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Abstract: This study assessed the effects of a cyclonic eddy on copepod groups in the Bay of
La Paz, Gulf of California, Mexico, during summertime. We collected high-resolution
hydrographic records for conductivity, temperature and depth and performed oblique
zooplankton hauls during a research cruise performed in August 2009. The results showed the
presence of a cyclonic eddy with a diameter of ~30 km and velocities reaching 50 cm s™.
Copepod abundances showed differences for each group. Calanoid abundances ranged from 95
to 1019 ind 100 m>, cyclopoids ranged from 208 to 1082 ind 100 m™ and abundance of all
copepodite stages ranged from 420 to 11800 ind 100 m™. Their horizontal distributions showed
interesting patterns of variability into the eddy field. The calanoids showed high relative
abundances at stations close to the center of the eddy. The cyclopoids had maximum
abundances at peripheral stations, while all copepodite stages had maximum abundances at
stations close to Boca Grande. A canonical correspondence analysis confirmed dependence with
environmental variables. We found that copepod groups showed a clear relationship with the
presence of the cyclonic eddy through and its effects on hydrographic conditions; possibly, as
result of several additional processes, such as ecological interactions, population dynamics as
well as feeding habits were also impacted.
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Distribucion de los grupos de copépodos en un giro ciclonico en la Bahia de La Paz, Golfo
de California, México, durnante la época de verano de 2009. Resumen: El presente estudio
evalta los efectos de un vértice ciclénico en la distribucion de los grupos de copépodos en la
Bahia de La Paz, Golfo de California, México, durante la época de verano. Se adquirieron datos
hidrograficos de alta resolucién y se realizaron arrastres oblicuos para colectar organismos del
zooplancton durante un crucero de investigacion realizado en agosto de 2009. Los resultados
mostraron la presencia de un vortice ciclénico con un didmetro de ~30 km y velocidades de
hasta 50 cm s™. La abundancia de los grupos de copépodos mostraron diferencias. Por ejemplo,
los calanoideos oscilaron entre 95 y 1019 ind 100 m?, los ciclopoides de 208 a 1082 ind 100 m™
y la abundancia de todos los estadios de copepoditos varié de 420 a 11800 ind 100 m™. Su
distribucién horizontal mostré variabilidad en el campo del vértice. Los calanoideos mostraron
elevadas abundancias en las estaciones cercanas al centro del vortice. Los ciclopoides
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presentaron abundancias maximas en las estaciones de la periferia, mientras que todos los
estadios de copepoditos tuvieron abundancias méaximas en las estaciones cercanas a Boca
Grande, lo cual fue confirmado estadisticamente a través de un andlisis de correspondencia
canonica. Los resultados obtenidos mostraron una clara relacion entre la abundancia de los
copépodos con las condiciones hidrograficas, posiblemente, como resultado de diferentes
procesos, como las interacciones ecologicas, la dinamica poblacional y los habitos de

alimentacién de cada grupo.

Palabras clave: Calanoida, Cyclopoida, Copepoditos, abundancia, patrén de circulacién.

Introduction

Copepods represents the major constituent of
mesozooplankton in the oceans, which exerts a
fundamental part in the marine environment,
contributing in the ‘biological pump’ that transports
carbon into the ocean interior (Zuo et al. 2006,
Brierley 2017). Although copepods have developed
strategies to present both vertical and horizontal
migrations, numerous studies highlight that
interannual  changes in  their distribution,
composition and abundance are influenced by
physical processes at diverse scales, including eddies
(Goldthwait & Steinberg 2008, Eden et al. 2009,
Morales et al. 2010).

Ocean eddies, often identified as mode-water,
cyclonic and anticyclonic, play a crucial role in
plankton dynamics. Mode-water and cyclonic eddies
induce divergent movements and produce a
fertilization into the euphotic zone due to a rise of
cold water enriched with nutrients, then an
enhancement of biological production is present,
while anticyclonic induce a convergence, and then
sinking ~waters below the euphotic zone
(McGillicuddy 2016).

To date, numerous studies concerned on the
role of the physical forcing by eddies in the
zooplankton and ichthyoplankton assemblages are
appearing in the literature. Goldthwait & Steinberg
(2008) analyzed the mesozooplankton community
composition in the Sargasso Sea, a region where the
presence of eddies affect the biogeochemical cycling
and then resulted in changes in the community
composition as well as a high zooplankton biomass
inside of a mode-water eddy related with a diatom
bloom. Eden et al. (2009), documented a maximun
in copepod abundances inside of a cyclonic eddy in

the Sargasso Sea, suggesting elevated food
concentration  influencing  the  zooplankton
distribution. Morales et al. (2010), analyzed the

structure of copepod assemblages off central-
southern Chile, a region in which eddies are
recurrent features; they documented that some

calanoid organisms were predominant inside eddies,
suggesting that these physical features might advect
organisms to different zones. Estrada et al. (2012),
analyzed the zooplankton structure in the Hudson
Bay (Canada), which showed a clear effect of
hydrodynamic conditions, through their actions on
the hydrography of the water column which in turn
induce changes in the zooplankton communities.

In particular, in the Bay of la Paz (BP),
southern Gulf of California (GC), Sanchez-Velasco
et al. (2006) examined the relationship between
larval fish assemblages (oceanic and coastal) with
the geostrophic currents and showed a correlation
between the GoC and the BP, which originates an
advection of the assemblages from the gulf to the
interior of the bay. Duran-Campos et al. (2015)
elucidated the relationship of the abundance of
zooplankton functional groups with a cyclonic eddy,
showing a radial distribution. The cyclonic eddy
retained a  markedly different biological
composition, with herbivorous organisms close to
the center, omnivorous organisms at the edge and
carnivorous zooplankton organisms close to the
connection with the GoC; the biomass was
substantially higher inside the eddy.

While the effect of physical forcing on the
abundance of phytoplankton and major zooplankton
groups in the BP is relative well known since Coria-
Monter et al. (2014) and Duran-Campos et al.
(2015), there have been major recent developments
in this area, in particular the effects on specific
zooplankton groups, such as copepods.

In this study, we aimed to assess the effects of
a cyclonic eddy on the distribution and abundance of
the groups of copepods (calanoid, cyclopoid and all
stages of copepodite) in BP, GoC. We hypothesized
differences in copepod groups into the eddy field
derived from the thermal/density gradient from the
center of the eddy toward the edge. This study is
inspired by the need to understand the processes
associated with the copepod variability and their
implications in the dynamics of BP during
summertime. This work contributes to the efforts to
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improve the knowledge of the influence of physical
processes on particular zooplankton groups, such as
copepods.

Materials and methods

Study area: The BP is situated in the southwestern
margin of the GoC, approximately 200 km from the
Pacific Ocean, and represent one of the most
important ecosystems due to its high biodiversity
and productivity; it also serves as an area of refuge
for different species (Fig. 1A). The BP has a
maximum depth of 420 m in Alfonso Basin, with a
connection with the GoC through two openings: a
deep and wide connection located to the north,
named as Boca Grande, and a shallow and narrow
connection in the southern portion, named as the San
Lorenzo Channel (Fig. 1B). Along Boca Grande, a
bathymetric sill partially isolates the BP from the
GoC and inhibits water masses interchange below
250 m depth (Molina-Cruz et al. 2002). In the
region, the wind field present important seasonal
changes, with northwest winds in winter and
southeast winds in summer (Monreal-Gémez et al.
2001). The circulation inside the BP is controlled by
a quasi-permanent cyclonic eddy (Monreal-Gomez
et al. 2001) which promotes an Ekman pumping
with high velocities (~0.4 m d') rising up the
nutricline, fertilizing the surface layer (Coria-Monter
et al. 2017). Also, differential distributions of
diatoms and dinoflagellates (Coria-Monter et al.
2014) and zooplankton aggregations have been
observed during summer (Durdn-Campos et al.
2015).

Sampling: High-resolution hydrographic records for
conductivity, temperature and depth were acquired
using a CTD probe (Sea-Bird SBE-19 plus)
improved with dissolved oxygen and active
fluorescence sensors attached in a General Oceanics
rosette system, at 55 hydrographic stations,
including both the interior of the BP as well as the
connection with the GoC (Fig. 1B). Samples were
obtained during the multidisciplinary scientific
expedition “DIPAL-III” onboard of the research
vessel “El Puma” during August of 2009. Each CTD
cast was close to the bottom (~5 m), lowered at 1
m/s and storing data at 24 Hz. The sensitivity of
CTD sensors was 0.005°C for temperature and
0.0005 S m™ for conductivity.

Immediately after the CTD-rosette cast,
oblique hauls (day and night time) were performed
with bongo nets (mesh of 333 pm, 60 cm diameter in
mouth) at nine hydrographic stations in the central
portion of the BP as well in the connection with the
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GoC (Fig. 1B). Zooplankton organisms were
collected from 200 m depth to the surface, or near
the bottom in those shallower stations. The volume
of water that crossed the nets was recorded by
flowmeters  previously  calibrated by  the
manufacturer (General Oceanics) which were
attached to each net. Initially, the organisms
captured were fixed with 4% formalin (sodium
borate added) for 24 h and finally conserved in 70%
ethanol. The criterion to select these specific nine
stations in the central portion of the bay was owing
to previous investigations that revealed the presence
of a quasi-permanent cyclonic eddy (e.g. Monreal-
Gomez et al. 2001, Coria-Monter et al. 2017) with
which we seek to test our hypothesis on the effect of
the cyclonic eddy on the copepods groups of the
region.

Data of sea surface temperature (SST) and
chlorophyll-a (mg m™) were acquired for the days
concurrent with the research cruise from the
Moderate Resolution Imaging Spectroradiometer
(MODIS-AQUA, http://oceancolor.gsfc.nasa.gov).
The data, with a resolution of 1 km, were processed
using SeaDAS version 7.4.

Data processing: The CTD data were processed by
the software from the manufacturer (SBE-Data
Processing V.7.26.7), averaged each dbar. The
conservative temperature (®, °C), absolute salinity
(Sa, g kg™) and density (0@, kg m™) were derived
according to the Thermodynamic Equation of
Seawater-2010 (TEOS-10) (IOC et al. 2010). The
chlorophyll-a concentration (mg m™) was estimated
from the in-situ fluorescence with the conversion
factor provided by the manufacturer. Geostrophic
currents were calculated from ® and Sa by
geostrophic standard analysis (Pond & Pickard
1983). The circulation pattern was compared with
the distribution of conservative temperature and
density fields.

Laboratory analyses: Each zooplankton sample was
split serially with a Folsom splitter until reaching
1/32. Then, the organisms were identified, at group
level, and counted with a Carl Zeiss stereo
microscope, following Boltovskoy (1999). The
organisms were picked and separated into three
particular groups: calanoid, cyclopoid and all stages
of copepodite were pooled together. The
identification of the organisms was at group level,
so, we are aware that this would imply certain bias;
however, several investigations have shown that the
identification of marine zooplankton, at the group
level, is enough to evaluate ecological aspects of the
organisms, including trophic ecology aspects,
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Figure 1. Study area: A) Geographic location of Bay of La Paz; and B) sampling stations, + represents stations with
CTD casts, O represents stations with zooplankton sampling. The gray lines represent bathymetry in m.

development of communities, as well as vertical and
horizontal aggregations in relationship with the
physical structure of the water column, both in ocean
and coastal environments (Ayon et al. 2008).

For the quantification of the biomass
(expressed in wet weight, mg m™) for each target
group, a Millipore system was used to remove the
excess of ethanol of the samples by manual pump,
through membrane filters (0.45 pm, 47 mm in
diameter, Millipore Corp, USA) previously weighed.
The differences in weight were obtained with an
analytical balance (Sartorius BP211D, 0.1 mg/210 g
in resolution). Finally, the biomass (mg m™) was
calculated following Duran-Campos et al. (2015).
Statistical analyses: The statistical analyses for this
study included a canonical correspondence analysis
(CCA) in order to explore the effect of the physical
variables on the abundance of each copepod group
(ter Braak 1986, Pappas 2010). The CCA is a
multivariate technique widely used in aquatic
ecology to elucidate relationships between biological
communities and their environment, and basically
the method was designated to extract synthetic
environmental gradients from ecological matrices

and be visualized through an ordination diagram (ter
Braak & Verdonschot 1995).We performed the CCA
using two matrices: 1) the abundance data for each
copepod group by sampling station, prior a square-
root transformation and 2) the hydrographic data

obtained from the CTD probe, including
conservative temperature, absolute salinity, density
and chlorophyll-a  concentration;  additional

information was used in order strengthen this data
set, including phytoplankton groups abundances
(diatoms, dinoflagellates and silicoflagellates) as
described by Coria-Monter et al. (2014). Finally, the
analysis was carried out following standard routines
with CANOCO software (v4.5) (ter Braak &
Smilauer, 2002).

Results

Hydrography: Based on the vertical distribution of
conservative temperature, the average depth of the
thermocline, obtained by the depth of the maximum
temperature gradient (8T/6z), was 20 m. The
horizontal distribution of conservative temperature at
those depths exhibited a cold core in the central region
of the BP, reaching values of 25°C at its center,
extending out with a value of 26.8 °C (Fig. 2A). The
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Figure 2. Horizontal distribution at 20 m depth of: A) Conservative temperature (°C), contour interval = 0.4°C; B)
density (ot, kg m™), contour interval 0.2 kg m?; and C) geostrophic velocity (cm s™).
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Figure 3. MODIS-AQUA images (17 August 2009) of: A) sea surface temperature (°C); and B) chlorophyll-a (mg m™).

density distribution was coincident with the cold
core, showing a dense core with values of 23.4 kg m"
* at its center (Fig. 2B). The geostrophic currents
indicated the existence of a well-defined cyclonic
eddy, with a diameter of ~30 km and velocities
reaching 50 cm s™ (Fig. 2C); the eddy occupied the
central part of the bay along the Alfonso Basin.
Satellite observations showed a clear signal of
both parameters during the research cruise. The sea
surface temperature distribution by satellite
evidenced an interesting contrast between the GoC
and the central part of the BP, reaching values >32

°C and ~30 °C, respectively (Fig. 3A) whereas the
chlorophyll-a concentration showed areas of
enhancement at the southern portion of the bay and
in the central region, following a circular shape in
the area where the cyclonic eddy was detected, with
values of ~0.2 mg m™. Relatively high values were
also observed at the connection with the GoC, in the
Boca Grande region, at the bathymetric sill (Fig.
3B).

Zooplankton: The zooplankton abundance showed
differences for each copepod group. Calanoid
copepod abundance ranged from 95 to 1019 ind 100
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m>. The cyclopoid copepod abundance ranged from
208 to 1082 ind 100 m, while the abundance of all
copepodite stages ranged from 420 to 11800 ind 100
m™. Their horizontal distribution showed interesting
patterns of variability into the eddy field. The
calanoids showed their maximum abundance in a
station over the Boca Grande region (station #53)
where an enhancement zone of chlorophyll-a was
observed; however, high relative abundances were
observed at the stations inside of the eddy (Fig. 4A).
The cyclopoids showed their maximum abundances
in the stations along the periphery of the eddy,
particularly at station #45 (Fig. 4B), while all stages
of copepodites showed their maximum abundance at
the stations close to Boca Grande (Table 1 in
supplementary material, Fig. 4C). Even though the
organisms were not identified at the species level
and juvenile copepods were pooled together, as
mentioned above, these results contribute to the
knowledge of the ecology of these organisms and it
was possible to identify patterns of distribution into
an eddy system.

In terms of the biomass for each group, the
calanoids ranged from 7.1 to 23.8 mg m™, showing
their maximum close to the coast (station # 27 and
38) proximate to San Juan de la Costa; however,
secondary high values were observed at the station
located at the center of the eddy (Fig. 4D). The
cyclopoid copepods biomass varied from 8.8 to 39.9
mg m* with a maximum at the station under the
influence of the eddy periphery where also high
abundance relative values were observed (Fig. 4E).
Copepodite biomass showed values ranging from
15.9 to 68.1 mg m™ with a maximum at the station
situated over the periphery of the eddy (Table 1 in
supplementary material, Fig. 4F).

The CCA ordination diagram showed that the
first two axes explained the 90.2% of the total
variance (Axis 1 = 61.1%; Axis 2 = 29.1%), with
clear dependences for the three zooplankton groups
with respect to environmental variables (Fig. 5). As
expected, the calanoid copepods showed a
relationship with conservative temperature, due to
the thermal gradient generated by the eddy, whereas
the cyclopoid copepods apparently showed a close
relationship with the abundance of diatoms and
silicoflagellates.

Discussion

The physical oceanography of the BP for
summertime has been relative well described before
(Coria-Monter et al. 2014, Duran-Campos et al.
2015), then only a short summary is presented here.

11

The analysis of zooplankton distribution in relation
to hydrography and hydrodynamic processes, such
as eddies, has become an innovative
interdisciplinary ~ approach  for  understanding
plankton ecology. Particularly in the BP, the
presence of a cyclonic eddy has been detected on
multiple times during different research cruises from
1997 to 2009 (Monreal-Gomez et al. 2001, Sanchez-
Velasco et al. 2006, Coria-Monter et al. 2014,
Durdn-Campos et al. 2015). Therefore, Coria-
Monter et al. (2014) proposed that this eddy is a
quasi-permanent feature of the BP and an interesting
case study of an eddy confined within a bay with
high biological significance. =~ The possible
mechanism of generation of the cyclonic eddy in the
BP has been discussed in few previous reports
(Monreal-Gémez et al. 2001, Coria-Monter et al.
2014). Coria-Monter et al. (2017) elucidated that the
physical forcing into the eddy field is the local wind,
causing an upwelling that promotes the enhancement
of nutrients and chlorophyll-a levels; the Ekman
pumping reaches high velocities (~0.4 m d7),
ensuring an enhancement of productivity by means
of nutrient injection into the euphotic zone. Satellite
observations obtained fit well with the horizontal
distribution evidenced by in-situ measurements. The
circular pattern in the chlorophyll-a concentrations
detected in this study, which presents low levels at
the center of the eddy, was associated with the
presence of dinoflagellates in the region (Coria-
Monter et al. 2014). Areas of enhancement were
observed at the periphery of the eddy as well as in
the Boca Grande where the bathymetric sill is
present.

Submesoscale processes (e.g., ageostrophic
secondary circulation) that are present at the
periphery of eddies contribute to plankton
productivity (Mahadevan 2016) and could be linked
with the high abundance of cyclopoid copepods
observed at the stations in the eddy periphery. The
calanoid peak observed at the station at Boca Grande
(station #53), coincident with a high chlorophyll-a
area, suggests high food concentration in this region,
which could influence the zooplankton distribution.
Elevated chlorophyll-a concentrations could be
strongly related to the bathymetric sill where
important processes, such as hydraulic jumps and
upwelling, took place and subsequent zooplankton
aggregations were observed (Salas-Monreal et al.
2012). Our observations pointed out that the
copepod groups analyzed showed a clear
dependence on the presence of the cyclonic eddy,
due to their effects on the hydrographic conditions
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Figure 4. Horizontal distribution of: A) Calanoid copepods abundance (ind 100 m™); B) Cyclopoid copepods abundance
(ind 100 m?®); C) all stages of copepodites abundance (ind 100 m™); D) Calanoid copepods biomass (mg m?~); E)
Cyclopoids copepods biomass (mg m™); and F) all stages of copepodites biomass (mg m™). Note the change in scales.

and as a result of supplementary processes, eddies over the time due to differences in
including intra and interspecific interactions, feeding hydrographic properties. Eden et al. (2009)
habits and population dynamics. Batten & Crawford documented a high abundance of copepods inside a
(2005) showed a high abundance of zooplankton, cyclonic eddy, suggesting elevated food

mainly copepods, inside eddies in the Gulf of
Alaska. Similarly, Morales et al. (2010) studied the
effects of cyclonic eddies on copepod assemblages
and showed that some species, mostly calanoids, had
large abundances inside cyclonic eddies off central-
southern Chile, as a consequence of the advection of
waters as well as the evolution and life-cycle of the

concentration due to fertilization by the eddy.

In particular in BP, it has been shown that
zooplankton functional groups respond to the
relative vorticity induced by a cyclonic eddy, while
the abundance of herbivorous organisms was
correlated to the water density gradient due the
physical feature. An inverse correlation of
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carnivorous organisms with the density of the water
was associated with negative vorticity in the GoC
(Duran-Campos et al. 2015). More recently, Rocha-
Diaz et al. (2021) demonstrated a strong relationship
between the horizontal distribution of copepods and
the presence of the cyclonic eddy inside the bay
during the winter season, which generates an
arrangement of copepods around the physical
structure, which the authors called "copepod belt".

Some studies reported temperature as a crucial
physical factor affecting zooplankton distribution.
For example, Lin et al. (2011) used CCA ordinations
to visualize biotic and abiotic parameters that
describe the distribution of calanoid copepods in
Pearl River Estuary (China) during summer; the
environmental variables temperature, salinity and
nutrients, especially nitrogen, influenced the
distribution of the organisms. The results presented
here are consistent, considering the correlation
between conservative temperature with the
abundance of calanoid copepods. According to
White et al. (2006), zooplankton assemblages,
particularly cyclopoid copepods, are related with
temperature, which is in agreement with our
observations. Besides, in our case, the CCA
ordination diagram (Fig. 5) showed that the calanoid
copepods presented a relationship with conservative
temperature, while the cyclopoid copepods
apparently presented a close relationship with the
abundance of diatoms and silicoflagellates; although
they are strictly carnivores, some species at some
stages could feed phytoplankton, particularly
diatoms  (Turner 1986, Paffenhofer 1993).
Copepodites appear to have a relationship with many
of the environmental variables analyzed due to the
wide spectrum of feeding habits during its life cycle.
The diagram also showed a relationship with the
sampling stations in coincidence with the center of
the eddy.

Our results showed a high relative abundance
of calanoid copepods at the stations close to the
center of the eddy. However, contrary to our
observations, Cruz-Hernandez et al. (2017)
documented a decrease in the abundance of calanoid
copepods towards the center of a cyclonic eddy
located in the southern GoC. Nevertheless, Coria-
Monter et al. (2014) discussed the possible temporal
evolution (or life-cycle) of the eddy and concluded
that inside BP, during summer, the eddy had reached
maturity and that it had started decaying. However,
recent evidence suggests that upwelling and nutrient
enhancement stages likely occur earlier during the
spring (Coria-Monter et al. 2017).
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Figure. 5. CCA ordination diagram. Red vectors indicate
environmental variables: T = conservative temperature; S
= absolute salinity; D = density; Chla = chlorophyll-a
concentration; Dia = diatoms abundance; Din =
dinoflagellates abundance; Silic = silicoflagellates
abundance. Blue triangles represent abundance for each
group: CyC = cyclopoid copepods; CC = calanoid
copepods; ACS = all copepodite stages. Gray circles
represent sampling stations (see Fig. 1).

In terms of zooplankton biomass, higher
concentrations in cyclonic eddies have been
previously recognized. Similar to our observations,
Beckmann et al. (1987), documented higher values
in cold cores eddied in the North Atlantic, with
copepods as the principal groups in the zooplankton
community across the eddy field, ranging from 24 to
156 mg m™ in the surface layers (200 m of the water
column). Zooplankton biomass was also observed to
be considerably higher inside a cyclonic eddy than at
its periphery (Durdn-Campos et al. 2015). Similar
observations have been reported in different regions
of the world. For example, in the Canary Islands it
has been documented that the presence of cyclonic
and anticyclonic eddies regulates the zooplankton
biomass values in the region, being generally higher
on the periphery of anticyclonic eddies (Hernandez-
Ledn et al. 2001). In the Algerian Basin (western
Mediterranean Sea) the presence of cyclonic eddies
regulates the chlorophyll-a concertation which
influences the composition and zooplankton biomass
(Riandey et al. 2005).

Finally, the results presented here allowed us
to visualize a pattern of progressive changes in the
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composition of the organisms into the field of the
cyclonic eddy observed during the summer of 2009
within the BoP, even though the organisms of
interest were not identified at species level. Besides,
this study highlight the influence of physical
processes on the copepods organisms which are
inspiring and motivate the implementation of more
in-depth studies that cover additional seasons of the
year. The last poses big challenges to understand
how organisms benefit from ocean currents. More
complete in situ observations are needed in order to
improve the evaluation of different aspects of eddies,
including differences in hydrographic parameters
and dynamics, that could affect zooplankton
communities that support many commercially
important pelagic fish species (which usually
predate on zooplankton, particularly copepods, and

micronekton). Finally, an understanding of
zooplankton ecology is key to understanding
fisheries  production and achieving better

management of marine resources.

Ethical statement

The present investigation did not involve the
manipulation of regulated animals and did not
require approval by an Ethical Committee.

Acknowledgments

This study was supported by Instituto de
Ciencias del Mar y Limnologia of Universidad
Nacional Auténoma de México (UNAM) (grants
144, 145, 342 and 627). This study was partially
supported by DGAPA-PAPIIT-UNAM project
#IA200120 “Variacién espacio temporal del
fitoplancton en la porciéon sur del Golfo de
California y su relacion con el ambiente fisico:
posibles implicaciones en la generacion de
florecimientos algales nocivos” and by the project
#1G100421 “Andlisis de las interacciones entre
aguas continentales y marinas en el Golfo de
California bajo el enfoque de la fuente al mar como
base para su gestion sustentable”. The ship time of
the research cruise DIPAL-III on board the R/V El
Puma was funded by UNAM. We appreciate the
captain's and crew's assistance in all seagoing
activities and the many volunteers that participated
in the scientific expedition. Sergio Castillo-Sandoval
and Francisco Ponce-Nufez provided technical
support during the analyses. The authors thank
numerous helpful comments by an anonymous
reviewer.

References

FA ROCHA-DIAZ ET AL.

Ayon, P., Criales-Hernandez, M.I., Schwamborn, R.
& Hirche, H-J. 2008. Zooplankton research

off Peru: a review. Progress in
Oceanography, 79(2-4): 238-  255.
https://doi.org/10.1016/j.pocean.2008.10.02
0

Batten, S.D. & Crawford, W.R. 2005. The influence
of coastal origin eddies on oceanic plankton
distribution in the eastern Gulf of Alaska.
Deep-Sea Research II, 52(7-8): 991-1009.
https://doi.org/10.1016/j.dsr.2009.05.005.

Beckmann, W., Auras, A. & Hemleben, C.H. 1987.
Cyclonic cold-core eddy in the eastern
North Atlantic. III. Zooplankton. Marine
Ecology Progress Series, 39: 165-173.

Brierley, A.S. 2017. Plankton. Current Biology, 27:
R478-R483.
https://doi.org/10.1016/j.cub.2017.02.045.

Boltovskoy, D. 1999. South Atlantic Zooplankton.
Publicaciones especiales del INIDEP, Mar
del Plata, Argentina. 1076 p.

Coria-Monter, E., Monreal-Gémez, M.A., Salas de
Leén, D.A., Aldeco-Ramirez, J. & Merino-
Ibarra, M. 2014. Differential distribution of
diatoms and dinoflagellates in a cyclonic
eddy confined in the Bay of La Paz, Gulf of
California. Journal of Geophysical
Research Oceans, 119: 6258-6268.
https://doi.org/10.1002/2014JC009916.

Coria-Monter, E., Monreal-Gomez, M.A., Salas de
Léon, D.A., Merino-Ibarra, M. & Duran-
Campos, E. 2017. Wind driven nutrient and
subsurface chlorophyll-a enhancement in
the Bay of La Paz, Gulf of California.
Estuarine Coastal and Shelf Science, 196:
290-300.https://doi.org/10.1016/j.ecss.2017.
07.010.

Cruz-Hernandez, J., Sanchez-Velasco, L., Godinez,
V.M., Beier, E., Palomares-Garcia, J.R.,
Barton, E.D. & Santamaria-del-Angel, E.
2017. Vertical distribution of calanoid
copepods in a mature cyclonic eddy in the
Gulf of California. Crustaceana, 91(1): 63-
84. https://doi.org/10.1163/15685403-
00003751.

Duran-Campos, E., Salas de Ledén, D.A., Monreal-
Go6mez, M.A., Aldeco-Ramirez, J. & Coria-
Monter, E. 2015. Differential zooplankton
aggregation due to relative vorticity in a
semi-enclosed bay. Estuarine Coastal and
Shelf Science, 164: 10-18.
https://doi.org/10.1016/j.ecss.2015.06.030.

Pan-American Journal of Aquatic Sciences (2024), 19(1): 6 - 16



Copepods in a cyclonic eddy

Eden, B.R., Steinberg, D.K., Goldthwait, S.A. &
McGillicuddy, D.J. 2009. Zooplankton
community structure in a cyclonic and
mode-water eddy in the Sargasso Sea. Deep-
Sea Research I, 56(10): 1757-1776.
https://doi.org/10.1016/j.dsr.2009.05.005.

Estrada, R., Harvey, M., Gosselin, M., Starr, M.,
Galbraith, P.S. & Straneo, F. 2012. Late-
summer zooplankton community structure,
abundance, and distribution in the Hudson
Bay system (Canada) and their relationships
with environmental conditions, 2003-2006.
Progress in Oceanography, 101: 121-145.
https://doi.org/10.1016/j.pocean.2012.02.00
3.

Goldthwait, S.A. & Steinberg, D.K. 2008. Elevated
biomass of mesozooplankton and enhanced
fecal pellets flux and cyclonic and mode-
water eddies in the Sargasso Sea. Deep Sea
Research II, 55 (10-13): 1360-1377.
https://doi.org/10.1016/j.dsr2.2008.01.003.

Hérnandez-Leén, S., Almeida, C., Gomez, M.,
Torres, S., Montero, I. & Portillo-Hahnefeld,
A. 2001. Zooplankton biomass and indices
of feeding and metabolism in island-
generated eddies around Gran Canaria.
Journal of Marine Systems, 30(1-2): 51-
66. https://doi.org/10.1016/S0924-
7963(01)00037-9.

IOC, SCOR & IAPSO. 2010. The international
thermodynamic equation of seawater-

2010. Calculation and use of
thermodynamic properties.
Intergovernmental Oceanographic

Commission, Manual and guides, No. 56.
UNESCO, 196 p.

Lin, D., Xiuquin, L., Fang, H.D., Dong, Y.H.,
Huang, Z.X. & Chen, J.H. 2011. Calanoid

copepods assemblages in Pearl River
Estuary of China in summer: relationships
between species distribution and

environmental variables. Estuarine Coastal
and Shelf Science, 93: 259-267.
https://doi.org/10.1016/j.ecss.2011.03.008.

Mahadevan, A. 2016. The impacts of submesoscale
physics on primary productivity of plankton.
Annual Review of Marine Science, 8: 161-
184. https://doi.org/10.1146/annurev-
marine-010814-015912.

McGillicuddy Jr, D.J. 2016. Mechanisms of
physical-biological-biogeochemical
interaction at the oceanic mesoscale.
Annual Review of Marine Science, 8: 125-

15

159. https://doi.org/10.1146/annurev-
marine-010814-015606.

Molina-Cruz, A., Pérez-Cruz, L. & Monreal-Gémez,
M.A. 2002. Laminated sediments in the Bay
of La Paz, Gulf of California: a depositional
cycle  regulated by  pluvial  flux.
Sedimentology, 49: 1401-1410.
https://doi.org/10.1046/j.1365-
3091.2002.00505.x.

Monreal-Gomez, M.A., Molina-Cruz, A. & Salas de
Le6n, D.A. 2001. Water masses and
cyclonic circulation in Bay of La Paz, Gulf
of California, during June 1998. Journal of
Marine Systems, 30: 305-315.
https://doi.org/10.1016/S0924-
7963(01)00064-1.

Morales, C.E., Loreto-Torreblanca, M., Hormazabal,
S., Correa-Ramirez, M., Nuflez, S. &
Hidalgo, P. 2010. Mesoscale structure of
copepod assemblages in the coastal
transition zone and oceanic waters off

central-southern ~ Chile.  Progress in
Oceanography, 84: 158-173.
https://doi.org/10.1016/j.pocean.2009.12.00

1.

Paffenhofer, G.A. 1993. On the ecology of marine
cyclopoid copepods (Crustacea, Copepoda).
Journal of Plankton Research, 15(1): 37-
55. https://doi.org/10.1093/plankt/15.1.37.

Pappas, J.L. 2010. Phytoplankton assemblages,
environmental influences and trophic status
using canonical correspondence analysis,
fuzzy relations, and linguistic translation.
Ecological Informatics, 5: 79-88.
https://doi.org/10.1016/j.ecoinf.2009.08.005.

Pond, S. & Pickard, G.L. 1983. Introductory
Dynamical Oceanography. Pergamon
Press, Oxford, 573 p.

Riandey, V., Champalbert, G., Carlotti, F., Taupier-
Letage, I. & Thibault-Botha, D. 2005.
Zooplankton distribution related to the
hydrodynamic features in the Algerian Basin
(western Mediterranean Sea) in summer
1997. Deep-Sea Research I, 52(11): 2029-
2048.
https://doi.org/10.1016/j.dsr.2005.06.004.

Rocha-Diaz, F., Monreal-Gémez, M.A., Coria-
Monter, E., Salas-de-Leén, D.A., Duran-
Campos, E. & Merino-Ibarra, M. 2021.
Copepod abundance distribution in relation
to a cyclonic eddy in a coastal environment
in the southern Gulf of California.

Pan-American Journal of Aquatic Sciences (2024), 19(1): 6 - 16


https://doi.org/10.1016/j.dsr2.2008.01.003

16

Continental Shelf Research, 222: 104436.
https://doi.org/10.1016/j.cs1.2021.104436.

Salas-Monreal, D., Salas de Léon, D.A., Monreal-
Goémez, M.A., Riveron-Enzéastiga, M.L. &
Mojica-Ramirez, E. 2012. Hydraulic jump
in the Gulf of California. Open Journal of
Marine Science, 2: 141-149.
https://doi.org/10.4236/0jms.2012.24017.

Sanchez-Velasco, L., Beier, E., Avalos-Garcia, C. &
Lavin, M.F. 2006. Larval fish assemblages
and geostrophic circulation in Bahia de La
Paz and the surrounding southwestern
region of the Gulf of California. Journal of
Plankton Research, 28(11): 1081-1098.
https://doi.org/10.1093/plankt/fbl040.

ter Braak, C.J.F. 1986. Canonical correspondence
analysis: a new eigenvector technique for
multivariate  direct gradient analysis.
Ecology, 67: 1167-1179.
https://doi.org/10.2307/1938672.

ter Braak, C.J.F. & WVerdonschot, P.F.M. 1995.
Canonical correspondence analysis and
related multivariate methods in aquatic
ecology. Aquatic Sciences, 57: 255-289.
https://doi.org/10.1007/BF00877430.

ter Braak, C.J.F & Smilauer, P. 2002. CANOCO
Reference Manual and CanoDraw for

FA ROCHA-DIAZ ET AL.

Windows User's Guide: Software for
Canonical Community Ordination
(version 4.5). Microcomputer Power, Ithaca
NY, USA, 500 p.

Turner, J.T. 1986. Zooplankton feeding ecology:
contents of fecal pellets of the cyclopoid
copepods Oncaea venusta, Corycaeus

amazonicus, Oithona plumifera, and O.

simplex from the northern Gulf of Mexico.

Marine Ecology, 7(4): 289-302.

https://doi.org/10.1111/j.1439-

0485.1986.tb00165.x.

White, S., Rakhesh, M., Sarma, V.S., Rajanna, B. &
Raman, A.V. 2006. Discriminating
zooplankton assemblages through
multivariate methods: a case for a tropical
polluted harbor and Bar-built estuary.
Chemistry and Ecology, 22(3): 225-237.
https://doi.org/10.1080/0275754060065895.

Zuo, T., Wang, R., Chen, Y.Q., Gaom, S.W. & Wang,
K. 2006. Autumn net copepod abundance
and assemblages in relation to water masses
on the continental shelf of the Yellow Sea
and East China Sea. Journal of Marine

Systems, 59: 159-172.
https://doi.org/10.1016/j.jmarsys.2005.09.00
8.

Received: July 2023
Accepted: November 2023
Published: May 2024

Pan-American Journal of Aquatic Sciences (2024), 19(1): 6 - 16


https://doi.org/10.1007/BF00877430
https://doi.org/10.2307/1938672

PANAMIAS

Pan-American Journal of Aquatic Sciences

Copepod groups distribution in a cyclonic eddy in Bay of La Paz, Gulf of California, Mexico, during
summer 2009

FRANCO ANTONIO ROCHA-DiAZ!, ERIK CORIA-MONTER?, MAR{A ADELA MONREAL-GOMEZ?, DAVID ALBERTO SALAS-DE-LEON?
& ELIZABETH DURAN-CAMPOS®"

"Posgrado en Ciencias del Mar y Limnologia, Universidad Nacional Auténoma de México, Av. Universidad 3000, Col. Copilco, Alcaldia Coyoacan, CP 04510,
Ciudad de México, Mexico.

*Unidad Académica de Ecologia y Biodiversidad Acuética, Instituto de Ciencias del Mar y Limnologia, Universidad Nacional Auténoma de México, Av. Universidad
3000, Col. Copilco, Alcaldia Coyoacan, CP 04510, Ciudad de México, Mexico.

? Unidad Académica Mazatldn, Instituto de Ciencias del Mar y Limnologia, Universidad Nacional Auténoma de México, Cap. Joel Montes Camarena, Cerro del
Vigia, CP 82040, Mazatldn, Sinaloa, México.

* Corresponding author: duranelizabethster@gmail.com

Supplementary material

Table S1. Abundance (ind 100 m™) and biomass (mg m™) observed for each copepod group at each station in Bay of La Paz during summer 2009.

Abundance (ind 100m™) Biomass (mg m™)
Station Longitude Latitude Calanoids Cyclopoids  All stages of Total Calanoids Cyclopoids  All stages of Total

(W) ) copepodite  abundance copepodite  biomass
27 110°39’36” 24°28°12” 95 208 420 723 23.8 25.0 28.2 77
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Abundance (ind 100m™)

Biomass (mg m?®)

Station Longitude

30

31

38

39

40

44

45

53

(W)
110°37°12”

110°33°0”

110°29°24”

110°33°0”

110°37°12”

110°33°0”

110°29°24”

110°25°48”

Latitude
™)
24°33°0”
24°33°0”
24°37°12”
24°37°12”
24°37°12"
24°41°24”
24°41°24”

24°45°(0°

Calanoids Cyclopoids
424 306

299 588

139 581

475 359

480 632

285 310

740 1082

1,019 568

All stages of Total

copepodite
3308

1250

4503

2687

6367

3761

11800

3450

abundance
4038

2137

5223

3521

7479

4356

13622

5037

Calanoids

21.0

16.1

22.3

13.7

7.2

11.2

7.1

16.0

Cyclopoids

20.2

21.4

39.9

15.6

8.8

11.1

10.9

13.0

All stages of Total

copepodite
33.8

16.5

68.1

20.4

20.4

19.6

20.3

15.9

biomass
75

54

130.3

49.7

36.4

41.9

38.3

44.9
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