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Abstract This long-term study, performed during the
years 2003-2005 and 2008-2009, investigated the car-
bon (C), nitrogen (N), and phosphorus (P) contents of
the phyto- and zooplankton communities and the nutri-
ent regime of Cabo Frio Bay, SE Brazil. The information
intends to serve as baseline of the plankton C, N, and P
stoichiometry for the calibration of biogeochemical and
ecological models in support to future findings related to
the local and regional phenomena of climatic change.
Cabo Frio Bay is a small semienclosed system set
adjacent to a region subject to sporadic coastal upwell-
ing. Zooplankton exhibited average annual C, N, and P
contents of 11.6+£6.9 %, 2.8+1.8 %, and 0.18+0.08 %,
and phytoplankton (>20 um) 6.8+6.0 %, 1.6+1.5 %, and
0.09+0.08 %, respectively. The C/N/P ratios correspond
to the lowest already found to date for a marine envi-
ronment. The low C contents must have been brought
about by a predominance of gelatinous zooplankton,
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like Doliolids/ Salps and also Pteropods. Average annu-
al nutrient concentrations in the water were 0.21
+0.1 uM for phosphate, 0.08+0.1 uM for nitrite, 0.74
+1.6 uM for nitrate, and 1.27+1.1 uM for ammonium.
N/P ratios were around 8:1 during the first study period
and 12:1 during the second. The plankton C/N/P and
N/P nutrient ratios and elemental concentrations suggest
that the system was oligotrophic and nitrogen limited.
The sporadic intrusions of upwelling waters during the
first study period had no marked effect upon the systems
metabolism, likely due to dilution effects and the short
residence times of water of the bay.

Keywords Phytoplankton - Zooplankton - C/N/P- Cabo
Frio Bay, SE Brazil

Introduction

Carbon (C), nitrogen (N), and phosphorus (P) corre-
spond to the prime biogenic elements necessary for the
sustenance of primary production and the food webs of
marine ecosystems, and once established, the autotro-
phic and heterotrophic plankton communities also
control the concentrations of these elements in the
marine realm (Elser and Hassett 1994; Tyrrell 1999;
Klausmeier et al. 2004). Weber and Deutsch (2010)
observed that the N/P ratio is subject to latitudinal
variation. They found an N/P ratio of 12:1 in the
Southern Ocean and 20:1 in the Polar region. Further-
more, the elemental composition of the plankton com-
munities can change over time in response to nutrient
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availability. Rau et al. (2003) studied a series of 51
years of the isotopic composition SN/'N in the plank-
ton of the region off central California and found that
some species alter their '>N/**N composition in re-
sponse to climate change like El Nifio. Additionally,
Capone (2001) suggest than marine nitrogen fixation is
one of the key components in a suite of interactions and
feedbacks between the ocean and atmospheric CO,.
The marine ecosystems can store 50 times more inor-
ganic carbon than the atmosphere, and, consequently,
some marine primary producers can play an important
role in controlling the global climate (Downing 1997).

Primary and secondary plankton production sus-
tains over 90 million tons per year of marine organisms
used for human consumption (FAO 2008). Information
on the carbon (C), nitrogen (N), and phosphorus (P)
concentrations of marine plankton (i.e., C/N/P stoichi-
ometry) and associated factors that regulate marine
production are a prerequisite for material budgetary
assertions, ecological monitoring of the food web,
and the detection of likeable climate change effects,
being thus also of social and economic value.

Brazil harbors a coastline with an extension of
7367 km (5°16'19" N to 33°45'09" S), which stretches
along more than 60 % of the Southwest Atlantic Ocean
margin (Ekau and Knoppers 1999). In spite of the man-
ifold studies dealing with the species composition of
plankton, there is great paucity of information on the
elemental composition of phyto- and zooplankton, with
some data being restricted to the oligotrophic South
Equatorial Current, which impinges upon the continen-
tal shelf of the Northeast and the Brazil Current along
the East (Schwamborm et al. 1999; Ara 2001).

The southeastern Brazilian coast and shelf between
22° S (Cabo de Sao Tomé) and 28° S (Cabo de Santa
Marta Grande) are prone to the highest fisheries yields
of Brazil. This is in part due to the presence of three
local areas of surface coastal upwelling, set off Cabo de
Sdo Tomé (22° S), Cabo Frio (23° S), and Cabo de
Santa Marta Grande (28° S), and sub-surface shelf-
edge upwelling along the entire SE Brazil Shelf
(SEBS) (Rossi-Wongtschowski and Madureira 2006;
Marone et al. 2010). However, the intensity, spatial
coverage, and biological production of the local inter-
mittent surface upwelling systems of SE Brazil does by
far not reach those of the large and permanent upwell-
ing regions of the western active continental margins of
the world (Walsh 1988).
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The Cabo Frio upwelling region is of ecological and
economic importance (fisheries and tourism) and
serves for the recruitment of species like squids, sar-
dine, and anchovy (Valentin 2001). The abundance of
organisms during upwelling events provides a source
of food for species at the top of the food chain such as
carnivorous fish, seabirds, and marine mammals.

The aim of this study was to investigate the C, N,
and P concentrations of the plankton community from
the semienclosed Cabo Frio Bay, set slightly eastwards
of the main focus of the Cabo Frio upwelling, verify if
it is influenced by intrusions of the Cabo Frio upwell-
ing and how they affect the nutrient regime and the
C/N/P stoichiometry of the bay's waters.

Methods
Study area

Cabo Frio Bay is a small enclosed embayment located
along the east-west-oriented coast of Cabo Frio, State of
Rio de Janeiro, SE Brazil (23°01" S, 42°00" W, Fig. 1).
The bay has a surface area of approximately 7 km? a
mean depth of 12 m, and is embedded between the Cabo
Frio promontory and Cabo Frio Island (Fig. 1). It has
access to the sea via two openings. The 150-m wide and
18-38-m deep Boqueirdo Channel, set at its southern
premises between the promontory and Cabo Frio Island,
and the 1.5-km wide and 9—15-m deep opening in the
north, between the Cabo Frio and Porcos islands (Fig. 1).

The climate governing the Cabo Frio promontory is
typical of a local microclimate being close to Kdppen
Type BSw, governed by hot and dry north-northeasterly
winds in spring and summer and the passage of colder SE
polar fronts during autumn and winter, and a low annual
average rainfall of 823 mm. The contribution of fresh
water inflow is unknown, only few intermittent rivulets
mark the area, and the average evaporation/precipitation
balance ratio is 1.3 (Barbieri 1984).

Apart from its climate and physiographical configu-
ration, Cabo Frio Bay still lacks further information on
the governing physical-biogeochemical processes. As
this contribution addresses for the first time the C/N/P
stoichiometry of its plankton and the influence of al-
lochthonous sources upon, it becomes necessary to de-
scribe the boundary conditions of the oceanographical
processes operating on the shelf, which potentially may
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Fig. 1 Sampling site at the
Cabo Frio Bay, RJ, Brazil
41°W
- 23°S
24°S

affect the bay by the exchange of water through its
southern and northern accesses to the sea.

The Cabo Frio coastal-shelf region, including Cabo
Frio Bay, constitutes an unusual local realm of the
tropical Brazilian coast. The region is located at the
oceanographical, geomorphological, and biogeograph-
ical transition zone between the East Brazil Shelf
(EBS) and the northern portion of the SEBS (Castro
and Miranda 1998; Knoppers et al. 1999; Mahiques
et al. 2005; Marone et al. 2010). The division between
both shelf sectors is particularly marked by a sudden
switch in the direction of the coast and shelf from
north—south (i.e., EBS) towards east-west (i.e., SEBS)
(Fig. 1). When northeasterly trade winds prevail in
spring and summer, coastal upwelling of waters off
Cabo Frio is induced. The upwelling events are also
enhanced by a bathymetrical effect due to the direc-
tional shift of the shelf, forcing the northwards deeper
flowing colder South Atlantic Central Waters (SACW)
to proliferate from the shelf edge along the shelf
bottom to the inner shelf (i.e., subsurface upwelling).
Concomitant to the interplay between these features,
the oligotrophic southwards meandering Brazil current
(BC) flows closer to the coast and shear effects by the

41°"W

sudden shift in direction of the shelf generate local
eddies (Castro and Miranda 1998; Carbonel 2003;
Calado et al. 2010; Belém et al. 2003).

The water masses that interact on the Cabo Frio
shelf, and potentially affect Cabo Frio Bay, are the
tropical surface waters (TSW) of the BC (TSW; tem-
perature >20 °C, salinity>36), the coastal waters (CW;
temperature>18 °C, salinity<35), and the SACW (tem-
perature 6 to <18 °C; salinity, 34.5-35.9) (Castro and
Miranda 1998; Braga and Niencheski 2006). The
dissolved inorganic nitrogen (DIN) and phosphorous
(DIP) concentrations of SACW at the shelf edge
(z=150 m) oscillate around 10-20 uM DIN and
0.3-0.8 uM DIP, which diminish after mixing with
the nutrient poor CW and/or TSW during upwelling
up to the surface at the inner shelf (Knoppers and
Pollehne 1991; Belém et al. 2003). The upwelling
waters at the surface are manifested by a slightly
colder plume, generally >16 °C after upward mixing,
and reaches on average 104 km in a SSE direction
(Castro et al. 2006).

The Cabo Frio inner shelf waters exhibit a primary
productivity of 2-14 mg Cm > h™' (Gonzalez-Rodriguez
et al. 1992). Primary production rates integrated over a
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30-m water column from 0.5 to 0.8 g C m > day ' have
been registered during upwelling in summer (Knoppers
and Pollehne 1991). The plankton community is domi-
nated by diatoms (Asterionella glacialis, Skeletonema
costatum, Chaetoceros sp., Rhizosolenia sp., Paralia
sulcata, Melosira nummuloides, Diploneis bombus,
Diploneis didyma, Pleurosigma naviculaceum, Pleuro-
sigma nomani, Pleurosigma elongatum, Nitzschia
closterium, Nitzschia panduriformis, Nitzschia sigma,
Rhaphoneis surirella, Navicula pennata, Cocconeis
scutellum, Licmophora abbreviata, and Cyclotella
stylorum), the copepods (Euaetideus giesbrechti, Halop-
tilus longicornis, Rhincalanus cornutus, Temeropia
mayumbaensis, Pleuromamma piseki, Heterorhabdus
papilliger, Calanoides carinatus, and Ctenocalanus
vanus), and Tunicates (Salps and Doliolida) (Bassani
et al. 1999). Furthermore, the area has a distinct biolog-
ical community in comparison to other tropical coastal
regions of Brazil, with the presence of some cold-water
planktonic species, mollusks and fish (i.e., Sargocentron
bullisi) endemic to this region (Figueiredo and Menezes
1980; Absaldo 1989).

Sample collection

A total of 134 water samples and 24 plankton samples
were collected at a fixed station at the southern pre-
mises of Cabo Frio Bay (Fig. 1). The water samples
were collected at the surface and the bottom layers with
a Nansen bottle at weekly intervals during two distinct
periods: from September 2003 to January 2005 and
from April 2008 to June 2009. The physico-chemical
parameters in the water samples were analyzed by the
Brazilian Navy Research Institute (Instituto de Estudos
do Mar Almirante Paulo Moreira). Temperature was
measured with a reversing thermometer and the dissolved
inorganic nutrients (phosphate, nitrate, nitrite, and am-
monium) were determined according to Grasshoff et al.
(1983).

The plankton samples were collected monthly in
the Cabo Frio Bay during the same periods (from
September 2003 to January 2005 and from April
2008 to June 2009). Only during January of 2009,
the sampling was performed weekly. Plankton sam-
ples were taken by horizontal hauls with nets with
the following mesh sizes: 64 and 100 pm (during
2003-2005), and 20, 64, and 150 um (during 2008—
2009).
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Analytical techniques

The plankton samples were lyophilized during 24 h
prior to carbon, nitrogen, and phosphorus determina-
tion. The C and N analysis were performed in triplicate
using a Perkin-Elmer elemental analyzer CHNS/O 2400
Series II. The equipment calibration and quality control
analysis were performed using the certified reference
material acetanilide. The results showed recoveries for
carbon of 100.5+0.3 % and nitrogen 100.7+0.2 %.

P was analyzed in triplicate employing the colori-
metric method adapted of Grasshoff et al. (1983).
About 15 mg of plankton was digested for 1 h
(150 °C) with oxidative solution (K,OgS,+H;BO;+
NaOH) in a pressure cooker. Thereafter, an ascorbic
acid solution containing sulfuric acid H,SO4 (50 %),
(NH4)¢M070,4.4H,0+K(SbO)C4H4O¢, and ultrapure
water was added to each sample. Then, samples were
rested in the dark for 30 min, and the phosphorus
concentration was determined. The quality control of
the analysis and spectrophotometer (Shimadzu) cali-
bration was obtained by employing blank samples and
standard with phosphate solution of 1,000 mg L
Merck”.

Results
Water properties

Figure 2 shows the results obtained for the physical—
chemical parameters during the study periods. During
the period of September 2003 to January 2005, the
mean water temperature was 22.5+1.6 °C (varying
from 18.2 to 26.4 °C) at the surface and 22.1+1.9 °C
(varying from 15.8 to 25.4 °C) at the bottom. Temper-
atures below 18 °C were registered five times during
this period, indicating the intrusion of upwelling wa-
ters in the bay. In contrast, the period from April 2008
to June 2009 exhibited warmer waters with mean tem-
perature of 23.0+1.5 °C (ranging from of 18.5 to
25.8 °C) at surface and 22.7+1.6 °C (ranging from
18.2 to 25.9 °C) in the bottom layer, and only one near
to negligible intrusion event of upwelling waters was
registered (Fig. 2).

Fig. 2 Temperature and concentrations (umol L") of phos- P>
phate, nitrate, nitrite, ammonium, and N/P ratio in water during
the periods of 2003-2005 (#=71) and 2008-2009 (n=63)
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The highest phosphate (PO, >) concentration was
found during 2003-2005 (mean of 0.21+0.1 pmol L
at the surface and 0.25+0.1 pumol L™ at the bottom).
Two phosphate concentration peaks occurred during
the intrusion of the upwelling waters (Fig. 2), while
during the 2008-2009 period, the mean phosphate
concentration was 0.19+0.1 pumol L™ in both surface
and bottom layers.

The mean nitrate (NO3; —N) concentration of the
water was 0.53£0.5 pmol L' (range, <0.05-2.29
+0.1 pmol L") at the surface and 0.49+0.4 pmol L™
(range, <0.05-2.28 umol L") at the bottom during the
period September 2003 to January 2005. The period
from April 2008 to June 2009 presented higher mean
nitrate concentrations of 0.8+1.1 umol L™ (range of
<0.05-7.5 pumol L") at the surface and 1.1£2.9
pmol L™ (range of <0.05-22.7 umol L") at the bot-
tom. Four nitrate peaks were found during 2003-2005,
being associated with the upwelling waters. In contrast,
the peak detected in March of 2009 did not show any
association with upwelling events (Fig. 2). No relation-
ship was found between water temperature and nitrate
and phosphate concentrations during the period of
April 2008 to June 2009.

Nitrite (NO, —N) attained mean concentrations of
0.05£0.03 pwmol L' (ranging from 0.01 to 0.15
pumol L") at the surface and 0.07+0.05 pmol L'
(ranging from 0.01 to 0.40 pmol L") and at the bottom
during the 2003—-2005 period. Concomitant to nitrate,
higher nitrite concentrations were obtained during the
2008-2009 period, with mean values of 0.10+0.16
umol L' (ranging from 0.05 to 1.0 umol L") at the
surface waters and 0.110.16 pmol L™" (ranging from
0.05 to 1.0 umol L") at the bottom (Fig. 2).

The ammonium (NH4 —N) concentrations varied
from 0.3 to 4.9 pumol L' (mean value of 1.0£0.6
umol L") at the surface and from 0.5 to 13.2
pumol L' (mean value of 1.5+1.9 pumol L") at the
bottom during the period of 2003—2005. During 2008—
2009, the ammonium concentrations varied from 0.5 to
2.6 umol L™ (mean value of 1.3+0.5 pumol L") at the
surface and from 0.4 to 2.5 umol L' (mean value of
1.340.5 umol L") at the bottom layer (Fig. 2).

The sum of nitrate, nitrite, and ammonium concen-
tration was employed to express the total dissolved
inorganic nitrogen (DIN) concentration of the waters
and form the N/P molar ratio. The N/P ratio regis-
tered when compared to the ideal demand by phyto-
plankton expressed by the Redfield ratio of N/P of 16:1
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(Redfield 1958) indicates which of these two elements
is the potential limiting nutrient for the sustenance of
primary productivity. The mean value for N/P ratio
during the period of 2003-2005 was 8.043.5 (at the
surface) and 8.5+5.4 (at the bottom), while during
the period of 2008-2009, the mean N/P ratio was
12.349.7at the surface and 11.6+£8.1 at the bottom
waters (Fig. 2). Henceforth, N was the predominantly
limiting nutrient species for the phytoplankton com-
munity during the first study period, but only moder-
ately limiting during the second period being attributed
to the higher nitrate concentrations.

C, N, and P composition of plankton

The data interpretation of the plankton samples collect-
ed by the nets with different mesh sizes was per
formed in accordance to the following groups of orga
nisms: >20 um (small phytoplankton), >64 pm
(phytoplankton), >100 um (zooplankton), and >150
um (zooplankton). However, this fractionation using
the net mesh size has drawbacks such as a mixture of
phytoplankton/zooplankton/inorganic particulate mat-
ter in different proportions. Nevertheless, this classifi-
cation according to the mesh size has been used in
many studies (Caetano and Vale 2003; Monterroso
et al. 2003; Pempkowiak et al. 2006). This classifica-
tion is justified because of the environmental charac-
teristics of Cabo Frio Bay and the kind of plankton
community in this region. The presence of phytoplank-
ton in the nets with meshes of 100 and 150 pum
is possible when longer cylindrical species like
Rhizosolenia sp. and long-chained diatoms prevail in
the region (Bassani et al. 1999). However, the predom-
inant phytoplankton in this region are the diatoms
<65 um and some dinoflagellates (Valentin and
Kempf 1977; Guenther et al. 2008).

The results from the period of 2003 to 2005 were
marked by five events of cooler water intrusions from
the Cabo Frio upwelling. Notably, the plankton com-
munity showed C and N contents ranging from 1.78 to
17.18 % C and from 0.48 to 4.07 % N for zooplankton
(100 um) and from 3.08 to 14.08 % C and from 0.58 to
3.23 % N for the phytoplankton (64 pum). In contrast,
during the period of 2008-2009, when upwelling in-
trusion events were negligible, the C and N contents in
the plankton community ranged from 3.65 to 28.18 %
C and from 0.97 to 7.21 % N for the zooplankton
(150 pum); from 0.50 to 27.28 % C and from <0.07 to
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6.93 % N for the phytoplankton (64 pm); and from
<0.27 t0 20.18 % C and from <0.07 to 4.94 % N for the
small phytoplankton (20 um) (Fig. 3).The range of P
contents was from 0.037 to 0.24 % for zooplankton
(100 pm) and from 0.010 to 0.219 % for the phyto-
plankton (64 pm) during the 2003—-2005 period, while
during 2008-2009, the P concentrations ranged from
0.089 to 0.346 % in the zooplankton community
(150 pm), from 0.010 to 0.332 % in the phytoplankton
(64 um), and from 0.001 to 0.300 % for the small
phytoplankton (20 um) (Fig. 3).
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10 umol L™, (exceptionally >15 pmol L™") for nitrate,
0.6-1 umol L™! for phosphate, >10 umol L' (occa-
sionally >15 umol L™") for silicate and temperature
between 12 and 16 °C were observed. In contrast, the
TSW waters of BC generally exhibit concentrations
of <1 umol (nitrate), 0.2 umol L' (phosphate),
<5 umol L' (silicate), and 22 to 26 °C (Valentin and
Kempf 1977; Bassani et al. 1999).

The nutrients concentration found in the water sam-
ples during the present work were within the lower
range of the historical data series reported in the liter-
ature for the Cabo Frio Coast (Moser and Gianesella-
Galvdo 1997; Bassani et al. 1999; Pereira et al. 2008),
and the nutrient concentrations during the intrusion of
upwelled waters did by far not attain the above de-
scribed high concentrations during stronger events of
the Cabo Frio upwelling outside the bay. Both the
temperature and nutrient records inside the bay indi-
cated that upwelling may sporadically affect the bay's
waters, but TSW and CW play a dominant role. It is
postulated that these water masses wash out the bay
even when moderate north-northeasterly winds pre-
vail, enhancing their intrusion via the larger north-
wards oriented opening and outflow through the
Boqueirdo Channel. However, the intrusion of the
upwelled waters during the first study period also indi-
cate that both wind regime and the microtides (maxi-
mum range of 1.3 m) act in concert for the intrusions via
the southwards oriented Boqueirdo Channel. In all, the
upwelled water intrusions corresponded to diluted wa-
ters by TSW and/ or CW.

During the period of 2003-2005, the intrusion of the
upwelled waters occurred more frequently in the Bay,
the N/P ratio above 16 reached 1.4 % of the samples at
the surface and 7.2 % at the bottom. However, the N/P
ratio above 16 covered 22.6 % of the samples at the
surface and 21.2 % at the bottom during 2008-2009
period, indicating the presence of a higher frequency of
events characterized by P limitation during this period
in comparison to the former.

As the period 0of 2003—2005 exhibited five events of
colder upwelling water intrusions, it is envisaged that
dissolved inorganic phosphate could have been re-
leased from the surface pore waters from the bottom
sediments by the process of density displacement,
resulting in a decrease in the N/P ratio. The period of
2008-2009 with negligible upwelling water intrusions
exhibited higher N/P ratios. Ammonia, a logical can-
didate to support the release of bottom sediment pore
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waters, did not behave in a similar fashion as phos-
phate. Its presence is likely due to ammonification in
the water column. It must be borne in mind that the
sediments are largely composed of sands (Kiitter, per-
sonal communication). The periods marked by the
presence of warmer water masses (i.c., TSW and/or
CW) lacked stratification of the water column, permit-
ting a closer coupling of the water column and the
sediments and nitrogen remineralisation in both com-
partments. Metzler et al. (1997) reports that most of the
production in the warm waters of the Brazilian shelf (i.e.,
TSW) is regenerated primary production with fratios of
0.16 in the surface waters.

One should not discard the presence of planktonic
marine nitrogen fixing cyanobacteria, which are regar-
ded as a relevant source of atmospheric nitrogen to the
euphotic zone (Capone 2001). The presence of the
cyanobacteria Phormidium and Trichodesmium along
the Cabo Frio inner shelf during the prevalence of
TSW has been observed, but has as yet to be published
(Kiitter, personal communication). Along the North-
east Brazil Shelf (NBS); governed by the impingement
TSW from the ultraoligotrophic South Equatorial
Current (SEC) (Castro and Miranda 1998; Ekau and
Knoppers 1999), other cyanobacteria like Oscillatoria
eurythraeum together with phytoflagellates dominated
the phytoplankton community (Medeiros et al. 1999).
In the same region, Schwamborn et al. (1999) also
reports on the predominance of the same cyanobac-
terial species together with low & '°N values of the
zooplankton indicating that N,-fixing cyanobacteria
might be ingested by zooplankton. Susini-Ribeiro
et al. (1999) also reported on the presence of several
species of cyanobacteria, including two of the genus
Oscillatoria sp. Moreover, the diatom species (e.g.,
Hemiaulus hauckii) was also found in Cabo Frio Bay,
which may contain endosymbiontic cyanobacteria ca-
pable of N, fixation (Carpenter et al. 1999). It is thus
postulated that cyanobacteria might play a role in the
nitrogen cycle of Cabo Frio Bay during predominance
of TSW. However, the sampling technique of phyto-
plankton with the net of mesh size>20 um did not
reveal any massive conglomerations of organic matter
derived from cyanobacteria and is of course inapt to
sample cyanobacteria when present in lower densities.

Table 1 depicts a comparison among water nutrient
concentrations in Cabo Frio Bay and other areas. The
Cabo Frio Bay is nutrient poor being similar to the
concentrations of TSW from the BC and the SEC of the
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Table 1 Concentrations (umol L") of nutrients in water from Cabo Frio Bay compared with different areas

Site Deep Mean (min-max) (umol L) Reference

measured (m)
PO,> NO,~ NO; N-N NH," N/P

Sargasso Sea— <50 <0.05 <0.05 <0.05 <0.05 35.0 A, B, C
Bermuda

Inland Sea— <10 0.43 (0.2-8.9) - (0.5-15.0)* 27.6 (3.7-123.0) 14.3(2.2-61.3) D,E,F
Japan

Iberian <20 (<0.2-0.7) (0.3-0.5) (<0.5-6.0) (0.1-2.0) (17.0-18.7) G HLJ
Peninsula

Benguela <30 (1.36-1.65) - (0.03-30.0) - (10.0-40.0) K,L,M
upwelling

Baltic Sea <10 (0.05-2.5) - (1.0-35.0)* - (6.0-70.0) N, O, P

Cabo Frio Bay <10

0.21 (<0.02-1.08) 0.09 (0.01-1.0) 0.84 (<0.05-22.7) 1.27 (0.3-13.2) 9.8 (1.5-53.7) This study

Data are represented by mean (minimum and maximum)

A Babiker et al. (2004); B Lipschultz (2001); C Michaels et al. (1994); D Nakamura et al. (1993); E Nishikawa et al. 2010; F: Magni and
Montani (2000, 2002); G Varela et al. (2010); H Casas et al. (1997);  Prego et al. (2012); J Alvarez-Salgado et al. (1997); K Silio-Calzada
etal. (2008); L Andrews and Hutchings (1980); M Calvert and Price (1971); N Wan et al. (2011); O Wasmund et al. (2001); P HELCOM

(2009)
# Nitrate+nitrite

northeastern and eastern shelves. The exception was
found in the area of the Sargasso Sea in the North of
Atlantic showing lower nutrient concentrations than
the Cabo Frio Bay.

The rather low nutrient concentrations monitored in
Cabo Frio Bay not only suggest that the bay is oligo-
trophic but also that anthropogenic inputs of effluents
or even surface runoff of fertilizers are negligible.

C, N, and P composition of plankton

The mean C content of 7.7 % (100 pm net) and 15.8 %
(150 um net) found in the zooplankton of Cabo Frio
Bay are two to five times lower in comparison to
other sites (Fig. 4). The average data of C content
was 52.1 % (Copepods and Cladocerans) in the Baltic
Sea, 45.1 % (Pteropods+Copepods+Anphipods+Eup-
hasiacea+Decapods+Chaetognatha+Mysidacea+fish
larvae) in the North Pacific, 45.6 % of copepods in the
estuary of Cananéia, SE Brazil, 44.6 % (Protozoa+
copepods+cladoceran+Chaetognatha) in the Inland
Sea of Japan and 28.5 % (Copepods+Euphausids-
mysids+Chaetognatha+Hydromedusae+Pteropods+
Fish larvae) in the Sargasso Sea (Fig. 4). The phyto-
plankton (64 and 20 pm net) in the Cabo Frio Bay

showed mean C content of 7.2 and 3.1 %, respectively,
indicating the same behavior found for the zooplank-
ton, and with values two to three times lower in com-
parison to phytoplankton in the Equatorial Pacific
(21.5 %), Arabian Sea (14.0 %), and Southern Ocean
(14.9 %) (Fig. 4).

In spite of the surprisingly low C contents found for
the zooplankton in Cabo Frio Bay, recent studies deal-
ing with the sedimentation of particulate matter from
the deployment of sediment traps in 50- and 100-m
depth at the Cabo Frio shelf edge (Albuquerque et al.
2014) recorded zooplankton C contents within the lower
range of other regions. For example, the Swimmers
captured by the sediment traps were the Salpidae with
29 % C, Hydromedusae with 9.1 % C, Bivalves with
19.2 % C, and Pteropods ranging from 16 to 22 % C.
Other Swimmers including Copepods, Appendicularia,
Ostracods, and Polychaete larvae harbored C contents
ranging from 40 to 50 %, being similar to the contents of
other regions (Botero, unpublished MSc thesis). Unfor-
tunately, the C, N, and P analyses correspond to the bulk
values of the net fractionated plankton. However, dur-
ing summer, Salpidae, Doliolids, Cnetophores, and
Pteropods form a large fraction of the zooplankton
(Valentin 2001) and are massively washed upon the
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Fig. 4 Carbon, nitrogen, and phosphorous contents (% dw) in
plankton from Cabo Frio Bay in comparison with other sites
[data from: Ara (2001), Gronvik and Hopkins (1984), Walve and

beaches of the Rio de Janeiro coast during summer
(Knoppers, personal communication). It is postulated that
the low zooplankton C contents encountered were in part
brought about by the presence of the more gelatinous
organisms.

The zooplankton communities of Cabo Frio Bay
harbored mean N content of 1.77 % (100 um net) and
3.82 % (150 um net) being two to five times lower than
those found in zooplankton of other oceans, such as the
Inland Sea of Japan with N contents of 10.8 %; the
Baltic Sea with 10.1 %; the Cananéia estuary, SE
Brazil, with 11.45 %; the East Atlantic Ocean, Africa,
with 9.3 % (net 200-5,000 um) and 6.1 % (50-200 um
net); and the North Pacific and Sargasso Sea with
8.66 % and 7.1 %, respectively (Fig. 4). The phyto-
plankton of Cabo Frio Bay showed a mean N concen-
tration of 1.7 % (64 um net) and 1.1 % (20 pum net),
and these were two to four times lower than
mean contents in phytoplankton of Equatorial Pacific
(4.0 %), Southern Sea (3.1 %), and Arabian Sea
(2.38 %) (Fig. 4). The mean P content of the zooplank-
ton of Cabo Frio bay of 0.14 % (net 100 um) and
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Larson (1999), Beers (1966), Hedges et al. (2002), Kaeriyama
and Hikeda (2004), Uyet and Matsuda (1988), Omori (1969),
Hirota (1981), and Le Borgne (1982)]

0.23 % (net 150 um) was also considerably lower than
other regions (Fig. 4).

However, the mean C/N ratio found in the Cabo Frio
Bay zooplankton was similar to those reported by
Schwamborn et al. (1999). The author encountered a mean
value of 5.4+0.7 for zooplankton (>300 pum) along the
northeast coast of Brazil. In comparison to other regions
(Fig. 5), the Cabo Frio Bay results of the C/N ratios were
also similar. Le Borgne (1982) found no differences in the
C/N ratios among samples during upwelling and no up-
welling periods in the East Atlantic Ocean. In contrast, the
phytoplankton (>20 pum) of Cabo Frio Bay showed a
higher C/N ratio in comparison to other sites (Fig. 5).
Phytoplankton showed higher N/P ratios than the zoo-
plankton, except for the fraction of 20 um. The zooplank-
ton N/P ratio lied in the same order of magnitude as found
for the Sargasso Sea (31.5:1; Fig. 5)

Fig. 5 C/N, C/P, and N/P ratios of plankton from the Cabo Frio P>
Bay in comparison with other sites [data from Ara (2001), Gronvik
and Hopkins (1984), Walve and Larson (1999), Beers (1966),
Hedges et al. (2002), Kaeriyama and Hikeda (2004), Uyet and
Matsuda (1988), Omori (1969), Hirota (1981), Le Borgne (1982)]
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Hasset et al. (1997) reported for the North Atlantic
Ocean an N/P ratio higher in the marine zooplankton
than for seston with mean values of 24:1 (range, 19:1 to
27:1). Copepods, for example, in the Sargasso Sea
showed an N/P ratio of 27:1, the zooplankton in
Antarctic waters 40:1 for copepods, 30-39:1 for
Salpidae, and 20-30:1 for krill. Information on the geo-
graphical variation of N/P ratios of seston has been
compiled by Sterner et al.(2008), and further data on
the C/P ratios are depicted in Fig. 5. Hasset et al (1997)
also reported that the N/P ratio in marine zooplankton
has been found to be consistently higher than the
Redfield ratio of 16:1, suggesting that this group of
organisms selectively stores more nitrogen than phos-
phorous in comparison to its phytoplankton food source,
likely to avoid impoverishment of nitrogen under nitro-
gen limiting conditions as is the case for the majority of
oligotrophic oceanic currents.

The major finding of this study was that the C, N,
and P contents were surprisingly low, but the C/N, N/P,
and C/P ratios of the zooplankton were within the same
range reported in other studies.

Furthermore, the bulk C, N, and P values can be
related to the fact that the Cabo Frio Bay has a mixture
of taxa, since the abundance of a particular group is very
important in the elemental composition of the sample.
Cabo Frio Bay showed an abundance of zooplanktonic
gelatinous species (Doliolida and Salps) that have low
carbon in its composition (Beers 1966; Small et al. 1983),
and diatoms were predominant (>80 %). According to
Weber and Deutsch (2010), the N/P ratios observed in
marine phytoplankton span at least an order of magnitude
and vary two distinct levels of biological organization:
phylogenetic differences between species and large tax-
onomic groups and phenotypic variability between pop-
ulations of the same species that are adapted to different
physical or chemical environments.

Cabo Frio bay exhibited low nutrient contents and
nitrogen limitation in the water column and low carbon,
nitrogen, and phosphorous concentrations of the plank-
tonic communities, suggesting the presence of oligotro-
phic conditions, similar to those of the northeast and east
Brazilian shelf waters, which are washed out by warm
TSW from the nutrient poor and nitrogen limited west-
em boundary currents. The C/N/P ratios of Cabo Frio
Bay should serve as a baseline for the future monitoring
of the impact of temperature increases derived from
climate change, as well as probable anthropogenic ac-
tivities, as the system is still oligotrophic.
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The lower C contents of the phytoplankton could also
be partly the result of the presence of nitrogen fixation.
According to Klausmeier et al. (2004), the N, fixation is
energetically costly, leading to less C incorporated per
unit light energy absorbed. The latter corresponds to
relevant issue to be further pursued as reports on Nj-
fixing cyanobacteria are emerging, but have to as yet to
be published.
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