primarily governed by
temperature-driven physiological processes (An et al., 2024; Wang et al.,
2023), such as metabolic rate changes, or by bottom-up regulation in
which food availability (Liu et al., 2020)—typically represented by
chlorophyll (Chl)—plays the driving role. Clarifying these issues is
essential for advancing our understanding of the mesoscale phys-
ical-biological interactions in marine ecosystems.

To address these gaps, this study investigates latitudinal variations in
zooplankton abundance and vertical behavior in relation to mesoscale
eddies across the mid-latitude North Atlantic (35°~70°N). This region is
chosen because of the abundance of quantitative zooplankton data from
historical surveys by the Continuous Plankton Recorder (CPR). Fig. 1
shows the frequent surveys along the key trade routes from the United
Kingdom to North America, including via Iceland. We combine these
observations with satellite-derived eddy datasets of sea surface tem-
perature (SST) and Chl data, and machine learning approaches to
explore how eddy polarity, eddy region, and physical-biological factors
jointly influence zooplankton abundance. We hypothesize that the re-
gions outside eddies (see section 2.3) are minimally affected by eddy
dynamics and can therefore serve as a reference baseline. To explain the
impacts of eddies on zooplankton, we propose two competing hypoth-
eses: (1) the temperature-driven hypothesis, which posits that environ-
mental temperature has a stronger influence on zooplankton dynamics
(An et al., 2024; Wang et al., 2023), and (2) the food-driven hypothesis,
which argues that food availability, represented by Chl concentration,
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exerts the greater control (Liu et al., 2020). Through the observed
findings and these two hypotheses, we aim to advance our under-
standing of the long-term dynamics of zooplankton communities under
the influence of mesoscale eddies and to clarify the roles of key drivers in
shaping these interactions.

2. Materials and methods
2.1. Data

Sea level anomaly (SLA): The SLA data were from multiple altim-
eter missions processed by AVISO (AVISO, 2019), including TOPEX/-
Poseidon, ERS-1/2, ENVISAT, JASON-1/2/3, Sentinel-3A, HY-2A,
Saral/AltiKa, Cryosat2, and GFO. We used the daily "all-satellite" SLA
dataset on a %° longitude-latitude grid, which integrates observations
from all available altimeters. In addition, the AVISO two-satellite
product is based solely on missions operating on the 10-day and
35-day (or 27-day) sampling patterns (see Fig. 1 of Quartly et al.
(2017)), which provide homogeneous spatial coverage throughout the
analysis period. This product was used to check the consistency of eddy
tracking in the "all-satellite" dataset.

Continuous Plankton Recorder: Initiated in 1931, the CPR survey
represents the world’s longest-running and largest multi-decadal
plankton monitoring program (Piontkovski et al., 1995; Johns and
Broughton, 2022). A CPR is towed at approximately 7 m depth behind
vessels traveling at 15-20 knots. Each device funnels water onto a slowly
and constantly rotating strip of silk, filtering all particulates larger than
the mesh size of 270 pm. After each transect, the silk is cut into indi-
vidual 0.1 m segments, each representing plankton collected over 18 km
(10 nautical miles) of tow, corresponding to the filtration of approxi-
mately 3 m° of seawater (Piontkovski et al., 1995). The samples undergo
four separate stages of analysis: (1) overall Chl, (2) larger phytoplankton
cells, (3) small zooplankton (<2 mm), and (4) large zooplankton (>2
mm). Large zooplankton (referred to as "Eye-count") are individually
removed from the silk and identified visually, whereas for small
zooplankton (referred to as Traverse-count), a representative series of
traverses covering 2 % of the silk are undertaken with a
high-performance microscope, thus the expected total number is esti-
mated by multiplying by 50. Although CPR-derived estimates are
semi-quantitative in nature, they still provide robust and long-term in-
sights into changes in zooplankton abundance (Piontkovski et al., 1995).

Sea surface temperature: The Optimum Interpolation Sea Surface
Temperature (OI-SST) products, spanning January 1, 1998, to December
31, 2017, were obtained from NOAA. These daily products have a spatial
resolution of 25 km and are derived exclusively from AVHRR
observations.
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Fig. 1. CPR tracks in the mid-latitude North Atlantic during 1993-2017. Each line segment represents a section of the CPR tow identified by its own unique event ID.

Regions of water depth shallower than 1000 m are shaded in grey.
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Chlorophyll concentration: The Chl data were obtained from the
GlobColour project, funded by the European Space Agency. The dataset
combines SeaWiFS observations from January 1, 1998, to June 22,
2002, with MODIS/VIIRS data from June 23, 2002, to December 31,
2017. Daily products were generated using the Gar-
ver-Siegel-Maritorena (GSM) algorithm at a spatial resolution of 25 km.
Because Chl typically exhibits a log-normal distribution (Campbell,
1995; Chelton et al., 2011b), all values were log-transformed (base 10,
log-Chl) prior to analysis.

Data selection and preprocessing: To ensure spatiotemporal con-
sistency across datasets, this study focuses on the mid-latitude North
Atlantic (35°N-70°N) for the period from January 1, 1998, to December
31, 2017. The core analysis uses CPR data from March to August each
year, with additional data from April to October employed to assess the
robustness of results within the 45°-55°N band (see details in Text S1).
All statistical analyses applied after a two-standard-deviation outlier
removal procedure to enhance robustness.

2.2. CPR data processing

2.2.1. The Abundance Index

Zooplankton counts from the CPR were standardized by dividing by
the volume of filtered water (3 m®) and log-transformed using log;o
(x+1) to reduce variability and allow for abundance differences between
small and large species (Rettig, 2003). To capture both abundance and
species diversity, we introduced an Abundance Index as a composite
metric of zooplankton community structure, defined as follows:

Abundance Index = ; log,, <% + 1) (@D)]
where n denotes the total number of zooplankton taxa observed, x
represents the individual count for each taxon, and the division by 3
normalizes the values by the volume of filtered water. We also consid-
ered three other metrics commonly used in zooplankton research:
Abundance (An et al., 2024), Diversity and Richness (Lu et al., 2022).

Abundance = log;, ( % + 1> 2
i=1
Diversity = — Z P;-In P; 3)
i=1
Richness =n (O))

where P denotes the numerical proportion of a given taxon.

2.2.2. N:D ratio of zooplankton

The nighttime-to-daytime (N:D) ratio was introduced as an indicator
to evaluate zooplankton DVM response to mesoscale eddies. Following
the method of Behrenfeld et al. (2019), local sunrise and sunset times
were estimated for each CPR observation based on its date and
geographic coordinates. These times were converted to UTC to match
the CPR sampling timestamps, allowing observations to be classified as
either daytime or nighttime. The N:D value is defined as the ratio of the
nighttime to daytime Abundance Index:

_ Abundance Index for Nighttime
~ Abundance Index for Daytime

N:D )

2.2.3. Significance test

To evaluate differences between two zooplankton groups, the
normality of each group was assessed using the D’Agostino and Pearson
test. If both groups met the normality assumption (p > 0.05), an inde-
pendent two-sample t-test was conducted; otherwise, the non-
parametric Mann-Whitney U test was applied. All statistical analyses
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were conducted in Python with the SciPy library, and significance was
determined at p < 0.05.

Pearson correlation coefficients were calculated to evaluate associ-
ations between two data groups. Prior to analysis, the data were
examined for approximate normality and outliers. Statistical signifi-
cance was assessed using two-tailed p-values derived from t-tests asso-
ciated with the Pearson correlation (r), implemented via the ’pearsonr’
function in the Python SciPy library. A significance level of p < 0.05 was
applied.

2.3. Eddy processing framework

2.3.1. Eddy identification and tracking

Based on the improved eddy identification and tracking methods of
Tian et al. (2020), an eddy dataset for the North Atlantic was created.
For eddy identification, global SLA fields were first high-pass filtered
using a half-power Gaussian filter to determine eddy seed points effec-
tively (local maxima or minima). SLA contours were then generated at
0.25-cm intervals. The closed SLA contour with the maximum average
geostrophic current speed was defined as the eddy boundary, provided it
enclosed no more than one seed point. For tracking, each eddy identified
on Day 1 was matched with eddies of the same polarity (i.e. AE or CE)
occurring within 0.5° of its centroid on the following day. If multiple
candidates were found, the target eddy was determined based on a set of
similarity parameters (kinetic energy, distance, amplitude, and area),
normalized by globally derived characteristic values.

To be confident that we had robust identification of mesoscale
eddies, only those with lifetimes longer than 10 days were retained for
further analysis. Additionally, eddies were only considered if their SLA
magnitude exceeded 1 cm, their boundary encompassed at least 8 grid
points (0.25° apart), and they existed in a water depth of at least 1000 m.
Most eddies in the Gulf Stream have lifetimes shorter than 10 days, thus
leading to fewer trackable eddies identified in the Gulf Stream.

2.3.2. Matching observations with eddies

From 1993 to 2017, more than 2000 individual eddies with lifetimes
longer than 10 days were selected for analysis. The CPR data, along with
satellite observations of SST and Chl, were viewed in the context of their
position within the eddy field, considering the polarity of the eddies (i.e.
cyclonic or anticyclonic) and the relative radius (Rr) of each observa-
tion. The Rr ranged from zero at the eddy centroid, one at the eddy
boundary, to two at twice the distance from the eddy centroid. Eddy
regions were defined as follows: from O to 0.8 as the eddy core, from 0.8
to 1.2 as the eddy edge, and from 1.2 to 2.0 as outside the eddy region
(Xiu and Chai, 2020). We expect observations in the outside-eddy region
to be unaffected by the eddy dynamics and thus provide a measure of the
background features, serving as a baseline to assess the influence of eddy
dynamics.

2.3.3. Eddy-induced anomalies of observations

Assuming that regions outside eddies are unaffected by eddy activity,
eddy-induced anomalies in the Abundance Index are defined as the
differences between eddy cores and surrounding non-eddy regions.
These anomalies were then used to analyze the long-term temporal
variations of the Abundance Index. This process mitigates statistical bias
arising from the uneven spatiotemporal distribution of CPR-eddy
matchups and highlights the regulatory role of mesoscale eddies on
zooplankton relative to the surrounding marine environment.

2.4. Using machine learning for zooplankton regression

Machine learning regression methods are well-suited for capturing
nonlinear and complex relationships within data. Some regressors also
provide feature importance (FI) indices, which offer an intuitive way of
evaluating the relative influence of different factors on the target vari-
able. In Section 3.7, we employ six machine learning
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algorithms—Decision Tree, Random Forest, Extra Trees, Gradient
Boosting, Light Gradient Boosting Machine, and Categorical Boos-
ting—to assess the relative importance of SST and log-Chl in shaping
zooplankton abundance. Regression models were constructed using SST,
log-Chl, longitude, latitude, year, and day of the year as predictors. All
six models return the ’feature_importances’ attribute in Python,
enabling direct comparison of SST and log-Chl contributions across
different modeling approaches.

Among these machine learning algorithms, the FI scores produced by
Decision Tree, Random Forest, Extra Trees, and Gradient Boosting
models sum to one, whereas those from Categorical Boosting sum to
100, and those from Light Gradient Boosting Machine are expressed on a
non-comparable scale. To ensure consistency across models, we
normalized the FI scores for SST and log-Chl using the following
formula:

Flgsr

Flggr=——"—— 5
ST Flssr + Flow ®)

Flewy
Floy=—"—— 6
M Flgsr + Flow ©

where Flgst and Flgp) represent the normalized FI of SST and log-Chl, and
Flsst and Flcy denote the raw FI values output by Python. To reduce the
undue influence of individual algorithms on the assessment, quality
control was performed on the normalized FI scores by excluding data
that exceeded two standard deviations from the mean. The final FI es-
timates for SST (FIsst) and log-Chl (FIch;) were then obtained by aver-
aging the remaining scores.

3. Results
3.1. Study regions and their key environmental characteristics

Our study examines the mid-latitude North Atlantic, spanning from
35°N to 70°N. Fig. 2 illustrates the physical, dynamic, and biological
characteristics of this region, along with the distributions of CPR sam-
ples and mesoscale eddies. Surface waters are marked by high Chl
concentrations, with coastal areas displaying substantially higher levels
than the open ocean (Fig. 2a). SST isotherms closely trace the coastline
of North America and Greenland, while other regions exhibit a general
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northward gradient (Fig. 2b). The northeastern North Atlantic hosts a
greater number of eddies with lifetimes exceeding 10 days (Fig. 2c),
whereas the Gulf Stream region exhibits the highest eddy kinetic energy
(EKE) (Fig. 2d). Areas of elevated EKE typically correspond to fewer
detected eddies and CPR samples, whereas regions with more uniform
CPR coverage generally coincide with lower EKE (Fig. 2c—e).

We found that zooplankton responses to mesoscale eddies vary
across different latitudinal zones. Accordingly, the mid-latitude North
Atlantic (35°N-70°N) was divided into three distinct zones, primarily
based on observed differences in zooplankton Abundance Index between
eddy polarities. Table 1 summarizes the Abundance Index within the
cores of the AE and CE, which are more pronounced than those at the
eddy edges and outside the eddies (see Table S1). In addition, Table 1
reports the mean SST and log-Chl values for each 5° latitudinal zone
across the study area. The three latitudinal zones were defined as
follows:

e Southern zone (35°N-45°N): The Abundance Index is significantly
higher within CE cores than within AE cores (Table 1, p < 0.01).

e Middle zone (45°N-55°N): The Abundance Index is higher within AE
cores than within CE cores, with significant differences observed
from April to October (Table 1 and Table S1, p < 0.01).

Table 1
Averages of latitudinal log-Chl, SST and Abundance Index from March to
August.

Latitudinal Zones Abundance P Log-Chl SST
Index (mg-mz) Q)
AE CE
cores cores
Southern 35°N-40°N  5.13 6.37 <0.01 —0.88 20.34
Zone 40°N-45°N 5.91 6.76 —0.60 16.57
Middle 45°N-50°N  7.25 6.98 0.07 —0.42 13.82
Zone 50°N-55°N  7.31 7.07 —0.31 10.70
Northern 55°N-60°N 7.09 7.37 <0.001 —0.34 8.16
Zone 60°N-65°N  5.82 7.47 —-0.26 6.96
65°N-70°N  7.82 12.14 —0.28 2.24

*p represents the significance level of the difference in abundance between AE
and CE cores.

w
Abundance Index
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Fig. 2. Physical, dynamic, and biological features of the mid-latitude North Atlantic. The subplots show the distributions of the mean (a) log-Chl, (b) SST, (c) eddy
number, (d) EKE, (e) number of CPR samples located within twice eddy boundaries, and (f) Abundance Index. The maps are plotted on a 1° grid, with regions of water

depth shallower than 1000 m are shaded in grey.
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e Northern zone (55°N-70°N): The Abundance Index is significantly
higher within CE cores than within AE cores (Table 1, p < 0.001).

3.2. Abundance Index with conventional metrics

Based on approximately 44,000 samples, the Abundance Index
exhibited strong positive correlations with total abundance (r = 0.93, p
< 0.001), diversity (r = 0.76, p < 0.001), and richness (r = 0.86, p <
0.001). In contrast, total abundance showed relatively weaker correla-
tions with diversity (r = 0.55, p < 0.001) and richness (r = 0.64, p <
0.001). The fitted relationships between the Abundance Index and
ecological metrics are presented in Fig. 3. The Abundance Index showed
a significant logarithmic relationship with total abundance (R? = 0.84, p
< 0.001), and significant linear relationships with diversity (R? = 0.83,
p < 0.001) and richness (R? = 0.89, p < 0.001). In comparison, the
traditional metrics Diversity and Richness were strongly correlated with
each other (R? = 0.85, p < 0.001). However, both linear and logarithmic
relationships between Diversity and Abundance were weak, with R?
values below 0.1 (not shown).

3.3. Monthly variations in Abundance Index and CPR sampling

The Abundance Index and CPR sample numbers exhibited pro-
nounced seasonal patterns (Fig. 4), driven by seasonal variability in
zooplankton DVM, the CPR sampling schedule, and mesoscale eddy
activity. Both the Abundance Index and sampling effort peaked in spring
and summer, with a marked decline during winter. The influence of
restricting the analysis period to March-November on the statistical
significance of Abundance Index differences between AE and CE cores
was assessed to account for uneven sample distribution, with results
summarized in Table S1. Significant differences between AE and CE
cores were observed in the southern (35°N-45°N) and northern
(55°N-70°N) zones during March-August, whereas the middle zone
(45°N-55°N) showed significant differences from April to October
(Table S1).

3.4. The zooplankton Abundance Index varying with eddy radius

The Abundance Index varied significantly with eddy radius
(Fig. 5a—c). Across eddy polarities, values within CE boundaries were
significantly higher than those within AE boundaries in both the
southern and northern zones (Rr < 1, p < 0.05; Fig. 5a and c), whereas
no significant differences were observed outside eddy boundaries (Rr >
1). In contrast, within the middle zone, the Abundance Index tended to
be higher within AE boundaries than within CE boundaries (Fig. 5b),
with this pattern becoming more pronounced from April to October
(Fig. S1a).

When comparing the Abundance Index inside versus outside eddy
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boundaries of the same polarity, anticyclonic eddies (AEs) in the
southern and northern zones exhibited lower values within the eddy
interiors relative to the surrounding waters, whereas cyclonic eddies
(CEs) showed higher interior values (Fig. 5a and c). In contrast, eddies in
the middle zone displayed the opposite pattern, with higher Abundance
Index values within AEs and lower values within CEs (Fig. 5b, S1a).

The N:D values, representing the ratio of nighttime to daytime
Abundance Index, exhibit clear latitudinal variability in relation to both
eddy polarity and eddy region (Fig. 5d—f). In the northern zone, daytime
and nighttime Abundance Index values are comparable, as indicated by
overlapping standard error bars (Fig. 5f). In contrast, both the southern
and middle zones show higher nighttime values, yielding N:D ratios
greater than 1 (Fig. 5d and e). In the southern zone, the highest N:D ratio
occur within CE cores, followed by the AE cores and then outside eddies.
In the middle zone, the highest N:D ratio occurs within the AE core,
followed by outside eddies and then CE cores.

3.5. Temporal variation of Abundance Index influenced by eddies

From 1993 to 2017, the zooplankton Abundance Index response to
mesoscale eddies demonstrated clear temporal variability. Fig. 6a pre-
sents interannual trends for eddy cores, eddy edges, and non-eddy re-
gions within the latitudinal range of 35°N to 70°N. Between 1993 and
2005, a slight decline was observed across all eddy regions, with an
average slope of k = —0.09 yr™'. In contrast, 2005-2017 revealed a
significant increase, with an average slope of k = 0.29 yr ! (p < 0.01).

From 1993 to 2005, CE cores had significantly higher Abundance
Index values than AE cores, whereas AE edges exceeded CE edges
(Fig. 6aj, 6as, p < 0.01). By contrast, from 2005 to 2017, differences
between AE and CE were no longer statistically significant for either
eddy cores or eddy edges.

Fig. 6b depicts temporal variations in the Abundance Index across
three latitudinal bands, specifically within eddy cores and outside
eddies, both of which exhibited broadly similar long-term trends.
Notably, the patterns of variation differed among latitudinal zones. In
the southern zone, the Abundance Index decreased from 1993 to 2005,
followed by an increase from 2005 to 2017 (Fig. 6b;). The middle zone
showed a trend (Fig. 6by) consistent with the overall 35°N-70°N
(Fig. 6a), likely reflecting the greater number of CPR observations in this
zone (Fig. 4). In the northern zone, the Abundance Index generally
increased from 1993 to 2010, followed by a decreasing trend from 2010
to 2017 (Fig. 6bs).

Comparisons of the Abundance Index between eddy polarities
revealed distinct latitudinal patterns (Fig. 6b). In the southern zone, the
difference between AE and CE cores gradually diminished from 1993 to
2005 and became negligible thereafter (Fig. 6b;), suggesting a weak-
ened modulation effect of eddies over time. In the middle zone, the
Abundance Index remained roughly comparable between AE and CE
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Fig. 3. Relationships between the Abundance Index and (a) total abundance, (b) diversity, and (c) richness. Scatter plots represent CPR-derived observations, while
dashed lines represent the best-fit regression curves. R? indicates the coefficient of determination for each fitted model.



G. Han et al. Deep-Sea Research Part I 226 (2025) 104605
1 8 1 1 ] 1 1 | | | 1 | 1 0000
15 :

) L
% | M [ »
© [}
< o
= 12 L =
3 S
c 1 c
3 9 — - 1000 2
c F Q
> i .\. C €
2 L ©
< .\ [ »
c 6 ° [ o
8 } ®—e Abundance Index \ E-)

= ©—© Numbers in all three zones (35°N~70°N) I

318 ./. Number in southern zone (35°N-45°N) \0 L

| ©—© Number in middle zone (45°N-55°N)
E—8 Number in northern zone  (55°N-70°N)
0— T T T T T T T T T T —— 100
1 2 3 4 5 6 7 8 9 10 1M1 12
Month

Fig. 4. Monthly variations in sample numbers across three latitudinal zones, alongside the mean Abundance Index over the entire region. Sample numbers remained

relatively stable from March to August.

9 | U S I S S ! 1 PR VY T | 9 | EEPT T O [ S S T ! PR 1 PR | 9 x oy op | oy oy ! 1 PR |
Southern Zone | (a) Middle Zone : (b) Northern Zone . (c)
35°N~45°N i [ ] 45°N~55°N ! 1 55°N~70°N !
x 8- - 8- [ gt i -
2 % 1 { t i : L .." %-% : L
o A 4 : oo ps # Vo LR %
g7 A L 76 % ; " j 9 0 ¢ S B XY AR ; i Ar
< |p L : ) 11T 2 | e % iy i
b T PP
<6" ‘} {r TR L 6 : - 61 ! -
5|'---|"":"'|""| 5|""|"":""|""| 54— 71—
0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Relative radius (Rr) Relative radius (Rr) Relative radius (Rr)
15 1 1 1 15 1 1 1 15 1 1 1
| Southern Zone (d[ | Middle Zone (e) Northern Zone (UM}
35°N~45°N 45°N~55°N 55°N~70°N
124 F 124 124 -
x
£ 1 N:D=1.30
£ o ND=135 | ool T ND=1.24 ND2TL g | N:D=1.07 -
8 | ND=133 | N:D=0.92 N:D=1.00 |
©
© - - -
o
>
o
<
0 Z 0 L P | 0 L P |
AE Core CE Core Outside Eddy AE Core CE Core Outside Eddy AE Core CE Core Outside Eddy
<o AE *«xk CE —— Daytime zzza Nighttime

Fig. 5. Variations in the Abundance Index associated with eddies. (a) to (c) Abundance Index of AE and CE with eddy relative radius (Rr). (d) to (f) Abundance Index
during daytime and nighttime across AE cores, CE cores (both Rr < 0.8), and outside eddies (Rr > 1.2). The vertical bars represent one standard error. N:D values

indicate the ratio of nighttime to daytime.

cores from 1993 to 2003, but AE cores exhibited higher values in the
subsequent years (Fig. 6by). By contrast, the northern zone consistently
showed higher Abundance Index values in CE cores relative to AE cores,
except between 2005 and 2008 (Fig. 6bs).

Abundance Index anomalies offered a more nuanced view of the

contrasting responses of zooplankton to AEs and CEs (Fig. 6¢). From
1993 to 2017, anomaly values were significantly higher within CE cores
compared with AE cores in both the southern and northern zones
(Fig. 6¢1, 6¢€3, p < 0.001). In contrast, from 2004 onwards, the middle
zone exhibited significantly greater anomalies within AE cores than
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Fig. 6. Temporal variations in Abundance Index and its anomalies associated with eddies. Observations span from March to August during the period from January
01, 1998 to December 31, 2017. The time series were smoothed using a running average filter with a window size of 5 years.

within CE cores (Fig. 6¢g, p < 0.05).

Fig. 6d presents the temporal variations in anomaly differences (AE
minus CE), underscoring the temporal variability of eddy polarity effects
on zooplankton response. A sequential two-sample t-test identified sta-
tistically significant change points in the time series (p < 0.001),
marking shifts in mean Abundance Index values before and after these
points. Specifically, a significant shift occurred in 1998 for the southern
zone (p < 0.01), in 2002 for the middle zone (p < 0.01), and in 2003 for
the northern zone (p < 0.05). These shifts indicate a decline in the
Abundance Index advantage within CE cores beginning in 1998 for the
southern zone and in 2003 for the northern zone (Fig. 6d;, 6ds).
Conversely, the middle zone demonstrated an increasing Abundance
Index advantage within AE cores after 2002 (Fig. 6ds).

3.6. Zooplankton variations with SST and Chl

Linear relationships between the Abundance Index and log-Chl are
presented in Fig. 7. Significant positive correlations were observed, with
the strongest associations found in the northern zone. In the southern
zone, AE cores generally exhibited higher Abundance Index than CE
cores under low Chl conditions, whereas CE cores exceeded those of AE
cores at higher Chl levels (Fig. 7a). The middle zone displayed the
opposite pattern: AE cores showed higher Abundance Index than CE
cores when log-Chl exceeded a threshold value of —0.65 (Fig. 7b). In
contrast, the northern zone consistently displayed higher Abundance
Index within CE cores across all log-Chl ranges (Fig. 7c).

The relationships between the Abundance Index and SST exhibited
multiple peaks across all latitudinal zones, but overall linear associations
were weak (Fig. 7d-f). Specifically, a slight negative correlation was
observed in the southern zone, a positive correlation emerged in the

northern zone, whereas no significant relationship was detected be-
tween SST and the Abundance Index in the middle zone.

3.7. Effect of Chl and SST on zooplankton abundance

The contributions of these factors were assessed separately for AE
cores, CE cores, and outside eddies (Fig. 8). Feature Importance (FI)
values outside eddies remained relatively stable across the three lat-
itudinal zones, with FIcy around 0.55 and Flggy around 0.45. Within
eddy cores, Flch generally exceeded Flggy across all regions, except for
the AE core of the southern zone, where FIsst was the higher value. In
most cases, FI values within eddy cores differed from those outside
eddies.

4. Discussion

Our analyses demonstrate distinct spatial patterns in zooplankton
community responses to mesoscale eddies, with eddy polarity exerting
contrasting effects across latitudinal zones. In addition to these spatial
differences, long-term records reveal clear temporal shifts, including a
pronounced post-2005 increase in the Abundance Index in the middle
zone, as well as significant regime shifts detected in all three zones at
different times. Together, these results highlight the importance of
considering both spatial heterogeneity and temporal variability when
evaluating eddy-zooplankton interactions. In the following discussion,
we examine the mechanisms underlying these patterns and their broader
ecological and climatic implications.
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4.1. Method evaluation: The Abundance Index method

We developed an Abundance Index that integrates both numerical
abundance and taxonomic diversity to quantify zooplankton responses
to mesoscale eddies. Although a similar approach has previously been
applied to examine long-term mesozooplankton changes in the southern
North Sea, the Abundance Index in that context was neither clearly

defined nor systematically (Di Pane et al., 2024). The strong correlations
observed between the Abundance Index and well-established ecological
metrics—log-transformed abundance (r = 0.93), richness (r = 0.86), and
diversity (r = 0.76)—suggest that this Index effectively captures both
numerical dominance and taxonomic breadth within zooplankton
communities. By contrast, log-transformed abundance alone exhibited
weaker correlations with richness (r = 0.64) and diversity (r = 0.55),
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underscoring its limitation in reflecting community complexity. This
demonstrates the utility of the Abundance Index in multi-taxa assem-
blages, where both the number of individuals and the number of taxa are
ecologically relevant. Future work should evaluate the performance of
this integrative index across different environmental conditions and
assess whether it provides greater sensitivity in detecting shifts in
community structure compared with conventional metrics.

The CPR dataset underscores a fundamental challenge in
zooplankton monitoring: methodological differences in counting ap-
proaches can strongly shape perceived community patterns. Traverse-
counted taxa typically dominate the raw counts (approximately 25
times more abundant than Eye-counted taxa), which may obscure
ecologically meaningful signals from less abundant Eye-counted taxa.
Such imbalances can bias interpretations of community responses to
eddy dynamics if unadjusted metrics are employed (data not shown). In
contrast, the Abundance Index offers a more balanced representation,
reducing the disproportionate influence of highly abundant groups and
providing a clearer link to mesoscale features such as eddy radius
(Fig. 5). These findings suggest that integrative indices may outperform
simple abundance transformations in detecting subtle ecological gradi-
ents, while also capturing the contributions of both dominant and rare
taxa in community-level analyses.

4.2. Zooplankton responses to eddies: Long-term variability

Similar long-term trends observed across eddy cores, eddy edges, and
regions outside eddies indicate that changes in the zooplankton Abun-
dance Index are primarily driven by large-scale background environ-
mental variability, rather than mesoscale processes alone (Fig. 6). Using
a comparable approach, Pershing and Kemberling (2024) reported
similar increases in two species after 2004. Likewise, Buttay et al. (2016)
documented a decline in total zooplankton abundance on the Northwest
Iberian Shelf from 1995 to 2003, followed by an increase from 2004 to
2010, consistent with our observations. One potential driver is the North
Atlantic Oscillation (NAO), a dominant mode of large-scale atmospheric
variability known to affect temperature (Hurrell, 1995), wind patterns,
and consequently waves (Feng et al., 2014), as well as regional precip-
itation (Kyte et al., 2006), thereby influencing ocean mixing and strat-
ification across the North Atlantic (Planque and Taylor, 1998). The
influence of NAO on interannual zooplankton variability has been well
documented, with positive NAO phases often associated with warmer
temperatures and higher abundance (Piontkovski et al., 2006).

However, ecological responses to the NAO are spatially heteroge-
neous across the North Atlantic (Piontkovski et al., 2006; Ottersen et al.,
2001), potentially leading to region-specific relationships. In the
northern zone, the observed negative correlation between the NAO
index and the difference in Abundance Index anomalies (Fig. 9; r =
—0.49, p < 0.02), together with its strong associations with SST (r =
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—0.81, p < 0.01) and log-Chl (r = —0.52, p < 0.01), suggests that
large-scale atmospheric variability may modulate zooplankton re-
sponses to eddy dynamics by altering temperature and primary pro-
ductivity. In contrast, the weaker correlations observed in other regions
underscore the need for further investigation to elucidate the mecha-
nisms driving these spatial differences.

4.3. Eddy impacts on zooplankton: Underlying mechanisms

In the mid-latitude North Atlantic, our results indicate that
zooplankton community responses to mesoscale eddies are spatially
heterogeneous. This variability reflects the combined influence of eddy
polarity (Sarmiento-Lezcano et al., 2024), eddy regions (Duran-Campos
et al., 2015, 2019), and latitudinal zonation, factors that have also been
shown to shape the foraging and distribution patterns of
higher-trophic-level predators (Arostegui et al., 2022; Xing et al., 2024).
The unique physical and ecological conditions formed within eddies,
arising from their intrinsic dynamics, can modulate zooplankton dis-
tributions relative to surrounding waters (Rakhesh et al., 2008; Strze-
lecki et al., 2007).

One of the primary mechanisms governing zooplankton responses to
mesoscale eddies is horizontal eddy trapping. During eddy formation, an
eddy can entrain surrounding water masses along with their associated
plankton communities, subsequently transporting them over substantial
distances as they propagate (Mackas et al., 2005; McGillicuddy, 2016;
Strzelecki et al., 2007). This physical isolation often generates distinct
biogeochemical conditions within the eddy, setting it apart from sur-
rounding waters. Such trapping effects are particularly pronounced in
eddies formed within western and eastern boundary current systems
(Gaube et al., 2014). Through this mechanism, elevated Chl concen-
trations entrained within the eddy indicate enhanced phytoplankton
concentration, thereby creating more favorable conditions for
zooplankton survival and growth. Thus, the eddy trapping effect extends
beyond phytoplankton to include zooplankton. Observational studies
have reported the concurrent presence of both coastal and offshore
zooplankton species within a single eddy (Mackas et al., 2005). Simi-
larly, Agulhas Rings drifting into the Atlantic Ocean retain species
characteristics of the Indian Ocean (Cesar-Ribeiro et al., 2020), illus-
trating that mesoscale eddies can facilitate the redistribution of diverse
plankton communities across oceanic regions.

In the mid-latitude North Atlantic, eddy pumping constitutes a key
process influencing the vertical water properties within mesoscale
eddies (Han et al., 2024). In CEs, it drives upwelling that brings
nutrient-rich waters from depth into the euphotic zone (McGillicuddy
and Robinson, 1997), thereby enhancing phytoplankton growth and
primary production (McGillicuddy, 2016). This nutrient enrichment
provides abundant food resources for zooplankton. It is widely recog-
nized as a major physical-biological mechanism underpinning the
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Fig. 9. NAO index and its correlations with differences of Abundance Index anomalies (AE minus CE) in the northern zone. The shaded areas indicate the NAO index
smoothed with a 5-year running mean, to reveal the multi-annual variations. The green line indicates differences in Abundance Index anomalies. (For interpretation
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frequently observed zooplankton enrichment within CE interiors (Eden
et al., 2009; Xiu and Chai, 2011).

In contrast, the eddy pumping mechanism induces downwelling
within AEs, pushing warm, nutrient-poor surface waters to deeper layers
(McGillicuddy, 2016). This vertical transport leads to elevated SST and
reduced Chl concentrations near the eddy interior (Fig. S5). Notably,
despite lower Chl levels relative to CEs, our analysis indicates elevated
Abundance Index values within AEs in the middle zone. Similar patterns
of increased zooplankton abundance or biomass in AEs have been
documented in previous studies (Duran-Campos et al., 2019; Wang
et al., 2023; Yebra et al., 2005). Comparable processes have been re-
ported in Agulhas Rings, where strong vertical mixing transports nitrate
from deeper waters into the euphotic zone, stimulating phytoplankton
blooms that in turn support elevated zooplankton abundance and di-
versity (Cesar-Ribeiro et al., 2020; Villar et al., 2015).

Two additional mechanisms may also contribute:

(1) Enhanced DVM: Zooplankton within AEs may perform more
active diel vertical migration (Wang et al., 2023; Yebra et al.,
2005), promoting greater nighttime aggregation near the surface,
thereby leading to higher surface abundances. This interpretation
is supported by our findings (Fig. 5e), which indicate stronger
DVM within AEs in the middle zone.

Thermal suitability: AEs may offer more favorable thermal condi-
tions that facilitate zooplankton growth and reproduction (Wang
et al., 2023; Belkin et al., 2022; Yebra et al., 2005), thereby
increasing abundance even under comparable Chl levels (Fig. 7b
and e). These findings suggest that the interplay between
behavioral and physiological processes can amplify zooplankton
responses in anticyclonic systems, indicating that food avail-
ability alone is insufficient to fully determine zooplankton
patterns.

2

4.4. The driven hypothesis: Food vs. temperature

Temperature and food availability (represented by Chl concentra-
tion) are recognized as key environmental drivers of zooplankton
behavior (Fanjul et al., 2018; Tao et al., 2025). The pronounced lat-
itudinal variability in zooplankton responses to mesoscale eddies
prompted an examination of the relative contributions of these factors
across different zones. We initially considered that temperature might
play a larger role in the middle zone, given that zooplankton aggregated
within AE cores despite the relatively low Chl concentrations (Fig. 5,
S5). However, the patterns in Fig. 8 suggest that the food-driven hy-
pothesis offers a more consistent explanation for zooplankton distribu-
tions across the broader latitudinal range. This interpretation is further
supported by the patterns derived from Fig. 5, which suggest that DVM
may partially account for the slightly higher zooplankton abundance
observed in AE cores relative to CE cores in the middle zone
(Annasawmy et al., 2024; Liu et al., 2020). Notably, in the northern
zone, where Chl concentrations are generally high, food availability
appears to exert a strong influence on zooplankton distributions (Eden
et al., 2009). The consistently higher abundance within CE cores
compared with AE cores across a range of Chl and SST levels further
supports this interpretation (Fig. 7c and f).

A notable exception to the general latitudinal pattern was observed
in the AE core of the southern zone, where the temperature-driven hy-
pothesis is somewhat better supported (Vortmeyer-Kley et al., 2019;
Wang et al., 2023). We suggest that this anomaly may arise from the
combined effects of two interacting mechanisms. First, the strong
negative correlation observed between SST and the Abundance Index in
the southern zone indicates that zooplankton within AEs may be
particularly sensitive to elevated temperatures. Second, this response
may be influenced by elevated predation pressure. AE-induced down-
welling transports warmer, oxygenated waters downward, potentially
facilitating the aggregation of higher-trophic-level predators, such as
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squid and fish (Arostegui et al., 2022; Xing et al., 2024). These physical
and biogeochemical anomalies associated with AEs may indirectly
suppress zooplankton abundance through intensified predation. This
hypothesis is partially corroborated by the pattern observed in Fig. 7a,
where the Abundance Index within AEs stabilizes as log-Chl rises to 0,
contrasting with the continuous increase observed in CEs and high-
lighting a pronounced divergence between the two eddy types.

4.5. Caveats

Several limitations should be considered when interpreting our
findings. First, methodological aspects of the CPR survey could have
influenced the results. Over its operational history, the CPR progres-
sively incorporated additional taxa into its counts, most notably around
2004, when approximately 10 phytoplankton and 4 zooplankton taxa
were added (Richardson et al., 2006). Despite this, neither the annual
number of recorded zooplankton taxa nor the unsmoothed Abundance
Index indicated abrupt changes in 2004 (Fig. S4). Statistical analysis
further indicates that the four newly adjusted taxonomic groups in 2004
(Acantharia, Foraminifera*, Radiolaria* and Heterophryxus appendicula-
tus) together accounted for only ~4 % of the Abundance Index. Given
their relatively minor contribution, the trend shift detected in that year
(Fig. 6a) is unlikely to be primarily attributable to methodological ar-
tifacts. Similar expansions in recorded taxa occurred around 1996 and
2008, followed by stabilization, and these changes appear to have
minimal impact on the overall upward trend in zooplankton abundance.
Collectively, these observations suggest that methodological changes in
the CPR survey exerted limited influence on the major patterns reported
here.

Another limitation arises from differences in sampling depth across
datasets, which may weaken the observed correlations. The CPR pri-
marily samples at ~7 m. In contrast, satellite-derived SST reflects the
surface skin layer, Chl concentrations represent an integrated value over
the optical depth, and peak zooplankton abundance often occurs below
50 m (Ashjian et al., 2004; Forest et al., 2012).

A further issue cencerns the relatively short 25-year duration of
satellite-derived datasets, which constrains the detection of long-term
variability and limits both the validation of identified shift points and
the assessment of basin-scale climatic drivers. Extending observational
records over longer timescales will be essential to confirm these patterns
and to elucidate the mechanisms underlying long-term ecosystem
changes.

In addition, the present analysis does not explicitly account for
biological heterogeneity among species and size classes. Incorporating
such variability in future work will be crucial for advancing our un-
derstanding of taxon- and size-specific zooplankton responses to meso-
scale dynamics.

5. Conclusion

This study introduces a novel Abundance Index that integrates both
abundance and richness, offering a more balanced representation of
zooplankton community structure compared with traditional single-
metric approaches. By applying this metric to a 25-year CPR dataset in
the mid-latitude North Atlantic, we identified distinct and spatially
heterogeneous zooplankton responses to mesoscale eddies. Specifically,
zooplankton enrichment was generally associated with CEs through
nutrient-driven phytoplankton enhancement, whereas aggregation
within anticyclonic eddies appeared more strongly linked to thermal
suitability and enhanced DVM. Our results further emphasize that food
availability, rather than temperature, is a more influential factor driving
zooplankton community responses across latitudinal zones, particularly
in the northern zone.

Long-term analyses further revealed a pronounced increase in the
Abundance Index in the middle latitudinal zone after 2005, and this
increase was accompanied by significant temporal shifts in how eddy
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polarity influenced zooplankton. Specifically, change points identified
in 1998 and 2003 indicate a weakening of the Abundance Index
advantage within CE cores in the southern and northern zones, whereas
the middle zone exhibited a growing advantage within AE cores after
2002. Together, these findings underscore that eddy-zooplankton in-
teractions cannot be fully understood without considering temporal
variability and large-scale climatic forcing.

Collectively, our results advance mechanistic understanding of how
mesoscale physical processes interact with ecological drivers to shape
zooplankton communities. The Abundance Index provides a sensitive
tool for detecting ecological responses to both mesoscale and large-scale
variability, with promising applications for ecosystem monitoring and
forecasting under future climate change scenarios.
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