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Dynamic influences of ocean processes on distribution, abundance, and diversity of zooplankton communities
were studied over the continental shelf in the northern Gulf of Mexico (GoM) from 2015 to 2017. Zooplankton
sampling was conducted on four summer cruises in the northcentral GoM. Sampling was designed in waters
potentially influenced by the Loop Current (LC) and/or Mississippi River discharge to assess the impacts of these
two mesoscale features on the abundance and diversity of zooplankton. During the three-year study, the LC
displayed distinct spatial-temporal variations in penetration and occurrence in the northern GoM. Environmental
conditions (i.e., sea surface temperature, salinity, and dissolved oxygen) varied between months and years
sampled, and were significantly different among cruises (ANOVA, p < 0.001). The majority of zooplankton
consisted of calanoid copepods (65% =+ 7.2%, mean + SD), while non-copepod taxa were primarily chaeto-
gnaths, polychaetes, tunicates, and ostracods (23 + 9.2%). Species abundance and diversity of zooplankton were
significantly correlated with sea surface temperature, salinity, and dissolved oxygen (p < 0.05). Canonical
correspondence analysis displayed significant associations between mesoscale features and dominant
zooplankton groups among cruises and by taxa (Monte Carlo Permutation Test, p < 0.001). In addition, non-
metric multidimensional scaling indicated that zooplankton assemblages were distinct, likely caused by Mis-
sissippi River plumes during the study period. As one of the few efforts to examine zooplankton dynamics at a
low taxon level over the GoM continental shelf regarding the impact of mesoscale features, this study revealed
seasonal (i.e. summer) and spatial patterns in distribution, abundance, and diversity of zooplankton communities
subjected to the dynamic physicochemical conditions in the northern GoM, which will continue in a changing
climate.

1. Introduction

The Gulf of Mexico (GoM) is ecologically productive and economi-
cally important, providing the nation critical ecosystem services (Fodrie
and Heck Jr, 2011) and lucrative fisheries (Adams et al., 2004; Liu et al.,
2017a). Physically, the GoM is highly dynamic and primarily driven by a
variety of hydrographic processes. The Loop Current (hereafter LC) and
Mississippi River discharge are major physical processes affecting
spatial-temporal patterns in water properties, phytoplankton,
zooplankton, and ichthyoplankton communities in the GoM (Wormuth
et al., 2000; Liu and Dagg, 2003; Coleman et al., 2004; Williams et al.,
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2015). The LC associated cold and warm core eddies are common
mesoscale features that are often present between 25°N and 27°N and
86°W and 88°W in the GoM (Lindo-Atichati et al., 2012). When the LC
penetrates farther north, offshore water masses, along with the residing
planktonic organisms, are transported into the northern and often
western GoM (Biggs, 1992; Dorado et al., 2012; Williams et al., 2015;
Gilmartin et al., 2020). In addition, the Mississippi River discharge is
another major contributor shaping the biophysical characteristics of the
northern GoM ecosystem (Dagg and Breed, 2003; Quigg et al., 2011).
The nutrient rich freshwater discharge triggers phytoplankton blooms
and subsequent shifts in the zooplankton community (Lohrenz et al.,
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2008; Quigg et al., 2011; Li and Liu, 2022). Therefore, interacting re-
gions between the LC front and the Mississippi River plume provide
optimal habitats for various marine organisms, which influence the
community structure of phytoplankton, zooplankton, and eventually
upper trophic level organisms.

One central issue in oceanography is to understand physicochemical
and biological processes that regulate the dynamics and distribution of
marine living resources in the ocean. Owing to their sheer abundance
and vital ecological roles, zooplankton are critical to the function of
marine ecosystems and widely considered as sentinels for changing
ocean conditions in response to natural and anthropogenic disturbances
(Liu et al., 2015; Liu et al., 2021). Considering that mesoscale features,
such as eddies, retain planktonic organisms from the origin waters as
they meander (Biggs, 1992), it is noteworthy to study the presence and
extent of the LC and eddies associated with this feature interacting with
zooplankton distribution, abundance, and diversity in this highly dy-
namic ecosystem. Moreover, biophysical interactions that affect distri-
bution, abundance, and species composition of zooplankton are highly
informative to trophodynamics and fisheries production in the ocean.
For example, frontal zones of eddies and mesoscale features induced by
the LC are often associated with increased zooplankton, ichthyo-
plankton, and nekton abundance (Williams et al., 2015; Zimmerman and
Biggs, 1999; Rooker et al., 2012, 2013; Cornic and Rooker, 2021).
Additionally, potential aggregations of plankton that occur along frontal
boundaries supply prey items to higher trophic levels and influence the
distribution and abundance of predators, including gelatinous organ-
isms (McClatchie et al., 2012; Greer et al., 2018), seabirds (Schneider,
1990), larval fishes (Cornic and Rooker, 2018; Meinert et al., 2020),
teleosts including billfishes and tunas (Teo and Block, 2010), sea turtles
(Aleksa et al., 2018), and marine mammals (Davis et al., 2002; Naga-
nobu et al., 2006).

The importance of dynamic ocean conditions to zooplankton has
been widely recognized within scientific communities (Keister et al.,
2009; Batchelder et al., 2013; Kiirten et al., 2019). In general,
zooplankton in the northern GoM consist of assorted assemblages of
copepods, chaetognaths, larvaceans, jellyfishes, and various mer-
oplanktonic larvae (Checkley Jr et al., 1992; Hopkins, 1982; Ortner
et al., 1989; Gilmartin et al., 2020; Liu et al., 2021; Li and Liu, 2022). A
growing body of literature has advanced the understanding of
zooplankton dynamics in relation to changing environmental condi-
tions, such as hypoxia (Elliott et al., 2012; Roman et al., 2012), exposure
to crude oil (Carassou et al., 2014; Almeda et al., 2013), mesoscale
oceanographic processes (Liu and Dagg, 2003; Dorado et al., 2012;
Gilmartin et al., 2020), and jellyfish bloom dynamics (Li and Liu, 2022).
While research has highlighted the underlying physical impact of the LC
on nutrients, plankton, and primary productivity in the GoM (Biggs,
1992; Hamilton et al., 1999; Lohrenz et al., 2008; Quigg et al., 2011), the
current understanding of the LC and Mississippi River discharge induced
environmental variations to zooplankton communities in the GoM re-
mains limited (e.g., Biggs and Ressler, 2001; Farber Lorda et al., 2019;
Hopkins, 1982) relative to other large marine ecosystems in U.S. waters
of the Atlantic Ocean and Pacific Ocean.

Here, we expand the recent effort on chaetognaths (Gilmartin et al.,
2020) and jellyfish dynamics (Li and Liu, 2022) to zooplankton com-
munities and investigate zooplankton response to the ocean conditions
in the northern GoM. A hypothesis of this study is that the LC along with
its associated mesoscale features (eddies) and the Mississippi River
plume jointly influence zooplankton abundance and community struc-
ture in the northern Gol, leading to changes in the occurrence and
dominance of coastal versus oceanic species that are attributed to the
Mississippi River discharge and the LC, respectively. The present study is
designed to contribute to an improved understanding of the environ-
mental conditions and physical processes that regulate zooplankton
dynamics and explore how these changes may potentially influence
ecosystem functions of the northern GoM in the light of changing
climate.
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2. Methods

2.1. Sampling

Sampling was carried out in an area to cover a wide range of
zooplankton communities responding to oceanographic conditions
within potential domain of the LC and Mississippi River discharge over
the northcentral GoM continental shelf (Fig. 1). Zooplankton were
collected using a 50-cm diameter, 202 pm mesh plankton net with a
digital flowmeter (SEA-GEAR MF-315) mounted in the center of the net
frame that was towed vertically through the upper 100 m of the water
column during daylight hours. Upon retrieval zooplankton samples were
preserved in 5% buffered formaldehyde/seawater solution for further
processing in the laboratory.

Zooplankton sampling was conducted aboard the R/V Blazing Seven
in July 2015, June 2016 and July 2016, and aboard the R/V Pelican in
July 2017. Sea surface temperature (SST), salinity and dissolved oxygen
(DO) were recorded at each collection site using a YSI model 650 MDS
attached to 6920 V2 Multiparameter Water Quality Sonde. One net tow
and associated environmental measurements were conducted at each
site along two transect lines (northern transect near Mississippi River
discharge and southern transect close to the LC domain) from approxi-
mately 26.5 to 28.0°N latitude and 88.0 to 94.0°W longitude (Fig. 1).

In addition to data collection aboard each vessel, sea surface height
(SSH) anomaly was extracted from the Copernicus Marine Environ-
mental Monitoring Service (https://marine.copernicus.eu/) to deter-
mine the location of LC fronts and associated eddies during the time
frame in which samples were collected (Fig. 2). Once the LC and asso-
ciated eddies were identified, the nearest distance from each sampling
site to the edge of the frontal boundary was calculated based on the 20
cm SSH contour using the Spatial Analyst toolbox in ArcGIS. Then, the
calculated distance to the LC front was used to separate zooplankton
samples within an interval of 20 nm from the frontal region (e.g., 0-20
nm, 20-40 nm, 40-60 nm etc.).

Zooplankton samples were processed according to the protocol in Liu
et al. (2017b) by rinsing the samples with freshwater, then pouring the
sample into a graduated beaker to determine the settled volume. Sam-
ples were diluted to between 5 and 10 times of the settled volume and
sub-sampled with a 5- or 10-ml piston pipette. Subsamples representing
10-40% of total samples were sorted and enumerated to species or
genera where possible (Boltovskoy et al., 1999; Johnson and Allen,
2012) under a motorized stereomicroscope (Leica M205C). Identifying
sub-adults of copepods was challenging, thus specimens were simply
enumerated and grouped to genera or higher taxonomic levels when
possible. Zooplankton abundance was calculated as individuals per m >
(ind. m~3) and expressed as the mean value and standard deviation
(mean + SD) were provided.

2.2. Data analysis

Principal component analysis (PCA) was conducted to classify the
major environmental factors driving the ocean conditions on each
cruise. Since all cruises were conducted in the same region during the
summer, PCA was analyzed by site locations separated by their position
either in the northern transect or southern transect. Linear discriminate
analysis (LDA) was performed to identify differences in PCA ordinations
for each cruise using the ade4 package in R and the randtest package was
used to determine statistical significance of the differences in LDA be-
tween transects using Monte-Carlo permutation tests (Dray and Dufour,
2007).

Shannon diversity index (H) was calculated to represent the
zooplankton diversity of each sample using the following equation:

H = ip[lnp,
i=1
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Fig. 1. Transects and stations of zooplankton sampling in the northern Gulf of Mexico. WC: warm core eddy; CC: cold core eddy.
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Fig. 2. Locations of the Loop Current represented as Sea Surface Height (SSH) during the study period in the northern Gulf of Mexico. Higher SSH represents the
warm cores and anticyclonic eddies. Low SSH indicates the cold cores and cyclonic eddies. Black boxes indicate the region for each sampling cruise performed during

the study period.

where p is the proportion (n/N) of a particular taxon (n) divided by the
total number of individuals (N), and s is the number of taxa. Pearson
correlation analyses were performed to examine relationships between
zooplankton abundance, H and environmental factors. Differences in H'
were analyzed based on their distance to the LC front.

Zooplankton abundance and sampling sites in relation to physical
and biological factors were further explored using canonical corre-
spondence analysis (CCA) (Ter Braak, 1986). This type of

correspondence analysis adds linear regressions between the canonical
axes and uses external environmental factors to constrain the ordination
of sampling sites. To visualize the CCA results, an ordination plot is
developed with the zooplankton community structure of each site rep-
resented by points and environmental factors by arrows. Dominant
patterns in zooplankton communities regarding environmental param-
eters are jointly displayed by the CCA to identify differences in the
impact of environmental factors (e.g., salinity, SST, and DO) between
cruises. The Bray-Curtis similarity matrix was used for spatial grouping
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of locations in different cruise collections. The Monte Carlo permutation
test was conducted to test the significance of the axes at a = 0.01.
Zooplankton assemblages were further examined with nonmetric
multidimensional scaling (NMDS) to explore the spatial-temporal pat-
terns of zooplankton communities during the study period. The NMDS is
used to reveal compositional variations across time (e.g., samples from
four cruises in the northcentral GoM) by overlaying individual species
on the sample space. Both CCA and NMDS were performed using the
vegan package in R (Oksanen et al., 2007). All statistical analyses were
performed using R Statistical Software (v4.1.2; R Core Team, 2021).

3. Results
3.1. Dynamic oceanographic processes in the northern Gulf of Mexico

The intrusion of the LC and associated eddies into the northern GoM
based on SSH data indicated pronounced variation during the three-year
sampling period (Fig. 2). Strong penetration of the LC occurred in July
2015 with the northernmost frontal region at approximately 28.5°N.
During the sampling cruise in June 2016, a warm core eddy detached
from the main LC circulation, occurring southeast of the sampling area,
whereas in July 2016 a warm core eddy propagated southwest of the
sampling region along with a cold core eddy occurring east of the study
area. In July of 2017, the northern extend of the LC front remained at
~25°N and was in the process of expanding farther north. Sampling sites
in July 2015 and 2016 remained inside of the direct influence of the LC
and associated eddies (Fig. 2). In the vicinity of the sampling area, SST
was warmer in July 2015 and July 2016 than that in June 2016 and July
2017 (Fig. S2). Influences of Mississippi River discharge appeared
obvious in the sampling area in July 2015, June 2016 and July 2016,
especially at sites along the northern transect in the study area (Fig. S1).

Environmental variables reflected the broad ocean conditions vary-
ing seasonally and interannually (Fig. 3). In July of 2015 and 2016,
mean SST (30.5 + 0.91 and 30.6 + 0.64) and salinity (31.2 £+ 5.92 and
33.1 + 2.42) were not significantly different between the years (t-test, p
> 0.05), but SST was different between months (June vs. July) in 2016
(p < 0.001). While salinity was slightly higher in June 2016 (33.9 +
1.22) compared to July 2016 (33.1 + 2.42), the difference was not
significant between months (p > 0.05). The lowest salinity of 18.0 in the
sampling region occurred in July 2015 on the northern transect close to
the Mississippi River plume, whereas the highest salinity (37.5) was
observed in July 2017 at sites on the southern transect close to the LC
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Fig. 3. Sea Surface Temperature (SST), salinity and dissolved oxygen (DO)
(mean + SD) during the sampling periods.
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frontal zone. DO was significantly different in July between 2015 and
2016 (t-test, p < 0.001), and was significantly different between June
and July in 2016 (p < 0.001).

The PCA biplots disclosed seasonal differences in environmental
conditions among sampling sites in the northern GoM (Fig. 4). The LDA
showed all factors investigated being statistically significant between
the separated northern and southern transects (Monte-Carlo permuta-
tion tests, p < 0.001), except July 2017 (p = 0.465). A complete sepa-
ration of the PCA positioning occurred in June 2016 with the northern
transect largely associated with higher SST and the southern transect
associated with higher salinity, which reflects the relatively distant
frontal zone of the LC as seen in Fig. 2.

3.2. Abundance, distribution, and species composition of zooplankton

Zooplankton abundance was highly variable in the northern GoM
with higher abundance occurred in July 2016 and July 2017 (Fig. 5).
Regarding proximity of sampling sites to LC frontal regions, higher
zooplankton abundance was observed at sites far removed from the
frontal zone (Fig. 6). In June 2016 and July 2017, the LC front was
further than 40 nm of all sampling sites (see Fig. 2). The lowest
zooplankton abundance was observed in July 2015, exhibiting relatively
lower abundance than all the other cruises across the same distance
range (Fig. 6). Considering heterogeneity, the number of zooplankton
taxa per sample ranged from 25 to 38, and H' ranged between 1.45 and
3.10. While H' varied among the cruises, it was not significantly different
(ANOVA, p > 0.05) (Fig. 7). With all cruises considered, zooplankton
assemblages across the northern transect were relatively less diverse
than those in the southern transect.

Overall, miscellaneous zooplankton taxa were observed in the
northern GoM during the study period (Table S1), including 26 genera/
species of copepods, as well as chaetognaths, fish larvae, and other non-
copepod taxa. Mean zooplankton abundance was significantly different
among cruises (ANOVA, p < 0.001) with the highest abundance in July
2017 (1798 + 73 ind./m®) and lowest in July 2015 (808 + 59 ind./m>)
(Fig. 8). While copepod contributions (i.e. percentages) to zooplankton
abundance differed among cruises and seasons ranging between 53%
and 71% (65% =+ 7.2%), dominant coastal and oceanic species identified
in the samples included: Acartia spp., Candacia simplex, Centropages
furcatus, Clausocalanus spp., Eucalanus spp., Oncaea venusta, Oithona
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Fig. 4. Principal Component Analysis (PCA) ordinations of environmental
factors in summer (July 2015, June 2016, July 2016, July 2017) in the northern
Gulf of Mexico.
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spp., Paracalanus spp., Temora spp., and Rhincalanus rostifrons. Non-
copepod taxa, including chaetognaths, polychaetes, tunicates, and os-
tracods, accounted for 7.1% and 32% (23% =+ 9.2%) of the zooplankton
abundance (Fig. 8). Interestingly, a few species tended to dominate the
abundance when considering the distance to the LC frontal zone. In July
2015, regions 80 nm away from the frontal area with the highest
abundance had the lowest diversity that was dominated by a few
cosmopolitan species: Oithona spp., Oncaea venusta, and Temora spp.

3.3. Zooplankton and oceanographic conditions

Both abundance and H' of zooplankton were significantly correlated
with SST, salinity, and DO (Fig. 9). Four cruises exhibited varying re-
lationships between environmental factors and abundance and H)
possibly due to the impact of dynamic ocean conditions during the study
period (Fig. 2 and Figs. S1&S2). In July 2015 abundance and diversity
were negatively correlated with SST and positively correlated with DO.
In June 2016, only H was negatively correlated with SST, whereas
abundance was negatively correlated with salinity in July 2016.

CCA biplots disclosed the ordination among taxa and stations in
relation to physical and biological factors during the study (Fig. 10).
Taxon-environmental associations were statistically significant (Monte
Carlo Permutation Test, p < 0.001), indicating that species tend to reside
in specific water masses. The response of zooplankton to environmental
factors was variable among taxonomic groups, also varying in the same
region between years. For instance, Candacia simplex showed strong
associations with low salinity in July 2016 but higher salinity in July
2017, likely due to the far extent of Mississippi River outflow in 2016
compared to that in 2017 (Fig. S1). Few cosmopolitan copepods were
present during all cruises and appeared highly abundant, such as Para-
calanus spp. and Oncaea venusta. The CCA biplot showed that most
species tend to be near the center of the plot, indicating a wide tolerance
of these dominant species to environmental conditions in the region.
Acartia spp., typically associated with coastal waters with low salinity,
exhibited negative relationships with salinity. Similarly, Rhincalanus
rostifrons, an oceanic species associated with higher salinity, showed
strong relationships with higher salinity across multiple cruises.
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Fig. 9. Correlation analyses for zooplankton abundance and Shannon diversity
with SST, salinity and DO during the study period. Only significant Pearson
correlation coefficients are shown (p < 0.05). Color bars represent correlation
coefficients.

The NMDS ordinations indicated the presence of two distinct
zooplankton groups during the study period (Fig. 11). The first group
represents zooplankton assemblages in July 2016, while the second
group consists of zooplankton assemblages in July 2015, June 2016 and
July 2017. Additionally, species were dominated by coastal taxa (e.g.,
Acartia spp., cnidarians, polychaete larvae) in the first group and
oceanic species (e.g. Rhincalanus spp., Eucalanus spp., Oithona spp., and
Candacia spp.) in the second group. These patterns may indicate that
zooplankton assemblages tend to be distinctive in the study area be-
tween the northern and southern transects since two areas are subjected
to relative influences from the Mississippi River discharge and the LC,
respectively.

4. Discussion
4.1. Zooplankton dynamics in the northern Gulf of Mexico

In the northern GoM, the main mesoscale features impacting bio-
physical interactions of plankton communities are related to the LC
circulation and Mississippi River outflow (Dagg and Breed, 2003).
Spatial and temporal variations of diverse zooplankton assemblages
reported in the present study show associations with the ocean condi-
tions observed across the sampling periods. The environmental vari-
ability disclosed in the PCA is echoed on the SSH maps (Fig. 2),
exhibiting distinct groupings of zooplankton assemblages among
cruises, which appear linked to the dynamic nature of mesoscale fea-
tures in the northern GoM. The first sampling year in 2015 was noted
particularly as an unusual period of the LC, as circulation and associated
eddies were so strong that they forced the historic period of oil and gas
downtime, with water current speeds recorded as high as 4 knots (Perry
et al., 2016). During this period, distinctive zooplankton community
structure and low abundance were observed in the vicinity of the LC
region, which was largely related to the unusual strength of the LC
circulation.

Anticyclonic (warm core) features in the ocean are often considered
as biological deserts with localized low nutrient waters (Bakun, 2006).
However, the northern GoM is physically dynamic and often influenced
not only by the LC circulation but also the Mississippi River plume where
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in the northern Gulf of Mexico.

higher nutrient loadings are present near the surface (Dagg and Breed,
2003). Therefore, trophodynamics in this region are more complex
when attempting to hypothesize and interpret the responses of
zooplankton communities to ocean conditions. During periods when the
LC is at its farthest northern extent, oligotrophic, saline oceanic water
interacts with higher nutrient, low salinity water from the Mississippi
River to provide a unique environment for diverse zooplankton assem-
blages that reflect the relatively higher diversity index at sampling sites
in July 2015 and July 2016 close to the LC frontal zone (Fig. 7).

The present study revealed noticeable differences in zooplankton
community composition between years in offshore waters of the
northern GoM in relation to ocean conditions induced by eddies and
freshwater outflow. The variability in zooplankton abundance among
years in the same region also reflect source water conditions, as well as
the influence of entrainments from the shelf, which varied considerably
in terms of zooplankton taxa and their abundance. A recent study
(Szczepanski, 2019) reported the relative contribution of various
zooplankton taxa in the offshore waters of Louisiana and Mississippi,
north of our study region. Coincidently they found that calanoid co-
pepods dominate the zooplankton community in summer months, with
chaetognaths, cnidarians, and tunicates additionally contributing to
zooplankton assemblages. Significant contributions of chaetognaths in
zooplankton assemblages were reported in the northern GoM with lower
abundance near the LC front and higher abundance closer to the Mis-
sissippi River plume (Gilmartin et al., 2020). Therefore, zooplankton

assemblages tend to differ between these two oceanographic features in
the northern GoM.

Our findings indicate that zooplankton communities in the northern
GoM are generally composed of both coastal and offshore species
(Table S1), and the species composition changes with varying mesoscale
physical impacts. Analyses of biotic and abiotic factors in the present
study exhibited that annual variations of zooplankton in the northern
GoM are affected by ocean conditions associated with mesoscale fea-
tures. In summer 2015, during the most northern extent of the LC,
decreased overall zooplankton abundance was observed closest to the
LC front, and the community structure shifted to oceanic species
(Oithona spp., and Temora spp.) that are typically found at higher sa-
linities and lower food concentrations. Additionally, neritic species
(Acartia spp.) were present in the offshore region of the GoM, signifying
the strong influence of freshwater inflow from the Mississippi River on
zooplankton communities. Of non-copepod taxa, chaetognaths dis-
played the highest abundance, which is consistent with a recent study by
Gilmartin et al. (2020). Moreover, the vital role of copepods as major
prey contributing to the higher abundance of chaetognaths has been
reported in other regions (Baier and Terazaki, 2005; Baier and Purcell,
1997; Pearre Jr, 1982). Analyses indicated that differences in environ-
mental factors, as well as the timing and region of the cruise, had sig-
nificant impacts on the species presence and relationships among taxa.
These differences in time and space are probably linked to external
physical processes, such as the location and strength of mesoscale
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Fig. 11. Nonmetric multidimensional scaling (NMDS) for spatial ordinations of
zooplankton assemblages during the study period in the northern Gulf
of Mexico.

features induced by the LC and freshwater inflow from the Mississippi
River that might alter zooplankton diets (e.g., Dorado et al., 2012).
Hot spots of biological productivity in the northern GoM have been
studied through observations (Biggs and Ressler, 2001) and mechanistic
modeling (Li and Liu, 2022). The impact of mesoscale features on the
distribution and abundance of fish larvae has been well recognized in
this region (Lindo-Atichati et al., 2012; Rooker et al., 2012, 2013). It has
been reported that higher abundance of ichthyoplankton in frontal
zones is largely attributed to hydrographic convergence (Grimes and
Finucane, 1991). Specifically, this pattern has been observed in the
northern GoM (Cornic and Rooker, 2018; Richards et al., 1993; Rooker
et al., 2013), with some of these studies occurring in the same region as
the present study. Lower zooplankton abundance near frontal zones
observed in the present study suggests that the mesoscale structures may
not only influence abundance and distribution of zooplankton taxa, but
also cause potential shifts in their trophic roles within the pelagic
community with implications for the transfer efficiencies of carbon and
nitrogen in the pelagic food web (Liu et al., 2014; Coyle et al., 2019).

4.2. Oceanographic impacts on zooplankton

A recent study highlighted the dynamic variability in zooplankton
abundance, diet, and trophic position in relation to mesoscale features in
the GoM (Shropshire et al., 2020), finding that mesoscale oceanographic
features significantly contributed to the biogeochemistry and food web
structure of the GoM. In the southern GoM, pteropod abundance was
reported to be associated with the LC eddy circulation, even in regions
farther south of the LC itself (Lopez-Arellanes et al., 2018). Another
study about the influence of oceanographic features on ichthyoplankton
distribution in the southern GoM reported that the mesoscale circula-
tion, mixing processes and freshwater discharge, are key determinants of
community structure (Sanvicente-Anorve et al., 2000). While similar
research is limited in the northern GoM, consistent results exist in the
present study that fluctuations in the Mississippi River inflow and the
position of the LC front appeared the main drivers in shaping
zooplankton community structure across the study region.

Environmental heterogeneity in open waters is often attributed to
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water column mixing due to winds, mesoscale oceanographic circula-
tions, as well as river discharge (Meier and Kauker, 2003; Savenkoff
et al., 1997). In addition, fronts, eddies, and upwelling zones signifi-
cantly influence the spatial distribution of zooplankton communities
(Lee and Park, 2002). This has been observed in the Indian Ocean, where
spring inter-monsoon induced shifts in the environment allowed for
shifts in copepod and larvacean community structure (Li et al., 2017).
Physical aggregations of zooplankton driven by surface currents
contribute to higher zooplankton abundance along frontal regions
(Maravelias and Reid, 1997; Wade and Heywood, 2001; Albaina and
Irigoien, 2004; Coyle, 2005; Gomez-Gutiérrez et al., 2007), which is
different from our findings in the northern GoM. Possible causes of low
zooplankton abundance near the frontal zone include relative low
zooplankton abundance in oligotrophic waters within anticyclonic fea-
tures such as the LC. Cold and warm core eddies influenced zooplankton
in the present study, as abundance and distribution of zooplankton taxa
have shown to shift regarding proximity to these mesoscale features
with species-specific relationships in the northern GoM. In addition,
eddy age plays an important role in influencing the community structure
of zooplankton (Mackas and Galbraith, 2002; Mackas et al., 2005).
These studies found that as eddies age, the community structure of
zooplankton shifts from abundant species dominating to less abundant
species dominating. This is likely due to alterations in vertical mixing
during the eddy lifetime, which causes weakened upwelling leading to
the reduced nutrient supply to sustain the plankton communities or
diminished hydrographic convergence to lessen aggregation of
zooplankton in the eddy. While studies assessing the effect of eddy age
on zooplankton dynamics remain scarce in the northern GoM, including
the eddy age in the future research could improve the mechanistic un-
derstanding of zooplankton communities regarding mesoscale physical
processes in the dynamic GoM ecosystem.

4.3. Relevance to ecosystems and fisheries in the light of climate change

Findings in the present study are relevant to understanding
zooplankton taxa that are associated with the dynamic regions and hot
spots of zooplankton secondary production for larval fishes of
commercially important species. Ocean conditions at the boundary of
the LC support high abundance of zooplankton by either advection of
nutrients or replenish new primary production through physical pro-
cesses occurring around the boundary (Rathmell, 2007). Larval fish
survival depends on timing and presence of primary and secondary
production. Commercially valuable fish, such as bluefin tuna in the
GoM, tend to spawn near frontal regions of the LC between April and
June annually (Muhling et al., 2011). Adult bluefin tuna cannot tolerate
waters above a maximum temperature limit, and thus the location and
timing of the LC circulation significantly affects their spawning in the
northern GoM. Additionally, the abundance of bluefin tuna is higher in
or near cyclonic eddies (Teo and Block, 2010), which could be related to
the possible zooplankton aggregation in these areas. This speculation is
worthy of further test, especially considering the recent finding that
Atlantic bluefin tuna larvae in the GoM have the capacity to switch from
active to passive selection of zooplankton prey due to physical processes
(Shiroza et al., 2021). As one of lucrative fisheries in the northern GoM,
red snapper displays distinctive stock dynamics between the eastern and
western GoM divided by the Mississippi River outflow plume (Liu et al.,
2017a). In general, variations in population dynamics of fish stocks
could be driven by differences in food resources, physiological toler-
ances, predation, mortality, and oceanographic processes. Population
growth and morphometrics of red snapper vary significantly off Ala-
bama and Louisiana from those off Texas, and red snapper residing in
the waters off Texas reach smaller maximum sizes at faster rates and
have a consistently lower total weight at age than their siblings off
Alabama and Louisiana (Fischer et al., 2004). It is interesting to link the
finding of distinct zooplankton assemblages in the northern GoM to
population dynamics and stock assessment of fishes because information
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on the zooplankton community structure in the spawning regions would
help to gain insight on the trophic dynamics and recruitment of bluefin
tuna and red snapper in terms of match-mismatch (Cushing, 1974) with
the prey availability and subsequent implications for fisheries produc-
tion in the northern GoM.

The GoM appears to be trending toward a warmer and windier
ecosystem since the mid-90s with increasing evidence of climate driven
reorganization of this large marine ecosystem (Karnauskas et al., 2015).
Due to the dynamic nature of the GoM, studies addressing mesoscale
biophysical interactions of zooplankton regarding the consequences of
changing climate to the GoM ecosystem warrant further attention. The
mesoscale vertical mixing near the ocean surface in the GoM has shown
implications for carbon cycling and heat storage, which is a central
theme of research on climate change and carbon budget (Justic et al.,
1997). Shifts in zooplankton community structure under projected
climate scenarios could disrupt carbon cycling in this region (Bracco
et al., 2019), therefore continued climate research with linkage to
zooplankton dynamics is imperative in the GoM region. The present
study highlights the potential that with the strengthening or weakening
of the physical circulations in relation to climate change, potential
substantial responses could occur from the zooplankton community
residing in the fronts and eddies with significant implications to this
large marine ecosystem.

In conclusion, the present study attempted to examine the influence
of physical processes (i.e., the LC, eddies, fronts, and freshwater inflow)
on distribution, abundance and diversity of zooplankton communities in
offshore waters of the northern GoM. Our findings indicate that
zooplankton community composition and abundance are significantly
influenced by the variation in mesoscale processes of the LC fronts and
associated eddies, as well as the freshwater inflow of the Mississippi
River. Mesoscale impacts on zooplankton community structure are
highly variable across years surveyed in the northern GoM resulting in
the spatiotemporal interaction of zooplankton and mesoscale features. It
is highly recommended to continue research across full seasons and
extensive regions integrating observations using advanced sampling
technology (Bi et al., 2022) and modeling approaches (Li and Liu, 2022
& 2023) to fully understand the mechanistic impacts of mesoscale fea-
tures on zooplankton in the northern GoM.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.seares.2024.102501.
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