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Summary: Temporal variability of physicochemical parameters and phytoplankton primary productivity, abundance and
composition were investigated at Babitonga Bay, southern Brazil, using a hierarchical sampling design on the scales of
months, weeks and days during spring 2012 and summer 2013. Only temperature, respiration rates and concentrations of dis-
solved oxygen and silicate exhibited significant differences in the greatest timescale (seasons: spring; summer). In contrast,
most physicochemical parameters, such as salinity and the concentration of nitrogen compounds, varied mainly among weeks
and days. This short-scale variability was similarly observed for the microphytoplankton abundance, ranging from 0.04 to
1.7x106 cells L-! during a bloom of the diatom Skeletonema costatum. Two major phytoplankton assemblages were associ-
ated with high primary production rates: >30 um centric diatoms such as Cyclotella spp. and Cymatodiscus sp., in spring;
and a summer assemblage dominated by smaller, bloom-forming diatoms (S. costatum and Eucampia cornuta). Primary
production ranged from 10.5 to 1793 mg C m2d-! and varied significantly between days and months, being associated with
the photosynthetic active radiation level and weather conditions on the sampling day. Abundance of specific plankton taxa
appeared controlled by trophic interactions, as revealed for the mixotrophic, toxic dinoflagellate Dinophysis acuminata com-
plex and its prey, the ciliate Mesodinium rubrum.

Keywords: primary production; phytoplankton; physicochemical parameters; temporal variability; different time scales;
Babitonga Bay; Dinophysis acuminata.

Producciéon primaria y dinamica del fitoplancton en un estuario subtropical: un enfoque miiltiple de escalas de tiempo

Resumen: Se investigaron la variabilidad temporal de los pardmetros fisico-quimicos y la produccién primaria (PP), abun-
dancia y composicién del fitoplancton en la Bahia de Babitonga, sur de Brasil, utilizando un disefio de muestreo jerarquico
en las escalas de meses, semanas y dias, durante la primavera/2012 y verano/2013. Sélo la temperatura, las tasas de res-
piracion y las concentraciones de oxigeno disuelto y silicato mostraron diferencias significativas en las escalas de tiempo
mayores (estaciones: primavera; verano). En contraste, la mayoria de los pardmetros fisicoquimicos, tales como la salinidad
y la concentracion de compuestos de nitrogeno, varid principalmente entre semana y dias. Tal variabilidad de corta escala
se observé de manera similar para la abundancia de microfitoplancton, oscilando desde 0,04 a 1.7x10° céls. L-! durante una
floracion de la diatomea Skeletonema costatum. Se asociaron dos importantes grupos de fitoplancton con altas tasas de PP:
diatomeas céntricas >30 um como Cyclotella spp. y Cymatodiscus sp., en primavera; y un grupo de verano dominado por
pequeiias diatomeas formadoras de floraciones (S. costatum y Eucampia cornuta). La PP varié de 10.5 a 1793 mg C m2 d-!
y vari6 significativamente entre dias y meses, siendo asociada con el nivel de radiacion fotosintética activa y las condiciones
meteorolégicas en el dia de muestreo. La abundancia de taxa especificos de plancton parece controlada por interacciones
tréficas, como las revelada para el dinoflagelado toxico mixotréfico, complejo Dinophysis acuminata y su presa, el ciliado
Mesodinium rubrum.

Palabras clave: produccién primaria; fitoplancton; pardmetros fisico-quimicos; variabilidad temporal; diferentes escalas de
tiempo; bahia de Babitonga; Dinophysis acuminata.
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INTRODUCTION

Phytoplankton primary production (PP) is one of
the main sources of organic carbon sustaining the pe-
lagic food webs in coastal ecosystems such as estuar-
ies (Lalli and Parsons 1997, Chen and Borges 2009).
Located at the interface between the continental and
oceanic environments, estuaries are influenced by
both and are dynamic ecosystems with high complex-
ity and marked variability in their physicochemical
characteristics, which directly affect the rates of pri-
mary productivity and the composition and abundance
of phytoplankton. This variability is determined by
seasonal cycles of solar irradiance, rainfall, winds
and tides, which act together in different temporal and
spatial scales (Jouenne et al. 2005, Abreu et al. 2010,
Kimmerer et al. 2012).

The determination of the different scales of vari-
ability in environmental parameters and biological
associations is an essential component in ecological
studies, especially in highly dynamic and complex
environments such as estuaries. Although they rep-
resent a small portion of the water masses compared
with the oceans, estuaries exhibit high rates of prima-
ry production and remineralization of organic matter,
and therefore play an important role in biogeochemi-
cal cycles (Chen and Borges 2009). Although many
studies have focused on productivity, biodiversity and
abundance of phytoplankton in estuaries, their vari-
ability and the main mechanisms operating at differ-
ent temporal and spatial scales are not fully elucidated
yet. Furthermore, the studies are usually restricted to
monthly, bimonthly or even seasonal sampling cam-
paigns, and few have employed approaches focusing
on the variability at smaller time scales. More refined
investigations have revealed a greater complexity in
the temporal variation in primary productivity, com-
position and biomass of phytoplankton in estuaries
(Fujita and Odebrecht 2007, Cloern and Jassby 2010,
Kimmerer et al. 2012) than was evident in early stud-
ies. Small-scale variability may be related to weather
events, such as fronts and episodes of heavy rainfall,
as well as variations in the tidal level, local currents,
concentration of dissolved nutrients and the rates of
grazing and competition.

The identification of temporal patterns, however, is
especially difficult in dynamic environments such as
estuaries. This is the case of Babitonga Bay, located on
the north coast of Santa Catarina State, southern Bra-
zil. The area surrounding the estuary has high ecologi-
cal, economic and social importance, already show-
ing signs of environmental impacts generated by the
strong anthropic pressure resulting from the presence
of 515,000 inhabitants (IBGE 2010) and the largest in-
dustrial park of the State. The environmental issues at
Babitonga Bay are mainly related to the contamination
of its waters by industrial and domestic sewage from
the surrounding municipalities, deforestation, overfish-
ing, illegal occupation of mangrove and other coastal
areas, and accelerated sedimentation and accumulation
of pollutants due to the closure of a former connection
to the sea, the Linguado Channel IBAMA 1998). In

addition, the city of San Francisco do Sul maintains an
intense port activity, which requires a regular environ-
mental monitoring of the region.

Phytoplankton biomass and composition can vary
considerably throughout the year in subtropical areas
such as Babitonga Bay. Notably, seasonal phytoplank-
ton blooms and the presence of harmful species—
mainly the mixotrophic dinoflagellates belonging to
the Dinophysis acuminata complex—are frequently
observed in Babitonga Bay and the surrounding areas
(Mafra et al. 2014). Dinophysis spp. produce lipophilic
toxin that, upon accumulation in bivalve mollusks, can
cause diarrhetic shellfish poisoning in human consum-
ers (Reguera et al. 2014), and they have been recently
reported in various shellfish farms of the Santa Cata-
rina coast (Proenca et al. 2007, 2011).

The main objective of this work was to investigate
the variability, on different timescales (days, weeks,
months and seasons), of the physicochemical param-
eters, the rates of respiration and PP, and the composi-
tion and abundance of the phytoplankton in Babitonga
Bay, Santa Catarina State during the spring of 2012
and the summer of 2013. The approach used herein not
only allowed us to assess and better distinguish the var-
iability that occurs on a larger timescale (monthly and
seasonal) from that occurring on a smaller scale (weeks
and days), but also helps determine the physicochemi-
cal parameters that explain most of the variability in
primary production and phytoplankton abundance on
different timescales. Additionally, this multi-scale ap-
proach can be useful for defining appropriate sampling
designs and strategies in order to achieve specific ob-
jectives in the study of estuarine ecosystems.

MATERIALS AND METHODS
Study area

Located on the northern coast of Santa Catarina
State (26°02'-26°28'S, 48°28'-48°50'W), Babitonga
Bay (Fig. 1) is one of the main estuarine complexes
of southern Brazil. It shelters the southernmost of the
large mangrove formations of South America, cover-
ing nearly 6200 ha (Cremer et al. 2006, IBAMA 1998).
Considered a homogeneous water body, the bay has a
water surface of 134 km?, a storage volume of about
780 million m® and a drainage basin of 1400 km?
(Denit/IME 2004). In the eastern sector it is connected
to the Atlantic Ocean through a 1850-m-wide mouth.

The average depth of Babitonga Bay is around 6
m, with a maximum of 28 m in the channel leading to
the Port of S@o Francisco do Sul. The SW-NE axis of
the bay (Fig. 1), called Palmital Channel, differs from
other areas in that it receives the largest hydrologic con-
tributions and is characterized as a sediment exporter
(Schettini and Carvalho 1999). In contrast, the NW-
SE axis, known as Linguado Channel, was blocked in
1935 during the construction of a road leading to the
island of Sd@o Francisco do Sul. This intervention has
permanently changed its original hydrological circula-
tion and has induced intense sedimentation within the
channel since then.
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Fig. 1. — Babitonga Bay, north coast of Santa Catarina State, Brazil, showing the sampling area in the central region of the estuary.

In southern Brazil, the wave regime is controlled
by the Subtropical Atlantic High pressure system and
the passage of synoptic cold fronts. The most energetic
waves are from the south and are generated by strong
winds associated with the passage of cold fronts (Pi-
anca et al. 2010). Prevailing winds are from the east
and northeast quadrants. Tides are characterized by a
system of micro-tides of mixed type with semidiurnal
dominance. Unequal heights occur for consecutive high
and low tides, and the maximum height is less than 2
m. In front of the Port of Sdo Francisco do Sul, for in-
stance, the average tidal range is 85 cm, with maximum
values of 128 cm (Truccolo and Schettini 1999).

The climate is characterized as humid, with a
well-defined winter and summer, and the absence of a
dry season. Though the area lacks a truly dry season,
rainfall varies considerably throughout the year, reach-
ing higher values in spring-summer and lower ones in
autumn-winter. The local climate is driven by the dom-
inance of Equatorial Continental, Tropical Atlantic and

occasionally Tropical Continental air masses during
the summer. The Equatorial Continental air mass leads
to high temperatures and humidity, with heavy rainfall
events; the Tropical Atlantic air mass is also associated
with the occurrence of strong convective rainfall, but of
lower intensity than that associated with the Equatorial
Continental mass. The summer weather only becomes
drier, with little or no rainfall, when the Tropical Con-
tinental air mass prevails (FATMA 2002). In winter,
the passage of the Atlantic Polar Front precedes the ar-
rival of the Atlantic Polar Mass, which brings rainfall
with thunderstorms followed by cold, dry air (FATMA
2002). At this point, tropical air masses are displaced to
the centre and north of the country.

Sampling design and data analysis
Sampling and in situ experiments were performed

on different temporal scales during the spring of
2012 and the summer of 2013, always at neap tide to
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minimize possible interferences. Sampling/experiment
campaigns were performed in two months of each se-
lected season (October and November; February and
March), two weeks of each selected month and, finally,
two days of each selected week. This class of experi-
mental design is known as “fully nested”. It is effective
in assessing the variability of environmental data at
several temporal scales (Morrisey et al. 1994, Bell et
al. 1997) and can be properly analysed by hierarchical
ANOVA (Underwood 1997). All four temporal scales
(seasons, months, weeks and days), with two levels
each, were considered as random factors, and the sam-
pling was repeated at four adjacent sites (A-D) located
approximately 300 m apart from each other, in the cen-
tral part of the estuary, where depth ranged from 6 to
7 m. Measurements obtained from each sampling site
were true replicates, representing a source of variation
to estimate changes in time.

Values (n=72) of physicochemical parameters, nu-
trient concentrations and primary production and res-
piration rates were compared by ANOVA on different
timescales (day, week, month and season), using the
R software package version 2.13.1 (R Development
Core Team 2012) and the GAD (Sandrini-Neto and
Camargo 2010). The coefficient of variation was also
estimated in order to determine the timescale in which
the greatest variability occurred. Normality and ho-
moscedasticity of data were tested by Shapiro-Wilk
and Cochran analyses, respectively, and data were
transformed by log(x) or square root when these as-
sumptions were not met.

In order to verify the relationship between the
environmental variables and phytoplankton taxa, a
canonical analysis of principal coordinates (CAP) was
conducted. Environmental variables were standard-
ized and the values of phytoplankton abundance were
transformed by log(x+1). The CAP analyses were
performed from a matrix of Bray-Curtis similarity in
the statistical package PRIMER and PERMANOVA
6.1.13+ version 1.0.3.

Physicochemical and meteorological parameters

Temperature, salinity and pH were recorded in the
field using a standard Hg thermometer, a refractometer
(ATAGO S1000) and a pH-meter (DENVER UP-25).
The latter was calibrated before each sampling using
standard buffers (Sinth). Water transparency was meas-
ured with a Secchi disc. In addition, 1-L subsurface
water samples were collected with a van Dorn bottle,
stored in vials and kept refrigerated in the dark. In the
laboratory, approximately 5 hours after sample collec-
tion, samples (250 ml) were filtered through Whatman
GF/C filters (p=47 mm). The filtered liquid was used
to determine dissolved inorganic nutrients (ammo-
nium, nitrate, nitrite, phosphate and silicate) following
the colorimetric method described by Grasshoff et al.
(1983) in a spectrophotometer (SHIMADZU UV/V-
1601), and the suspended particulate matter (seston)
was determined by the gravimetric technique (Strick-
land and Parsons 1972) from the material retained
on the filters. To do this, the filters were maintained

at 65°C for approximately 2 h, cooled for 2 h, and
weighed on an analytical balance (Mettler HS1AR).
Additionally, ~120-ml sample aliquots were immedi-
ately fixed after collection, preventing the formation of
bubbles and the exposure to light and temperature vari-
ation until the determination of the dissolved oxygen
(DO) concentration in the laboratory, approximately
5 hours after sample collection, following the titration
method described in Grasshoff et al. (1983). During the
field campaigns, hourly values of irradiance, rainfall,
intensity and direction of the winds were obtained
from an automatic meteorological station run by the
National Institute of Meteorology (INMET) located
in Itapod, Santa Catarina State, approximately 10 km
from the bay, and subsequently reported as daily aver-
ages. Wind data were not recorded in early October and
irradiance measurements could not be computed on 26
October due to a technical failure in the anemometer
and the pyranometer of the meteorological station, re-
spectively. The pyranometer (Kipp & Zonen®, model
CM6B) used has a spectral range of 310 to 2800 nm
and is fully compliant with ISO 9060 specifications for
a First Class pyranometer.

Primary production and respiration rates in the
water column (O, method)

For the in situ incubation experiments with natural
phytoplankton populations, at each of the four sam-
pling sites seawater was collected from the entire water
column using a transparent hose (3 cm in diameter)
containing a closing valve at one end and a weight at
the other. The hose was gently deployed into the water,
maintaining the valve kept on board open until the op-
posite tip of the stretched hose had touched the bot-
tom. At that time, the valve was closed and the hose
containing a full sample of the entire water column was
brought to the boat deck, where the valve was opened
and the sample was transferred to a van Dorn bottle.
The sampled material was then distributed to BOD
(biochemical oxygen demand) bottles with calibrated
volumes for the incubation experiments. The samples
were transferred to the bottles gently in order to avoid
the formation of bubbles. The BOD bottles were then
placed in acrylic tubes coated with layers of semi-
transparent plastic film of varying thickness, represent-
ing decreasing irradiance levels, and incubated on two
independent floating frames for a period of 3 h, always
from 10:00 am to 1:00 pm. The two sets of tubes simu-
lating decreasing irradiance levels yielded slightly dif-
ferent attenuation ratios: (i) 0, 5.7, 16.4, 20.2, 38, 42.9,
67.9 and 100% (dark tube); and (ii) 0, 7.0, 20.2, 23.5,
40.4,46.5, 68.1 and 100%. Zero and 100% attenuation
were attained by tubes that were either uncovered or
wrapped with several layers of black plastic film, re-
spectively. The remaining attenuation levels were pre-
viously calculated in the laboratory by comparing the
light intensity measured with a radiometer (Li-Cor LI-
1400) inside and outside each tube. At each sampling/
experimental site, one sample was immediately fixed
to give the initial DO concentration at time zero. Thus,
the rates of gross PP were simultaneously estimated at
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7 levels of luminosity, plus the rate of respiration of the
community (dark flasks), and represented as the aver-
age value obtained from the duplicate series of BOD
bottles. For the conversion of PP and respiration rates
from DO to carbon units, a photosynthetic coefficient
of 1.2 and a respiratory quotient of 1.0 were used, ac-
cording to the literature (Asmus 1982, Biddanda et al.
1994, Almeida et al. 2005)

Based on the irradiance values (in W m™2), the
amount of photosynthetic active radiation (PAR, in
E m2 d!) was estimated using a conversion factor of
0.1944, considering that the PAR spectral segment con-
tribution to the global solar radiation ranges from 48.87
to 49.26% (mean=49%) in southern Brazil (Escobedo
et al. 2011), and assuming a below-water-surface total
quanta : total energy (Q:W) ratio of 2.5x10'8 quanta s!
W-! (Morel and Smith 1974).

From the converted PAR values, we calculated the
depths corresponding to the simulated irradiance levels
on each experiment day, using the model Z=([In E)-(In
E,)1/K, where Z is the depth corresponding to a given
level of irradiance; K is the attenuation coefficient of
light, calculated from the water transparency (Secchi)
and a conversion factor of 1.44 (Holmes 1970); E, is
the amount of PAR at the surface; and E, is the PAR at
a given simulated light level. Next, the rates of produc-
tivity were calculated for each depth and extrapolated
for the entire photic zone through trapezoidal integra-
tion. Finally, PP measured during the incubation period
was extrapolated to the entire light period of the day
using the daily curve of PAR, as estimated from the
data of the meteorological station. In addition, in order
to investigate the variation in light availability during
the study period, irradiance values were daily-averaged
and expressed as standard PAR unit (uE m=2 s71).

Qualitative and quantitative analysis of
phytoplankton

Aliquots (200 mL) of the water sampled with a
transparent hose along the entire water column, as de-
scribed above, were placed in dark flasks containing
Lugol’s solution to a final concentration of 2% and
stored for latter phytoplankton analysis. Phytoplankton
enumeration and identification were performed on an
inverted microscope (Zeiss Axiovert) using Utermohl
counting chambers after sedimentation of 10- or 25-
mL samples, depending on the cell density and seston
concentration. The microphytoplankton (>20 wm) was
identified to the lowest possible taxon according to spe-
cific references such as Tomas et al. (1997), Steidinger
and Jangen (1997) and Hoppenrath et al. (2009). A
minimum of 500 cells of this size fraction was counted
per sample in the entire counting chamber at 200x
magnification, although the most abundant species
were counted separately in transects. Less abundant
species, such as the mixotrophic, toxic dinoflagel-
lates belonging to the Dinophysis acuminata complex
and their prey, the ciliate Mesodinium rubrum, were
counted in parallel after settling an additional 50-mL
sample aliquot, as described above. Finally, the abun-
dance of nanoplankton cells (<20 wm) was determined
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by analysing multiple transects at a higher magnifica-
tion (400x) until ~300 cells were reached. In general,
the counting accuracy remained at 290% confidence
limit (Edler and Elbrachter 2010).

RESULTS
Environmental and meteorological factors

Over the spring of 2012 and the summer of 2013,
October was the driest month, with a cumulative
monthly rainfall of only 28.6 mm (Fig. 2A). Rainfall
increased in November, December and January (177.2,
244.4 and 170.8 mm, respectively), reaching a maxi-
mum in February and March (405.4 and 377.8 mm).
From late October to December, the predominant
wind direction was SW, with daily-averaged intensity
ranging from 0.5 to 2 m s~! (Fig. 2B). In February, the
same pattern was observed, although there was a shift
in wind direction to E in the second week. In March,
unlike other months, winds were predominantly from
the E quadrant, with a maximum daily-averaged inten-
sity of 1.5 m s! (Fig. 2B). The average PAR for the
entire sampling period was 740.7 uE m2 s!, with the
highest values being recorded in November. During
the sampling dates, daily-averaged values ranged from
only 83.4 uE m~2 s~! on 5 March, a fairly cloudy day, to
1281.7 uE m2 s~ on 20 November (Fig. 2C).

Generally, dissolved inorganic nutrients and other
physicochemical parameters exhibited similar values

R "‘f,i“mil K
:mjzcm . | :
A I T LN Y AT S
oo ] \IM\}NU! N\“ MU/MHJU}JI/UIW [l L]
S A

0
1/10 1711 1712 171 12 13

Fig. 2. — Temporal variation of (A) daily-accumulated rainfall, (B)
daily-averaged wind direction and intensity, and (C) daily-averaged
mean photosynthetic active radiation (PAR) from October 2012 to
March 2013 at Babitonga Bay, southern Brazil. Arrows placed on
the X-axis in “A” and “B” indicate the dates of sampling/experiment
campaigns; dark circles in “C” represent the mean PAR on those
dates. Wind data not recorded in early October; no PAR data avail-
able on 26 October.
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Fig. 3. — Variation (daily averages plus standard deviation) of water temperature, salinity, dissolved oxygen, pH, Secchi transparency and
suspended particulate matter (seston) for each sampling day, from October 2012 to March 2013 at Babitonga Bay, southern Brazil.

among the sampling points for each collection day. Wa-
ter temperature (daily-averaged values) increased from
spring (20°C) to summer (27°C) (Fig. 3), as expected.
The analysis of variance components stressed that most
of the variability was on the scale of months within
seasons (42.6%), followed by the seasons (31.1%, Ta-
ble 1). The concentration of DO was higher in October
and November (6.24 and 6.71 mg L', on average) than
in the remaining months. In the summer, DO levels
were similar between months and significantly lower
than those measured in spring (P=0.004, CV=45.1%,

Table 1). On a few occasions, Secchi transparency was
greater than 2 m, as occurred on 5 February (2.6 m),
although no significant differences between seasons,
months within seasons or weeks within months were
found. The variability was only significant (P<0.001)
on the shortest timescale, between days within weeks
(CV=44.2%, Table 1).

Overall, there was a low variability in seston con-
centrations (monthly-averaged values of 25.2, 24.9
and 26.6 mg L-! in November, February and March,
respectively), with the exception of October, when the

Table 1. — Results of the analysis of variance comparing the values of water temperature, salinity, pH, seston, transparency (Secchi) and dis-

solved oxygen concentration measured on different time scales at four adjacent sampling sites (replicates) in Babitonga Bay, Santa Catarina

State, southern Brazil. F, F-ratio; P, P-value; CV, coefficient of variation. P-values lower than 0.05 are highlighted in bold. ! Square root-
transformed; ? Log-transformed

Temperature! Salinity? pH

F P CV (%) F P CV (%) F P CV (%)
Season 2.02 0.291 31.1 0.21 0.690 0.0 1.12 0.401 6.9
Month(Season) 21.71 0.007 42.6 3.14 0.151 31.0 1.83 0.272 19.1
Week((Month)Season) 4.89 0.027 11.8 1.46 0.294 16.8 0.81 0.550 0.0
Day(((Week)Month)Season) 6.78 <0.001 7.8 13.17 <0.001 329 9.61 <0.001 44.0
Residual --- - 6.5 --- --- 19.2 --- --- 30.0

Seston Secchi Dissolved Oxygen

F P CV (%) F P CV (%) F P CV (%)
Season 1.04 0414 0.0 2.14 0.281 19.0 234.79 0.004 45.1
Month(Season) 10.53 0.025 43.0 1.67 0.296 16.0 0.04 0.956 0.0
Week((Month)Season) 1.261 0.360 13.5 0.74 0.592 0.0 5.16 0.023 24.9
Day(((Week)Month)Season) 3.63 0.002 19.3 19.01 <0.001 442 5.96 <0.001 15.8
Residual --- --- 242 --- --- 20.8 --- --- 14.2
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average concentration (41.4 mg L, Fig. 3) was signif-
icantly higher (P=0.03, Table 1). Though most of the
variability was due to the differences between months
of a same season (CV=43%), a significant variation
also occurred on the scale of days (P=0.002, Table 1).
Salinity and pH exhibited a slight tendency to increase
from the innermost to the outermost region of the bay,
although the difference was not statistically significant.
Salinity values varied widely between months within
seasons (CV=31%, Table 1), although there was little
variation between seasons. The highest daily-averaged
salinity value (32) was recorded on 19 and 21 October
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and the lowest (25) on 20 March. Finally, the high-
est monthly-averaged pH value (8.14) occurred in
November, with similarly lower values (around 7.9)
registered during all other months. For both the pH and
salinity, the temporal variability was significant only
on the shortest scale, among days, as indicated by the
ANOVA analysis (Table 1).

Ammonium concentrations were relatively low in
the first week of October (mean of 3.78 wumol L), in-
creasing considerably thereafter and remaining higher
until the end of summer (Fig. 4). Nitrate and nitrite
concentrations exhibited a similar pattern of variation
over the sampling period (Fig. 4), with the lowest val-
ues recorded in October (mean of 1.33 and 0.58 wmol
L-! respectively) and the highest ones in March (mean
of 5.54 and 2.56 umol L', respectively). The variation
pattern in total dissolved inorganic nitrogen (DIN) was
similar to that of ammonium, the most abundant and
representative nitrogen compound throughout the pe-
riod of study. Overall, little variation was observed in
the mean concentrations of nitrogen compounds either
between spring and summer or between months within
seasons. Marked differences were mainly noticed on
the scale of weeks, representing more than 50% of the
CV (Table 2) for nitrate, nitrite, ammonium and DIN.
The variation was also high between days of a same
week, but to a lesser extent (29.5%, 30.5%, 18.5%
and 27% for nitrate, nitrite, ammonium and DIN).

30 -

572022 561618
October  November February March
Spring Summer

Fig. 5. — Concentrations (daily averages plus standard deviation) of phosphate and silicate for each sampling day, from October 2012 to March
2013 at Babitonga Bay, southern Brazil.

Table 2. — Results of the analysis of variance comparing the concentrations of nitrate, nitrite, ammonia, total inorganic nitrogen, phosphate and
silicate measured on different time scales at four adjacent sampling sites (replicates) in Babitonga Bay, Santa Catarina State, southern Brazil.
F, F-ratio; P, P-value; C.V., coefficient of variation. P-values lower than 0.05 are highlighted in bold.

Nitrate Nitrite Ammonia

F P C.V.(%) F P C.V.(%) F P C.V.(%)
Season 0.32 0.628 0.0 0.21 0.690 7.0 0.64 0.507 0.0
Month(Season) 0.46 0.659 0.0 0.18 0.840 0.0 0.85 0.493 0.0
Week((Month)Season) 5.04 0.025 56.1 3.83 0.050 51.0 15.89 <0.001 59.1
Day(((Week)Month)Season) 26.42 <0.001 29.6 71.71 <0.001 30.5 3.74 <0.001 18.5
Residual - - 14.3 - - 11.4 - - 224

DIN Phosphate Silicate

F P C.V.(%) F P C.V.(%) F P C.V.(%)
Season 0.68 0.495 0.0 0.00 0.963 0.0 92.91 0.010 334
Month(Season) 0.91 0.472 0.0 7.37 0.045 442 0.05 0.953 0.0
Week((Month)Season) 9.23 0.004 57.2 1.04 0.442 133 4.55 0.032 31.1
Day(((Week)Month)Season) 12.84 <0.001 27.1 26.57 <0.001 26.2 7.83 <0.001 18.7
Residual - --- 15.7 - --- 16.3 --- --- 16.7
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Table 3. — Results of the analysis of variance comparing the rates of respiration and primary production, and the total abundance of nano- and
microphytoplankton measured on different time scales at four adjacent sampling sites (replicates) in Babitonga Bay, Santa Catarina State,
southern Brazil. F, F-ratio; P, P-value; C.V., coefficient of variation. P-values lower than 0.05 are highlighted in bold.

Respiration Primary Production Nanoplankton Microphytoplankton
F P CV.(%) F P CV.(% F P C.V.(%) F P C.V.(%)
Season 257.00 0.003 21.4 0.00  0.995 0.0 1.05 0412 0.4 0.13  0.753 0.0
Month(Season) 0.05 0.952 0.0 7.59 0.043 36.4 1.59 0314 1.5 2.60 0.188 12.3
Week((Month)Season) 040 0.804 0.0 1.19  0.385 0.0 0.60 0.671 0.0 5.68 0.018 49.0
Day(((Week)Month)Season) 2.28  0.036 9.8 3.44  0.003 30.5 5.63 <0.001 48.3 80.95 <0.001 37.8
Residual - - 68.8 - - 33.0 - - 49.8 - --- 0.8
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Fig. 6. — Monthly-averaged values (plus standard deviation) of respiration, primary productivity and total abundance of nanophytoplankton
and microphytoplankton from October 2012 to March 2013 at Babitonga Bay, southern Brazil.

Phosphate varied significantly on the scale of days (P
<0.001), but mostly between months within seasons
(44.1% of the variability; Table 2). The highest con-
centration of phosphate in October, with average of 1
wumol L' (Fig. 5) resulted in the lowest N:P ratio cal-
culated over the entire study period (average of 8.7). In
all other months, N:P ratios were generally >16, with
the maximum value being recorded on 7 November
(33.2). Silicate concentrations were significantly lower
(P=0.005, CV=33.4%) in the spring (8.94 and 7.91
wmol L") than in the summer (15.65 and 16.06 umol
L-"). Large variations were also observed on the scale
of weeks within months (CV=31.1%).

Primary production rates, composition and
abundance of phytoplankton

The daily-averaged values of primary produc-
tion (PP) rate, integrated to the entire water column,
varied mostly on the scales of months within seasons
(P=0.043) and days within weeks (P=0.003, Table 3).

These significant differences between the monthly av-
erages were observed both in spring and in summer.
The highest PP rates occurred in November and Feb-
ruary, when the monthly-averaged values were 994.9
and 974.7 mg C m= d!, respectively (Fig. 6). The
greatest variation in PP rates within a single month was
recorded in March, ranging from 237.9 mg C m=2 d-!
on 3 March to 1001.3 mg C m2 d-! on 20 March (Fig.
6). Respiration rates in the water column were higher
in summer than in spring (P=0.003, Table 3), reach-
ing the highest monthly-averaged value of 547.8 mg
C m™2 d"! in February, and the highest daily-averaged
value of 825.6 mg C m~2 d-!' on 16 February (Fig. 6).
In March, respiration rates decreased slightly, although
they remained higher than in October (251.5 mg C m~
d-") and November (343.3 mg C m=2 d').

Large variability in the total abundance of phyto-
plankton cells was only observed on smaller timescales,
between days for nanophytoplankton and between days
and weeks for microphytoplankton. Monthly-averaged
values of nanophytoplankton abundance were similarly
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Fig. 7. — Results of the canonical analysis of principal coordinates relating the variation patterns of the seasonal phytoplankton associations to
the physicochemical parameters investigated from October 2012 to March 2013 at Babitonga Bay, southern Brazil.
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Fig. 8. — Temporal variation in the cell abundance of the ciliate Mesodinium rubrum (prey) and the dinoflagellate Dinophysis acuminata com-
plex (predator) over the 16 sampling dates, from October to December 2012 (spring) and from February to March 2013 (summer) at two sam-
pling points (P-1, P-2) at Babitonga Bay, southern Brazil. Arrows highlight temporal anti-clockwise orbits in the prey-predator relationship.

high (~1.1x10° cells L") throughout the study, with the
exception of March (0.8x10° cells L™"). Daily-averaged
values ranged from 0.4 to 1.4x10° cells L-'. Microphy-
toplankton abundance was generally lower (<0.3x10°
cells L-!) than nanophytoplankton abundance, with the
exception of the second weeks of November and Feb-
ruary, when expressive differences between the daily
averages were observed and high cell abundances were
recorded (0.7-1.8 and 0.7-1.7x10° cells L, respec-
tively, Fig. 6).

In total, 53 different microphytoplankton taxa were
identified in this study, including 41 diatoms (Bacil-
lariophyceae), 10 dinoflagellates (Dinophyceae), one

euglenophyte and one silicoflagellate. Some taxa were
frequent and relatively abundant throughout the study
period, such as the benthic diatoms Cylindrotheca
closterium, Paralia sulcata, Psamodictyon panduri-
formis, Diploneis spp., Navicula spp., the planktonic
Thalassionema frauendeldii, Thalassionema nitsz-
chioides, Thalassiosira spp., and the dinoflagellates of
the genera Gymnodinium, Gyrodinium, Prorocentrum
and Protoperidinium.

Other taxa were more frequent and abundant dur-
ing specific periods. For instance, 7. frauenfeldii, the
benthic diatoms Cyclotella spp. and Cymatodiscus
planetophorus, and other larger (>30 um) centric
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diatoms, as well as the dinoflagellate Oxyphysis oxy-
toxoides, were abundant in spring but rare or absent in
summer. These taxa formed a well-defined spring phy-
toplankton assemblage associated with higher salinity,
phosphate and seston concentrations and lower DIN
values (Fig. 7). In addition, another diatom, Eucam-
pia cornuta, was rarely detected in summer but was
recorded at high cell densities during an intermittent
bloom episode (0.2x10° cells L-!) in the second week
of November (spring), when DO concentrations were
higher (Fig. 7). Conversely, Skeletonema costatum was
rarely observed in spring, but attained very high cell
densities in summer (up to 1.3x10° cells L-!in the first
week of February). In addition to S. costatum, Core-
thron criophilum, Leptocylindrus minimus and other
small-sized centric diatoms, as well as an unidentified
euglenophyte species, formed a characteristic summer
phytoplankton assemblage associated with lower DO
values and higher temperature, rainfall and silicate
concentration (Fig. 7).

Finally, toxic dinoflagellates belonging to the
Dinophysis acuminata complex were frequently re-
corded at low cell densities (10 to 310 cells L") and
their abundance was not clearly related to any of the
physicochemical parameters investigated (Fig. 7). In-
stead, the abundance of this mixotrophic organism was
somehow dependent on the availability of its prey, the
ciliate Mesodinium rubrum, as suggested by the tem-
poral anti-clockwise orbits partially formed when the
cell abundances of both taxa were compared (Ishikawa
et al. 2014) in Figure 8. At least in summer months, an
increase in D. acuminata abundance led to a decrease
in M. rubrum cell density and vice-versa (Fig. 8). M.
rubrum was present in all samples over the period of
study, at cell densities ranging from 10 to 440 cells L.

DISCUSSION

We have demonstrated herein that the main physic-
ochemical characteristics of the water column vary on
different timescales in a subtropical estuary, Babitonga
Bay, which explains the high variability in phytoplank-
ton production, abundance and composition commonly
reported in this type of environment.

The variability of water column characteristics in es-
tuaries is mainly determined by local hydrology, which
in turn is a result of the processes and interactions oc-
curring at the interface between oceanic and continental
environments. In this dynamic zone, tides, atmospheric
fronts, wind action, and fluctuations in rainfall and river
flow promote a constant exchange between contrasting
water bodies (Cloern and Jassby 2010, Abreu et al. 2010,
Maier et al. 2012). In the present study, large differences
were observed on short timescales (days to weeks) for
parameters such as salinity, pH, water transparency
and DIN concentration and on a longer scale (months
to seasons) for temperature, DO, seston, silicate and
phosphate concentrations, reflecting complex shifts in
the dominant hydrodynamic conditions that ultimately
affect phytoplankton abundance and composition. Salin-
ity, pH and concentrations of dissolved nutrients were
comparable to the range of values reported by previous

studies in Babitonga Bay (Cremer et al. 2006, Camacho
and Souza-Conception 2007, Villar et al. 2011), but this
is the first attempt to determine the temporal scale on
which they vary, allowing a more proper indication of
cause-effect relationships.

The marked differences in silicate and phosphate
concentrations on a large temporal scale, for instance,
can be explained by the great variation in rainfall
and wind-driven turbulence observed over the course
of this study. The highest concentrations of silicate
recorded in February and March were the result of
increased continental drainage due to the heavier rain-
fall observed in summer than in spring. In contrast,
re-suspension of recycled forms from the bottom by
wind-driven water turbulence may be a more important
source for less abundant nutrients such as phosphate.
This finding may explain the higher concentrations of
phosphate observed in October, when higher seston
loads and relatively low transparency values (as as-
sessed by Secchi disc) suggest a period of more intense
water turbulence, although there are no wind data
available for that specific period to confirm this.

Phytoplankton dynamics may also influence the
biogeochemical cycles in estuaries, in addition to re-
gional weather events and tide fluctuations. According
to Cloern and Jassby (2010), nutrient concentrations
and other environmental variables such as pH and
DO may experience greater fluctuations when phyto-
plankton blooms are frequent. In the present study, the
diatom species Skeletonema costatum, Guinardia sp.,
Eucampia cornuta and Corethron criophilum attained
high cell abundances over a relatively short period
of time, suggesting that phytoplankton blooms may
play a key role in biogeochemical cycles in Babitonga
Bay. Accordingly, the concentrations of ammonia and
nitrate, nitrogen forms preferentially used by primary
producers, varied on a small temporal scale (days to
weeks) and were negatively related to phytoplankton
abundance in the present study. In addition, lower DO
concentrations measured in February and March coin-
cided with greater respiration rates relative to spring
months, probably linked to the decay of S. costatum
and Guinardia sp. blooms and the associated bacterial
decomposition of excessive organic matter generated
at the end of those events. Higher influx of organic
matter to the estuarine system, as well as the higher
water temperature—and consequently the lower gas-
solubilization capacity—typical of the austral summer
in southern Brazil, may also contribute to the lower DO
concentrations during that period. A similar decrease
in DO concentration during summer has been previ-
ously reported in Chesapeake Bay, USA (Kemp et al.
1992) and Daya Bay, China (Song et al. 2004).

The rates of PP varied enormously in this study,
ranging from 10.5 to 1793 mg C m~2 d-!, which is with-
in the range reported for other subtropical and temper-
ate estuaries (Table 4), where PP is highly variable on
a temporal and/or spatial scale. In contrast, Song et al.
(2004) reported higher PP rates (239.7 to 2721.9 mg C
m~2d-") during spring and summer in Daya Bay, China,
where the size structure and the biomass of the phyto-
plankton assemblage are reasonably constant overtime.
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Table 4. — Summary of the primary production rates measured in
some estuarine systems.

Place PP (mg C m2d") Reference
Babitonga Bay (Brazil) 10.5- 1793 Present study
Arcachon Bay (France) <50 - 496.6 Glé et al. 2008
San Francisco (USA) ~20 - 1000 Kimmerer et al. 2012
Apalachicola Bay (USA) 90 - 1800 Mortazavi et al. 2000
Douro (Portugal) 4.7-1878.5 Azevedo et al. 2006
Urdaibai (Spain) 0.002 - 2828 Iriarte et al. 1996
Chesapeake Bay (USA) 500 - 3500 Malone et al. 1996

In the present study, PP varied on different time-
scales (days and months), with higher values observed
in November, when more intense PAR and clear-sky
conditions coincided with the period of sampling/ex-
periments. In October, February and March, converse-
ly, PAR values were mostly low and the weather pre-
dominantly cloudy with some sunny spells during the
field campaigns, with the exception of 3 March, when
sunny conditions and high PP were simultaneously
observed again. Likewise, a change in meteorological
conditions with the reduction of light availability two
days later, on 5 March (Fig. 2C), was followed by a
dramatic decrease in PP (Fig. 6). In addition to local
meteorological conditions affecting light availabil-
ity to the water surface, high seston loads can greatly
reduce light penetration over the water column in es-
tuaries, potentially limiting phytoplankton production
by narrowing the photic zone (Cloern 1987). In fact,
periods of higher seston concentration coincided with
low PP rates in the present study, and this finding was
particularly noticeable in early October (Figs 3 and
6). Therefore, light availability, which is mainly con-
trolled by local weather and secondarily by suspended
matter loads, can be regarded as the main factor regu-
lating phytoplankton production in Babitonga Bay, as
has also been observed in the Bay of San Francisco,
USA (Kimmerer et al. 2012) and other estuarine areas
(Domingues et al. 2011, Cloern et al. 2014).

The expected relationship between PAR and PP,
however, can be affected by shifts in the phytoplankton
assemblage, which may contribute to short-timescale
variability in PP. In the present study, the highest PP
rates coincided with the period (early November)
when the phytoplankton assemblage was dominated
by multiple species of relatively larger cell size, such
as Cyclotella spp., Cymatodiscus spp. and other cen-
tric diatoms >30 um. Similarly, high photosynthetic
rates were associated with higher species diversity
and larger mean cell volume over a tidal cycle in Baie
des Vies, northwestern France (Jouenne et al. 2005).
In Babitonga Bay, relatively high PP rates were also
reported during periods when small-celled diatoms
were dominant, such as E. cornuta in the second half of
November and S. costatum in February, but only when
they attained bloom cell densities. In this case, high PP
and respiration rates could be recorded in spite of lower
PAR values, as recorded during the development of a
summer S. costatum bloom in the present study, and
previously reported by Almeida et al. (2005) during and
after bloom episodes in Ria de Aveiro, Portugal. Thus,
high PP rates in Babitonga Bay can be produced either
by moderate abundances of relatively large-celled pro-
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ducers (spring) or during blooms dominated by one or
a few small-celled species (summer), especially when
solar radiation is high and seston load low.

Blooms of S. costatum are common during summer
months in southern Brazilian estuaries, including the
nearby estuarine complex of Paranagua Bay (Brandini
1985, Mafra Jr. et al. 2006) and the inner sector of Ba-
bitonga Bay (Parizzi et al. 2013). S. costatum blooms
are triggered when the irradiance becomes high enough
to reach the bottom (Shikata et al. 2008), promoting the
germination of resting cells present on the sediment,
followed by rapid growth of the vegetative cells under
high temperature. Such conditions of high luminos-
ity and temperature were present in February when
the bloom of S. costatum was recorded in the present
study. The detection of this bloom in the intermediate
sector of Babitonga Bay, contrary to previous reports
in which the bloom was restricted to the inner sector
of the estuary (Parizzi et al. 2013), can probably be
explained by the fact that all sampling campaigns were
performed during neap tide in the present study, but
spring tide in the latter. The lower tidal range may have
favoured the transport of cells to the outer region of the
estuary (Maier et al. 2012) in our study.

While the variability in the abundance of nano- and
microphytoplankton was noticeable only on the shorter
timescales, their specific abundance and species com-
position were quite dynamic and differed on various
timescales. Similarly, studies carried out by Fujita and
Odebrecht (2007) and Abreu et al. (2010) in the es-
tuarine system of Patos Lagoon, on the southernmost
portion of the Brazilian coast, also reported marked
variability on short timescales for the phytoplankton
taxonomic composition, chlorophyll a concentration
and various environmental parameters. According to
those authors, the dominant hydrodynamic conditions
determined by the wind direction were related to vari-
ability on short timescales (hours to weeks), while the
rainfall regime was more important on a longer scale
(months to years). In addition to the wind action and
precipitation cycles, which are more important in es-
tuaries with little water exchange and a restricted con-
nection with the adjacent ocean, such as Patos Lagoon
(Fujita and Odebrecht 2007, Abreu et al. 2010), tidal
fluctuations may be another important source of vari-
ability on a short timescale, especially in more open
and dynamic estuaries like Babitonga Bay. As a result,
physicochemical parameters vary on different time-
scales and ultimately affect phytoplankton abundance
and succession. In fact, during the present study, spring
mixed assemblages dominated by large diatoms were
associated with higher salinity, phosphate and seston
concentrations and lower DIN values, while eugleno-
phytes and small-sized bloom-forming diatoms formed
a characteristic summer assemblage associated with
higher temperature, rainfall and silicate concentration.

Some other phytoplankton taxa, such as the toxic
dinoflagellates belonging to the Dinophysis acumi-
nata complex, were frequent throughout the study, as
recorded in the nearby Guaratuba Bay (Tibirica et al.
2015), but their abundances were not clearly related
to any of the physicochemical parameters evaluated
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in the present study. Instead, the abundance of this
mixotrophic alga was partially related to that of its
prey, the kleptoplastidic ciliate Mesodinium rubrum,
as suggested by the temporal anti-clockwise orbits
formed when the cell abundances of both taxa were
plotted against each other. This relationship, originally
used to describe the prey-predator interactions between
heterotrophic nanoflagellates and bacteria (Tanaka et
al. 1997), was recently described for D. acuminata and
M. rubrum in Japan (Ishikawa et al. 2014). Although
the abundance of D. acuminata complex cells was
relatively low in the present study (maximum 310 cells
L), they may produce large levels of toxin, so cell
densities as low as 100-200 cells L' may be sufficient
to cause hazardous outbreaks in human consumers of
contaminated bivalves (Yasumoto et al. 1985). In ad-
dition, diarrheic shellfish toxins may also cause immu-
notoxicity, genotoxicity and cytotoxicity to many cell
types (reviewed in Valdiglesias et al. 2013), and even
tumour formation upon chronic exposure (Fujiki and
Suganuma 2009).

CONCLUSIONS

The present results reveal a marked variability in
PP, composition and abundance of phytoplankton,
and in environmental factors on different timescales
in Babitonga Bay. Marked short-scale variability in
the physicochemical parameters was accompanied by
quick changes in PP and phytoplankton abundance and
composition. In addition to the presumed influence of
winds and precipitation cycles, tidal periodicity was
a chief mechanism regulating this variability on the
scales of days and weeks. Changes in PP rates resulted
mainly from shifts in light availability due to monthly
PAR oscillations and water turbidity, but also from
variations in the specific composition and abundance
of phytoplankton. High PP rates were associated with
either moderate abundances of larger centric diatoms
or bloom concentrations of small cells. Although
variations in the total abundance of nano- and micro-
phytoplankton occurred mostly on the scale of days
and weeks, their taxonomic composition and specific
abundances were fairly dynamic, varying markedly on
various timescales. Future studies in estuarine ecosys-
tems should consider such short-timescale variability
in order to obtain truly representative and ecologically
relevant measurements.
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