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A B S T R A C T

Temporal dynamics of a zooplankton community were examined in the surf zone of Pehuen Co beach (PC),
Argentina. The effect of environmental variables on the zooplankton composition and abundance was also in-
vestigated. Samples were obtained monthly between December 2016 and November 2017 from a fixed site
during low tide. In all, 37 taxa were representative of the community. Meroplankton represented 59.45% of the
total taxa, whereas holoplankton reached 40.54%. Five species were dominant: Acartia tonsa in summer months
(2032 ind. m−3 in March), Paracalanus parvus and Ctenocalanus vanus in winter (4055 ind. m−3 and 264 ind.
m−3, respectively, in July), and the sergestid Peisos petrunkevitchi (838.7 ind. m−3 in September) and the mysids
Arthromysis magellanica (284 ind. m−3 in October) in spring. The highest total zooplankton abundances were
registered in summer and winter, and the lowest ones were registered in autumn. The zooplankton community
showed a strong seasonality, which can be mainly attributed to temporal changes in water temperature and to
variations in suspended particulate matter (SPM), particulate organic matter (POM), and chlorophyll-a (Chl-a).
Our results show that the zooplankton community structure was also affected by local variations in the velocity
of the littoral current (VLC) and the wave height (WH). The present study shows that, besides seasonality, which
seemed to be strong in this temperate region, other events affect zooplankton dynamics at a short-term time
scale. Both VLC and WH are key factors that affect the zooplankton community structure in PC.

1. Introduction

The surf zone of sandy beaches is the transition area between the
breaking zone of waves and the swash zone. It plays an essential role in
the transport of materials and the exchange of organic matter and nu-
trients with adjacent habitats (McLachlan and Defeo, 2018). These
productive ecosystems support a diverse coastal fauna (Schlacher et al.,
2008; Dugan et al., 2015; Manning et al., 2013; McLachlan and Defeo,
2018) and are generally used by endemic species as well as by the
transient taxa that arrive to take advantage of feeding conditions
(McLachlan and Defeo, 2018). Despite the importance of the surf zone,
current knowledge is mainly focused on variations in phytoplankton
and benthic macrofauna there, with few studies focused on the zoo-
plankton community (e.g., Dominguez-Granda et al., 2004; Odebrecht
et al., 2010; Pinheiro et al., 2013; Odebrecht et al., 2014; Marin Jarrin
et al., 2017).

Zooplankton communities play an essential role in the ecology of
surf zones, serving as a connection with different trophic levels

(Oliveira-Santos et al., 2016). In addition, the fauna of the lowest beach
may extend its distribution seawards into the turbulent surf zone, where
zooplankton can be abundant (Defeo et al., 2009). DeLancey (1989)
stated that zooplankton represents the main food item for larvae and
juveniles of fishes visiting the surf zone. Given that zooplankton is a
primary food supply for fishes but also for suspension feeding macro-
fauna, changes in this community would have a relevant impact on
sandy beach ecosystems (Defeo et al., 2009). The zooplankton com-
munity is the least studied one in surf zones worldwide, mainly due to
the difficulty in sampling because of the dynamic physical conditions
(McLachlan and Defeo, 2018). Moreover, most previous studies focused
on tropical and subtropical sandy beaches (Avila et al., 2009; Da Costa
et al., 2011; Pinheiro et al., 2011, 2013; Aboul Ezz et al., 2014;
Oliveira-Santos et al., 2016), whereas very few studies considered
temperate systems (DeLancey, 1987; Stull et al., 2016; Menéndez et al.,
2019).

It has been demonstrated that the effect of environmental variables
on the spatio-temporal distribution of planktonic organisms in surf
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zones is substantial (Aboul Ezz et al., 2014; Stull et al., 2016; Menéndez
et al., 2019). Constant temperatures and oligotrophic waters are factors
influencing the zooplankton dynamics in subtropical sandy beaches
such as Ajuruteua (Pinheiro et al., 2013) and Fortaleza (Oliveira-Santos
et al., 2016) in northern Brazil. The effect of seasonality, principally in
terms of changes in precipitation, and the associated changes in salinity
have a substantial impact on local zooplankton dynamics in Ajuruteua
beach (Da Costa et al., 2011). Thus, knowledge about the influence of
environmental variables on surf zooplankton dynamics can contribute
to an improved understanding of changes in the marine coastal func-
tion, potentially providing a useful tool for future samplings in similar
coastal areas. Therefore, the specific aims of this study were: (i) to in-
vestigate the temporal dynamics of the composition and abundance of
the surf zone zooplankton in a temperate sandy beach and (ii) to
evaluate its association with environmental variables.

2. Material and methods

2.1. Study site

Pehuen Co beach (PC; 38°59′51” S; 61°33′16” W) is located in the
southwest coast of Buenos Aires Province, Argentina, 80 km away from
the innermost zone of the Bahía Blanca Estuary (BBE) (Fig. 1). It is a
dissipative sandy beach, situated in an open bay with a straight E-W
orientated shoreline. The area has a mesotidal regime with semidiurnal
tides, with an amplitude range between 2.32 m and 3.35 m for neap and
spring conditions, respectively (Servicio de Hidrografía Naval (SHN),
2009). In PC, the intertidal zone range varies between 120 m and 170 m
from the base of the dune to the swash zone (Bustos, 2012).

The BBE plume hugely influences PC coastal waters. This shallow
and temperate estuary, located in the western limit of the study site,
covers an area of nearly 2300 km2 and consists of NW to SE tidal
channels separated by extensive intertidal flats, low marshes, and is-
lands (Piccolo and Perillo, 1990). The region has a temperate climate,
with thermally well-differentiated winters and summers. Mean annual
temperatures fluctuate between 9.9 °C (autumn - winter) and 27.1 °C
(spring - summer), and the annual mean precipitation is 650 mm
(Bustos et al., 2011). Prevailing winds come from the N, NW, and NE,

whereas the strongest ones come from the S, SE, and SW, mainly in
summer and spring (Aliaga et al., 2017; National Meteorological
Service, 1992).

2.2. Sample collection and analysis

This study combines biological and physicochemical monthly sam-
plings performed between December 2016 and November 2017 in PC
surf zone waters. Samples were collected during daylight hours at low
tide at a fixed station (39°00′19.5 5” S; 61°32′53.50” W), located ap-
proximately 30 m from the shoreline, with depths ranging between
0.7 m and 1.2 m. Twelve samples were collected over the study period,
one for each monthly sampling. Zooplankton samples were obtained
using a hand-pulled conical cylindrical 300 μm net with a mouth dia-
meter of 0.50 m. The sampling was hand-pulled parallel to the shore-
line, walking along the inner surf zone countercurrently for approxi-
mately 200 m. A mechanical flowmeter recorded the total amount of
water filtered, which ranged between 2.65 m3 and 36.04 m3 and
averaged 9.74 m3. The samples were immediately fixed in a 4% for-
malin-seawater solution. The mesh size of the employed net certainly
could not catch the copepod early life stages and smaller organisms.
Thus, in this work, we mainly considered changes in the abundance of
larger copepodites and adult copepods, which should be discussed with
some prudence. Water temperature and salinity were registered in situ
with a Horiba U-10® digital multisensor. The velocity and direction of
the littoral current (VLC and DLC, respectively) were measured in the
surf zone using a floating buoy. Thirty continuous current readings
were taken at a fixed static point at 0.5 m above the sand bottom, ac-
cording to Schneider (1981). Wave height (WH) was estimated visually
considering the distance between the top of the sea surface and the crest
(McLachlan et al., 2018). Wind velocity (WV) and direction were ob-
tained from an automatic weather station located at 38°59′18.13”S,
61°18′43.83”W, on the coast. This station is equipped with sensors
developed by the Instituto Argentino de Oceanografía (EMAC, http://
emac.iado-conicet.gob.ar/). Water samples for determination of chlor-
ophyll-a (Chl-a), suspended particulate matter (SPM), and particulate
organic matter (POM) were also collected from surf waters.

In the laboratory, zooplankton and all the organisms were identified

Fig. 1. Study area and fixed sampling site (white dot) at the surf zone of Pehuen Co sandy beach.
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to the lowest taxonomic level under a stereoscopic microscope based on
appropriate reference materials (e.g., Báez, 1997; Boltovskoy, 1999;
Rodrigues and Vieira, 2012). According to Boltovskoy (1999), the final
volumes were standardized for very high-abundant samples (more than
fifty individuals per 5 ml) and then, they were subsampled (1/10). For
those with fewer organisms, the entire sample was counted. Abundance
was determined as the number of individuals per cubic meter of water
filtered through the net (ind. m−3). Chl-a concentration was estimated
according to the methods described in APHA-AWWA-WEF (1998),
using a SLM-4800 fluorometer. Water samples were filtered and im-
mediately stored at −80 °C. Pigment extraction was done in 90%
acetone, and SPM and POM were determined gravimetrically, filtering
water on pre-combusted and weighed GF/F filters. The filters were then
dried at 60 °C for 24 h and weighed for SPM estimation. Subsequently,
they were combusted at 500 °C for 3 h and weighed for POM de-
termination as to the difference between both weighted values.

2.3. Data analysis

Prior to the analysis, a Detrended Correspondence Analysis (DCA)
was carried out in order to decide whether to use a linear or an un-
imodal ordination method. Following the guidelines described in
Ramette (2007), we chose the linear method (PCA) because the first
eigenvalue of the DCA was 0.52202 (less than three standard deviation
units). The PCA was performed based on the Spearman's rank correla-
tion matrix to examine the association between environmental vari-
ables and their seasonal variations. The Spearman's coefficient was
chosen because of the different scale and variance of the variables. The
following data were used for the analysis: water temperature, salinity,
Chl-a, SPM, POM, VLC, DLC, WV, and WH. A correlation analysis was
then performed to evaluate the relationship between the principal
components that retained most of the total environmental variation and
the abundance of important taxa (those species having an abundance
that represented> 5% of the total zooplankton abundance). The se-
lected species were: Acartia tonsa, Paracalanus parvus, Arthromysis ma-
gellanica, Peisos petrunkevitchi, and Ctenocalanus vanus. The abundance
data were standardized by dividing the species abundance value by the
total abundance in the sample (Legendre and Gallagher, 2001; Ramette,
2007). All analyses were performed with R (R core team 2017) using
the packages vegan (Oksanen et al., 2018), Corrplot (Wei, 2017), and
Psych (Revelle, 2019). In addition, monthly VLC anomalies were cal-
culated through the difference between the VLC mean and each
monthly value.

3. Results

3.1. Environmental variables

During the study period, water temperature varied from 10 °C in
August to 25 °C in February (Fig. 2A). Salinity showed a similar trend,
with minimum values in August (31) and maximum ones in February
(34) (Fig. 2A). Chl-a fluctuated between 2.5 μg L−1 (February) and
17 μg L−1 (November), being high in March (11.1 μg L−1), July
(12 μg L−1), and September (12.3 μg L−1) (Fig. 2B). SPM and POM
showed a clear seasonal pattern, with minimum concentrations in
warmer months (SPM: 45.3 mg L−1, February; POM: 1.8 mg L−1, De-
cember) and maximum concentrations in colder months (SPM:
444.9 mg L−1, June; POM: 69.1 mg L−1, July) (Fig. 2C). The lowest
VLC occurred in February (0.05 m seg−1) and the highest one in No-
vember (1.05 m seg−1). The maximum positive VLC anomaly was re-
gistered in November (0.72 m s−1) and the minimum negative one in
February (−0.28 m s−1) (Fig. 2D). The DLC was mainly from an
easterly direction (80% of the samplings), with only 20% of the mea-
surements coming from the West (December and August). The lowest
significant WH occurred in June and August (0.2 m) and the highest
one in November (0.8 m). The prevailing wind directions were from the

SE-SSE (33.3%) and N-NNE (33.3%), whereas the remaining percen-
tages corresponded to NW-NNW and SW-SSW (16.6% for both sectors).
In summary, winds from an easterly direction dominated during most of
the study period and averaged 12.7 km h−1. The minimum mean WV
was registered in December (6.74 km h−1) and the maximum one in
August (20.16 km h−1).

3.2. Zooplankton composition and abundance

The zooplankton community had 37 taxa. Meroplankton re-
presented 59.45% out of the total taxa, whereas the remainder con-
sisted of holoplankton (40.54%). Meroplankton was mostly represented
by larvae of Cirripedia (10.8 ± 36.4 ind. m−3), Spionidae
(5.3 ± 12.7 ind. m−3), and Grapsidae (4.4 ± 11.2 ind. m−3).
Crustaceans, mainly copepods, were the only elements of the holo-
plankton. The total zooplankton abundance showed a clear temporal
pattern during the study period and varied between 6.4 ind. m−3 in
December and 5417 ind. m−3 in July (Fig. 3A). Five species were
dominant: the calanoid copepods, A. tonsa (Dana, 1849), P. parvus
(Claus, 1863) and C. vanus (Giesbrecht, 1888), and the shrimps P. pet-
runkevitchi (Burkenroad, 1945) and A. magellanica (Cunningham, 1871)
(Fig. 3B). The maximum abundances of A. tonsa, P. parvus, and C. vanus
were 2032 ind. m−3 (March), 4055 ind. m−3 (July), and 264.1 ind.
m−3 (July), respectively. The highest densities of A. tonsa represented
42.53% out of the total zooplankton abundance, whereas for P. parvus
they represented 39.38% out of the total abundance. The sergestid
shrimp P. petrunkevitchi dominated only in September, with 838.7 ind.
m−3. A. magellanica was the dominant taxa in October (284 ind. m−3),
although high abundances were also found in August (479.1 ind. m−3).
Other taxa occurred regularly but with low abundances: Parasagitta
friderici (Ritter-Záhony, 1911) (1.3–80.4 ind. m−3) and Calanoides
carinatus (Krøyer, 1849) (3.9–33.9 ind. m−3). Euterpina acutifrons
(Dana, 1847) and Monstrilla helgolandica (Claus, 1863) were also ob-
served in the samples, but their contribution to the total zooplankton
was not relevant (e.g.<1%).

3.3. Statistical analysis: relationship between physicochemical and
biological variables

The first two components of the PCA explained 42.39% and 25.84%
of the total variance (Fig. 4). The first axis (PC1) was negatively cor-
related with salinity and water temperature (contributions of 14.07%
and 16.04% to PC1, respectively) and positively correlated with SPM,
Chl-a, POM, and WV (contributions of 21.71%, 18.39%, 15.36%, and
10.33% to PC1, respectively) (Fig. 4). The second axis (PC2) was po-
sitively correlated with WH and VLC (contributions of 39.25% and
17.21% to PC2, respectively) (Fig. 4). The seasonal succession of en-
vironmental conditions was clearly apparent along PC1 (hereafter re-
named seasonal component SC), with the highest temperature and
salinity in summer, and the highest MOP, SPM, Chl-a, and WV occur-
ring in spring. PC2 (hereafter renamed local component, LC) re-
presented term variations in environmental conditions in VLC and WH.

The most abundant species, A. tonsa, was highly significant negative
correlation with SC (r = −0.85, p < .01), and P. parvus showed a
marginally significant positive correlation with SC (r = 0.53, p < .1).
On the other hand, P. parvus showed a marginally significant negative
correlation with LC (r = −0.55, p < .01), and C. vanus showed a
significant negative correlation with LC (r=−0.59, p < .05, Table 1).

4. Discussion

We observed strong seasonal variation in the zooplankton commu-
nity structure in PC. Total zooplankton abundance was similar to that
found by Morgan et al. (2016) for the surf zone of some sandy beaches
in Monterey Bay, USA, but approximately an order of magnitude lower
than those reported in similar studies in other temperate surf waters
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(Stull et al., 2016) and tropical areas (Da Costa et al., 2011; Pinheiro
et al., 2013). The seasonal pattern in abundances of the dominant co-
pepods was strongly associated with changes in water temperature and
weakly associated with variations in SPM, POM, and Chl-a. The dom-
inance of copepods had been reported in other surf zones (Da Costa
et al., 2011; Pinheiro et al., 2011; Pinheiro et al., 2013; Menéndez et al.,
2019).

The most abundant taxon was A. tonsa, which is generally restricted
to summer months along Atlantic and European coasts (e.g., Primo
et al., 2009; Chen and Hares, 2011; Menéndez et al., 2012a; Howson
et al., 2017;). High abundances of this species were found principally
during late summer (March), but it was present throughout the year.

Additionally, high concentrations of Chl-a coincided with the highest
abundances of A. tonsa. This species is commonly associated with eu-
trophic waters (Cardoso et al., 2004; Pardal et al., 2004), which have
high concentrations of organic matter (Marques et al., 2007). It has a
cosmopolitan distribution and is generally an important component of
the zooplankton in subtropical and warm temperate latitudes in both
the Atlantic and the Pacific coasts of America (e.g.Menéndez et al.,
2012b; Muxagata et al., 2012; Aguilera et al., 2016; Rice et al., 2015) as
well as in coastal waters and estuaries in Europe (Leandro et al., 2007;
Marques et al., 2007). In the nearby BBE, A. tonsa occurs throughout the
year with higher abundances in summer than in winter (Menéndez
et al., 2012b).

In PC surf waters, the most important species during colder months
was P. parvus. This species peaked in winter (July) but presented very
low abundances during the rest of the year, similar to that found in
studies on the Mediterranean Sea (Calbet et al., 2001). This coastal-
neritic species, typical of outer estuarines and inner shelf zones, is one
of the primary grazers in terms of biomass and production rate in these
type of waters (Morgan et al., 2003; Islama et al., 2006; Sun et al., 2008;
Moon et al., 2010; Lee et al., 2011). This copepod can ingest ciliates,
dinoflagellates, and nanoflagellates in massive abundances, in addition
to phytoplankton (Suzuki et al., 1999; Wu et al., 2010). Despite the
apparent dominance of Copepoda in surf waters, we observed a change
in this typical structure during September and October, when P. pet-
runkevitchi and A. magellanica, respectively, dominated the surf waters.
These organisms are planktonic filter feeders, consuming primarily
detritus, phytoplankton, and/or microzooplankton (Boschi, 2016;
McLachlan and Defeo, 2018) in the areas where the coastal circulation
concentrates such particulates in the surf zone (McLachlan and Defeo,
2018).

Both the environmental variables and the main dominant zoo-
planktonic species registered in this study showed a clear temporal
dynamic. The high-medium water temperature was related to the
dominance of A. tonsa whereas the low water temperature was corre-
lated with high abundances of P. parvus. This trend is in accordance
with other studies in similar temperate coastal areas (Calbet et al.,
2001; Marques et al., 2007; Badylak and Phlips, 2008; Marques et al.,
2009; Stull et al., 2016), in which it has been demonstrated that me-
tabolic processes of zooplankton are related primarily to water tem-
perature (Leandro et al., 2007; Marques et al., 2009). A weak seasonal
trend was also observed for SPM, POM, Chl-a, and WV, suggesting that
water temperature is a proxy driver of the seasonal variability of zoo-
plankton together with SPM, POM, Chl-a, and WV. Low zooplankton
abundances were associated with sampling days with high velocities

Fig. 2. Monthly values of physicochemical variables between December 2016 and November 2017 in surf zone waters of the study area. (A) Water temperature (°C)
and Salinity, (B) Chl-a (μg L−1), (C) SPM (mgL−1) and POM (mgL−1), (D) Monthly littoral current anomalies (m s−1). Temp. = water temperature, Chl-
a = chlorophyll-a, SPM = suspended particulate matter, POM = particulate organic matter, VLC = velocity of littoral current.

Fig. 3. Monthly abundances of total zooplankton, Copepoda, main planktonic
species (Paracalanus parvus, Acartia tonsa, Peisos petrunkevitchi, Arthromysis
magellanica, and Ctenocalanus vanus) and other planktonic groups (ind. m−3) in
the surf zone of PC. Total abund. = Total abundance. P. parvus = Paracalanus
parvus, A. tonsa = Acartia tonsa, P. petrunkevitchi = Peisos petrunkevitchi, A.
magellanica = Arthromysis magellanica, C. vanus = Ctenocalanus vanus.
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and waves, suggesting that the surf zone hydrodynamics may be a
fundamental mechanism that controls the short-term local-scale
changes in zooplankton abundance, beyond the expected seasonal ones.
Positive velocity anomalies (> 0.33 m s−1) and significantly high
waves were associated with the lowest zooplankton abundances, par-
ticularly in December and November and especially for P. parvus and C.
vanus. This result was apparently in a strong correlation with LC. It has
been hypothesized that planktonic organisms, especially those of larger
size, may abandon the surf zone in very rough conditions (McLachlan
and Defeo, 2018). However, there are no studies for medium-small
sized organisms. Larger organisms such as postflexion larval fishes are
usually concentrated in trough habitats within surf waters, which may
be indicative of an active habitat selection for areas of reduced current
velocity/wave action (Watt-Pringle and Strydom, 2003). In addition,
Layman (2000) stated that the concentration of fishes in the runnels
might reflect a direct response to the decreased physical wave energy,
turbidity preferences, avoidance of predators, benefits of macrophyte/
debris accumulation, and increased food availability (e.g.DeLancey,
1989; Gibson et al., 1998; Harvey, 1998). If a mechanism regulates the
concentration/accumulation of zooplankton into the trough channels
under such conditions, it will affect the availability of food for fishes in
these coastal waters. Additionally, stronger planktonic organisms use
effective mechanisms to avoid turbulent waters (Watt-Pringle and
Strydom, 2003) whereas smaller ones find other kinds of strategies.
Although there are no studies on this topic in surf areas, it has already
been studied in other coastal areas (e.g., Castel and Veiga, 1990;
Morgan et al., 1997; Dauvin et al., 1998). Active and passive mechan-
isms to upgrade retention are used by medium-sized zooplankton in

other coastal areas such as estuaries (Roman et al., 2001). Accordingly,
this fact raises the possibility of occurrence of some habitat selection by
copepods in PC surf waters, which allows them to avoid turbulence
during rough conditions. In this coastal system, clearly physical con-
ditions such as increased VLC and WH are the driving force at short-
term local scale behind the use of another habitat.

In summary, the zooplankton community in PC surf zone showed a
strong seasonality, mainly affected by changes in water temperature.
Other variables such as SPM, POM, Chl-a, and winds also affect tem-
poral variation to a lesser extent. In a short-term time scale, variations
in significant WH and the associated VLC affect zooplankton abun-
dances in surf waters, which evidences that hydrodynamic factors are
very important in this energetic environment. Future works should
consider measurements of currents and waves in the surf zone because
their hydrodynamics can mask the effects of seasonality. To the authors'
knowledge, there are not scientific works addressing the effect of these
hydrodynamic variables on surf zone zooplankton. Therefore, this work
can be considered as a new approach to understanding the temporal
dynamics of the planktonic organisms in these turbulent waters. Future
studies should also include a more intensive sampling program with
different mesh sizes to perform an exhaustive analysis of the zoo-
plankton community to generate a better understanding of this complex
hydrodynamic ecosystem.
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