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Diversity of copepods in Atlantic Patagonian coastal waters throughout an
annual cycle

Diversidad de copépodos en aguas costeras de la Patagonia en el Atlantico a lo
largo de un ciclo anual
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ABSTRACT. The aim of this study is to analyze the annual zooplankton succession at a coastal station in Patagonia (Argentina), with special
emphasis on copepods and their potential preys, using solar radiation and temperature as environmental factors. The annual plankton cycle
exhibited autumn/winter and spring/summer phases. During the autumn/winter phase, low temperature and radiation were correlated with
higher diatom abundance and copepod diversity. This period was characterized by a dominant classical herbivorous food web in which the large
copepod Calanoides carinatus dominated the community. On the contrary, during the spring/summer period, with high radiation and
temperature levels, flagellates were the dominant food available for zooplankton and correlated with smaller species of copepods such as the
harpacticoid Euterpina acutifrons. Also, intensive reproduction of the small copepods E. acutifrons and Paracalanus parvus occurred mainly in
summer. On the other hand, high species diversity was found in winter when the ultraviolet radiation was low. The temporal pattern of the
copepods observed in our study was explained by food availability and environmental factors (temperature and solar radiation), although other
factors such as predator abundance may also be important in modulating the community. Our results show the importance of copepod
abundance dynamics and highlights their key role in the pelagic food web in northern Patagonian coastal waters.

Key words: zooplankton, harpacticoid copepods, Argentinean Sea, phytoplankton.

RESUMEN. El objetivo de este estudio es analizar la sucesion anual del zooplancton en una estacion costera en la Patagonia (Argentina), con
especial énfasis en copépodos y sus posibles presas, en relacion con la radiacion solar y la temperatura como factores ambientales. El ciclo
anual del plancton mostrd dos periodos, otofio/invierno y primavera/verano. Durante el periodo otofio/invierno, la baja temperatura y la
radiacion se correlacionaron con la mayor abundancia de diatomeas y la mayor diversidad de copépodos. Este periodo se caracterizé por la
dominancia de la cadena clasica herbivora, y el copépodo grande Calanoides carinatus dominé la comunidad. Por el contrario, durante el
periodo de primavera/verano, con alta radiaciéon y mayores niveles de temperatura, los flagelados fueron el alimento disponible para el
zooplancton y se correlacionaron con las especies pequefias de copépodos como el harpacticoideo Euterpina acutifrons. Ademas, la
reproduccion intensiva de los copépodos pequefios E. acutifrons y Paracalanus parvus se llevé a cabo principalmente en verano. Por otro lado,
se encontrd una alta diversidad de especies en invierno, cuando la radiacion ultravioleta fue baja. El patrén temporal de los copépodos
observado en nuestro estudio fue explicado por la disponibilidad de alimento y los factores ambientales (temperatura y radiacion solar), aunque
otros factores tales como la abundancia de los depredadores pueden ser también importantes en la modulacion de la comunidad. Nuestros
resultados muestran la importancia de la dindmica de la abundancia de copépodos y destaca su papel clave en las cadenas troficas pelagicas de
las aguas costeras de la Patagonia norte.

Palabras clave: zooplancton, copépodos harpacticoideos, mar Argentino, fitoplancton.

INTRODUCTION INTRODUCCION

Studies on seasonal cycles of zooplankton (e.g., Loots Los estudios sobre los ciclos estacionales de zooplancton
et al. 2009, Eloire et al. 2010, Grigor et al. 2014) provide crit- (e.g., Loots et al. 2009, Eloire et al. 2010, Grigor et al. 2014)
ical information about the dynamics of the ecosystem, such proporcionan informacion critica acerca de la dinamica del
as changes in biomass, size structure, species composition, ecosistema, como cambios en la biomasa, la estructura de
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distribution, growth, and reproduction (e.g., Mackas and
Beaugrand 2010, Overland et al. 2010). They also address
key questions such as the effects of climate change on plank-
ton communities (Drinkwater et al. 2010, Perry et al. 2010).
The demographic characteristics of marine mesozooplankton
make them especially suitable for examining the variability
of marine ecosystems (Mackas and Beaugrand 2010). This is
particularly relevant in coastal areas, typically of consider-
able ecological, economic, and social importance (Calbet
et al. 2001). In particular, polar and temperate seas are char-
acterized by pronounced seasonal fluctuations in irradiance,
temperature, phytoplankton abundance, and species composi-
tion, all factors that directly or indirectly influence the
growth rate and production of copepods (Kierboe and
Nielsen 1994, Madsen et al. 2001).

Physical factors such as salinity and temperature also
regulate the seasonal plankton succession. Solar radiation, in
particular ultraviolet radiation (UVR, 280-400 nm), has
overall negative effects on many aquatic organisms including
zooplankton (Bancroft et al. 2007). UVR is known to affect
both behavior and mortality rates in zooplankton communi-
ties (Gongalves and Hylander 2014) and these in turn struc-
ture trophic interactions (Williamson et al. 2001, Gongalves
et al. 2010). Many copepod species are known to be suscepti-
ble to UVR exposure, which is reflected in suppressed repro-
duction and increased adult and juvenile mortality (Zagarese
et al. 1994), among other effects.

In spite of the economic importance of Patagonian waters
as nursery sites for Merluccius hubbsi, Engraulis anchoita,
and Pleoticus muelleri (Hansen et al. 2001, Pajaro et al. 2004,
De Carli et al. 2012), the area is still rather unexplored in
terms of the annual cycles of plankton communities. Thus,
there is an obvious need to understand the temporal and spa-
tial dynamics of lower trophic levels that may help to explain
the abundance and distribution of such important commercial
species. Although the annual cycles of phytoplankton have
been extensively reported (e.g., Villafafie et al. 2004, Halac
etal. 2011, Villafafie et al. 2013), there are no comparable
studies on the seasonal cycles of small copepods or other
zooplankton groups. The aim of this work is to provide data
on the seasonal succession of copepod species (calanoids,
cyclopoids, and harpacticoids) in relation to the different
fractions of available food throughout the year and to the
fluctuations of environmental variables.

MATERIALS AND METHODS
Study area

This study was conducted at Engafio Bay (43°21'S,
65°01'W), Chubut, Argentina (Fig. 1), from August 2010 to
February 2012. The study site is located in close proximity to
the Chubut River estuary. The estuary receives nutrients
(from anthropogenic activities) as river runoff, resulting in
relatively high phytoplankton biomass (Helbling et al. 1992,
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tallas, la composicion de las especies, la distribucion, el cre-
cimiento y la reproduccion (e.g., Mackas y Beaugrand 2010,
Overland et al. 2010). También abordan cuestiones clave
como los efectos del cambio climatico en las comunidades de
plancton (Drinkwater et al. 2010, Perry et al. 2010). Las
caracteristicas demograficas del mesozooplancton marino lo
vuelven especialmente adecuado para examinar la variabili-
dad de los ecosistemas marinos (Mackas y Beaugrand 2010).
Esto es particularmente relevante en las zonas costeras, por
su gran importancia ecoldgica, econdémica y social (Calbet
et al. 2001). En particular, los mares polares y templados se
caracterizan por su pronunciada estacionalidad de la radia-
cion, temperatura, y abundancia y composicion de especies
de fitoplancton, factores que influyen directa o indirecta-
mente en la tasa de crecimiento y produccion de copépodos
(Kigrboe y Nielsen 1994, Madsen et al. 2001).

Los factores fisicos tales como la salinidad y la tempera-
tura también regulan la sucesion estacional del plancton; la
radiacion solar, en particular la radiacion ultravioleta (RUV,
280-400 nm), tiene efectos negativos en muchos organismos
acuaticos, incluyendo el zooplancton (Bancroft et al. 2007).
Se sabe que la RUV afecta a las tasas de comportamiento
y de mortalidad en las comunidades del zooplancton
(Gongalves y Hylander 2014), y éstas a su vez estructuran las
interacciones troficas (Williamson et al. 2001, Gongalves
et al. 2010). En particular, muchas especies de copépodos son
conocidas por ser susceptibles de la exposicion a la RUV, que
se refleja en una baja reproduccion y una mayor mortalidad
de adultos y juveniles (Zagarese et al. 1994), entre otros
efectos.

A pesar de la importancia econémica de la Patagonia
como zona de cria de Merluccius hubbsi, Engraulis anchoita
y Pleoticus muelleri (Hansen et al. 2001, Pajaro et al. 2004,
De Carli et al. 2012), el area esta todavia poco explorada en
cuanto a los ciclos anuales de las comunidades de plancton.
Por lo tanto, hay una necesidad de entender la dindmica tem-
poral y espacial de los niveles troficos inferiores que pueden
ayudar a explicar la abundancia y distribucion de tales espe-
cies de importancia comercial. Aunque hay diversos trabajos
sobre los ciclos anuales de fitoplancton (e.g., Villafaiie et al.
2004, Halac et al. 2011, Villafaiie et al. 2013), no existen
estudios sobre los ciclos estacionales de copépodos pequefios
u otros grupos del zooplancton. Por lo tanto, el objetivo de
este trabajo es proporcionar datos sobre la sucesion estacio-
nal de las especies de copépodos (calanoideos, ciclopoideos y
harpacticoideos) en relacion con las diferentes fracciones de
alimento disponible durante todo el afio, y con las fluctuacio-
nes de las variables ambientales.

MATERIALES Y METODOS
Area de estudio

Este estudio se realizO en bahia Engafio (43°21'S,
65°01"W), Chubut, Argentina (Fig. 1), de agosto de 2010 a
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Figure 1. Map showing the study area in northern Patagonia,
Argentina (SW Atlantic). The sampling site (black circle) was
located at the mouth of the Chubut River estuary (43°21'S,
65°01'W).

Figura 1. Mapa que muestra el area de estudio en la costa norte de
la Patagonia, Argentina. El sitio de muestreo (circulo negro) se
encuentra en la desembocadura del estuario del Rio Chubut
(43°21'S, 65°01'W).

2010). It has an important diversity of phytoplankton species
(Villafafie et al. 2004, 2008) with a characteristic winter
bloom (Barbieri et al. 2002, Villafaiie et al. 2004). This
microplankton bloom (>20 um) seems to be favored by the
prevailing low wind conditions at this time of the year
(Villafaiie et al. 2004, Helbling et al. 2005), in contrast with
the windy season (spring and summer) during which
picoplanktonic and nanoplanktonic (<20 um) cells dominate
in terms of abundance (Barbieri et al. 2002; Villafaiie et al.
2004, 2008).

Sample collection and analysis

Zooplankton samples were taken every ~30 days in the
outer part of the estuary (~5 km offshore) by surface trawls
(towing time: 2 min; towing rate: 60 m min') with a plankton
net (67 pm mesh size, 30 cm mouth opening diameter). The
mesh size was chosen to optimize retention of both adults and
immature stages of zooplankton (Di Mauro et al. 2009,
Antacli et al. 2010). The trawls were done from a small
pneumatic boat with careful observation of the operator. No
clogging or reflux during trawling of the nets was observed.
The volume of filtered water was estimated by means of a
mechanical flowmeter (General Oceanics). The samples were
preserved in 5% formalin in seawater for abundance and
species analysis. Zooplankton was quantified and the density
(ind m3) of each class/order was estimated from the volume
of filtered seawater. The different taxa/groups were separated
under a stereomicroscope (Zeiss 475052-9901) and those
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febrero de 2012. El sitio se localiza cerca de la desemboca-
dura del rio Chubut. El estuario recibe nutrientes (de activi-
dades antropogénicas) por la corriente del rio, lo que genera
una alta biomasa de fitoplancton (Helbling et al. 1992, 2010).
Tiene una gran diversidad de especies de fitoplancton
(Villafaiie et al. 2004, 2008) y se caracteriza por presentar
una floracion en invierno (Barbieri et al. 2002, Villafafie et al.
2004). Esta floracion de microplancton (>20 pm) parece estar
favorecida por las condiciones de poco viento que prevalecen
en esta época del afio (Villafafie et al. 2004, Helbling et al.
2005), en contraste con la temporada de viento (primavera
y verano) cuando el plancton de la fraccion pico y nano
(<20 pm) domina en términos de abundancia (Barbieri et al.
2002; Villafaiie et al. 2004, 2008).

Recoleccion y analisis de las muestras

Las muestras de zooplancton fueron tomadas cada
~30 dias en la parte exterior del estuario (~5 km de la costa)
realizando arrastres superficiales (tiempo de remolque:
2 min; velocidad: 60 m min') con una red de plancton
(67 um de luz de malla, 30 cm de didmetro de abertura). El
tamafio de la malla fue elegida para optimizar la retencion de
los adultos y estados inmaduros del zooplancton (Di Mauro
et al. 2009, Antacli et al. 2010). Los arrastres se realizaron
desde una pequefia embarcacion neumatica con la observa-
cion cuidadosa del operador. No se observo obstruccion o
reflujo durante el arrastre de la red. El volumen de agua
filtrada se estimé por medio de un flujometro mecanico
(General Oceanics). Las muestras se conservaron en forma-
lina al 5% con agua de mar para la estimacion y analisis de la
abundancia. La densidad de zooplancton (ind m~) se cuanti-
ficod para cada clase u orden a partir del volumen de agua de
mar filtrada. Los diferentes taxones/grupos fueron separados
bajo un microscopio estereoscopico (Zeiss 475052-9901)
y las muestras con >300 individuos se fraccionaron en
alicuotas de 20 mL. Para los taxones menos abundantes, se
analiz6 la muestra completa. Los copépodos fueron identifi-
cados a nivel de especie segin Bradford-Grieve et al. (1999).
Las etapas de desarrollo (nauplio, copepoditos I-1I1 y IV-V)
también se diferenciaron, y el largo del prosoma de 1,223
individuos de las tres especies dominantes se midié con un
microscopio optico (Olympus BHS) equipado con un
micrometro ocular. Los taxones restantes se identificaron a
nivel de clase segin Boltovskoy (1999).

Para la estimacion de la abundancia y la identificacion de
fitoplancton, 50 mL de la muestra de agua fueron preserva-
dos con formalina neutralizada (0.4% de concentracion de
formaldehido final en la muestra) y analizados usando la
técnica de Utermohl (1958), en un microscopio invertido
(Leica DM IL). También se recolectaron muestras de agua
para la determinaciéon de la Chla. En el laboratorio, la
concentracion de Chla se determind mediante el filtrado de
500 mL de agua recolectada en un filtro Whatman GF/F
(25mm) y la extraccion de los pigmentos fotosintéticos
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samples with >300 specimens were fractionated in 20-mL
aliquots. For the least abundant taxa, the entire sample was
analyzed. Copepods were identified to the species level
according to Bradford-Grieve et al. (1999). Developmental
stages (nauplii, copepodites I-III and IV-V) were also
differentiated, and the individual size (prosome length) of
1,223 individuals of the three dominant species was mea-
sured with an optical microscope (Olympus BHS) equipped
with an ocular micrometer. The remaining taxa were identi-
fied to the class level according to Boltovskoy (1999).

Water samples (50 mL) for phytoplankton identification
and abundance were preserved with buffered formaline
(0.4% final formaldehyde concentration in the sample) and
analyzed using the Utermdhl (1958) technique, under an
inverted microscope (Leica DM IL). Water samples were also
collected for the determination of chlorophyll a (Chla). In the
laboratory, Chla concentration was determined by filtering
500 mL of the collected water onto Whatman GF/F filters
(25 mm) and extracting photosynthetic pigments in absolute
methanol (Holm-Hansen and Riemann 1978). Chla concen-
tration was determined by fluorometric techniques using a
fluorometer (TD-700, Turner Designs). Chla in the pico- and
nanoplankton fraction (2-20 pm) was estimated as the differ-
ence between total Chla and that of a pre-filtered (20-pm
mesh) 500-mL aliquot.

Water temperature and salinity were registered using a
multiparametric probe (YSI 600 XLM, Yellow Springs
Instruments, Inc., USA). Solar UVR was continuously mea-
sured with a broadband radiometer (Eldonet, Real Time
Computers, Inc., Germany), which measures ultraviolet B
(UVB, 280-320 nm), ultraviolet A (UVA, 320-400 nm), and
photosynthetically active radiation (PAR, 400—-700 nm) with
a frequency of one datum per minute.

Data analysis

Based on copepod abundance, ecological diversity indi-
ces were calculated to estimate changes in taxonomic compo-
sition. The Shannon—Weaver diversity index (H') (Shannon
and Weaver 1949) was used for the estimation of community
diversity. Species richness was calculated with the Margalef
index (d) (Margalef 1958), and the evenness of the samples
was estimated using the Pielou index (J') (Pielou 1969). Prin-
cipal component analysis (PCA) was applied to evaluate the
relationships among the abundance of each phytoplankton
group (diatoms, flagellates, and dinoflagellates), the concen-
tration of Chla (total and <20 pm), the abundance of copepod
species, the diversity indices (H’, d, and J'), and abiotic vari-
ables (temperature and UVR [UVB +UVA] and PAR). A
multivariate analysis of numerical classification was used to
define sample groups with distinct copepod species composi-
tion (cluster). Prior to analysis, data were transformed using
log(x + 1). Hierarchical agglomerative clustering was carried
out using the Bray—Curtis similarity index (Bray and Curtis
1957) coupled with group average. The sample groups
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en metanol absoluto (Holm-Hansen y Riemann 1978). La
concentracion de Chla se determiné mediante técnicas
fluorométricas utilizando un fluorémetro (TD-700, Turner
Designs). La fraccion de Chla del pico y nanoplancton
(2-20 pm) se estim6 mediante la diferencia entre la Chla
total y aquella obtenida de la filtracion (filtro de 20 um) de
una alicuota de 500 mL de agua.

La temperatura y la salinidad del agua se registraron
utilizando una sonda multiparamétrica (YSI 600 XLM,
Yellow Spring Instruments, Inc., EUA). La radiaciéon solar
ultravioleta se midi6é continuamente con un radidometro de
banda ancha (Eldonet, Real Time Computers, Inc., Alemania)
que mide radiacién ultravioleta B (UVB, 280-320 nm),
radiacion ultravioleta A (UVA, 320-400 nm) y radiacion
fotosintéticamente activa (RFA, 400-700 nm) con una fre-
cuencia de un dato por minuto.

Analisis de los datos

Se calcularon los indices de diversidad ecologica para
estimar los cambios en la composicién taxondémica de los
copépodos. Se utilizé el indice de diversidad de Shannon-
Weaver (H") (Shannon y Weaver 1949) para la estimacion de
la diversidad de la comunidad. La riqueza de especies se
calculd con el indice de Margalef (d) (Margalef 1958), y se
estimo la equitatividad de las muestras utilizando el indice de
Pielou (J') (Pielou 1969). Se aplicé el analisis de componen-
tes principales (PCA, por sus siglas en inglés) para evaluar
las relaciones entre la abundancia de cada grupo de fitoplanc-
ton (diatomeas, dinoflagelados y flagelados), la concentra-
cion de Chla (total y <20 um), la abundancia de especies de
copépodos, los indices de diversidad (H', d y J') y las varia-
bles abidticas (temperaturay RUV [UVB + UVA] y RFA). Se
utiliz6 un analisis multivariado de clasificacion numérica
para definir grupos de acuerdo con la abundancia de las espe-
cies de copépodos (agrupacion). Los datos se transformaron
usando log (X + 1). Se aplicé un analisis de conglomerados
por el método jerarquico utilizando el indice de similitud de
Bray—Curtis (Bray y Curtis 1957). Los grupos que resultaron
del analisis de similitud (indice de distancia euclidea) de las
variables ambientales seleccionadas se analizaron mediante
un analisis de escalamiento multidimensional (MDS) no
métrico. Para examinar la contribucion de cada taxoén a la
similitud dentro de un grupo y disimilitud entre los grupos, se
aplico un analisis de porcentaje de similitud (SIMPER) utili-
zando el indice de similitud de Bray—Curtis. Los programas
PRIMER 5.0 (Clarke y Warwick 1994) e InfoStat (Di Rienzo
et al. 2013) se utilizaron para el analisis de datos.

RESULTADOS

Durante el periodo de estudio, las dosis diarias de la RUV
solar variaron entre 45 y 2,200 kJ m~ y la RFA entre 350 y
13,900 kJ m2, ambas con valores maximos en verano, princi-
palmente en diciembre y enero (Fig. 2). La columna de agua
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resulting from the similarity analysis (Euclidean distance
index) of the selected environmental variables were ordinated
by a nonmetric multidimensional scaling (MDS) analysis. To
examine the contribution of each taxon to the similarity
within a group and dissimilarity between groups, a similarity
percentage analysis (SIMPER) was applied using the
Bray—Curtis similarity index. The PRIMER 5.0 software
package (Clarke and Warwick 1994) and InfoStat software
package (Di Rienzo et al. 2013) were used for data analysis.

RESULTS

During the study period, daily doses of solar UVR varied
from 45 to 2,200 kJ m2 and PAR from 350 to 13,900 kJ m2,
both with maximum values in summer, mainly in December
and January (Fig. 2). The water column was considered
mixed throughout the study period, temperature and salinity
always being homogeneous. The surface water temperature
ranged from 7 to 17 °C, while salinity oscillated between 30.0
and 32.4 (data not shown).

Total Chla concentration (Fig. 3) had the highest values in
winter, particularly in August of 2010 and 2011 (6.2 and
6.6 ug L', respectively). Chla in the <20-um fraction was
high in spring and summer, representing about 80% of the
total Chla. Flagellates were the most abundant group
throughout the study period, especially in the summer of
2011 (~1,400 cells mL) and 2012 (1,900 cells mL-, ~90%
of cells), except in August 2011 when the abundance of
diatoms was the highest (~2,000 cells mL™, 83% of cells).
The abundance of dinoflagellates was very low throughout
the study period, with a maximum value of 67 cells mL! in
December 2010, corresponding to 3.5% of the total
abundance.

Copepods (juvenile and adults) were the most abundant
group (Table 1) (>72% of total zooplankton in all samples,
except for July and August of 2011). Copepod abundance
varied between 380 ind m= (July 2011) and 20,700 ind m™3
(February 2012) for adults, and between 90 ind m~ (August
2011) and 73,000 ind m~ (February 2012) for nauplii. Poly-
chaete larvae were abundant mainly in the winter and spring
months, with a maximum abundance in October 2010
(3,150 ind m3). Appendicularians were only found in May
2012 with a density of 57 ind m=. The abundance of barnacle
nauplli was high mainly in autumn and winter, with a
maximum abundance in April 2011 (460 ind m~), while cla-
docerans were rather scarce in general, with a maximum
abundance in September 2010 (100 ind m3). The other
groups (decapod larvae, amphipods, and ostracods) were
found in a few samples and in very low abundances.

Among the copepods, harpacticoids and calanoids were
more abundant than cyclopoids (Fig. 4). Calanoids were pres-
ent throughout the cycle; however, harpacticoids dominated
in the summer months and their densities were higher than
those of calanoids. In particular, during January, the adults
were more abundant, while in February the densities of adults
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se consider6 mezclada a lo largo del periodo de estudio, y
la temperatura y la salinidad siempre fueron homogéneas.
La temperatura superficial del agua vari6 entre 7 y 17 °C,
mientras que la salinidad oscil6 entre 30.0 y 32.4 (datos no
mostrados).

La concentraciéon de Chla total (Fig. 3) present6d los
valores mas altos en invierno, particularmente en agosto de
2010y 2011 (6.2 y 6.6 mg L', respectivamente). La concen-
tracion de Chla de la fraccion <20 um fue alta en primavera
y verano, ya que representd alrededor del 80% de la Chla
total. Los flagelados fueron el grupo mas abundante durante
el periodo estudiado, sobre todo en verano de 2011
(~1,400 cél mL1) y 2012 (1,900 cél mL™, ~90% de las
células), excepto en agosto de 2011 cuando la abundancia de
diatomeas fue mas alta (~2,000 cél mL!, 83% de las células).
La abundancia de dinoflagelados fue muy baja durante todo
el periodo estudiado, con un valor maximo de 67 cél mL™' en
diciembre de 2010, lo que correspondié al 3.5% de la
abundancia total.

Los copépodos (juveniles y adultos) fueron el grupo mas
abundante (Tabla 1) (>72% del total del zooplancton en todas
las muestras, excepto en julio y agosto de 2011). La abundan-
cia de copépodos vari6 entre 380 ind m (julio de 2011) y
20,700 ind m (febrero de 2012) para adultos y de 90 ind m~*
(agosto de 2011) a 73,000 ind m> (febrero de 2012) para
nauplios. Las larvas de poliquetos fueron abundantes princi-
palmente en los meses de invierno y primavera, con la abun-
dancia maxima en octubre de 2010 (3,150 ind m>). Las
apendicularias solamente se encontraron en mayo de 2012
con una densidad de 57 ind m=. La abundancia de larvas de
cirripedios fue alta principalmente en otoflo e invierno y
maxima en abril de 2011 (460 ind m3), mientras que los cla-
doceros generalmente fueron escasos, con una abundancia
maxima en septiembre de 2010 (100 ind m~). Se encontraron
otros grupos (larvas de decapodos, anfipodos y ostracodos)
en unas pocas muestras y en abundancias muy bajas.

Entre los copépodos, los harpacticoideos y los calanoi-
deos fueron mas abundantes que los ciclopoideos (Fig. 4).
Los calanoideos estuvieron presentes durante todo el ciclo,
sin embargo, los harpacticoideos dominaron en los meses de
verano y sus densidades fueron mas altas que las de los cala-
noideos. En particular, durante enero, los adultos fueron mas
abundantes que los copepoditos, mientras que en febrero las
densidades de ambos fueron similares. Se registraron un total
de 9 especies (Tabla 2) cuya abundancia mostré una marcada
tendencia a lo largo del ciclo estacional. En invierno se
encontraron mas especies, principalmente los calanoideos
Paracalanus parvus, Calanoides carinatus, Drepanopus
forcipatus, Centropages brachiatus, Ctenocalanus vanus y
Acartia tonsa, y los ciclopoideos Oithona nana y Oithona
helgolandica. En verano se observaron A. tonsa, P. parvus y
Euterpina acutifrons, siendo esta ultima la dominante (90%).
En otofio, A. tonsa y P. parvus fueron las especies dominan-
tes. Los valores mas altos de la riqueza (indice de Margalef,
d) y el indice de Shannon-Wiener (H’) se registraron en los
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Figure 2. (a) Surface dose (kJ m™) of solar ultraviolet radiation (UVR, 280-400 nm, black diamonds) and photosynthetically active radiation
(PAR, 400-700 nm, black crosses) and (b) surface water temperature (°C) at the study site during the period August 2010—February 2012.
Figura 2. (a) Dosis (kJ m™) de la radiacion solar ultravioleta (UVR, 280-400 nm, diamantes negros) y la radiacion fotosintéticamente activa
(PAR, 400-700 nm, cruces negras) y (b) temperatura (°C) superficial del agua en el sitio de estudio durante el periodo agosto 2010—febrero
2012.
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August 2010 to February 2012 at the northern Patagonian coastal station. Data are not available for September, October, and December 2011.
Figura 3. Concentracion (ug L") de clorofila a (Chla; fraccion total [tridngulos negros]; y pico y nanoplancton [<20 um, tridngulos
blancos]) y el porcentaje de abundancia de flagelados (en blanco), dinoflagelados (en negro) y diatomeas (en gris) a partir de las muestras
recolectadas en el periodo agosto 2010—febrero 2012 en la estacion costera en Patagonia norte. Datos no disponibles para septiembre, octubre
y diciembre de 2011.
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and copepodites were similar. A total of 9 species were
recorded (Table 2), showing a marked tendency throughout
the seasonal cycle. Most species were observed in winter,
mainly the calanoids Paracalanus parvus, Calanoides
carinatus, Drepanopus forcipatus, Centropages brachiatus,
Ctenocalanus vanus, and Acartia tonsa, and the cyclopoids
Oithona nana and Oithona helgolandica. In summer,
A. tonsa, P. parvus, and Euterpina acutifrons were observed,
the last one being dominant (~90%). In autumn, A. tonsa and
P. parvus were dominant. The highest richness (Margalef
index, d) and Shannon—Wiener index (H’) values were
recorded in the winter and spring months, whereas the lowest
values were recorded in the summer months; the equitability
index (J') showed a similar pattern.

The dominant calanoid species during the study period
were E. acutifrons, P. parvus, and A. tonsa. The mean
prosome length of E. acutifrons varied between 170 and
950 um (526 £ 200; n = 355) (Fig. 5), with the largest indi-
viduals found in summer (i.e., mostly mature individuals,
especially egg-carrying females). Similarly, the mean
prosome length of P. parvus varied from 190 to 1,190 pm
(540 + 234; n = 380), while the sizes of A. tonsa (copepodites
and adults) oscillated between 150 and 1700 um (688 + 293;
n = 488), being larger in winter.

The PCA results are shown in Figure 6. The abundances
of the copepods C. vanus, D. forcipatus, C. brachiatus,
A. tonsa, and O. helgolandica were correlated, mainly in the
winter months. The abundance of C. carinatus was positively
correlated with that of diatoms (r = 0.73; P <0.05) and nega-
tively correlated with sea surface temperature and UVR
(r=-0.77 and r = —0.73, respectively; P < 0.05). The abun-
dance of E. acutifrons was positively correlated with UVR,
PAR, temperature, and the concentration of flagellates (r =
0.61, r=0.58, r=0.64, and r = 0.72, respectively; P < 0.05).
The abundance of P. parvus was positively correlated with
the concentration of flagellates (r = 0.67; P < 0.05) and with
the abundance of E. acutifrons (r = 0.71; P < 0.05). The
diversity indices (d, J', and H') were negatively correlated
with temperature (r =—0.73, r =-0.69, and r = —0.82, respec-
tively; P < 0.05). The PCA showed that UVR, PAR, and tem-
perature were mainly correlated with principal component 1
(Table 3), separating the samples according to the seasons.

Four groups of samples were determined at 80% level of
similarity, corresponding to winter, spring, summer, and
autumn (Fig. 7a). The MDS analysis confirmed the assem-
blages with a stress value of 0.11 (Fig. 7b). In summer and
spring (groups 2 and 3), E. acutifrons and A. tonsa were the
dominant species, the former being the most abundant (86%)
mainly in January, February, and March (summer). In group 1
(winter: August and July), C. carinatus and P. parvus were
the dominant species (62% and 30%, respectively), while in
group 4 (autumn: April and May), A. tonsa and P. parvus
were the dominant species (59.60% and 40.40%, respec-
tively). However, when considering the abiotic variables
(temperature and UVR), the MDS separated the assemblages
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Figure 4. Abundance (ind m™) of adults (black bars) and
copepodites IV-V (gray bars) and I-III (white bars) of
harpacticoids (a), calanoids (b), and cyclopoid copepods
(¢) during August 2010—February 2012 at the northern Patagonian
coastal station. Note the different scales on the y axis for
cyclopoids.

Figura 4. Abundancia (ind m~) de adultos (barras negras),
copepoditos IV=V (barras grises) y copepoditos I-III (barras
blancas) de copépodos harpacticoideos (a), calanoideos (b) y
ciclopoideos (¢) durante el periodo de agosto de 2010 a febrero de
2012 en la estacion costera en Patagonia norte. Notese la diferente
escala en el eje y para los ciclopoideos.
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Figure 5. Size structure (um) of Euterpina acutifrons (a), Paracalanus parvus (b), and Acartia tonsa (c¢) during August 2010-February 2012
at the northern Patagonian coastal station. The lines on top of the mean (black squares) indicate the standard deviation.

Figura 5. Estructura de tallas (um) de Euterpina acutifrons (a), Paracalanus parvus (b) y Acartia tonsa (c¢) durante agosto 2010—febrero
2012 en la estacion costera en Patagonia norte. Las lineas sobre la media (cuadros negros) indican la desviacion estandar.

into two groups (autumn/winter and spring/summer), mainly
because there is a very pronounced gradient in these variables
during these two periods of the year (Fig. 7c).

DISCUSSION

Copepods were the dominant metazooplankton group at
the study site, as observed in other temperate coastal regions
(Hopcroft et al. 2001, Aguirre et al. 2012). Copepods play a
key role in the pelagic carbon flux because of their capability
of taking up energy from the microbial food web and trans-
ferring it to higher trophic levels (Turner 2004, Vinas et al.
2013). All the copepod species found in this study have
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meses de invierno y primavera, mientras que los valores mas
bajos se determinaron en los meses de verano; el indice de
equitatividad (J") mostré un patréon similar.

Euterpina acutifrons, P. parvus y A. tonsa fueron las
especies dominantes durante el periodo estudiado. La longi-
tud media del prosoma de E. acutifrons varié entre 170 y
950 um (526 + 200; n = 355) (Fig. 5), y los individuos mas
grandes fueron encontrados en verano (individuos maduros,
principalmente hembras con huevos). Del mismo modo, las
tallas de P. parvus variaron entre 190 y 1,190 um (540 + 234;
n=380), y las tallas de A. tonsa (copepoditos y adultos) osci-
laron entre 150 and 1700 pm (688 + 293; n = 488), siendo
mayores en invierno.
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Figure 6. Principal component analysis (PCA) between species of copepods, phytoplankton groups (diatoms, flagellates, and
dinoflagellates), chlorophyll a (Chla, total fraction and pico-nanoplankton fraction), abiotic variables (temperature, ultraviolet radiation
[UVR], photosynthetically active radiation [PAR]) and diversity indices (d, J’, and H") during August 2010—February 2012 at the northern

Patagonian coastal station.

Figura 6. Analisis de componentes principales (PCA) entre las especies de copépodos, grupos de fitoplancton (diatomeas, flagelados y
dinoflagelados), clorofila a (Chla, fraccion total y de pico y nanoplancton), variables abioticas (temperatura, radiacion ultravioleta [UV] y
radicacion fotosintéticamente activa [PAR]) y los indices de diversidad (d, J' y H') registrados durante agosto 2010—febrero 2012 en la

estacion costera en Patagonia norte.

previously been reported for the Valdés Peninsula, Chubut
Province (Sabatini and Martos 2002, Spinelli et al. 2012),
except for E. acutifrons. This species is a small pelagic
harpacticoid that often numerically dominates the meso-
planktonic community in coastal and estuarine ecosystems
(Sautour and Castel 1995, Eskinazi-Sant’ Anna and Bjornberg
2006).

Our results highlight the strong temporal variation in
species composition and copepod abundance. Two different
periods were found throughout the cycle, spring/summer and
autumn/winter, with differences clearly marked by biotic and
abiotic variables. The highest diversity of copepod species
and abundance of polychaete larvae occurred in winter, likely
related to the relatively high concentration of total Chla (i.e.,
bloom onset period) that favored the co-existence of more
species of copepods. In spring/summer, under high radiation
and temperature levels, flagellates (potential prey for
copepods) were dominant in terms of abundance; therefore,
the populations of small species such as the harpacticoid
E. acutifrons became the most abundant. In agreement with
our results, Villafafie et al. (2004, 2013) recorded maximum
Chla values in winter; we were unable to collect stratification
data (CTD profiles) during winter, but these authors observed
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Los resultados del ACP (Fig. 6) mostraron que las
abundancias de los copépodos C. vanus, D. forcipatus,
C. brachiatus, A. tonsa y O. helgolandica se correlacionaron,
principalmente en los meses de invierno. La abundancia de
C. carinatus se correlaciond positivamente con la concentra-
cion de diatomeas (r = 0.73, P < 0.05) y negativamente con la
temperatura superficial del mar y RUV (r = =077 y r =
—0.73, respectivamente; P < 0.05,). Por otro lado, la abundan-
cia de E. acutifrons se correlaciond positivamente con las
dosis de RUV y RAF, la temperatura y la concentracion de
flagelados (r =0.61, r=0.58,r =0.64 y r = 0.72, respectiva-
mente; P <0.05). Ademas, la abundancia de P. parvus se
correlaciond positivamente con la concentracion de flagela-
dos (r = 0.67; P <0.05) y con la abundancia de E. acutifrons
(r=0.71; P <0.05). Los indices de diversidad (d, J' y H’) se
correlacionaron negativamente con la temperatura (r =-0.73,
r=-0.69 y r = —0.82, respectivamente; P <0.05). E1 ACP
demostr6 que la RUV, RAF y la temperatura se correlaciona-
ron principalmente con el componente principal 1 (Tabla 3),
que separa las muestras de acuerdo con las estaciones del
afio. Con un 80% de similitud, se determinaron 4 grupos, que
correspondieron al invierno, primavera, verano y otofio
(Fig. 7a). El analisis MDS confirmé los mismos resultados
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Table 3. Results of the principal components analysis. Eigenvectors (EV), eigenvalues, percent of the variance explained by the original
dataset (r?), and correlation (r) of the original variables with the first two principal components (PC1 and PC2).

Tabla 3. Resultados del analisis de componentes principales. Autovector (EV), autovalores, porcentaje de la varianza explicada por el set de
datos (%) y correlacion (r) con las variables originales con los dos primeros componentes (PC1 y PC2).

PC1 PC2

r EV r EV
Ditatoms —0.64 —0.24 —0.47 -0.21
Dinoflagellates -0.51 -0.19 -0.53 -0.23
Flagellates 0.55 0.21 —0.45 -0.20
Chlorophyll a total -0.49 -0.18 -0.49 -0.22
Chlorophyll a <20 pm 0.03 0.01 -0.42 -0.19
Photosynthetically active radiation 0.75 0.28 0.34 0.15
Ultraviolet radiation 0.75 0.28 0.31 0.13
Temperature 0.96 0.36 0.04 0.02
Paracalanus parvus 0.39 0.15 -0.01 —-3.20E-03
Ctenocalanus vanus -0.28 —-0.10 0.91 0.40
Drepanopus forcipatus -0.15 -0.06 0.88 0.39
Centropages brachiatus -0.19 -0.07 0.88 0.39
Acartia tonsa 0.26 0.10 0.73 0.32
Calanoides carinatus -0.86 —-0.33 0.05 0.02
Oithona helgolandica -0.38 -0.14 0.82 0.36
Oithona nana —0.47 —0.18 -0.28 —0.12
Euterpina acutifrons 0.72 0.27 -0.07 -0.03
d -0.83 -0.31 0.13 0.06
J' -0.60 -0.23 0.02 0.01
H’ —0.84 -0.32 0.37 0.16

a phytoplankton bloom, associated with favorable stratifica-
tion, lower radiation, and temperature conditions. On the
other hand, E. acutifrons, A. tonsa, and P. parvus were associ-
ated with flagellates, and this concurs with the observations
made by Uye and Shibuno (1992) and Guisande et al. (2000).
Similar results were also obtained experimentally by Vargas
and Gonzalez (2004). They detected that A. tonsa feeds on
diatoms and flagellates and that P. parvus feeds on flagel-
lates. The abundance of C. carinatus was positively corre-
lated with that of diatoms and it is known that this species has
typically been associated with this group of phytoplankton
(Lopes et al. 1999). Taking into consideration that the
calanoid species found were primarily herbivorous, a
classical food chain can be suggested for winter, with large
copepods such as C. carinatus associated with a higher
concentration of diatoms.

A similar result was found in coastal waters of the north-
ern Argentinean Sea (EPEA station, 38°28'S, 57°41'W),
where the zooplankton succession also exhibited two main
periods throughout the year: a cold winter/spring period
characterized by a dominant classical herbivorous food web
(with high Chla concentrations) and a warm summer period,
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con un valor de stress de 0.11 (Fig. 7b). En verano y
primavera (grupos 2 y 3), E.acutifrons y A. tonsa fueron las
especies dominantes, siendo la primera la mas abundante
(86%) principalmente en enero, febrero y marzo (verano).
Las especies dominantes en el grupo 1 (invierno: julio y
agosto) fueron C. carinatus y P. parvus (62% y 30%, respec-
tivamente), y en el grupo 4 (otofio: abril y mayo) las especies
dominantes fueron A. tonsa y P. parvus (59.60% y 40.40%,
respectivamente). Sin embargo, al considerar las variables
abidticas (temperatura y RUV), el MDS separa los conjuntos
en dos grupos (otoflo/invierno y primavera/verano), princi-
palmente porque hay un gradiente muy pronunciado de estas
variables durante estos dos periodos del afio (Fig. 7c¢).

DISCUSION

Los copépodos fueron el grupo de metazooplancton
dominante en el sitio estudiado, como se ha observado en
otras regiones costeras templadas (Hopcroft et al. 2001,
Aguirre et al. 2012). Los copépodos juegan un papel clave en
el flujo de carbono pelagico debido a su capacidad para tomar
la energia de la red trofica microbiana y transferirla a los
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to the SIMPER analysis are indicated with arrows (d).

Figura 7. Analisis de similitud analizados entre las fechas de muestreo. Analisis de agrupacion (indice Bray—Curtis) (a), y escalamiento
multidimensional de las muestras utilizando variables (b) biologicas (indice de distancia euclidea) y (¢) abidticas. Se indican con flechas las
especies de copépodos representativas de cada uno de los grupos segun el analisis de SIMPER (d).

dominated by picophytoplankton, in which smaller species
such as O. nana and Paracalanus spp. were present (Vifias
etal. 2013). However, temporal variations in copepod
abundance may be explained not only by the availability of
phytoplankton (bottom-up mechanism) but also by predation.
In the study area, potential predators such as ctenophores and
chaetognaths are very abundant (Mianzan and Guerrero
2000), and there is a high abundance of anchovy larvae
(Hansen et al. 2001, Spinelli et al. 2012). On the other hand,
Calbet et al. (2001) studied the seasonal succession of
copepods in the coastal zone off Blanes (northwestern
Mediterranean) and found differences in succession when
compared to other coastal areas of the Mediterranean. These
authors attribute the differences to the particularity of coastal
areas. Coastal environments are highly variable and complex,
and exposed to different intensities of anthropogenic and
land-related influences (sewage discharges, rivers, etc.). The
particular conditions of each location (oceanic currents,
degree of enclosure, presence of submarine canyons, eddies,
etc.) may strongly influence the annual distribution of phyto-
plankton and zooplankton (Calbet et al. 2001 and references
therein).

Temperature and food quantity and quality are among the
most important factors affecting egg production rates of
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niveles troficos superiores (Turner 2004, Vifias et al. 2013).
Todas las especies de copépodos que encontramos durante el
estudio han sido registradas previamente para la peninsula
Valdés, provincia de Chubut (Sabatini y Martos 2002,
Spinelli et al. 2012), a excepcion de E. acutifrons. Esta
especie es un pequeflo harpacticoideo pelagico que a menudo
domina numéricamente la comunidad mesoplanctonica de los
ecosistemas costeros y de estuario (Sautour y Castel 1995,
Eskinazi-Sant’Anna y Bjérnberg, 2006).

Nuestros resultados ponen de manifiesto una fuerte varia-
cion temporal en la composicion y abundancia de las especies
de copépodos. Se encontraron dos periodos diferentes a lo
largo del ciclo, primavera/verano y otofio/invierno, con dife-
rencias claramente sefialadas tanto en variables bidticas como
abioticas. La mayor diversidad de especies de copépodos y la
mayor abundancia de larvas de poliquetos se encontraron en
invierno, probablemente relacionado con la alta concentra-
cion de Chla total (i.e, periodo de inicio de floracion) que
favorecid la coexistencia de mas especies de copépodos. En
el periodo primavera/verano, se registraron altos niveles de
radiacion y de temperatura, y dominaron en términos de
abundancia los flagelados (presa potencial de copépodos);
por lo tanto, las poblaciones de especies pequefias, como el
harpacticoideo E. acutifrons fueron mas abundantes. En
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marine copepods (Hirst and Bunker 2003, Gislason et al.
2008). Intensive reproduction of the small copepods
E. acutifrons and P. parvus took place in summer, as indi-
cated by the peaks of nauplii. This is probably related to the
already known reproductive cycle of small copepod species
in temperate seas (Pittois et al. 2009), which is positively
controlled by temperature. The egg production rate increases
exponentially with an increase in temperature (Vidal 1980,
Uye and Shibuno 1992). Also, the high abundance of
copepodites of E. acutifrons found in our study during the
summer indicates active reproduction at this time of the year,
in agreement with Viflas and Gaudy (1996), who observed
mature organisms during the period of highest temperature in
the San Matias Gulf (also in northern Patagonia). At low
temperatures, the adults of this species remain in a state of
quiescence (D’Apolito and Stancyk 1979, Vifias and Gaudy
1996), which would explain the low abundances during the
winter time. This shows that even a small variation in tem-
perature may considerably affect the population dynamics of
E. acutifrons. Moreover, the larger sizes of A. tonsa were
found when sea temperature was lower. This is consistent
with observations from other studies in which prosome
length was negatively correlated with temperature (Chinnery
and Williams 2004, Hansen et al. 2010).

Finally, in our study, a high diversity of species was found
in winter when the UVR was low. Since UVR has, in general,
negative effects on phytoplankton, it may alter the quantity
and quality of food, which in turn may reduce survival,
growth, and reproduction of zooplankton (Hessen et al.
1997). Al-Aidaroos et al. (2015) recently reported that in the
Red Sea the mortality rates of zooplankton increased greatly
under UVR but declined when UVR was removed. Previous
research in our study area addressing the effects of UVR has
only been carried out on crab larvae (Hernandez-Moresino
etal. 2011, 2014; Gongalves et al. 2014). Our work is the first
study that considers the zooplankton community, especially
the copepods, and natural variations with environmental fac-
tors. This highlights the potential importance of the effects of
solar radiation on marine zooplankton from this area, and the
need of performing longer-term studies considering natural
communities and seasonal variations in solar radiation.
Hence, the low diversity found in summer could be due to
species-specific effects of detrimental solar radiation. This is
the first study that reports the annual cycle of zooplankton in
this productive area and our observations regarding the varia-
tion of copepod species at this northern Patagonian coastal
station suggest different life-history strategies for this area.
Evidently, more studies with a better temporal resolution are
required to gain a deeper understanding about the interannual
variability of this community, which in turn will help to inter-
pret the effects of global climate change that are particularly
relevant in high-latitude environments.
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coincidencia con nuestros resultados, Villafafie et al. (2004,
2013) encontraron valores maximos de Chla en invierno;
nosotros no recolectamos datos de la estratificacion (perfiles
de CTD) durante el invierno, pero estos autores han obser-
vado una floracion de fitoplancton asociada con condiciones
favorables a la estratificacion, y la menor radiacion y tempe-
ratura. Por otro lado, E. acutifrons, A. tonsa y P. parvus se
asociaron con los flagelados, lo cual concuerda con la obser-
vaciones realizadas por Uye y Shibuno (1992) y Guisande
et al. (2000). Ademas, resultados similares fueron observados
experimentalmente por Vargas y Gonzalez (2004). Ellos han
detectado que A. tonsa se alimenta de diatomeas y flagelados
y que P. parvus se alimenta de flagelados. La abundancia de
C. carinatus se correlaciono positivamente con la de diato-
meas y se sabe que esta especie se ha asociado tipicamente
con este grupo de fitoplancton (Lopes et al. 1999). Tomando
en cuenta que las especies de calanoideos que se encontraron
fueron principalmente herbivoros, se puede sugerir que
existe una cadena trofica clésica en invierno en la cual los
copépodos grandes como C. carinatus estan asociados con
una alta concentracion de diatomeas.

Resultados similares fueron encontrados en aguas coste-
ras del norte del mar Argentino (estacion EPEA, 38°28'S,
57°41'W), donde la sucesion de zooplancton exhibi6é también
dos periodos principales durante todo el afio: un periodo de
invierno/primavera caracterizado por una red trofica clasica
herbivora (con altas concentraciones de Chla) y un periodo
calido de verano, con predominio de picofitoplancton, en el
cual las especies mas pequeiias como O. nana y Paracalanus
spp. estuvieron presentes (Vifias et al. 2013). Sin embargo, la
variacion temporal de la abundancia de copépodos no se
podria explicar so6lo por la disponibilidad de fitoplancton
(mecanismo de abajo a arriba [bottom up]), sino también por
la depredacion. En el area de estudio, los potenciales depre-
dadores, tales como ctendforos y quetognatos, son muy
abundantes (Mianzan y Guerrero 2000), y también se ha
registrado una alta abundancia de larvas de anchoita (Hansen
et al. 2001, Spinelli et al. 2012). Por otro lado, Calbet et al.
(2001) estudiaron la sucesion estacional de copépodos en la
zona costera de Blanes (Mediterraneo noroeste) y hallaron
diferencias en la sucesion cuando se compard con otras zonas
costeras del Mediterraneo. Estos autores atribuyen las dife-
rencias a la particularidad de las zonas costeras. Los ambien-
tes costeros son muy variables y complejos y estan expuestos
a diferentes intensidades de influencias antropogénicas y de
la tierra (descargas de aguas residuales, rios, etc.). Las condi-
ciones particulares de cada lugar (corrientes ocedanicas, el
grado de aislamiento, la presencia de cafiones submarinos,
remolinos, etc.) pueden influir fuertemente en la distribucién
anual del fitoplancton y zooplancton (Calbet et al. 2001 y
referencias alli citadas).

La temperatura y la cantidad y calidad de los alimentos,
son algunos de los factores mas importantes que afectan a las
tasas de produccion de huevos de copépodos marinos (Hirst y
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