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ABSTRACT. The Gulf of Mexico is a large, semi-enclosed sea on the North American continent, known for
its high biological diversity. Among the diverse organisms, phytoplankton, microscopic species that inhabit the
euphotic zone, play a crucial role and provide numerous ecological and economic benefits. This work offers a
critical review of the current state of research on phytoplankton in the Gulf of Mexico, with a primary focus on
the southern portion, the Mexican waters. While research on phytoplankton communities in the northern Gulf
of Mexico has explored several aspects, including taxonomy, genetics, modeling, and photosynthetic rates,
among others, studies in the southern gulf have adopted different approaches. This variation stems from factors
such as infrastructure and specific environmental issues faced in each portion. In the southern Gulf of Mexico,
a significant proportion of studies concentrate on specific groups of phytoplankton, particularly diatoms and
dinoflagellates. Conversely, other important groups, like silicoflagellates and coccolithophores, have been
largely overlooked despite their ecological significance. Moreover, much of the research on phytoplankton in
the southern gulf has focused on coastal areas and on morphological descriptions and taxonomic inventories.
The influence of gulf oceanic dynamics on phytoplankton communities, however, remains largely unexplored.
This review highlights gaps in the study of phytoplankton in the southern Gulf of Mexico. Given the context of
global change, multidisciplinary research is crucial, making it imperative to evaluate the impact of large-scale
hydrodynamic processes on phytoplankton communities.
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INTRODUCTION

The Gulf of Mexico (GM) is a large, semi-enclosed sea
on the North American continent, spanning more than
1.5 million square kilometers and extending across
more than 10° of latitude. It has complex bathymetry,
including escarpments, submarine canyons, abyssal
plains, and an extensive continental shelf (Fig. 1) (Goff
et al. 2016).

Associate Editor: José Luis Iriarte

The gulf is characterized by strong hydrodynamics
driven by oceanic processes at various scales, resulting
in significant seasonal variability (Morey et al. 2024).
One of the most important processes in the gulf is the
Loop Current, which is the flow of warm water that
enters the gulf through the Yucatan Channel and exits
toward the Atlantic Ocean through the Straits of
Florida. The Loop Current transports energy, heat, salt,
and organisms throughout the GM (Sturges et al. 2005,
Coria-Monter & Duran-Campos 2025).
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Figure 1. The Gulf of Mexico is a large marine ecosystem on the North American continent. The bathymetric contours are
displayed in meters. The black boxes indicate areas with historical sampling coverage, including the Yucatan Shelf, the
Campeche Canyon, the Campeche Bay, and, most recently, the deepwater regions of the gulf. Refer to the main text and
Table 1 for a comprehensive overview of these sampling locations.

As the Loop Current enters the gulf, it releases a
series of eddies, particularly anticyclonic ones, that
propagate throughout the region (Thoppil et al. 2025).
Additionally, other processes affect the gulf's
biological productivity. For example, a semi-
permanent cyclonic circulation occurs in the Campeche
Bay (Vazquez de la Cerda et al. 2005). Also, there are
dipole eddies comprised of cyclonic and anticyclonic
movements in the Campeche Canyon region (Salas-de-
Leon et al. 2004), along with the propagation of internal
waves (Santiago-Arce & Salas-de-Ledon 2012).

These hydrodynamic features are fundamental to
structuring phytoplankton communities because they
govern nutrient availability in the euphotic zone. While
anticyclonic eddies generally suppress vertical mixing,
often leading to oligotrophic (nutrient-poor) conditions,
their edges and the interactions with cyclonic features
facilitate intense upwelling and the uplift of nutrient-
rich deeper waters. This localized enrichment triggers
phytoplankton blooms, sustains primary production,
and determines the spatial distribution and taxonomic

composition of these communities (Duran-Campos et
al. 2017).

Phytoplankton is a highly diverse and abundant
group of microorganisms found throughout the
euphotic layer of the world's oceans. As primarily
photosynthetic organisms, they play a crucial role in
releasing oxygen into the atmosphere and capturing
carbon dioxide in the oceans (Diaz et al. 2023), which
led to their classification as an "Essential Climate
Variable" (Grigoratou et al. 2025). Moreover, phyto-
plankton is vital not only for this reason but also
because they form the base of the marine food chain,
supporting important fisheries, many of which have
significant commercial value (Stock et al. 2017).

Phytoplankton research in the GM has been
conducted for more than a century. The -earliest
observations of phytoplankton in the gulf were made by
Schmidt et al. (1874), who illustrated diatoms from the
southern region. Some years later, Agassiz (1888)
documented long chains of blue-green algae, now
identified as Trichodesmium, as well as the presence of
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Coccolithophoridae in the central gulf. This work
inspired further studies of phytoplankton communities
in the northern portion, particularly among the Florida
populations (Taylor 1928) and those near the mouth of
the Mississippi River (Riley 1937).

Some years later, interest in phytoplankton studies
in the gulf was stimulated by the disastrous red tide
(now called harmful algal blooms) outbreaks that
occurred along Florida's west coast in 1946 and 1947
(Galtsoff 1948).

The first systematic review of this group was
published in the 1950s (Davis 1954). Since then, the
study of gulf phytoplankton has expanded significantly.
Research in the northern GM has explored a range of
topics, from taxonomy to numerical modeling. In
contrast, studies in the southern portion have focused
on different issues, influenced by specific infrastruc-
tural needs and environmental challenges unique to
each area.

In the following lines, we provide a critical review
of the current state of phytoplankton research in the
GM, with a particular focus on the southern region,
specifically the waters surrounding Mexico. We
identify critical knowledge gaps that must be addressed
amid ongoing environmental changes, while highlight-
ing opportunities to advance our understanding of this
essential group of organisms.

To conduct this review, we searched across high-
impact databases, including Web of Science, Scopus,
ScienceDirect, Google Scholar, and PubMed, using
targeted keyword strings. This initial search phase
retrieved more than 280 documents. The resulting
dataset underwent a rigorous multi-stage processing
workflow: first, duplicate entries were computationally
removed, followed by a thematic screening of titles and
abstracts to ensure relevance.

The review primarily synthesized peer-reviewed
literature from indexed journals with established
impact factors. However, to mitigate publication bias
and capture regional nuances, we performed a
secondary manual search to incorporate significant
"grey literature", such as doctoral theses, technical
reports, and conference proceedings. Each source was
critically appraised for its methodological soundness
before being integrated into the final synthesis.

Phytoplankton studies in the southern Gulf of
Mexico

What we know

The first report on phytoplankton in the southern GM,
specifically in the waters of the Campeche Bay, was

published by Schmidt et al. (1874). This report included
illustrations of local species, with a particular focus on
diatoms. Following this initial publication, subsequent
taxonomic lists were generated, identifying a total of 78
diatom species, notably featuring a significant presence
of the genus Campylodiscus (Mann 1925). The author
observed that this taxonomic list bore many similarities
to the flora of other regions of the world, which was
attributed to parallel development and dispersal of
species across different ocean basins.

After several years without systematic studies on
phytoplankton, the importance of these organisms in
the southern GM was recognized again in the 1940s. A
notable observation was the complete lack of organized
research in this area (Osorio-Tafall 1942).

During the 1960s, important studies on phyto-
plankton, particularly dinoflagellates from the
Caribbean, emerged. These studies contributed
significantly to our understanding of the spatial
distribution patterns of this group. Additionally,
valuable taxonomic lists were presented, including 30
taxa primarily from the genera Ceratium (now referred
to as Tripos), Diplopelta, Dinophysis, Protoperidinium,
Ceratocorys, Gonyaulax, and Ornithocercus (Balech
1967a,b).

The 1960s and 1970s were a period of significant
advancement in the study of phytoplankton in the
southern GM, especially in shallow coastal waters and
coastal lagoons. During this time, initial research on the
hydrography and phytoplankton productivity of the
Alvarado Lagoon in Veracruz was published
(Villalobos et al. 1966). The first taxonomic lists of the
Alvarado Lagoon reported 27 phytoplankton species,
predominantly from the genera Skelefonema,
Chaetoceros, and Bacteriastrum (Margalef 1975). In
Términos Lagoon, researchers documented 19
phytoplankton genera, with Rhizosolenia as the
dominant genus, comprising over 90% of the
population (Gémez-Aguirre 1965). Additional studies
revealed a high abundance of phytoplankton, including
44 diatom genera and 5 dinoflagellate genera (Suarez-
Cabroo & Gomez-Aguirre 1965), totaling 123 diatom
species (Loyo-Rebolledo 1966). Furthermore, in the
coastal area off Veracruz, taxonomic lists identified 15
genera, with Nitzschia and Asterionella being the most
representative (Vega-Rodriguez & Arenas-Fuentes
1965).

Between 1964 and 1984, Cuban-Soviet expeditions
onboard Soviet research vessels marked a significant
advancement in the study of phytoplankton in the
southern GM. These studies focused on oceanic rather
than coastal waters and collected samples from over
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2,000 stations. The findings were published in a
comprehensive book, more than 25 scientific articles,
and several technical reports (Okolodkov 2003). This
wealth of information was valuable not only from a
taxonomic perspective but also from an oceanographic
standpoint, as the research cruises adopted a
multidisciplinary approach. They identified previously
unknown hydrodynamic factors and linked them to
phytoplankton populations.

For instance, it was first discovered that circulation
patterns in Campeche Bay fertilize the euphotic zone,
thereby enhancing phytoplankton biomass in the region
(Zernova 1969). Additionally, researchers found that
phytoplankton populations in the Campeche Bank
exhibit significant diel wvariability; specifically,
dinoflagellates are most abundant at noon, while
diatoms peak at dawn (Zernova 1970).

From these investigations, initial taxonomic lists
were developed, identifying 700 species from two
major areas: the southern GM and the Caribbean Sea
(Roujiyaynen et al. 1971). A few years later, new
taxonomic lists emerged, increasing the total number of
species to over 1,500 in both the southern gulf and the
Caribbean region, primarily consisting of diatoms and
dinoflagellates (Zernova & Krylov 1974). Decades
later, using information from these expeditions, Lopez-
Baluja et al. (1992) compiled a list of 529 species, with
dinoflagellates (264 species) and diatoms (230 species)
predominating.

Before the National Autonomous University of
Mexico acquired the oceanographic R/V Justo Sierra,
significant research was conducted onboard Mexican
Navy vessels. This research produced invaluable
insights into the composition of phytoplankton species
in the southern gulf. Consequently, the first taxonomic
lists for the Yucatan continental shelf region were
published, documenting 85 species. Among these,
diatoms were dominant, comprising 75% of the
recorded species, followed by dinoflagellates at 20%
and coccolithophores at 5% (Luna-Soria 1979).
Additionally, hydrographic aspects related to the
distribution and abundance of phytoplankton were
identified (Santoyo & Signoret 1973). For example,
diatoms from the genera Thalassiosira, Chaetoceros,
Lauderia, Skeletonema, and Nitzschia were commonly
identified in the Cape Catoche upwelling zone (Licea
1992).

The arrival of the R/V Justo Sierra in Mexico in
1982 marked a pivotal moment in the study of
phytoplankton in the southern GM. It enabled Mexican
researchers to expand their sampling areas to include
oceanic zones beyond the continental shelf and

establish long-term monitoring programs. As a result,
the first oceanographic research cruise, "PROGMEX-
I," was conducted in April 1983. This expedition
collected samples for phytoplankton identification,
reporting 175 taxa. The genus Chaetoceros was the
most diverse diatom genus, with 30 species identified,
followed by Ceratium (now referred to as Tripos) and
Oxytoxum. Overall, dinoflagellates were represented by
44 species, primarily thecate forms (Licea et al. 2017).

Monitoring programs conducted between the mid-
1980s and the early 2000s, specifically the "OGMEX"
and "SGM" projects, enabled the collection of
organisms from over 600 stations in both the
continental shelf and deep waters of the southern GM.
These efforts resulted in taxonomic lists comprising
over 250 species of dinoflagellates, with a particular
dominance of species from the genera Ceratium (now
classified as Tripos) with 47 species, Protoperidinium
(28 species), Dinophysis (26 species), Oxytoxum (19
species), and Prorocentrum (15 species) (Licea et al.
2004). From the generated taxonomic list, more than 10
potentially toxin-producing species were identified,
including Karenia brevis, Amphidinium carterae,
Dinophysis acuta, D. caudata, D. fortii, D. mitra (now
known as Phalacroma mitra), D. rotundata (currently
referred to as Phalacroma rotundatum), D. tripos,
Prorocentrum mexicanum, P. micans, and P. minimal
(now recognized as P. cordatum) (Licea et al. 2004).
Additionally, these monitoring projects generated
databases that documented the presence of 255 diatom
species. The most commonly observed genera included
Chaetoceros (36 species), Thalassiosira (20 species),
Nitzschia (18 species), and Rhizosolenia (14 species)
(Licea et al. 2011).

Parallel oceanographic research cruises carried out
between 1983 and 1989, including the "Yucatan" and
"J.S." projects, significantly advanced our under-
standing of diatoms. These campaigns documented 38
species of Chaetoceros in the oceanic and neritic waters
of the Yucatan Shelf (Hernandez-Becerril & Flores-
Granados 1998).

Since the late 1990s and throughout the 2000s,
extensive monitoring programs in the southern GM
have not only generated taxonomic lists but also
examined the role of the physical environment in the
composition, distribution, and abundance of phyto-
plankton species.

During multidisciplinary research cruises conducted
under the project "PROMEBIO", hydrographic and
current data were collected, along with water samples
at different depths in Campeche Bay and the Campeche
Canyon. This research identified three distinct ecolog-
ical regions: the inner shelf where phytoplankton
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biomass increases near the seafloor, associated with the
thermocline, and the euphotic layer extends throughout
the entire water column; the middle shelf that shows a
sharp maximum of phytoplankton biomass at mid-
depths, strongly linked to the thermocline; and the outer
region, above the continental slope where a deeper
phytoplankton biomass is observed, correlated with
low-light conditions (Signoret et al. 2006).

Additionally, a total of 180 species were identified,
including 114 diatoms, 32 dinoflagellates, 32 coccolith-
ophores, and 2 silicoflagellates. The distribution of
these species is closely related to the region's
hydrographic conditions, including a thermohaline
front formed by freshwater from the Grijalva-
Usumacinta River flowing into the southern GM, as
well as the cyclonic and anticyclonic circulation
patterns in the area (Hernandez-Becerril et al. 2008).
Furthermore, it was observed that the wvertical
distribution of species differs between the Canyon and
Campeche Bay waters. In Canyon, the highest
abundance of organisms occurs at the base of the
euphotic layer and is dominated by dinoflagellates and
coccolithophores. In contrast, in the Campeche Bay, the
highest abundance occurs at the thermocline and is
dominated by silicoflagellates (Duran-Campos et al.
2017).

Other phytoplankton groups received attention
through these multidisciplinary research cruises. In
particular, studies on picophytoplankton have shown
that the abundance of Prochlorococcus and
Synechococcus is higher in shallow continental shelf
waters than in oceanic waters of the Campeche Canyon
(Aquino-Cruz et al. 2013). Additionally, it was
documented that the abundance of the nitrogen-fixing
cyanobacterium Trichodesmium spp. increases in the
Campeche Canyon region, attributed to eddy activity
and the formation of thermohaline fronts (Aldeco et al.
2009). Another group was the unarmored dinoflag-
ellates, with reports identifying 65 species (Zamudio et
al. 2013). Notably, there is a high abundance of
Noctiluca scintillans (Escobar-Morales & Hernandez-
Becerril 2015).

While progress in the study of phytoplankton in
oceanic waters, thanks to the aforementioned
monitoring programs, was highly valuable, research in
coastal areas of the southern GM continued to emerge.
For example, in the waters of the Veracruz Reef Park
(southwestern GM), 46 species of dinoflagellates of the
genus Protoperidinium, 33 species of the genus
Ceratium (now called Tripos), and 38 species of the
order Dinophysiales were reported, providing keys for
the correct taxonomic identification of these organisms

(Okolodkov 2008, 2010, 2014). Likewise, studies in the
region reported 275 phytoplankton species, with
marked seasonal variability in species richness, highest
in June and October and lowest in April, November,
and December (Okolodkov et al. 2011). The study of
benthic dinoflagellates also gained relevance in coastal
areas. That is the case in the coastal zone of Yucatan,
where 20 species belonging to 12 genera were identi-
fied, with Prorocentrum being the most abundant
(Okolodkov et al. 2014). Similarly, in the Veracruz
Reef Park, 17 species belonging to 11 genera were
reported, with Amphidinium being the most abundant
(Okolodkov et al. 2007).

Motivated by the Deepwater Horizon disaster in the
northern GM in 2010, a series of research cruises (e.g.
"Ueyatl") was conducted to assess the impact of this
event on the marine ecosystem in the southern GM.
During these cruises, samples were collected for
various analyses, including phytoplankton studies. As a
result, a total of 29 species and 6 subspecies of
heterotrophic dinoflagellates belonging to the genus
Protoperidinium were identified, with their abundance
linked to the current patterns in the central region of the
GM (Gonzalez-Fernandez 2018).

In 2015, following the Deepwater Horizon disaster,
a highly ambitious project funded by the Mexican
government established a consortium dedicated to
monitoring the environmental health of the southern
GM, particularly in its deep zones. As part of this
initiative, 18 oceanographic expeditions were conducted
to collect water samples at various depths for various
purposes, including identifying phytoplankton (Herzka
2021).

This project uncovered several ecological aspects in
the deepest areas that had not been documented before.
For instance, in the central portion of the GM,
researchers found that dinoflagellates dominated over
other phytoplankton groups. This abundance is closely
linked to nutrient-rich cores induced by cyclonic eddies
(Gonzélez-Fernandez et al. 2025). In the Yucatan
region, a total of 215 phytoplankton species were
identified, including 104 diatoms and 111 dinoflag-
ellates, of which 27 have the potential to form harmful
blooms (Medina-Gomez et al. 2019). Additionally, for
the first time, rescarchers identified the numerical
importance of smaller phytoplankton fractions, such as
the carbon biomass of picoplankton (including
Prochlorococcus, Synechococcus, and pico-eukaryotes)
and heterotrophic (heterotrophic bacteria) communities
in the deep portions of the gulf. This study revealed
spatial and temporal patterns in their distribution
(Linacre et al. 2019). Furthermore, thanks to these
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multidisciplinary cruises, some aspects related to the
impact of large-scale processes, such as the El Nifio
Southern Oscillation (ENSO), on phytoplankton
populations in the Yucatan Shelf region were
identified. Thus, previously undocumented patterns
were identified, for example, an increase in phyto-
plankton biomass related to substantial precipitation
during the late rainy season in the ENSO warm phase,
and the increase in cold-front activity that took place in
winter during ENSO's warm phase, leading to different
coastline-marine chlorophyll-a levels (Medina-Gomez
et al. 2020).

In the past decade, algal bloom-causing species
have generated significant environmental concerns and
have become the focus of numerous studies in the
southern GM. Among dinoflagellates, Peridinium
quadridentatum has been identified as a common
species in the waters off Veracruz (Okolodkov et al.
2016, Rodriguez-Gomez et al. 2019). Meanwhile,
species from the genera Kryptoperidinium and
Durinskia have been reported in high abundance along
the Yucatan coast (Okolodkov et al. 2020). In the
coastal area of Campeche, species from the genera
Akashiwo, Karenia, Pyrodinium, and Prorocentrum
have been observed (Poot-Delgado et al. 2015).

A recent review on toxic dinoflagellates in Mexican
waters highlights that species from the genera
Gambierdiscus, Fukuyoa, Prorocentrum, Amphidini-
opsis, and Bysmatrum are also frequently found in the
southern GM (Okolodkov et al. 2022). Moreover, it has
been documented that domoic acid-producing diatoms
of the genus Pseudo-nitzschia are often abundant in the
southwestern GM (Parsons et al. 2012). Additionally,
cyanobacteria from the genera Anabaena, Merismopedia,
Oscillatoria, and Cylindrospermopsis  frequently
generate algal blooms along the coasts of Campeche
(Poot-Delgado et al. 2018, Poot-Delgado & Pérez-
Morales 2023). Furthermore, it has been reported that
in the coastal waters of Campeche, the cyanobacterium
Trichodesmium can produce significant blooms,
exceeding 2.6x10° cells L' (Poot-Delgado et al. 2022),
with maximum abundance during the rainy season
(Poot-Delgado et al. 2025).

While Table 1 provides a historical context of
phytoplankton research in the southern GM, Figure 2
illustrates the key mechanisms driving phytoplankton
production.

The schematic traces the influence of nutrient-rich
discharge from the Grijalva-Usumacinta River, which
fosters a distinct phytoplankton assemblage compared
with that of oceanic waters. Additionally, it highlights
how cyclonic eddies trigger the upwelling of essential

nutrients (specifically nitrogen, phosphorus, and
silicon) into warm, oligotrophic surface layers, fueling
significant phytoplankton blooms. The figure also
captures localized upwelling events, which further
enrich the water column. Finally, it emphasizes the role
of major currents, notably the Loop Current, in
transporting heat, salt, energy, and organisms through-
out the region. Ultimately, this synthesis integrates
multiscale spatiotemporal processes to provide a
comprehensive view of phytoplankton dynamics in the
southern GM.

What we don't know

The monitoring programs implemented in the southern
GM have been successful in enhancing our under-
standing of phytoplankton species by identifying their
spatial distribution patterns and some of the physical
processes that influence their production. However,
there are still many opportunities to further our
knowledge of this important group.

Different approaches have been employed in the
northern GM to understand better how phytoplankton
species are distributed and the factors that influence
their distribution.

To substantially advance the current understanding
of phytoplankton ecology in Mexican waters, it is
essential to prioritize the following research objectives:

Expanding taxonomic focus in phytoplankton
research

As established in the preceding section, the current
literature on phytoplankton assemblages in the southern
GM exhibits a significant taxonomic bias, favoring
diatoms and dinoflagellates. This skew underscores a
critical knowledge gap that warrants a more
comprehensive investigation of other ecologically vital
yet understudied fractions, specifically silicoflagellates
and coccolithophores.

Coccolithophores are pivotal components of marine
ecosystems, distinguished by their intricate calcium
carbonate (CaCO3) plates, known as coccoliths. These
organisms are essential drivers of the global carbon
cycle, facilitating the transport of carbon to the deep
ocean via both the organic pump and the carbonate
counter-pump. Currently, ocean acidification, driven
by increased anthropogenic CO; absorption, poses an
existential threat to this group by reducing the
availability of carbonate ions. This chemical shift
significantly impairs calcification, often resulting in
structural malformations or a marked decline in
biomass (Doney et al. 2009).
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Table 1. Historical progression of phytoplankton research in the southern Gulf of Mexico (GM).

Taxonomic focus &

Key ecological/oceanographic

Period Scope / Region Lo . References
diversity findings
1874-1925 Campeche Bay 78 diatom species Initial taxonomic descriptions Schmidt et al. (1874), Mann
(neritic waters) (notably and illustrations (1925)
Campylodiscus)
1960s Caribbean & Dinoflagellates (30 Spatial distribution patterns in Balech (1967a,b)
Southern GM taxa: notably both regions

1960s-1970s

1964-1984

1980s (early)

1983-2000s

Late 1990s-2017

2010-Present

Last decade

Coastal lagoons

Oceanic
southern GM

Yucatan
Continental
shelf

Deep water &
Oceanic zones

Campeche Bay
& Canyon

Deep GM &
Yucatan shelf

Coastal
southern GM

Ceratium (now
Tripos), Dinophysis,
Protoperidinium)
Diatom dominance:
27 spp. (Alvarado);
123 spp. (Términos)

High diversity:
>1,500 species

85 species (75%
diatoms, 20%
dinoflagellates)
>250 dinoflagellates;
255 diatoms.

180 species;
Picophytoplankton
(Synechococcus).

215 species; Carbon
biomass of pico-
eukaryotes.

Harmful algal bloom
(HAB) species.

Rhizosolenia dominance
(>90%) in Laguna de Términos;
hydrography of Alvarado
Lagoon.

Discovery of fertilization via
Campeche Bay circulation;
diurnal biomass peaks.
Phytoplankton composition
linked to Cape Catoche
upwelling.

Long-term monitoring
(OGMEX/SGM); identification
of >10 toxin-producing species
Identification of three
ecological regions
(inner/middle/outer shelf) based
on biomass verticality.
Assessment of Deepwater
Horizon impact: biomass
fluctuations linked to ENSO
warm phases.

Recurrence of Peridinium
quadridentatum and blooms of
Trichodesmium and Pseudo-
nitzschia

Villalobos (1966), Gomez-
Aguirre (1965)

Cuban-Soviet Expeditions,
Zernova (1969, 1970)

Luna-Soria (1979), Licea
(1992)

Licea et al. (2004, 2011,
2017)

Signoret (2006);
Hernandez-Becerril (2008)

Herzka (2021), Medina-
Goémez (2019, 2020)

Okolodkov (2022), Poot-
Delgado (2025)

In the southern GM, research addressing these

Despite their

ecological

significance, studies

taxonomic groups remains notably sparse. Evaluating
the population dynamics of these organisms is therefore
imperative to establish a robust baseline. Such data are
essential for characterizing the sensitivity of regional
marine biota to declining pH levels and for predicting
the broader implications for the southern gulf's
biogeochemical resilience.

Silicoflagellates are highly sensitive bioindicators,
as their distribution and community structure are
intrinsically linked to the physicochemical properties of
the water column, including temperature, salinity, and
nutrient availability (Dumitrica 2014). Shifts in their
species composition within a given region often serve
as a diagnostic proxy for environmental variations,
accurately reflecting modifications in water mass
structure or the influence of localized oceanographic
phenomena, such as thermohaline fronts and upwelling
events (Herrera & Escribano 2006).

concerning silicoflagellates in the southern GM remain
notably scarce. Given their utility as environmental
proxies, it is imperative to broaden the scope of
phytoplankton research to include this group.
Establishing baseline data on their population dynamics
is essential for detecting ecological responses to
regional hydrographic variability and anthropogenic
climate stressors.

Numerical modeling

Numerical modeling transforms large sets of
observational data and theoretical knowledge into a
predictive and analytical tool. This process uncovers
the interconnections between physics, chemistry, and
biology, making it essential for the -effective
management of marine resources and for understanding
global biogeochemical cycles (Miller 2007).
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Figure 2. Schematic illustration of the key mechanisms driving phytoplankton production in the southern Gulf of Mexico.

See main text for details.

In the case of phytoplankton, numerical modeling is
crucial for understanding its dynamics and its vital role
in global aquatic ecosystems. As the base of the marine
food web and a key participant in the global carbon
cycle, phytoplankton is intrinsically linked to its
physicochemical environment. Then, numerical model-
ing allows us to simulate these interactions, providing
a comprehensive view of these systems that observation
alone cannot achieve (Sakar et al. 2025).

Numerous studies in the northern GM have
employed numerical models to examine the distribution
and variability of phytoplankton species in relation to
climate fluctuations. Biogeochemical models have
been used to investigate the spatial distribution of
phytoplankton functional groups in relation to nutrient
availability. For instance, these models suggest that
diatom growth is limited by silica in the deep GM
during winter and near the Mississippi Delta in spring
(Gomez et al. 2018).

Additionally, models have been applied to
understand the factors influencing phytoplankton
biomass variability, carbon export, nutrient cycling,
and fluctuations in bottom hypoxia in the Mississippi
River plume (Green et al. 2008). More complex three-
dimensional models have been developed that consider
ammonium, nitrate, phytoplankton, chlorophyll,
zooplankton, and different types of detritus as state
variables. These models indicate that zooplankton

grazing plays a significant role in shaping changes in
phytoplankton biomass and suggest that physical
transport of phytoplankton could influence seasonal
variations in biomass (Fennel et al. 2011).

In the southern GM, few studies employ numerical
modeling, and those that do have generally focused on
specific aspects. For instance, research using the
coupled physical-biogeochemical model NEMO-
PISCES has shown that phytoplankton production in
anticyclonic eddies detaching from the Loop Current is
higher than the average rate in the surrounding open
waters of the GM. This increase in production is
attributed to the mixed-layer response to winter
convective mixing, which extends deeper into nutrient-
rich waters (Damien et al. 2021). While this finding is
significant, applying numerical models to understand
better how other physical processes influence
phytoplankton dynamics would be beneficial. For
example, investigating the impact of ENSO events and
the Atlantic Multidecadal Oscillation (AMO) on
nutrient and phytoplankton dynamics would greatly
enhance our knowledge in this area.

Recent literature indicates that ENSO events are
shifting toward greater duration, intensity, and
stochasticity, thereby decoupling from historical
periodicity (Coquereau et al. 2025). This emergent
unpredictability necessitates the deployment of
advanced numerical models to quantify the influence of
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these large-scale oscillations on the structure and
productivity of phytoplankton assemblages in the
southern GM.

Metabarcoding studies

Environmental DNA (eDNA) metabarcoding is a rapid
and effective method for investigating microplankton
community composition and species diversity (Gaonkar
& Campbell 2023). The development of molecular-based
methods and high-throughput sequencing has provided
powerful tools for characterizing phytoplankton diversity
(Nagai et al. 2016) and for differentiating cryptic species
(de Luca et al. 2021).

In the northern GM, molecular techniques have
significantly impacted the study of species that cause
harmful algal blooms. For instance, this technique has
enabled the identification of species previously
undescribed by conventional methods, thereby enhancing
our understanding of their dynamics (Gaonkar &
Campbell 2023). Unfortunately, there are very few studies
applying metabarcoding techniques to analyze
phytoplankton communities in the southern GM.

The implementation of metabarcoding techniques is
imperative for advancing our understanding of
phytoplankton assemblages in the southern GM, as it
overcomes the systemic limitations of traditional
morphological taxonomy by providing high-throughput,
accurate identification of cryptic taxa and picoplankton
fractions that have historically been underestimated
(Taberlet et al. 2018). Beyond superior taxonomic
resolution, this molecular approach facilitates the early
detection of potentially harmful algal bloom-forming
species, serving as a critical diagnostic tool. Furthermore,
metabarcoding enables the establishment of a robust
genetic baseline, which is essential for correlating
community dynamics with physicochemical stressors at
unprecedented spatial and temporal scales (Pawlowski et
al. 2018). Ultimately, integrating these genomic data is a
strategic necessity for mapping regional marine
biodiversity and predicting the resilience of the trophic
web in the face of escalating anthropogenic pressures.

Studies on the role of large-scale processes: the case of
ENSO and the AMO

ENSO is recognized as a significant ocean-atmospheric
process that profoundly impacts various aspects of
nature, including phytoplankton communities (Monreal-
Gomez et al. 2025). While extensive research has been
conducted in the northern GM on the effects of ENSO
on phytoplankton, there is a notable lack of studies in
the southern GM.

In the northern GM, studies suggest that ENSO is a
primary driver of interannual variability in salinity and
plankton biomass during winter and spring (Gomez et
al. 2019). Generally, El Nifio leads to increased river
runoff into the GM, while La Nifia results in decreased
river runoff (Munoz & Dee 2017). However, this
phenomenon has not yet been adequately explored in
Mexican waters.

As for the AMO, it has been well documented that
this process influences USA precipitation patterns and,
consequently, river discharge into the northern GM
(Enfield et al. 2001, Tootle & Piechota 2006), thereby
affecting phytoplankton populations. Yet, studies
examining this relationship in the southern GM are
practically nonexistent.

Assays for determining phytoplankton growth
limitation

In the northern GM, several studies have focused on
identifying the optimal conditions for photosynthesis,
thereby enhancing primary production rates. For
instance, bioassays conducted on the Louisiana
continental shelf have shown that in waters with
salinity below 20, light limitation is prevalent. In
contrast, at higher salinities, phytoplankton growth is
primarily limited by nitrogen or by a combination of
nitrogen and phosphorus (Turner & Rabalais 2013).
Furthermore, studies have shown that adding nitrate
can alter phytoplankton community structure,
increasing the proportions of diatoms and
prasinophytes while decreasing the abundances of
cyanobacteria and prymnesiophytes (Zhao & Quigg
2014). In Florida Bay, nutrient-limitation bioassays
conducted across various climatic seasons showed that
phosphorus additions more strongly stimulated
phytoplankton growth than nitrogen additions. This
finding suggests a reduced potential for nutrient
limitation during the cooler months, when nutrient
demand is typically low, and supply is generally high
(Murrell et al. 2002). In the deep waters of the northern
GM, in situ observations have shown that net primary
production is higher in the upper euphotic zone than at
the deep chlorophyll maximum, a pattern primarily
driven by recycled nutrients. Additionally, productivity
tends to decrease with depth (Yingling et al. 2021).

Although previous research has made significant
strides in understanding the photosynthetic dynamics
and light-availability requirements of phytoplankton in
Mexican waters (e.g. Coria-Monter et al. 2019, 2021),
these efforts remain spatially and temporally
constrained. Current data are largely confined to subma-
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rine canyon regions and Campeche Bay, and
observations are restricted to the summer months. This
narrow focus fails to capture the pronounced seasonal
cycles, driven by atmospheric forcing, riverine
discharge, and transient mesoscale features, that define
the hydrography of the southern GM.

Addressing these knowledge gaps is a matter of
regional urgency. The southern GM is a complex, high-
productivity environment that sustains vital fisheries
and essential ecosystem services. Yet, it faces
intensifying anthropogenic  pressures, including
hydrocarbon exploration and the accelerating effects of
ocean acidification and climate-driven thermal
anomalies (Osborne et al. 2022). Given this suscep-
tibility, expanding our understanding of phytoplankton
community responses beyond the summer window is a
strategic necessity for establishing a robust baseline.
Such comprehensive data are vital for elucidating the
mechanisms governing primary productivity and
predicting the resilience of the regional trophic web
under a changing climate.

Final remarks

The study of phytoplankton in the southern GM has a
long and rich history that spans over a century. During
this time, numerous valuable studies have produced
extensive taxonomic lists and documented species
distribution patterns. Initially, research focused on
coastal regions, but later expanded to include open
waters, even reaching the deepest parts of the GM,
thanks to improved oceanographic monitoring infra-
structure in Mexico.

While monitoring programs have provided
invaluable information, many have lacked the
necessary continuity and have often been limited in
both spatial and temporal scope. Therefore, the
implementation of long-term multidisciplinary oceano-
graphic monitoring is essential, particularly in light of
global change.

Global change, encompassing warming, ocean
acidification, and shifts in ocean circulation patterns,
presents a complex array of simultaneous stressors. To
understand how these stressors affect phytoplankton, a
sustained, comprehensive monitoring approach with a
long-term perspective is required. This strategy enables
the creation of long-term time series, which are crucial
for understanding how seasonal, annual, and
interannual climate fluctuations affect phytoplankton
populations in the southern GM.

In this context, the investigations must be
multidisciplinary and encompass a range of measure-
ments, including oceanographic variables such as

temperature, salinity, stratification, and circulation, as
well as biogeochemical variables such as nutrient
concentrations (nitrates, nitrites, phosphates, silicates),
dissolved oxygen, pH, and CO, levels. Additionally,
biological variables, including phytoplankton species
composition, primary productivity, and food web
structure (such as zooplankton), are crucial.

Furthermore, integrating in situ data (obtained
through sampling and buoys), remote sensing (satellite
data), and numerical models is essential for developing
a comprehensive three-dimensional understanding of
phytoplankton community structure in the southern
GM.
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