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At the interface between marine and fresh waters
represented by estuaries, chemical changes in the body
of water are reflected in the biological processes. Rivers,
since humans usually use them as wastewater disposal
systems, also play an important role in the nutrient
enrichment of coastal waters and estuaries (SMITH,
2003). The first eutrophication associated processes that is
focused on in almost all studies is the excess algal growth
(YOSHIYAMA; SHARP, 2006). But, as estuarine system
response to nutrient enrichment has been demonstrated
not to be linear, as i.e. the high-nutrient and low-growth
(HNLG) conditions described by (SHARP, 2001 apud
YOSHIYAMA; SHARP, 2006), other indicators of
eutrophication should be considered. Moreover, it has
been demonstrated that in over-enriched waters primary
production is depressed due to several factors such as
light limitation and toxic contaminants (YOSHIYAMA;
SHARP, 2006). However, few studies have focused on
the changes in phytoplankton community composition in
estuarine waters as a response to nutrient enrichment (i.e.
PAERL et al., 2003). Phosphorus plays an important role
in the eutrophication of receiving waters, especially lakes,
reservoirs, rivers and estuaries. Human activities, such as
involve agricultural fertilizers and the mining of phosphate,
resulting in an increased flow of this nutrient, which
is efficiently retained, lead to high primary production
rates which favor the appearance of algal blooms and the
increased presence of aquatic weeds.

Since 2001 several research studies have been
undertaken in the sub-tropical Estuarine-Lagoon System
of Cananéia-Iguape, on the southeastern coast of Sao
Paulo State (Brazil), with receives a huge freshwater input
(average annual runoff of 435 m’s') (BARRERA-ALBA
et al.,, 2007) from an artificial channel (Valo Grande)
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opened in the C19", which causes the estuarine waters
to attain dissolved inorganic phosphate levels of ~3.0 mg
L' (BARRERA-ALBA et al., 2007). The phytoplankton
response to this nutrient enrichment results in Chlorophyll
a concentrations of 15.5 mgL-!, abundances of 3 x107 cells
L' and primary production rates of 15.85 mg C L'h’
(BARRERA-ALBA et al., 2009). Also detected in this
region was the presence of high densities of opportunistic
species of microalgae such as Skeletonema cf. costatum
and potentially toxic species of cyanobacteria (unpublished
data). S. cf. costatum was described as an abundant species
in the Cananéia region in studies produced in the 60s
and 70s, when the Valo Grande channel was open, with
maximum values of 2 x 107 cells L' the Cananéia region
(KUTNER; AIDAR-ARAGAO, 1986). From 1978 to 1995
the Valo Grande channel remained closed and only 1/10
of the freshwater discharge reached the estuarine system.
Under these conditions, several changes were observed in the
phytoplankton community (KUTNER; AIDAR-ARAGAO,
1986): S. costatum was almost absent in the Cananéia
region during the summer; the general standing stock of
phytoplankton was reduced; phytoflagellates dominated the
phytoplankton community; the frequency and abundance of
diatoms such as Phaeodactylum tricornutum and Lauderia
annulata increased; and there was a greater abundance of
dinoflagellates. It was proposed that S. cf. costatum should
be considered an indicator of the influence of riverine
waters on estuarine systems (MOSER et al., 2012). In the
light of this scene, we here evaluate how phytoplankton
composition responds to nutrient over-enrichment in a
well-preserved sub-tropical estuary by means of controlled
bioassays using the natural community of the Cananéia-
Iguape Estuarine-Lagoon System and submitting the

microalgae to different levels of eutrophication.

191 BRAZILIAN JOURNAL OF OCEANOGRAPHY, 64(2):191-196;2016



Barrera-Alba et al.: Response of phytoplankton to N. over-enrichment

The study was conducted in the northern region of
the Estuarine-Lagoon System of Cananéia-Iguape, a
sub-tropical estuarine system that is associated with a
broad and relatively well preserved mangrove forest in
Sao Paulo State, Brazil (47° 55.30° W; 25 01.14° S). This
system consists of channels and four islands covering an
area of approximately 10* ha, with two main connections
to the South Atlantic Ocean: Icapara Inlet at the North and
Cananéia Inlet at the South. The main freshwater discharge
tributary, the Valo Grande Channel (VG), is located in the
northern portion with an annual mean runoff of 435 m?s!
and a particulate organic matter concentration (POM) as
high as 1.0 g L' during the rainy season (BARRERA-
ALBA et al., 2007). 20 L of estuarine water was collected
from the southern region of the Cananéia-Iguape Estuarine
System. The water was pre-filtered onto a 200 um nylon
mesh to avoid bigger planktonic grazers. The salinity of the
estuarine water was measured as 27. Two aliquots of 400
mL were used for chlorophyll a analyses and two aliquots
of 200 mL were fixed (0.4% formaldehyde f.c.) and stored
in the dark to determinate initial phytoplankton abundance
and composition. 10 L of estuarine water was filtered onto
GF/F Whatman filters to be used as dilution water for the
bioassays. Aliquots of this water were frozen-preserved
to determine the natural inorganic dissolved nutrient
concentrations. A F/2 medium (GUILLARD, 1975) was
used to simulate different eutrophication levels. Triplicates
of six treatments of nutrient concentrations were used: 2 F,
F, F/2, /20, F/100 and F/200 (Table 1). Also, no-nutrient
addition (NNA) incubation was used as control for growth
under the natural nutrient level. Triplicates of the natural

phytoplankton community were kept for each nutrient

level and for the control in 500 mL (250 mL of estuarine
water + 250 mL of dilution water) in erlenmeyer flasks
for 13 days, at controlled temperature (21°C + 1°C) and
in 12 h: 12 h light/ dark cycles. Pigment concentrations,
cell abundances and taxonomic composition were
measured throughout the incubation experiment. For the
photosynthetic pigments analysis, aliquots of 10 mL of
each triplicate were filtered through GF/F Whatman glass
fiber filters. Chlorophyll concentrations (Chl-a) were
determined according to JEFFREY and HUMPHREY
(1975). For cell abundances and taxonomic composition
aliquots of 10 mL of each triplicate were preserved with
Lugol solution and the mixture of the triplicates was
analyzed using an Utermdhl chamber and an inverted
optical microscope under 200x and 400x magnifications
(UTERMOHL, 1958). Species richness (S) was calculated
as the number of taxa identified in each sample. The species
diversity index (H”) was calculated following Shannon-
Weaver’s (PIELOW, 1977) formula. The evenness (E) of
the microbial communities was calculated by comparing
the actual diversity to the maximum diversity (H’max).

In terms of chlorophyll a (Chl.a), only treatments F/2,
F and 2F showed an exponential growth phase after 8 days
of experiment (Figure la). After 13 days of incubation,
Chl.a values between 470 and 630 pg L' were observed
and the F/2 treatment seemed to show a stationary phase.
In terms of growth rates, these treatments showed rates
between 1.5 (F/2) and 2.0 h'!' (2F). In the F/20 treatment an
increase in Chl.a was observed after 6 days, with a growth
rate of 0.9 h! for this phase, but a decrease was registered
after 8 days of experiment (Table 2). The treatments NNA,
F/200 and F/100 did not show a growth trend, with growth

Table 1. Nutrient composition and concentration (mg L) of the different culture media used.

Treatment
Component F/200 F/100 F/20 F/2 F 2F
Nitrogen: Nitrate 0.75 1.5 7.5 75 150 300
Macronutrients Sodium phosphate 0.05 0.1 0.5 5 10 20
Silica 0.3 0.6 3 30 60 120
EDTA-Fe 0.043 0.086 0.43 43 8.6 19.2
Copper sulfate 0.098 0.196 0.98 9.8 19.6 39.2
Micronutrients Zinc sulfate 0.220 0.440 22 22.0 44.0 88.0
Cobalt chloride 0.100 0.200 1.0 10.0 20.0 40.0
Manganese chloride 1.80 3.60 18.0 180.0 360.0 720.0
Sodium molybdate 0.63 1.26 6.3 63.0 126.0 252.0
Biotin 0.01 0.02 0.1 1.0 2.0 4.0
Vitamins Cyanocobalamin (B ,) 0.01 0.02 0.1 1.0 2.0 4.0
Thiamine HCI (B)) 0.20 0.40 2.0 20.0 40.0 80.0
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rates < 0.2 h'. Abundance results registered a similar
pattern to those observed for Chl.a in each treatment
(Figure 1b). After 13 days of incubation, the F/2 and F
treatments showed a lower growth rate (abundances
between 24.6 and 33.7 61 x 107 cells L"), while the 2F
treatment still remained in an exponential phase, attaining
an abundance of 61 x 107 cells L.

Over the period of the experiment 68 taxa of the
phytoplankton community were identified. Bacillariophyta
was the most important group in terms of number of species
(63.2%), followed by Dinophyta (25.0%), Haptophyta
(2.9%), Chlorophyta (1.5%), Euglenophyta (1.5%),
Ochrophyta (1.5%) and by prokaryote Cyanobacteria
(4.4%).

In terms of cell density, the initial phytoplankton
community was dominated by centric diatoms, especially
by Skeletonema cf. costatum which accounted for ~93% of
total density (Figure 2). Over the period of the experiment,
a change in taxonomic composition was observed in all
the treatments. In the NNA and F/200 treatments, the
contribution of centric diatoms decreased to the end of
the period, when S. costatum represented ~ 50% of the
total, and an increase in the cyanobacteria contribution,
reaching ~60% of total density, was observed (Figures 2a
and 2b). Species richness decreased along the incubation
period, whereas the Shannon-Weaver diversity index
increased (Table 3). Treatments F/100 and F/20 also
presented a decrease in the centric diatom contribution
over the incubation period (the S. cf. costatum contribution
decreasing from ~90% to 9%), whereas an increase in
the contribution of pennate diatoms (7Thalassionema
nitzschioides (26 - 50%), Navicula spp (29 - 55%) and

cyanobacteria (~25%) occurred at the end of the incubation
period (Figures 2c and 2d). Species richness increased
along the period of the experiment in all treatments
until day 7, but thereafter decreased to values similar to
or lower than those observed at the beginning (Table 3).
Both diversity and evenness showed a similar trend over
the period of the experiment. The contribution of centric
and pennate diatoms also decreased in the F/2 treatment
during the period of the experiment after day 5 (or, the
5% day) to day 10 (Figure 2¢). However, at the end of the
period cyanobacteria were the predominant taxonomic
group (~60%). The predominance of cyanobacteria was
observed in the F treatment and increased from day
5 (~48%) to the end of the experiment (~78%). The
contribution of pennate diatoms was always lower than
30% along the study period (Figure 2f). In treatment 2F,
after a higher contribution of cyanobacteria between days
5 and 7 (46 - 60%), pennate diatoms, mainly Navicula spp,
were the predominant taxa at the end of the period (~79%)
(Figure 2g). For F/2, F and 2F treatments, species richness,
diversity and evenness increased during the experiment,
but decreased to the end of the period (Table 3)

The phytoplankton community of the Southern region
of the Cananéia-Iguape Estuarine-Lagoon System was
dominated by diatoms, especially by the opportunistic
chain-forming centric diatom Skeletonema cf. costatum.
This species used to form blooms until 1978, when the main
source of freshwater to the estuarine system was closed,
and was replaced by small flagellates, dinoflagellates and
non-chain-forming centric diatoms (KUTNER; AIDAR-
ARAGAO, 1986; BRAGA, 1995). S. cf. costatum has
been described as forming blooms in different coastal
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Figure 1. Variation of (a) Chlorophyll a concentration (ug L) and (b) cell counts (cells L") during the experiment for the different treatments: no-
nutrient addition (NNA) and different F/2 medium (Guillard, 1975) concentration (2F, F, F/2, F/20, F/100 and F/200).

Table 2. Growth rates under different treatments.

Treatment
NNA F/200 F/100 F/20 F/2 F 2F
Growth rate (h™') 0.12 0.06 0.12 0.92 1.47 1.81 1.99
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Figure 2. Variation of contribution of principal taxa identified during the experiment for the different treatments: no-nutrient addition (NNA) and
different F/2 medium (Guillard, 1975) concentration (2F, F, F/2, F/20, F/100 and F/200).

Table 3. Species richness (Number of identified taxa), diversity (nats ind-1) and evenness under different treatments over

the period of the experiment.

Treatment
NNA F/200 F/100 F/20 F/2 F 2F
t 22 22 22 22 22 22 22
o t, 16 29 26 26 23 21 18
Species Richness
t, n.d. n.d. 27 31 26 30 25
t, 18 20 21 24 20 16 17
t, 0.43 0.43 0.43 0.43 0.43 0.43 0.43
Diversity t, 0.55 0.76 0.84 1.05 0.66 1.00 0.49
t, n.d. n.d. 1.83 1.87 1.94 1.96 1.79
t, 1.44 1.54 2.37 2.01 1.47 1.34 1.22
t, 0.14 0.14 0.14 0.14 0.14 0.14 0.14
Eveness t, 0.20 0.22 0.26 0.32 0.21 0.33 0.17
t, n.d. n.d. 0.56 0.55 0.60 0.58 0.56
t 0.50 0.51 0.78 0.63 0.49 0.48 0.43
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environments associated with heavy rain, warm, low-
salinity and eutrophic water conditions (PRATT, 1966;
YAMAMOTO; TSUCHIYA, 1995; CHEN et al., 1996;
YAMAMOTO; HATTA, 2004; PATIL; ANIL, 2008;
MELO-MAGALHAES et al., 2009; D’COSTA; ANIL,
2010). After the re-opening of the artificial freshwater
channel, the S. cf. costatum was again registered in high
cell densities (in this present study). Previous bioassay
studies of S. cf. costatum have shown that the Ribeira de
Iguape river water enhances the growth of this species
(AIDAR-ARAGAO; MARQUES, 1986).

Even the natural waters from the Estuarine-Lagoon
System of Cananéia-Iguape are rich in macronutrients; the
incubation experiment showed that no nutrient addition
or even the addition of low levels (< F/20) resulted in
phytoplankton growth after seven days of incubation,
as observed in high-nutrient treatments (F/2, F and 2 F).
Independent of the concentration of nutrients added, all
the treatments showed a shift in taxonomic composition.
So, in natural estuarine waters the predominance of
long chain-forming centric diatoms (e.g. Skeletonema
cf. costatum) was observed, these being substituted by
motile pennate diatoms (e.g Navicula spp), chain-forming
pennate diatoms (e.g. Thalassionema nitzschioides) or
cyanobacteria filaments depending on the level of nutrient
concentration. The predominance of Cyanobacteria at
the end of the incubation experiment both at very low
and relatively high nutrient levels could have different
explanations. At low nutrient levels, final total cell densities
were twice as low as the initial ones, but cyanobacteria
densities increased by 3-4 orders of magnitude (~10°-107
cells L"). Cyanobacteria were probably mainly represented
by nitrogen-fixing genera like Anabaena, which can
benefit from an advantage in nutrient-limiting conditions
due to their high nutrient-uptake rate, affinity, and storage
capacity (AUBRIOT; BONILLA, 2012). On the other
hand, at high-nutrient treatments, where the cyanobacteria
reached densities of ~10% cells L, selective adaptation
to probable nitrogen-limitation conditions could occur.
High densities (~107-10® cells L") of motile pennate
diatoms, such as Navicula spp, observed in high-nutrients
treatments could be explained by the ability of benthic
microalgae to adapt to high nutrient concentrations, and
have higher growth rates, storage capacity and uptake
than planktonic centric diatoms, such as S. cf. costatum
(KWON et al., 2013).

In terms of diversity, both lower-nutrient (NNA and
F/200) and higher-nutrient (F/2, F and 2F) concentration

treatments showed lower species richness, diversity and
evenness than the intermediate treatments (F/100 and F/20).
This maximal diversity in the F/100 and F/20 treatments
can be explained by the promotional effects of the
moderate nutrient enrichment (AGATZ et al., 1999), since
few tolerant or more adaptive species would be benefited
by the nutrient over-enrichment. Similar results related to
microalgae community diversity have been observed in
different aquatic environments (i.e. AGATZ et al., 1999;
SALMASO, 2010; FONTURBEL; CASTANO-VILLA,
2011). Another factor that can reduce the phytoplankton
diversity is water acidification, since diatoms can respond
negatively to pH reduction (FONTURBEL; CASTANO-
VILLA, 2011).

This present study has shown that in this well-
preserved tropical estuarine system there is a quick
response of phytoplankton community to different levels
of eutrophication. Under high eutrophication conditions:
(i) density increased more than six-fold in relation to the
control after one week of incubation; (ii) there are factors
potentially favorable to the formation of cyanobacteria
blooms, even when they could be initially at very low
cell densities, which pose a risk to the environment and
local economic activities due to the potential production of
cyanotoxins. Additionally, the reduction of phytoplankton
diversity and changes in species composition and/or size-
structure could also have a bottom-up effect on higher
trophic levels, and must be taken into consideration
by decision makers in monitoring programs and in
the urbanization expansion of this coastal area. This
approach can also illustrate possible impacts of changes in
freshwater discharge in highly urbanized estuaries.
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