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Little attention has been paid to small copepods and other zooplankton inhabiting
pelagic ecosystems of the Southwestern Atlantic Ocean under the influence of
the Antarctic Circumpolar Current circulation, despite their important role in the
trophic chain and fisheries. This study gives a synoptic view (January 2001) of the
micro and mesoplankton size fractions and normalized biomass size spectra
(NBSS) in upper waters of five different ecological domains (shelf and oceanic
Subantarctic and Antarctic waters) including the Brazil–Malvinas confluence
(BMC). Copepods were always the main component of the zooplankton; the
,300-mm fraction represented between 70 and 99% in terms of numbers and
from 20 to 88% in terms of biomass. Other zooplankton contributed with ,40%
to total zooplankton densities, though showing some biomass peaks (.50%).
Chlorophyll a, sea surface temperature and salinity were the environmental vari-
ables that best explained the distribution trend of zooplankton, mainly that of the
,300-mm fraction. For all the domains, NBSS revealed flat slopes (20.6 to 21),
suggesting a higher proportion of large organisms than expected at equilibrium.

available online at www.plankt.oxfordjournals.org

# The Author 2013. Published by Oxford University Press. All rights reserved. For permissions, please email: journals.permissions@oup.com

Journal of

Plankton Research plankt.oxfordjournals.org

J. Plankton Res. (2013) 35(3): 610–629. First published online February 26, 2013 doi:10.1093/plankt/fbt014



A dome-shape feature was detected in the BMC. Total biomass and trophic levels
of the system were related to the composition of the community and the hydro-
logical conditions of the domains covered.
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I N T RO D U C T I O N

The size structure of planktonic communities has the
potential to indicate the transfer of energy up the
trophic web and can influence the pathways of carbon
export and sequestration (Legendre and Le Fèvre, 1991;
San Martin et al., 2006). The abundance-size spectrum
(the relative abundance of organisms of different sizes)
is a highly effective approach to summarize the size
structure of plankton communities (Cottingham, 1999;
Cózar et al., 2003), predict fish stocks (Sprules et al.,
1983), reflect changes in the upper ocean carbon flux
and describe rates of material transfer in the upper
ocean of different regions (San Martin, 2005).

Theoretical models of the size structure of pelagic
ecosystems have been developed during the last 40
years, starting with the work by Sheldon et al. (Sheldon
et al., 1972). Platt and Denman (Platt and Denman,
1978) proposed an empirical model to calculate the
biomass distribution as a function of organism size
(biomass spectrum) in the pelagic ecosystem of the open
ocean. In this model, the flux of biomass produced at a
steady state mostly by individual growth within a weight
class is equal to the respiration loss of the system (Silvert
and Platt, 1978). Based on a function of individual body
weight, Heath (Heath, 1995) proposed an energy
balance between growth and mortality. Through their
population dynamics theory of plankton, Zhou and
Huntley (Zhou and Huntley, 1997) suggested that the
governing equations deduced by them represent the
mass balance between the biomass flux from small to
large sizes due to individual growth and the sum of
sources and sinks such as birth, natural death and pre-
dation. Their theory was based on the distribution of
abundances as a function of individual body weight and
growth rate and the law of conservation of mass.

The slope of a plankton biomass spectrum is a means
of measuring the relationship between growth, mortality
and respiration of a community (Zhou et al., 2004 and
references therein) and represents the ratio of specific
population mortality to specific individual and popula-
tion body mass growth rates (Heath, 1995; Zhou and
Huntley, 1997). The metabolic rate is the primary
or physiological scaling of body mass of individual

organisms (Platt, 1985; Dickie et al., 1987); a secondary
scaling of body mass, the secondary specific production,
reflects the effect of the distribution and interactions
of groups of organisms as part of populations (Dickie
et al., 1987).

Using normalized biomass size spectra (NBSS), their
slopes and zooplankton species information from in situ

samples can be an effective approach for the study of
biomass flow, community changes and trophic interac-
tions (Zhou et al., 2009). Trophic levels (TL) within a
plankton community can be estimated based on a nor-
malized biomass size spectrum. The number of trophic
interactions can vary over short-time scales, with lower
and higher TLs during periods of higher and lower
phytoplankton concentrations, respectively, as mesozoo-
plankton species change from a more herbivorous to a
more omnivorous diet (Basedow et al., 2010).

Empirical data regarding planktonic size structure in
offshore areas are scarce (Quiñones et al., 2003).
Transects from the North to the South Atlantic (678N
to 398S) revealed the importance of small copepods and
naupliar stages (over 53 mm) during spring (488N to
398S; López and Anadón, 2008), and latitudinal varia-
tions in plankton size spectra (over 10 mm) during
autumn and spring (678N to 498S; San Martin et al.,
2006). López and Anadón (López and Anadón, 2008)
found that copepods were the major grazers of phyto-
plankton and that small copepods and nauplii account
for a higher amount of total chlorophyll ingestion than
larger copepods, even in oligotrophic areas where these
were relatively more abundant. San Martin et al. (San
Martin et al., 2006) found a relatively flat average slope
(21.07) across the Atlantic, compared with the theoret-
ical prediction of 21.22 and with observed mean
values for the North Atlantic (21.16) and the North
Pacific (21.15) (Platt and Denman, 1978; Rodrı́guez
and Mullin, 1986a; Quiñones et al., 2003). Relatively
flat slopes reflect a higher proportion of large organisms
and an increase in biomass with size. These authors
suggested a change in the trophic transfer efficiency
(and coupling between phytoplankton and mesozoo-
plankton) due to spatial variations in ecosystem product-
ivity (shallower slopes in productive upwelling areas,
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steeper slopes in oligotrophic convergence regions) and
seasonal input of biomass.

Apart from this, relatively little attention has been
paid to the planktonic community structure of the
Southwestern Atlantic Ocean (SAO) (Angel, 1979;
Berasategui et al., 2005), although its relevance in the
life history of many commercially exploitable species is
recognized (Rodhouse et al., 1992; Mauchline, 1998).
The SAO is a hydrologically complex region with
several frontal systems delimiting distinct water masses
and ecological domains (Fig. 1, Orsi et al., 1995;
Matano et al., 2010; Piola et al., 2010), and under the in-
fluence of the Antarctic Circumpolar Current (ACC)
circulation. Large-scale studies on zooplankton from the
SAO have covered mainly copepods and macrozoo-
plankton over 200 mm in size (Tarling et al., 1995;
Gallienne and Robins 1998; Bradford-Grieve et al.,
1999; Woodd-Walker et al., 2002; Berasategui et al.,
2005), total crustacean larvae over 30 mm in relation to
other protozoans (Thompson et al., 1999, 2001;
Thompson, 2001) and planktonic diatoms (Olguı́n et al.,
2006; Olguı́n and Alder, 2011).

In this context, the aim of the present study was to in-
vestigate the spatial distribution of the composition,
density and biomass of copepods and the contribution of
other micro- and smaller meso-zooplankton during
summer, from 378S in the Continental Shelf Waters of
the northern Argentine shelf (CSW) to the South Orkney
Islands (ORK) throughout the oceanic domain of the
Brazil–Malvinas confluence (BMC) to Subantarctic
(SAW) and Antarctic Surface Waters (AW) up to 618S.
A secondary goal of the study was to test the hypothesis
that environmental differences among the SAO ecologic-
al domains (see below) are reflected in the NBSS and the
trophic structure of the zooplankton community when
applying the model of Platt and Denman (Platt and
Denman, 1978).

Within the Southwestern Atlantic, the BMC is an
extensive region where subantarctic waters (Malvinas
Current), subtropical waters (Brazil Current) and waters
of the South Atlantic Drift mix both horizontally and
vertically creating a region of strong mesoscale variabil-
ity (Chelton et al., 1990; Goni and Wainer, 2001).
The limit between the BMC and the SAW is the
Subantarctic Front (48–508S, Fig. 1). SAW are cold,
fresh (,108C at the surface in summer) and
nutrient-rich waters carried by the Malvinas Current, a
northbound branch of the ACC running along the
western edge of the Argentine Basin up to about 388S
(Piola and Gordon, 1989; Peterson, 1992; Matano et al.,
2010). Their southern limit is the Antarctic
Convergence or Polar Front (55–608S, Fig. 1), which
can be described as a surface front with a strong

temperature gradient (1.78C in 47 km; Moore et al.,
1997). The AW is represented by the colder and
nutrient-rich waters (Smith, 1991) of the ACC, which
extends with rather uniform properties from the Polar
Front to the Southern Boundary (SBACC; Fig. 1) (Orsi
et al., 1995).

Waters from the Argentine shelf (CSW) result from
the mixing of the continental runoff, the western
branch of the Malvinas Current (which runs north-
eastward over the continental shelf ) and the eastern
branch previously described. The shelf break front sepa-
rates CSW from SAW (Franco et al., 2008) with a NW–
SE orientation in summer (Saraceno et al., 2004; Barré
et al., 2006). Slope water intrusions onto the continental
shelf near 418S contribute to the development of phyto-
plankton blooms over the outer continental shelf (Piola
et al., 2010). South Orkney Shelf Waters (ORK) are
located in the Weddell–Scotia Confluence between the
SBACC and the Weddell Front, and are characterized
by both high nutrient concentrations and high product-
ivity with complete ice cover (Holm-Hansen et al.,
2004a,b).

M E T H O D

Field sampling

Subsurface (9 m depth) plankton samples and environ-
mental data were collected over a transect performed
on board the icebreaker “Almirante Irizar” in the SAO
(37–618S, 44–568W, Fig. 1) during austral summer
(4–9 January 2001). At each oceanographic station,
samples were taken with a pumping system (specially
designed to filter a constant volume of water and to
operate while the ship was underway) at a spatial reso-
lution of 3.5–5 nautical miles. The flow rate was
checked using a flowmeter. A total of 24 samples were
collected by filtering 460–670 L of seawater through a
20-mm mesh, and samples were subsequently fixed with
3% formalin solution. Data on environmental condi-
tions were obtained from in situ measurements and
satellite images. In situ measurements of seawater tem-
perature, salinity, size-fractionated chlorophyll a (GF/F
and 10 mm) and chlorophyll fluorescence were taken at
the same depths as the plankton samples (9 m). These
data were provided by the ARGAU project (http://
dataipsl.ipsl.jussieu.fr/ARGAU/argau.htm).
Eight-day-composite satellite images were derived from
the AVHRR Oceans Pathfinder Sea for Surface
Temperature (SST), and from SeaWIFS for sea surface
chlorophyll a concentration. AVHRR data were pro-
vided by the Physical Oceanography Distributed Active
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Archive Center (PO.DAAC) Ocean ESIP Tool (POET)
at the NASA Jet Propulsion Laboratory, Pasadena, CA,
USA (http://poet.jpl.nasa.gov), and SeaWIFS data by
the SeaWIFS Project at NASA Goddard Space Flight
Center, USA (http://oceancolor.gsfc.nasa.gov).

Sample analyses

Prior to laboratory analyses, each plankton sample was
separated into two fractions using a 300-mm mesh.
From the entire .300-mm fraction, copepods and
larger zooplankton were identified under a stereomicro-
scope at 40� magnification. From the ,300-mm
fraction, community structure and abundance of micro-
plankton (.20 mm), copepods and other zooplankton
were estimated using an inverted microscope (at 200�
magnification) on Utermöhl settling chambers, after
samples had settled for at least 24 h. Three subsamples
of 10 mL were counted when abundances were high
(.500 ind. per sample); otherwise the entire sample
was analyzed. Protists were enumerated from the whole
sample except for diatoms and dinoflagellates, for
which at least 50 fields were scanned from two cham-
bers and 500 cells were counted (variations among
counts were ,15%).

Copepods were identified to species level according
to Bradford-Grieve et al. (Bradford-Grieve et al., 1999),
other zooplankton to order or family level according to
Boltovskoy (Boltovskoy, 1999). Nauplii of calanoid and
cyclopoid copepods were assigned to a single category

because of the difficulty in identifying species and devel-
opmental stages. Unicellular microplankton was split into
two categories: microzooplankton (tintinids, foraminifera
and radiolarians) and other unicellular microplankton
(total dinoflagellates, diatoms and silicoflagellates).

Biomass was estimated from body measurements of
each copepod and other zooplankton groups (n: 14 106)
by using previously established conversion factors of
volume to (wet or dry weight) biomass [naupliar forms
(Gradinger et al., 1999), pteropods (Comeau et al., 2010),
amphipods (Watts and Tarling, 2012), euphausiids (Daly,
2004), polychaetes (Hansen et al., 1999), copepods
(Gradinger et al., 1999; Nozais et al., 2001) and micro-
zooplankton (Verity and Langdon, 1984; Caron et al.,
1995)]. Wet weight (ww) and dry weight (dw) values
were converted to carbon (C) using Wiebe’s relationship
(Wiebe, 1988). One advantage of this method is the
nearly linear relations between weights and body
carbon; the regression equations used were log10(ww):
21.537 þ 0.852*log10(C) (r2: 0.92, P , 0.001) and
log10(dw): 0.499 þ 0.991*log10(C), (r2: 0.97, P , 0.001)
where ww, dw and C were expressed in g m23, mg m23

and mg C m23, respectively. Since biomass estimations
based on body volume and published conversion factors
are subject to errors, confidence limits for each sample
were calculated for carbon concentration values in
accordance with Wiebe et al. (Wiebe et al., 1975) and
Zar (Zar, 1999). The 95% lower and upper confidence
limits of zooplankton body biomass were �0.44–2.20
times the mean value, respectively. The total density

Fig. 1. A geographic location of the stations, fronts and general circulation pattern. The latitudinal profile of in situ seawater temperature,
seawater salinity and size fractioned chlorophyll a is shown.
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and biomass of zooplankton, and the relative contribu-
tion of each size fraction were determined for each
station.

Statistical analyses

To test for violation of independence in the data (spatial
autocorrelation), Moran’s I value was used. This index
evaluates whether the pattern of distribution of density
and biomass values (for each relevant copepod species,
and for copepod and non-copepod zooplankton size
fractions) was clustered, dispersed or random. A
Moran’s I value near 1 indicates clustering and positive
spatial autocorrelation, whereas a value near 21 indi-
cates dispersion. Values near zero indicate an absence
of spatial autocorrelation. The Moran’s I function cal-
culates a z-score value that indicates whether the spatial
patterns (e.g. clustering or dispersion) could be the
result of random chance or are statistically significant
(SAM v4.0, Rangel et al., 2010).

The Clarke and Ainsworth (Clarke and Ainsworth,
1993) routine for linking multivariate community struc-
tures to environment variables (Bio-Env) was used to
estimate which set of environmental variables best
explained the density or biomass values of zooplankton
considering both size fractions either together or inde-
pendently. The environmental variables used were lati-
tude, longitude, local depth, in situ seawater salinity,
size-fractioned chlorophyll a and chlorophyll fluores-
cence, sea surface temperature and SeaWIFS chloro-
phyll a. The Bio-Env analysis is based on determining
Spearman’s rank correlation between the environmental
and biological similarity matrices. The high rank simi-
larity indicates the environmental variable that better
explains the biological data. Then different combina-
tions of environmental variables were compared to
determine which combination shows the highest correl-
ation with the biological data. The environmental and
biological similarity matrices were constructed using the
Euclidean distance and Bray-Curtis Index, respectively.
When pairwise correlations between environmental
variables were .0.90, co-linearity was assumed, and
one of these variables was not considered for the ana-
lyses (correlation occurred between SST and in situ sea-
water temperature and so only the former was analyzed).

The influence of independent abiotic and biotic vari-
ables on the density and biomass of each relevant
copepod species and zooplankton taxa was analyzed by
multiple linear regression analyses (Myers, 1990).

As our samples were collected at a fixed depth, the
size frequency distribution of total copepods and other
zooplankton (20–4000 mm) was analyzed at each
station in order to detect possible variations between

day- and night-samples within each ecological domain
and to determine which size ranges may have been
affected by the diel vertical migration of the organisms,
thus influencing further analyses.

Biomass spectra analyses

Biomass size spectra of copepods and other zooplank-
ton were organized in a maximum of 25 fixed size
classes, ranging from 0.0001 to 1000 mg C ind21, which
represent a range of eight orders of magnitude, from
microzooplankton to smaller mesozooplankton (range:
20–4000 mm total length). Daytime and nighttime sta-
tions within each ecological domain were analyzed sep-
arately. For individual stations, and for daytime or
nighttime groups of stations, the zooplankton biomass
size-spectrum was normalized (weight interval on an
octave scale) and plotted on a log–log scale (NBSS)
according to Platt and Denman (Platt and Denman,
1978). The NBSS has the advantage of setting up the
conservation equations and being integrated over the
size range analyzed. The area under the NBSS is equal
to the total biomass. Extreme sizes (,0.0001 and
.1000 mg C ind21, respectively) were not included in
the analyses, as they could cause potential errors in the
calculation of the slope and intercept.

To compare the NBSS, slopes and intercept were
computed by fitting a linear regression line to the data.
In those cases where a linear regression analysis proved
inappropriate to model the biomass size spectrum of a
station (i.e. no significant fit was obtained), the slope
and intercept of the line were not estimated. Prior to
the comparison of regression lines, the assumption of
homogeneity of variance was tested using Bartlett’s test.
Within each ecological domain, daytime samples were
compared with nighttime samples on the basis of the
slopes using Student’s t test. In those cases where slopes
did not differ, daytime and nighttime samples were
pooled together and a common slope and intercept
were estimated for the domain. All resulting slopes were
then compared using the F test for multiple compari-
sons, and this procedure was followed by applying
Tukey’s multiple comparison tests to detect differences
within each pair of slopes. This analysis allowed pooling
domains (or their divisions) in groups with similar
slopes. In each of these groups, the intercept of the
NBSS has been suggested as an indicator of the total
biomass in the system provided that the slopes are
similar (Sprules and Munawar, 1986; Gasol et al., 1991;
Quiñones et al., 2003) and so F-test and t-test were used
to test for differences in the elevations of the NBSS
(Zar, 1999).
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The number of TLs was calculated on the basis of
the slope of the NBSS and the mean community assimi-
lation efficiency of zooplankton fZhou, 2006: TL ¼ (1
þ hh)/[hh(dlnb/dlnw)]g. Community assimilation effi-
ciency was held constant to a mean of 70%, a value
commonly used for copepods (Zhou, 2006; Basedow
et al., 2010). The number of TLs within the whole zoo-
plankton community (20–4000 mm) was estimated for
each ecological domain or, when appropriated, for its
daytime and nighttime groups of stations. It should be
noted that the estimated TLs do not represent exact
TLs, but the variations in TL represent the differences
in trophic structure between zooplankton communities
(Basedow et al., 2010).

R E S U LT S

Environmental conditions

Environmental conditions assessed either through in situ

measurements or satellite data were clearly different
between the ecological domains studied (Fig. 1 and
Table I). Seawater temperature showed a southward de-
crease, with strong gradients indicating the location of
the Shelf Break Front, Subantarctic Front, the Polar
Front and the Southern Boundary of the ACC (Fig. 1).
Strong salinity gradients also indicated the location of
these fronts. Shelf domains (CSW and ORK) showed
higher values of chlorophyll (fluorescence and SeaWIFS
data) than the oceanic domains (BMC, SAW, AW),
while Antarctic waters showed a southern decrease in
SeaWIFS values. The ,10-mm chl a fraction showed
its highest contribution in shelf domains (CSW and
ORK), BMC and southern stations of AW (Fig. 1),
while the contribution of the .10-mm chl a fraction
was higher in SAW and northern stations of AW (Fig. 1).

Structure and abundance of copepods,
other zooplankton and protists

In terms of density and biomass, copepods were the
main component of the zooplankton. Mean density and
biomass contributions to total zooplankton in all eco-
logical domains were over 77 and 75%, respectively
(Figs 2 and 3; Tables II and III). Highest copepod dens-
ities were recorded for Argentine Continental Shelf
Waters (CSW; up to 259 ind. L21), followed by oceanic
Subantarctic Waters (SAW; up to 18 ind. L21). In con-
trast, highest copepod biomass values were recorded at
the northern sector of the area investigated: a major
peak was detected in the BMC (up to 170 mg C m23)
followed by a secondary increase in CSW (up to
81 mg C m23).

The density of the ,300-mm copepod fraction repre-
sented, on average, 70–99% of total copepods recorded
(Fig. 2, Table II). This fraction comprised mainly
nauplii, specimens of the genus Oithona, several small
calanoids (Calocalanus tenius, Eucalanus sp., Labidocera sp.
and copepodite stages of Clausocalanus spp.) and harpac-
ticoids (Euchirella rostrata, Euterpina sp., Microsetella norve-

gica, Tachidius sp. and Tegastidae sp.) (Table II). The
.300-mm copepod fraction was represented by 19
species belonging to 10 genera of calanoids. The most
abundant genera were Calanoides, Calanus, Clausocalanus,
Ctenocalanus, Neocalanus and Paracalanus, all with densities
,7 ind. L21 (Table II). The genera Drepanopus, Metridia,
Rhincalanus, and Subeucalanus were observed occasionally
with densities ,0.06 ind. L21.

The ,300-mm fraction represented an important
contribution to biomass at several stations near and
south of the Subantarctic Front (Stations 12, 13, 16–18,
24 and Fig. 3), with mean values between 61 and 88%
for SAW, AW and ORK (Fig. 3 and Table III). The
mean contribution of copepod nauplii and Oithona over

Table I: Summary of environmental information for each domain covered in the SAO during 2001

CSW BMC SAW AW ORK
Stations 1–3 4–12 13–16 17–23 24

In situ seawater temperature (8C) 12.55–21.5 11.4–17.2 5.4–10.2 20.84–3.54 20.62
In situ seawater salinity (PSU) 33.89a 33.10–34.71 34.00–34.27 33.06–34.12 33.94
Chlorophyll fluorescence (a.u.) 2.8a 0.9–1.3 1.4–1.7 1.0–1.3 4.4
Chl a size fraction (mg m23)

,10 mm 1.22a 0.20–0.52 006–0.22 0–0.52 0.25
.10 mm 0.48a 0.06–0.22 0.15–0.35 0.05–0.58 0.12

SeaWIFS chlorophyll (mg m23) 1.6–5.5 0.6–1.5 0.2–1.0 0.1–0.6 2.8
AVHRR-SST (8C) 16.5–20.4 11.1–15.9 4.9–7.5 (21.5) –3.75 20.9
Ice cover No No No No Yes
Local depth (m) 25–180 .3000 .1500 .3000 48

CSW, Continental Shelf Waters; BMC, Brazil-Malvinas confluence; SAW, Subantarctic Waters; AW, Antarctic Surface Waters; ORK, South Orkney
Shelf Waters.
aData not available for stations 1 and 2.
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the entire study area was ca. 21 and 17%, respectively.
Additionally, Oithona showed increased relative import-
ance in oceanic waters, with contributions up to 73% of
total biomass (Table III).The highest values of copepod
biomass within the .300-mm fraction were recorded in
the BMC and CSW, with contributions decreasing
southward (Fig. 3 and Table III). Copepodite stage V
and males of Neocalanus tonsus represented over 98% of
the peak found in the BMC, while the main contribu-
tion to biomass in Argentine CSW was provided by
later copepodite stages and adults of Calanus simillimus,
Clausocalanus breviceps, Paracalanus spp. and Neocalanus

tonsus (Table III). Calanus simillimus showed some incre-
ments in SAW and WA (stations 15 and 19: 11.5 and
3.6 mg C m23, respectively), while the rest of the cala-
noids reached, on the whole, values below 1 mg C m23

(Table III).
Non-copepod zooplankton represented ,23% of

total zooplankton densities, with some peaks in AW

(station 22 Fig. 2). The main groups in the .300-mm
fraction were euphausiids, cephalopod larvae, large
polychaetes, ostracods, amphipods and limacine ptero-
pods, while the ,300-mm fraction was represented by
small limacine pteropods, small cephalopod larvae,
non-copepod nauplii larvae and small polychaetes.
Individual groups from both fractions showed densities
,1.3 ind. L21 (Table IV), and were observed mainly
during nighttime. Pteropods (in BMC and SAW, up to
1.25 ind. L21), euphausiids (in BMC, SAW and AW up
to 0.2 ind. L21) and cephalopod larvae (in the five
domains, up to 0.12 ind. L21), were the more frequent
groups (over 40% of the samples). In terms of biomass,
highest values of non-copepod zooplankton were found
in the BMC (stations 10–11) and in AW (stations 19–
22), where the .300-mm fraction dominated the zoo-
plankton community and represented up to six times
the total biomass of copepods (Fig. 3). Contrary to the
trend found for copepods, the contribution in density

Fig. 2. The density and relative contribution of each fraction (.300 and ,300 mm) of copepods and non-copepod zooplankton to total
density. The circle size is proportional to the absolute values of density, except for station 1* (259 ind. L21).
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and biomass of the .300-mm fraction of non-copepod
zooplankton was higher than that of the ,300-mm
fraction in each of the ecological domains, except of in
SAW (Table IV).

The highest contribution of unicellular microzoo-
plankton (tintinnids, radiolarians and foraminifera) was
found in the BMC and near the Subantarctic Front
(Fig. 4 and Table IV). Other microplanktonic protists
(dinoflagellates, diatoms and silicoflagellates) showed
higher densities in shelf waters (CSW and ORK; sta-
tions 1 and 24) and in oceanic waters (AW; stations 19–
21; Fig. 4; Table IV).

No significant spatial autocorrelation was detected for
any variable (all Moran’s I between 20.22 and 0.14,
z-score between 20.35 and 0.25, P . 0.09).
Chlorophyll a, SST and salinity were identified by the
Bio-Env analyses as the environmental variables that
best explained the spatial distribution of both total zoo-
plankton and its ,300-mm fraction, while only SST

and salinity explained the distribution of its .300-mm
fraction (Table V). Results of the multiple regression
analyses on each taxon that had a significant relation-
ship with independent abiotic and biotic variables are
shown in Table VI. SST and chlorophyll a explained
over 60% of the variability in the distribution of density
and biomass of copepod nauplii, Oithona spp. and the
harpacticoid Microsetella norvegica. All variables showed a
positive correlation with the above-mentioned taxa
(Table VI).

Figure 5 illustrates the body length distribution of
copepods and other zooplankton at daytime and night-
time stations within each ecological domain. Specimens
with a total length from 750 to 4000 mm had a higher
contribution at nighttime stations when compared with
daytime stations. The increase in the nighttime contri-
bution was different in each of the domains due to the
presence of the following species: (i) Metridia lucens,
Subeucalanus spp. and other large calanoids (found in

Fig. 3. The Biomass and relative contribution of each fraction (.300 and ,300 mm) of copepods and non-copepod zooplankton to total
biomass. The circle size is proportional to the absolute values of biomass.
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lower densities during daytime) in the BMC; (ii)
Neocalanus tonsus, Clausocalanus breviceps and Calanus similli-

mus in CSW; (iii) Calanoide spp., Rhincalanus gigas, Metridia

lucens and Subeucalanus spp in SAW and (iv) Eucalanus sp.

and Ctenocalanus citer in AW. With the exception of
Eucalanus sp. (600–700 mm), these calanoids reached
body lengths over 1000 mm (mostly belonging to the
.300-mm fraction considering the ellipsoid shape of

Table II: The average and maximum value (in parenthesis) of density for both copepod size fractions and
their relative contribution to total density during summer 2001

CSW BMC SAW AW ORK
Stations 1–3 4–12 13–16 17–23 24

Copepods
Density (ind. L21)

.300 mm fraction 4.6 (8) 0.3 (1.3) 0.2 (0.5) 0.1 (0.5) 0.1
,300 mm fraction 91.2 (258) 1.7 (9) 12.4 (18) 1.2 (4) 1.6
All 95.7 (259) 2 (10) 12.6 (18) 1.3 (4) 1.7

Relative contribution (%)
.300 mm fraction 30 22 1 9 5
,300 mm fraction 70 78 99 91 95

Density (ind. L21)
Naupli stages 78 (231) 0.9 (4) 10 (15) 0.8 (3) 0.4
Oithona spp. 5.2 (13) 0.7 (4) 1.8 (3) 0.5 (2) 0.1
Harpacticoids 0.38 (0.87) 0.01 (0.05) 0.13 (0.3) 0.01 (0.03) 0.8
Small calanoids 7.4 (14) 0.1 (0.8) 0.15 (0.4) 0.001 (0.006) 0.2
Calanoide spp. — — 0.01 (0.03) 0.001 (0.004) —
Calanus spp. 0.8 (1.9) 0.03 (0.25) 0.06 (0.22) 0.01 (0.06) 0.01
Clausocalanus spp. 1.8 (3) 0.12 (1) 0.14 (0.3) 0.001 (0.007) 0.02
Ctenocalanus citer — 0.002 (0.15) — 0.05 (0.36) —
Neocalanus tonsus 1.7 (5) 0.18 (1.2) — — —
Calocalanus tenius — 0.01 (0.05) 0.10 (0.40) — —
Paracalanus spp. 3.8 (7) — — — —

CSW, Continental Shelf Waters; BMC, Brazil-Malvinas confluence; SAW, Subantarctic Waters; AW, Antarctic Surface Waters; ORK, South Orkney
Shelf Waters. Only copepods with .2% of total numerical abundance on any occasion included.

Table III: The average and maximum value (in parenthesis) of biomass for both copepod size fractions
and their relative contribution to total biomass during summer 2001

CSW BMC SAW AW ORK
Stations 1–3 4–12 13–16 17–23 24

Biomass (mg C m23)
.300 mm 47.4 (77) 25.4 (170) 5.4 (18) 0.7 (4.7) 0.12
,300 mm 5.6 (11) 0.6 (4.5) 1.7 (2.7) 0.24 (0.73) 0.86
All 47.4 (81) 26 (170.1) 7 (20) 0.95 (5.4) 0.98

Relative contribution (%)
.300 mm 80 75 39 33 12
,300 mm 20 25 61 67 88

Biomass (mg C m23)
Naupli stages 0.8 (2.1) 0.05 (0.26) 0.45 (0.8) 0.045 (0.2) 0.065
Oithona spp. 2.5 (6) 0.45 (3.3) 1.1 (2) 0.2 (0.7) 0.076
Harpacticoids 0.01 (0.23) 0.004 (0.02) 0.015 (0.02) 0.001 (0.007) 0.59
Small calanoids 2.2 (2.9) 0.12 (0.9) 0.12 (0.26) 0.001 (0.003) 0.1
Calanoide spp. — — 0.3 (1.2) 0.015 (0.1) —
Calanus spp. 17 (50) 1.5 (11.7) 3.1 (11.9) 0.5 (3.6) 0.007
Clausocalanus spp. 5.4 (15) 0.7 (6) 1 (2.1) 0.009 (0.06) 0.025
Ctenocalanus citer — 0.008 (0.07) — 0.16 (1) —
Neocalanus tonsus 15 (32) 23 (170) — — —
Calocalanus tenius — 0.005 (0.05) 0.066 (0.26) — —
Paracalanus spp. 3.9 (8.9) — — — —

CSW, Continental Shelf Waters; BMC, Brazil-Malvinas confluence; SAW, Subantarctic Waters; AW, Antarctic Surface Waters; ORK, South Orkney
Shelf Waters. Only copepods with .2% of total numerical abundance on any occasion included.
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copepods and their published length to width ratio
between 2 and 3, Hays et al., 1994). Smaller specimens
(total length ,750 mm) dominated at some stations of
CSW, BMC and AW, and in most of the stations of
SAW, both during the day and night. Density and
biomass of Oithona was higher during nighttime
(ANOVA F14,3 .8.45, P , 0.01) due to the fact that the
specimens found were larger than during daytime
(Fig. 6). Copepod nauplii showed similar concentrations
(ANOVA F14,3: 0.03, P: 0.85) with similar contributions
in length for daytime and nighttime samples (Fig. 6).

Biomass size spectra

Highly significant regressions of log biomass on log in-
dividual weight were determined for 18 of the 24 sta-
tions. The slopes varied from 20.20 to 20.90 (except
stations16: 21.73), thus indicating an increase in
biomass towards the larger weight classes (Fig. 7A). The
NBSS showed a strong nonlinearity in stations 2, 3, 6,
7, 20 and 24, which accounts for the relative domin-
ance of certain size classes and so their slopes were not
estimated (see Method).

At the spatial level, the slopes of NBSS for daytime
and nighttime stations from BMC were not significantly
different from one another (Student’s t0.05,34, 1.2, P .

0.5), while in SAW and AW they were more negative
during daytime (Student’s t0.05,35. 6.4, P , 0.02). The
increase in biomass during nighttime was due to the

higher contribution of larger organisms, which results in
flatter slopes. According to this, only within SAW and
AW were the NBSS considered separately. Differences
in daytime and nighttime NBS slopes were not tested
for shelf waters (CSW and ORK) because of the non-
linearity of the spectra estimated at stations 2, 3 and 24,
respectively.

The mean normalized biomass spectra and their
95% confidence intervals for each ecological domain
(or, when appropriate, for its daytime/nighttime differ-
entiation) and the regression parameters are shown in
Fig. 7B. Regressions were highly significant and residual
variations were low (r2 . 0.81) except for BMC, where
a dome-like feature was observed (on the log2 scale,
between 28 and 5 mg C ind21, Fig. 7B), as also oc-
curred at station 24, located in the ORK (data not
show). In the latter case, the low number of micro- and
mesozooplankton found in the sample (n: 128) precludes
making generalizations. For each ecological domain, the
95% confidence intervals showed more increases at
small than at large biomass size range, without a clear
pattern across each spectrum.

Multiple comparison of NBSS slopes revealed signifi-
cant differences among the ecological domains defined
(F5,96: 5.31, P , 0.001). Two groups were defined
according to slope similarity: Group 1, encompassing
CSW, BMC and nighttime samples from AW and SAW,
and Group 2, with slopes significantly more negative and
comprising daytime samples from AW and SAW (Tukey’s

Table IV: The average and maximum value (in parenthesis) of density and biomass for other
zooplankton for both size fractions and their relative contribution during summer 2001

CSW BMC SAW AW ORK
Stations 1–3 4–12 13–16 17–23 24

Non-copepod mesozooplankton
Density (ind. L21)

.300 mm 0.45 (1.32) 0.06 (0.19) 0.18 (0.60) 0.07 (0.46) 0.03
,300 mm 0.07 (0.17) 0.06 (0.23) 0.48 (1.24) 0.03 (0.14) 0.02
All 0.52 (1.49) 0.12 (0.42) 0.66 (1.30) 0.10 (0.51) 0.05

Relative contribution (%)
.300 mm 63 55 26 66 62
,300 mm 37 45 74 34 38

Biomass (mg C m23)
.300 mm 0.63 (1.9) 2.6 (6.5) 2.5 (9.8) 4.9 (33) 0.043
,300 mm 0.06 (0.20) 0.13 (0.80) 0.40 (1.4) 0.009 (0.05) 0.003
All 0.68 (2) 2.8 (6.5) 3 (11) 5 (33) 0.046

Relative contribution (%)
.300 mm 64 81 70 80 94
,300 mm 36 19 30 20 6

Microzooplankton (ind. L21) 1.05 (1.60) 90 (300) 200 (650) 36 (124) 16
Microzooplankton (mg C m23) 5 (5.1) 201 (380) 380 (780) 270 (580) 160
Other unicellular microp. (ind. L21) 2300 (6700) 620 (1800) 1500 (2900) 4000 (17 500) 60 000

Microzooplankton: tintinids, foraminifera and radiolarians. Other unicellular microp.: Other unicellular microplankton (dinoflagellates, diatoms and
silicoflagellates). CSW, Continental Shelf Waters; BMC, Brazil-Malvinas confluence; SAW, Subantarctic Waters; AW, Antarctic Surface Waters; ORK,
South Orkney Shelf Waters.
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HSD, q0.05,100,6 . 5, P , 0.05, Fig. 7B). When consider-
ing these two groups of NBSS, intercept comparison
inside each group showed significant differences among
ecological domains (Group 1: F3,72: 16.61, P , 0.001;
Group 2: t0.05(2),26: 2.04, P: 0.017). Total biomass was
significantly higher in CSW and decreased to the
south, with lower values in nighttime AW (Group 1). In
addition, daytime SAW showed higher biomass than
daytime AW (Group 2; Fig. 7B). These results suggest
that both the slope and the intercept of NBSS within
each ecological domain (including daytime/nighttime
divisions) reflect environmental differences among
domains.

TL estimations of zooplankton communities were
higher for the stations of Group 1, with estimated
values of 5.9 for BMC and, 4.7 for AW at night, 4.2 for
CSW and 3.6 for SAW at night. Group 2 showed

similar, lower values of TLs for both AW and SAW
daytime stations (2.9 and 2.7, respectively).

D I S C U S S I O N

Hydrological conditions and plankton
community structure

This was the first large mesoscale survey covering, in a
single transect, five ecological domains within the SAO
during summer. Previous large mesoscale surveys
(.2 � 103 km) on zooplankton abundance in the South
Atlantic Ocean have been mostly carried out up to
498S during Atlantic Meridional Transect cruises
(Gallienne and Robins, 1998; Woodd-Walker et al.,
2002; Robinson et al., 2006; San Martin et al., 2006).

Fig. 4. The density and relative contribution of microzooplankton (tintinids, foraminifera and radiolarians) and other unicellular microplankton
(dinoflagellates, diatoms and silicoflagellates) to the density of microplanktonic protists. The circle size is proportional to the absolute values of
density. Other unicellular microp.: Other unicellular microplankton.
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The present study corroborates previous findings indi-
cating that variations in zooplankton abundance and
community size structure are significantly related to the

presence of frontal systems defining community bound-
aries (Tables II–IV). Differences in copepod compos-
ition and densities have been reported north and south
of the Subantarctic Front (Woodd-Walker et al., 2002;
Berasategui et al., 2005) and between Continental Shelf
Waters and the BMC (Berasategui et al., 2006). On the
other hand, similarities in copepod composition but dif-
ferences in their density and biomass were reported
north and south of the Polar Front (Thompson et al.,
2012). Probably as a result of the use of a 20-mm mesh
net, the present study also detected differences in the
body length distribution of copepods and other zoo-
plankton among ecological domains (Fig. 5), together
with differences between daytime and nighttime distri-
butions in the upper water column mainly from the
SAW and AW domains.

The predictive values of environmental variables in
the spatial distribution of the ,300-mm fraction and
their main components (nauplii larvae, Oithona similis,
and the harpacticoid Microsetella norvegica) complemented
previous results in this respect (Tables V and VI). SST
accounted for the largest proportion of variability in
abundance and biomass of this size fraction in the
Drake Passage waters during summer (Thompson et al.,
2012). Studies based on mesh sizes .330 mm showed
that SST and salinity were important predictors of cope-
pods composition in the SAO (Berasategui et al., 2005),
while others have suggested that SST is more important
than chlorophyll a in defining plankton assemblages in
the Southern Ocean (Chiba et al., 2001; Ward et al.,
2012). The fact that chlorophyll a is a good predictor of
density and biomass of the ,300-mm fraction but not
for the .300-mm fraction suggests a higher depend-
ence of the former fraction on phytoplankton as a food
source (Table V). López and Anadón (López and
Anadón, 2008) concluded that small copepods and
nauplii accounted for a higher amount of total chloro-
phyll ingestion than larger copepods. The use of finer
mesh nets has revealed the numerical relevance of these
organisms in the SAO (Thompson, 2001) and, more
recently, in Argentine Continental Shelf Waters (Di
Mauro et al., 2009), in Antarctic Waters of the Atlantic
Sector (Ward et al., 2012) and in the Drake Passage
(Thompson et al., 2012).

The ratios of heterotrophic/autotrophic biomass
estimated from zooplankton biomass data (Fig. 3),
chlorophyll a biomass (Fig. 1) and the C:Chl a latitudin-
al relationship (Taylor et al., 1997) showed averaged
values over 1 for each domain (CSW: 1.5; BMC: 3.3;
SAW: 1.7 and AW: 2.1) except for ORK (0.33).
Although it cannot be discounted that the ratios found
were attributable to an artifact introduced by the spatial
(depth) and temporal data bias (see below), these results

Table V: Summary of results from the
Bio-Env method based on Spearman’s rank
correlations (rs) between both zooplankton size
fractions separate and together and
environmental variables

Fraction
Number of
variables

Correlation
(rs)

Variable
selections

Density
All 2 0.499 SST, Chl. Fl.

3 0.499 SST, Chl. Fl.,
Salinity

,300-mm size
fraction

2 0.483 SST, Chl. Fl.
3 0.483 SST, Chl. Fl.,

salinity
.300-mm size
fraction

2 0.240 SST, salinity

Biomass
All 2 0.470 SST, Chl. Fl.

3 0.470 SST, Chl. Fl.,
Salinity

,300-mm size
fraction

2 0.464 SST, Chl. Fl.
3 0.464 SST, Chl. Fl.,

Salinity
.300-mm size
fraction

2 0.255 SST, salinity

Only the results for best possible solutions are presented. SST, sea
surface temperature; Chl. Fl, chlorophyll fluorescence.

Table VI: Results of stepwise multiple
regression analyses for the dependent variables
[copepod species and associated zooplankton
taxa, density or biomass (log-transformed
data)] and the independent environmental
variables (SST, AVHRR-SST; SW Chl a,
SeaWIFS Chl a)

Dependent
variable

Statistically
significant
independent
variable B SE B P-value R2

Density
Copepod nauplii SST 1.145 0.285 0.002 0.82

SW Chl a 1.809 0.421 0.001
Oithona spp. SW Chl a 2.320 0.754 0.015 0.69
Microsetella
norvegica

SST 0.890 0.320 0.021 0.73

Biomass
Copepod nauplii SST 1.001 0.310 0.007 0.78

SW Chl a 1.542 0.458 0.007
Oithona spp. SW Chl a 2.153 0.769 0.023 0.67
Microsetella
norvegica

SST 0.944 0.347 0.024 0.68

Only significant relationships are shown.
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suggested a dominance of heterotrophic over autotroph-
ic biomass, which corresponds to an inverted biomass
pyramid (IBPs; Gómez-Canchong et al., 2013). IBPs
have been observed in both coastal waters and the
upper layer of open oceans (Gasol et al., 1997). Del
Giorgia et al. (Del Giorgio et al., 1999) hypothesized that
a high growth rate of prey and a low death rate of pre-
dators lead to an IBP. In this sense, the higher contribu-
tion of nanophytoplankton (with a high growth rate) to
total chlorophyll a biomass, and the higher contribution

of nauplii and cyclopoid copepods (with a low death
rate; Paffenhöfer, 1993; Gallienne and Robins, 2001) to
total zooplankton in the study area, gives support to the
existence of IBPs during the study season.

Methodological considerations of the NBSS

Some possible methodological limitations of the present
study should be recognized in view of their potential in-
fluence on the NBSS:

Fig. 5. The relative contribution of different sized copepods and other zooplankton for each station (1, ,250 mm; 2, 250–500 mm; 3,
500–750 mm; 4, 750–1000 mm; 5, 1000–1500 mm; 6, 1500–2000 mm; 7, 2000–4000 mm total length). White dots indicate daylight samples.
Black dots indicate night samples. CSW, continental shelf waters; BMC, Brazil-Malvinas confluence; SAW, Subantarctic waters; AW, Antarctic
Surface Waters.
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(i) The analysis of the zooplankton community is
restricted to microzooplankton and mesozooplank-
ton smaller than 4000 mm. The comparison of
zooplankton counts from an in-line pump system
and the further filtering onto a 200-mm mesh
gauze against those obtained from the simultan-
eous use of a standard 200-mm WP2 net yielded
similar results (Gallienne and Robins, 1998). Based
on these authors’ assertion that the pump might
undersample only zooplankton .8000 mm we
consider that the counts performed for the present
study (organisms with sizes up to half this value)
are acceptably accurate.

(ii) Sampling at a fixed depth of 9 m results in missing
part of the plankton community and leads to bias
in the interpretation of NBSS results. Accurate
spectra of a pelagic system should be obtained
from a representative part of the water column;
therefore a fixed depth could bias interpretation of
results. Previous studies showed that NBSS slope
was less negative (flattened slope) with increasing
depth, which indicates an increase in the relative
importance of larger microplankton from the
surface to the bottom of the euphotic zone
(Rodriguez and Mullin, 1986a). The fixed depth
also restricts the results, thus reflecting only partial-
ly the signal derived from zooplankton vertical mi-
gration. However, at least part of the zooplankton

diel migration has been detected at 9 m, according
to changes in the NBSS slope between daytime
and nighttime. The latter was characterized by a
significantly higher contribution of larger zoo-
plankton (body length .750 mm, Fig. 5), which
supports previous findings by Mullin et al. (Mullin
et al., 1975) and corroborates the suggestion that
the spectrum in the euphotic zone can be altered
by nocturnal immigration of larger organisms
(Rodriguez and Mullin, 1986b). It is likely that
slope differences between daytime and nighttime
would have been greater if larger organisms (4–
8 mm) or a representative portion of the water
column were considered. Rodriguez and Mullin
(Rodriguez and Mullin, 1986b) found an increase
in biomass in the upper 100 m at night during
summer mainly due to the increase of this size
range.

(iii) No small gelatinous zooplankton (e.g. salps, sipho-
nophores, medusae, ctenophores, etc.) were col-
lected in this study, indicating that these fragile
organisms were destroyed by the pumping system.
Destruction of fragile organisms is a well-known
problem also when sampling with nets (Remsen
et al., 2004), and it can introduce bias in the size
structure estimate. Gelatinous zooplankton can
dominate the zooplankton biomass in bays and
enclosed seas, but their distribution and abundance

Fig. 6. The size (mean+standard deviation) frequency distribution of copepod nauplii and Oithona spp. considering daytime and nighttime
samples.
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patterns in the ocean are poorly known (Mianzan
et al., 2001). Vinogradov (Vinogradov, 1997) deter-
mined a carbon contribution for gelatinous zoo-
plankton between 25 and 40% of the plankton in
the Pacific Ocean. If the fragile organisms were
underestimated, then some of the larger size classes
considered in our analyses would be underesti-
mated, implying that the slope should be more posi-
tive (flattened slope) than that determined
(Quiñones et al., 2003).

(iv) Level of precision of biomass values estimated
from published conversion factors. The sources of
error and uncertainty have been estimated as

overall biomass confidence limits. Most of the
existing methods for estimating zooplankton
biomass from net samples are not completely satis-
factory. Unfortunately, up to now this is the only
way of estimating planktonic biomass without the
interference of detrital particles, since automatic or
semiautomatic methods based on the Coulter prin-
ciple (counting and sizing of “particles”) cannot
discriminate between organisms and detritus
(Alcaraz et al., 2003). In spite of this uncertainty,
biomass values obtained in the present study for
the .300-mm fraction were comparable to the
zooplankton biomass conversion of OPC counts

Fig. 7. (A) A spatial distribution of NBSS slopes of plankton; only stations with significant slopes are plotted. (B) NBSS in carbon units of
plankton for each ecological domain. Straight lines are the least-square regressions fitted to the data. Error bars indicate the 95% confidence
intervals. CSW, Argentine continental shelf waters; BMC, Brazil-Malvinas confluence; SAW, Subantarctic waters; AW, Antarctic Surface Waters;
d, daytime; n, nighttime. Group 1 and Group 2 defined from Tukey’s multiple comparison tests of slopes.
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for the 0.25–2 mm equivalent spherical diameter
(lengths between 0.5 and 4 mm) range for BMC
(Gallienne and Robins, 1998) and for AW (Pollard
et al., 2002). We found up to 21 mg C m23 (except
for stations 7: 170 mg C m23) for BMC and
an average of 5.6 mg C m23 for AW (Fig. 3,
Tables III and IV), while OPC counts estimated,
respectively, from 14 to 36 mg C m23 and between
4 and 10 mg C m23. Furthermore, the validity of
slopes of NBSS was corroborated by the estimation
of biovolume spectra (data not shown). Biovolume
estimates were not subject to the same uncertainty
as carbon estimates, as the accuracy of the former
do not depend on differences in the plankton com-
munity composition. NBSS slopes in biovolume
units were somewhat more positive (flatter) than in
carbon units, which agrees with previous findings
(Quiñones et al., 2003).

NBSS slopes and dome-like feature

Caution must be applied in using the size spectrum as
a zooplankton descriptor by keeping in mind data bias
due to the methodological problems previously
described. These limitations suggest that slope values
(NBSS slopes less negative than 21; Fig. 7A and B)
should be interpreted carefully. Flat slope values were
in agreement with (and complement) previous findings
for the Atlantic Ocean. San Martin et al. (San Martin
et al., 2006) found flat slopes (i.e. less negative than the
theoretical prediction of 21.22) for the BMC and
SAW domains (means of 21.10 and 21.13, respect-
ively, integrated data from 0 to 50 m depth) and for
the Atlantic Ocean (498N-498S). NBSS and their flat
slopes suggested for summer (this study), autumn and
spring (San Martin et al., 2006) seasons a higher pro-
portion of large organisms in relation to the smaller
ones in the zooplankton communities of the SAO. As
stated previously, if deeper waters had been included
in our analyses, the contribution of larger organism to
NBSS would have been higher (Rodriguez and Mullin,
1986a). A higher proportion of large organisms than
expected at equilibrium suggested that more biomass
was transferred up the spectrum (high efficiency) and
more carbon was available to higher TLs (San Martin
et al., 2006).

Latitudinal change in NBSS slope values observed in
oceanic waters (Fig. 7A) also have been reported for
large-scale studies in the Atlantic (San Martin et al.,
2006) and North Pacific (Fukuda et al., 2012) Oceans.
Slope changes in our study might have been related to
modifications in zooplankton structure among different

domains, due to variations in copepod and non-
copepod composition, abundance and biomass values
(Tables II–IV), which were correlated with variations in
environmental factors, such as chlorophyll a and SST
(Table V). San Martin et al. (San Martin et al., 2006)
suggested that changes in NBSS slopes were related to
possible modifications in trophic coupling between
primary and secondary producers due to latitudinal in-
crease in seasonality. On the other hand, Fukuda et al.
(Fukuda et al., 2012) suggested that differences in the
presence of large predators affected the NBSS slopes;
however, these authors did not quantified micro-sized
(,335 mm) taxa.

One particular feature of the NBSS was the dome-
like feature of biomass, such as the one observed in the
BMC (Fig. 7B). Domes are generated within a single
trophic position (secondary specific production; Dickie
et al., 1987) and are the result of the interaction of
opposing energetic processes: gross production, grazing
efficiency and the ratio of body size between predator
and prey (Boudreau et al., 1991). Although it cannot be
completely ruled out that in our study the dome could
be an artifact introduced by the bias of data, the BMC
had some properties that support the presence of a
dome; the BMC showed the most complex trophic
interactions (high TL), and the highest value of total
biomass (NBS intercept, Fig. 7B) for the oceanic
domains covered in this study. The BMC is also a tran-
sition zone in which most species found together have
their distribution centers elsewhere (Boltovskoy, 1986;
Tarling et al., 1995). The highest TL might be due to
the presence of carnivorous zooplankton like the cope-
pods Neocalanus tonsus, Labidocera sp. and Metridia lucens

(Haq, 1967; Ohman, 1987; Doi et al., 2010) or euphau-
siids (Meyer et al., 2002) ingesting copepods that could
have derived their energy from omnivorous diets, like
Oithona sp, Ctenocalanus sp. and Calanus simillimus

(Kleppel et al., 1988; Zeldis et al., 2002; Schmidt et al.,
2003; Pond and Ward 2011) or like naupliar forms,
which can act as a trophic link between the microbial
and classical food webs (Turner and Roff, 1993; López
et al., 2007). These groups, together with herbivorous
(pteropods and Clausocalanus sp.; Lalli and Gilmer,
1989; Pasternak et al., 2005) and detritivorous (harpacti-
coid copepods; Bradford-Grieve et al., 1999) specimens,
showed the complexity of trophic interactions.
According to this, we suggest that the dome-shaped
curve obtained might be a manifestation of the effect
of the temporal pulses of production (Boudreau et al.,
1991; Brandini et al., 2000; Barré et al., 2006) due to the
interactions between the Brazil and Malvinas currents
(Barré et al., 2006) during the period of study.
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NBSS: trophic interactions

Higher trophic values, related to a flatter NBSS slope,
reflect stronger trophic coupling (Zhou, 2006; Basedow
et al., 2010); however, bias of the data could affect the
accuracy of TL estimates. Considering this, dissimilar
TLs were used as an indicator of the trophic coupling
between phytoplankton and zooplankton. The spatial
and temporal fluctuation of zooplankton feeding forms
in each domain or, when appropriate, in daytime and
nighttime groups of stations were reflected in dissimilar
values of TLs. Carnivorous zooplankton like Rhincalanus

gigas, Neocalanus tonsus, Metridia lucens and euphausiids
were mostly observed during nighttime, resulting in
increases of TLs at SAW and AW. Changes in the com-
position of the phytoplankton community were also
reflected in changes in TLs. High microphytoplankton
(.10 mm chl a) concentrations, registered in SAW, were
related to high contribution of herbivorous (i.e.
Calocalanus tenius, Clausocalanus sp.; Table III) zooplank-
ton, a weak trophic coupling and a decrease of TLs,
while low concentrations of microphytoplankton (BMC
and AW) were linked to high contribution of omnivor-
ous (i.e. Ctenocalanus sp., Calanus sp. and Oithona sp.;
Table III) zooplankton and implied a strong trophic link
and an increase of TLs, which agrees with previous
finding at an Arctic polar front (Basedow et al., 2010).

In conclusion, this mesoscale study of the SAO
reveals the importance of small zooplankton in structur-
ing the biomass of the community, in spite of the
acknowledged methodological limitations. The
,300-mm fraction was dominant in terms of abun-
dance in the five domains CSW, BMC, SAW, AW, ORK
and in terms of biomass in SAW, AW and ORK.
Chlorophyll a was found to be a good predictor for
abundance and biomass values within this fraction. The
heterotrophic/autotrophic ratios suggested the existence
of IBPs in the study area. Dissimilarities in the contribu-
tion of chlorophyll a size fractions, jointly with the dis-
similarities in the complexity and dominance of feeding
forms of copepods and other zooplankton among eco-
logical domains provide support to the IBPs. We
propose that environmental differences between water
masses in the SAO during summer are reflected in the
NBSS, slopes and trophic structure of the plankton
community. Despite some factors that may have influ-
enced NBSS estimations (see above), trends in biomass
spectra in relation to dissimilar hydrological conditions
represent a first approach and are thought to deserve
further investigation which should include depth inte-
grated and season-based evaluations of plankton size
structure in the SAO.
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López, E., Viesca, L. and Anadón, R. (2007) Seasonal variation in
abundance and feeding rates of the first stages of copepods in a
temperate sea. Mar. Ecol. Prog. Ser., 352, 161–175.

Matano, R. P., Palma, E. D. and Piola, A. R. (2010) The influence of
the Brazil and Malvinas currents on the Southwestern Atlantic
Shelf circulation. Ocean Sci., 6, 983–995.

Mauchline, J. (1998) The biology of calanoid copepods. In Blaxter, J. H. S.,
Southward, A. J. and Tyler, P. A. (eds), Adv Mar Biol. Academic
Press, London.

Meyer, B., Atkinson, A., Stubing, D. et al. (2002) Feeding and energy
budgets of Antarctic krill Euphausia superba at the onset of winter—I.
Furcilia III larvae. Mar. Biol., 47, 943–952.
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biogeografı́a de Tintinnina (Protozoa: Ciliata). Ph.D. thesis.
Universidad Buenos Aires, Buenos Aires.

Thompson, G. A., Alder, V. A. and Boltovskoy, D. (2001) Tintinnids
(Ciliophora) and other net microzooplankton (.30 mm) in
Southwestern Atlantic shelf break waters. P.S.Z.N.: Mar. Ecol., 22,
343–355.

Thompson, G. A., Alder, V. A., Boltovskoy, D. et al. (1999) Abundance
and biogeography of Tintinnids (Ciliophora) and associated micro-
zooplankton in the Southwestern Atlantic Ocean. J Plankton Res.,
21, 1265–1298.

JOURNAL OF PLANKTON RESEARCH j VOLUME 35 j NUMBER 3 j PAGES 610–629 j 2013

628



Thompson, G. A., Dinofrio, E. O. and Alder, V. A. (2012) Interannual
fluctuations in copepod abundance and contribution of small forms
in the Drake Passage during austral summer. Helgoland Mar. Res., 66,
127–138.

Turner, J. T. and Roff, J. C. (1993) Trophic levels and trophospecies in
marine plankton: lessons from the microbial food web. Mar. Microb.

Food Webs, 7, 225–248.

Verity, P. G. and Langdon, C. (1984) Relationships between lorica
volume, carbon, nitrogen, and ATP content of tintinnids in
Narragansett Bay. J. Plankton Res., 6, 859–868.

Vinogradov, M. E. (1997) Some problems of vertical distribution of
meso- and macroplankton in the ocean. Adv. Mar. Biol., 32, 1–92.

Ward, P., Atkinson, A. and Tarling, G. (2012) Mesozooplankton com-
munity structure and variability in the Scotia Sea: a seasonal com-
parison. Deep-Sea Res. II, 59, 253–266.

Watts, J. and Tarling, G. A. (2012) Population dynamics and produc-
tion of Themisto gaudichaudii (Amphipoda, Hyperiidae) at South
Georgia, Antarctica. Deep-Sea Res. II, 59–60, 117–129.

Wiebe, P. H. (1988) Functional regression equations for zooplankton
displacement volume, wet weight, dry weight, and carbon: a correc-
tion. Fish. Bull., 86, 833–835.

Wiebe, P. H., Boyd, S. and Cox, J. L. (1975) Relationships between
zooplankton displacement volume, wet weight, dry weight and
carbon. Fish. Bull., 73, 777–786.

Woodd-Walker, R. S., Ward, P. and Clarke, A. (2002) Large-scale
patterns in diversity and community structure of surface water cope-
pods from the Atlantic Ocean. Mar. Ecol. Prog. Ser., 236, 189–203.

Zar, J. (1999) Biostatistical Analysis. Prentice-Hall Inc., Englewood
Cliffs, NJ.

Zeldis, J., James, M. R., Grieve, J. et al. (2002) Omnivory by copepods
in the New Zealand Subtropical Frontal Zone. J Plankton Res, 24,
9–23.

Zhou, M. (2006) What determines the slope of a plankton biomass
spectrum. J. Plankton Res., 28, 437–448.

Zhou, M. and Huntley, M. E. (1997) Population dynamics theory of
plankton based on biomass spectra. Mar. Ecol. Prog. Ser., 157, 61–73.

Zhou, M., Tande, K. S., Zhu, Y. et al. (2009) Productivity, trophic
levels and size spectra of zooplankton in northern Norwegian shelf
regions. Deep-Sea Res. II., 56, 1934–1944.

Zhou, M., Zhu, Y. and Peterson, J. O. (2004) Growth and mortality of
mesozooplankton during the austral winter in Marguerite Bay and
its vicinity. Deep-Sea Res. II, 51, 2099–2118.

G. A. THOMPSON ET AL. j ABUNDANCE, DISTRIBUTION AND SIZE STRUCTURE OF COPEPOD

629



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /JPXEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /JPXEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


