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ABSTRACT

This study evaluated changes in phytoplankton
and nutrients after an increase in river discharge in
four estuaries of northeastern Brazil. Samples were
taken during a markedly freshwater-deprived period
(Nov/2010, dry season), and during a rainy season
(May/2011). While two estuaries are located in
urban areas (Ceara - CE and Coco - CO), the others
are markedly freshwater-deprived (Pacoti - PAC and
Pirangi - PIR). Our findings indicate that increased
freshwater had opposing effects on estuaries impacted
by anthropogenic discharges (CO, CE and PIR)
compared with the other, less impacted (PAC). In
CO and CE, the freshwater flow during the rainy
period had a nutrient diluting effect and controlled
phytoplankton blooms. In PIR, only phosphorus and
inorganic nitrogen decreased in the rainy season. In
contrast, an increase of all nutrients was observed in
PAC, and of TN in PIR, followed by an increase in
phytoplankton biomass. In the rainy season, eutrophic
freshwater species dominated in all the estuaries. In the
dry season, blooms of Cryptomonas/Rhodomonas and
Synechocystis aquatilis were, respectively, observed in
CE and CO. Also in the dry season, PAC and PIR had
a predominance of marine species under a condition
of hypersalinity. Canonical correspondence analysis
suggested the variation observed for salinity, silica, and
TN are the main driver of phytoplankton structure.

Descriptors: Nitrogen, Phosphorous, Freshwater
flow, Eutrophication, Hypersalinity.
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ResumMmo

Neste estudo foram avaliados os efeitos do aumento
da vazao fluvial sobre o fitoplancton e os nutrientes
em quatro estuarios do Nordeste do Brasil. Para isso,
foram coletadas amostras durante um periodo de
forte déficit hidrolégico (Nov/2010, periodo seco),
e durante um periodo chuvoso (maio/2011). Dois
estuarios estao localizados em arecas urbanas (Ceara
- CE e Coco - CO) e dois tém forte déficit de dgua
doce (Pacoti - PAC e Priangi - PIR). Os efeitos do
aumento da descarga fluvial foram diferentes entre
os que recebem descargas antropicas (CO, CE e
PIR) e aquele menos impactado (PAC). No CO e
CE, o fluxo fluvial no periodo chuvoso diluiu os
nutrientes e controlou as floragdes fitoplanctonicas.
No PIR, o fosforo e o nitrogénio inorganico
decresceram neste periodo. Foi observado um
aumento de todos os nutrientes no PAC, e de NT no
PIR, seguidos de um aumento do fitoplancton. No
periodo chuvoso, espécies dulcicolas de ambientes
eutroficos dominaram nos estudrios. No periodo
seco, observaram-se floracdes de Cryptomonas/
Rhodomonas (CE) e Synechocystis aquatilis (CO).
No periodo seco, sob a condi¢do de hipersalinidade,
predominaram espécies marinhas no PAC e PIR.
A Anadlise de Correspondéncia Candnica sugeriu
a salinidade, a silica e o NT como os principais
responsaveis pela variacdo do fitoplancton.

Descritores: Nitrogénio, Fosforo, Fluxo fluvial, Eu-
trofiza¢do, Hipersalinidade.
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INTRODUCTION

Estuaries are transitional water bodies, characterized
by pronounced gradients of physical, chemical and
biological components, due to the mixing of fresh and
marine waters (McLUSKY, 1993). They are among
the most productive environments on the planet, and
are extremely important for the maintenance of aquatic
diversity. The phytoplankton assemblage is the main group
of primary producers in most estuaries and includes several
photosynthetic microorganisms (e.g., cyanobacteria,
diatoms, green algae, cryptomonads and dinoflagellates)
(REYNOLDS, 2006), strongly influenced by longitudinal
and temporal changes of the estuarine abiotic environment
(PAERL; JUSTIC, 2011).

In tropical and subtropical areas, high fluvial discharge
resulting from increased precipitation rates during rainy
periods may be one of the major, if not the most important
factor for controlling the structure and seasonal dynamics
of estuarine phytoplankton assemblages (SASSI, 1991;
EYRE, 2000; SAECK et al., 2013) due to its effect on
turbidity, salinity, nutrient concentrations and water
residence time (BASTOS et al., 2005; NORIEGA et al.,
2013; SAECK et al., 2013). Generally, freshwater flow
carries nutrients into estuaries and consequently increases
their concentrations (EYRE, 2000; EYRE; FERGUSON,
2005). However, flow events also change water residence
time and turbidity, which can have negative effects on
phytoplankton productivity (BURFORD et al., 2012;
PAERL; JUSTIC, 2011).

Similar to other estuaries worldwide (PAERL et al.,
2006), many tropical semiarid estuaries are impacted
by anthropogenic disturbance such as high nitrogen and
phosphorus input from agriculture, aquaculture and
domestic and industrial effluents (LACERDA et al., 2008;
GUENTHER et al., 2015), and are especially modified by
dams that alter freshwater river discharge (MOLISANI et
al., 2006). Due to natural water scarcity, the consequences
of anthropogenic impacts on semiarid estuaries may
be even more severe than on estuaries with high-fluvial
discharge in temperate zones.

Additionally, some areas with a predominantly
semiarid climate, such as the state of Ceara (Northeastern
Brazil), seem already to be affected by climate changes,
with declining annual rainfall rates (MONCUNILL, 2006)
likely acting synergistically with other anthropogenic
changes in estuaries. However, little is known about the
phytoplankton dynamics and nutrients in those estuaries.
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A study in the Jaguaribe estuary (Ceara, Brazil) showed
higher chlorophyll a concentration in the rainy season than
in the dry season, and an inverse correlation between the
chlorophyll a and phosphate concentration, indicating the
rapid consumption of this nutrient (ESCHRIQUE et al.,
2008).

In this scenario, the present study focused on changes
in phytoplankton structure and nutrient concentrations
caused by an increase in river discharge (rainy season),
preceded by a strongly freshwater-deprived period (dry
season). The objective was to compare two urban estuaries
affected by chronic anthropogenic point source discharge
and two strongly freshwater-deprived estuaries, seeking
for a better understanding of the effects of freshwater
discharge in watersheds of tropical/semiarid estuaries.
Furthermore, freshwater-deprived estuaries are strategic
environments for understanding the consequences of sea-
level changes for primary productivity and functionality
of estuarine ecosystems worldwide, considering that
a decrease in freshwater discharge into estuaries is
associated with an increased intrusion of marine waters.

MATERIAL AND METHODS

The estuaries of the rivers Cocod (CO), Ceara (CE),
Pacoti (PAC) and Pirangi (PIR) are located in the state of
Ceara in northeastern Brazil (Figure 1). A semi-arid climate
prevails in most of the state, characterized by a short and
irregular rainy season and a prolonged dry season. Annual
precipitation rates are above 1500 mm in coastal areas with
the highest concentration during the rainy season from
February to April and the lowest concentration (nearly
zero) during the dry season from August to November. The
regional precipitation rate is controlled by the Intertropical
Convergence Zone (ITCZ). The extent of the ITCZ
displacement is affected by global phenomena, particularly
the El Nifio-Southern Oscillation (ENSO). In strong
positive ENSO years, the annual precipitation in the region
is even less (ZANELLA, 2007). In 2010, a year of moderate
impact of El Nifio (NOAA, 2015), the annual precipitation
was only of 1014.2 mm year'; and in 2011, a year of strong
La Nifla impact (NOAA, 2015) was 2273.9 mm year.

The annual air temperature average is around 26°C,
with a minimum of 25.9°C in July and a maximum of
27.5°C in December. The annual evaporation rates are
above 1400 mm, being at least twice as high in the sec-
ond semester of the year. Notably, the rivers in Ceard are

ephemeral during dry periods and the freshwater discharge
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Figure 1. Location of the four studied estuaries (*) along the coast
of Ceara State (NE Brazil), with Fortaleza, the capital of Ceara,
indicated(*).

into estuaries is substantially reduced (MOLISANI et
al., 2006). Precipitation, evaporation and temperature
data were obtained from the Meteorological Station,
Department of Agricultural Economics, Federal University
of Ceara (Brazil).

CE, CO, PAC and PIR differ in hydrological regimes
and impacts. CE, CO and PAC are located in the Fortaleza
metropolitan region, while PIR is found nearly 100 km
to the east (Figure 1). During the dry season, natural
river input is low in all four estuaries which are regulated
by dam constructions, similar to most rivers in Ceara
(MOLISANI et al., 2006). Although the lower basins of
the Coc6 and the Ceard are the most highly urbanized and
industrialized, the anthropogenic discharges of nitrogen
and phosphorus exceeds that from natural sources in all
the estuaries studied (LACERDA et al., 2008). Mangrove
forests are still abundant in CE and PAC, but scarce in
CO. They are almost completely absent in PIR, where the
banks are occupied by shrimp farms (Figure 1).

Samples were taken during the dry (Nov/2010) and
the rainy season (May/2011), comprising a total of eight
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samples (n = 8). Considering the well-defined seasonality
of the region (ESCHRIQUE et al., 2008), the number of
samples was enough to reliably describe the changes in the
phytoplankton structure and nutrient concentrations. All the
samplings were taken at the peak of spring tide (high tide)
on the upper stretch of the tidal excursion (indicated by the
red circles in Figure 1) to avoid the interference of the tidal
range with biogeochemical properties when comparing
estuaries. The distances from sampling locations to the
estuarine mouth were 10 km (03°44°28.3”, 038°37°51.9”)
for CE, 7.2 km (03°45°15”S, 038°28°58.4”W) for CO, 6.6
km (03°51°02.8”S, 038°24°58.5”W) for PAC, and 9.9 km
(4°24°5.82”’S, 37°50°59.84”W) for PIR. These distances
correspond to the tidal excursion of each estuary, which is
the horizontal scale of the displacement of a water volume
during the flood or ebb tidal phase. These calculations
were based on data recorded by an Acoustic Doppler
Current Profiler (ADCP) moored near the estuarine mouth
for a complete semi-diurnal tidal cycle (13 hours) at spring
tide. The value of the tidal excursion was calculated by
integrating the depth-averaged velocity over the entire
flood tidal phase. The choice of the sample locations
sought to ensure that the water samples were fully
characterized by estuarine conditions and were not mixed
with coastal water.

All phytoplankton samples were obtained at the
subsurface using a Van Dorn bottle (0.5 m). The samples
were collected in duplicate, with one replicate preserved
in lugol solution and the other in neutral formalin, both
at a final concentration of 1%. After sedimentation, the
organisms (cells, colonies and filaments) were quantified
by the Utermdhl method using an inverted microscope at
a magnification of 400x. Both replicates were analyzed
because some organisms are better viewed in lugol
solution and others in neutral formalin. In each sample, at
least 100 organisms per dominant taxon were recorded in
order to reach a precision of + 20% within 95% confidence
limits (EDLER; ELBRACHTER, 2010).

In addition to phytoplankton sampling, physical
and chemical parameters were measured, including
temperature (T), pH, dissolved oxygen (DO), oxygen
saturation (%) (OS) and salinity (Sal), using a
multiparametric probe (Hanna HI 9828). Water samples
were collected in triplicate and analyzed for the following
variables: chlorophyll-a (Chlor. a); silicate (Si), soluble
reactive phosphorus (SRP), total phosphorus (TP),
nitrite (N-NO,’), nitrate (N-NO,’), ammoniacal nitrogen
(N-Ammoniacal), total nitrogen (TN) and total suspended
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solids (TSS), distinguishing organic (volatile suspended
solids - VSS) and inorganic (fixed suspended solids -
FSS) solids. Chlorophyll a (extracted by 90% acetone)
and nutrients were analyzed by spectrophotometry
using standard colorimetric methods for estuarine and
marine waters (VALDERRAMA, 1981; STRICKLAND;
PARSONS, 1972). Suspended solids were analyzed
by gravimetric determination (APHA, 1999). Water
transparency was estimated with a Secchi disk.

In order to evaluate the structure of the phytoplankton
assemblage, the following indicators were used: density
of organisms per L' (org L"), biomass estimated by
chlorophyll-a concentration, diversity according to the
Shannon-Wiener index, taxon richness (number of taxa per
sample), and relative abundance as a percentage. Relative
abundance (%) of divisions and taxa were calculated
based on phytoplankton density according to the formula:

Relative abundance (%) = Dx100/TD, where:

D = density (org L") of each taxon or division per
sample;

TD = phytoplankton total density (org L) per sample.

When a single division or taxon exceeded 50% of the
total phytoplankton density in a sample, it was considered
dominant.

Spearman rank correlations were used to determine
the relationships between environmental variables
and total phytoplankton density, chlorophyll-a and
Shannon-Wiener diversity index, taking into account all
four estuaries in both seasons (n = 8). Only significant
correlations are presented (p < 0.05).

Bray-Curtis  similarity based on fourth root
transformation of the densities of descriptive taxa was
used to compute the degree of similarity of phytoplankton
assemblages among samples (estuary/seasons). Taxa
contributing more than 1% of the total density in at least
one sample were defined as descriptive taxa. Cluster
analysis based on the Bray-Curtis similarity was performed
using UPGMA, and the significance of groups was tested
with the Similarity Profile test (SIMPROF). A similarity
percentage analysis (SIMPER) was applied to obtain the
contribution of each taxon in percent terms, provided by
Bray-Curtis similarity measures.

The relationships between environmental variables
and phytoplankton assemblages were assessed using
Canonical Correspondence Analysis (CCA). Before
performing CCA, environmental variables (average
values) were log (x+1) transformed and densities of
descriptive taxa were fourth root transformed.
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An initial CCA was performed to evaluate the marginal
effects of each environmental variable. A marginal effect
represents the percentage of variance (i) explained
by only one explanatory variable when the effects of
other explanatory variables are ignored (TER BRAAK;
SMILAUER, 2002). The significance (p < 0.05) of each
variable was tested with Monte Carlo Permutations,
using 499 permutations. Only significant variables were
included in the final CCA. Also in the final CCA, the
significance (p < 0.05) of the first canonical axis and of
all canonical axes together were tested with Monte Carlos
with 499 permutations.

The PRIMER 6.0 software package was employed
to calculate the Shannon-Wiener index and Bray-Curtis
similarity, and to perform the SIMPER and SIMPROF
cluster analyses. The Canoco 4.5 software package
(Biometry, Wageningen, The Netherlands) was used for
CCA and STATISTICA software (for Windows, version

7) for Spearman correlation tests.

RESULTS

HYDROLOGICAL VARIABLES

The seasonal fluctuations of FSS (Figure 2a) and
salinity (Table 1) were similar in all the four estuaries.
FSS was higher in the rainy season, reflecting larger
river input, whereas higher salinity values were recorded
in the dry season, reflecting a stronger intrusion of salt
water. With a coastal average salinity of 37, the estuaries
were classified as hypersaline (PIR and PAC), polyhaline
(CE) and oligohaline (CO) in the dry season. All of
them were oligohaline (salinity < 2) in the rainy season.
Concentrations of Si, a tracer element of the continental
contribution, were higher in the rainy season, except for
CE (Figure 2b).

Water temperatures (26.2°C to 29°C) varied only
slightly across seasons in all the estuaries (Table 1). The
lowest pH values were measured in CO and CE. All the
estuaries were shallow (< 4.0 m), and had low oxygen
concentrations (< 5.0 mg.L"), except for CE and PIR
in the rainy season (Table 1). The euphotic zone (Zeu,
estimated as 2.7 times the Secchi depth) (COLE, 1983)
extended to at least 50% of the total water column depth
in all the estuaries (Table 1), but not in CE or PIR in the
rainy season.

TP and SRP were higher in the dry season than in the
rainy season in all the estuaries except for PAC, where higher

phosphorus concentrations were measured in the rainy season
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Figure 2. (A) Concentrations of suspended solids, (B) Soluble reactive silicon, (C) phosphorous and (D) nitrogen forms in the four studied estuaries.
TSS (total suspended solids), FSS (Fixed suspended solids), VSS (volatile suspended solids), Soluble reactive phosphorous (SRP), TP (total
phosphorous), TN (total nitrogen). CE: Ceara, CO: Coc6, PAC: Pacoti, PIR: Pirangi. Detection limit of SRP (< 0.01), N-NO,- (< 0.02), N-NO,- (<

0.12 ) and N-Ammonical (< 0.29).

Table 1. Environmental and biotic variables in the four estuaries studied (dry and rainy seasons): Z Max (maximum dep-
th), Secchi depth (m), T (°C) (temperature), DO (%) (dissolved oxygen) and OS (mg L) (oxygen saturation), Dens. (Org
L") (Phytoplankton density), Chlor. (ug L") (Chlorophyll), Rich. (Richness), Shannon index. CE: Ceara, CO: Coco, PAC:

Pacoti, PIR: Pirangi.

ZMax  Secchi T pH Sal. DO oS TN:TP  Dens.  Chlor. Rich.  Shan.
CE (Dry) 2.4 0.4 283 7 25.6 0.6 8.8 1.9 2432 156.4 19 0.5
CE (Rainy) 3 0.25 26.2 7.1 0.1 5.4 66.3 43 5.2 5.4 33 2.4
CO (Dry) 1.5 0.7 28.6 7.2 1.9 33 433 6.6 533.6 80.8 33 2.1
CO (Rainy) 2 0.7 27.3 7.2 0.23 0.0 0.0 4.7 1.1 3.4 36 2.7
PAC (Dry) 0.95 0.95 28.7 7.8 40 4.3 69.7 1.9 1.1 4.7 19 1.3
PAC (Rainy) 0.8 0.25 29.2 7.2 1.5 2.5 32.8 3.2 12.1 10.6 18 25
PIR (Dry) 3.9 1.1 29 8 47.4 4 68.6 2.8 1.3 13.8 20 1.0
PIR (Rainy) 32 0.4 29 8.4 1.1 6.6 87.4 9.5 71.3 19.8 41 2.1

(Figure 2c). TN concentrations in CO and CE were higher
in the dry season, contrasting with PAC and PIR where TN
concentrations were higher in the rainy season (Figure 2d).
With regard to inorganic nitrogen, the predominant form was
N-ammoniacal, except for CE and PIR in the rainy season,
where oxygen concentrations were the highest of all the
samples, which probably favored the nitrification process,
with a predominance of N-NO,  (CE) and N-NO, (PIR)
(Figure 2d). The inorganic nitrogen forms were higher in the
dry season in CE, CO and PIR, but not in PAC, where, as
similarly for phosphorus (TP and SRP), inorganic nitrogen

concentrations were highest in the rainy season, suggesting
an interaction between the river flow and the concentrations
of these nutrients. TN: TP molar ratios (< 9.5:1) were low in
all the estuaries in both seasons, which indicated a potential
nitrogen limitation to primary production (Table 1).

PHYTOPLANKTON ASSEMBLAGE STRUCTURE

In CE, CO, PAC and PIR, the phytoplankton
assemblage included at least 155 taxa in both seasons.
The most representative phytoplankton divisions were:
Bacillariophyta (diatoms) (29%, 45 taxa), Chlorophyta
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(greenalgae)(21%, 33 taxa), Cyanophyta (cyanoprokariotes)
(19%, 30 taxa), Euglenophyta (euglenoids) (12%, 19 taxa),
Dinophyta (dinoflagellates) (9%, 14 taxa) and Cryptophyta
(cryptomonads) (6%, 10 taxa). Four taxa (2.5%) were not
identified (NID).

Richness ranged from 18 in PAC to 41 in PIR (both
in the rainy season, Table 1) and was positively correlated
with TN:TP molar ratios (R = 0.8121; p < 0.05; n = 8).
The Shannon-Wiener diversity index ranged from 0.5 in
CE (dry) to 2.6 in CO (rainy) (Table 1) and was negatively
correlated with salinity (Spearman correlation, R= -
0.7619; p <0.05; n = 8).

Total phytoplankton density varied from 1.1 x 10° org
L' in CO (rainy season) and PAC (dry season) to 533.6 x 10°
org L' in CE (dry season) (Table 1). Following the seasonal
pattern of TN (Figure 2d), the highest phytoplankton densities
were recorded in the dry season in CO and CE, and in the
rainy season in PAC and PIR (Table 1). Of all the abiotic
variables analyzed only VSS (R = 0.9286; p < 0.05; n = 8)
and N-NO, (R = 0.8264; p < 0.05; n = 8) were positively
and significantly correlated with total phytoplankton density.

Phytoplankton biomass estimated by chlorophyll a
ranged from 3.4 pg L' in CO (rainy season) to 156.4 ug
L' in CE (dry season), coinciding with the minimum and
maximum values of total phytoplankton density (Table
1). Chlorophyll a and total phytoplankton density were
positively correlated (R = 0.9848; p < 0.05; n = 8).

Cryptomonads and cyanoprokaryotes dominated
the phytoplankton assemblage in the dry season (rela-
tive abundance > 50%) in CE and CO, respectively,
while diatoms were dominant in PAC and PIR (Figure
3). In CE, a single cryptomonad taxon (Cryptomonas/
Rhodomonas 1) attained 91% of relative abundance
in the dry season. In CO, the most abundant cyano-
prokaryotes were Synechocystis aquatilis (48%) and
Romeria gracilis (13%). In PAC and PIR the dominant
taxon was a small pennate diatom aff. Phaeodactylum
tricornutum (apical size 11 to 15 pm), which accounted
for 63% (PAC) and 77% (PIR) of relative abundance in
the dry season.

In the rainy season, diatoms and green algae
dominated the phytoplankton assemblages of CE and PIR,
representing 70% and 80% of total relative abundance,
respectively (Figure 3). In CE the most abundant diatoms
were Aulacoisera distans (24%), Cyclotella meneghiniana
(12%) and Navicula sp1 (12%). In PAC, the most abundant
green algae were Monoraphidium contortum (35%) and
Monoraphidium kormakovae (33%).

BRAZILIAN JOURNAL OF OCEANOGRAPHY, 64(1):37-48;2016

In CO and PAC, a more even distribution of divisions
was observed in the rainy season with respect to relative
abundance. In CO, cyanoprokaryotes, green algae,
diatoms and euglenoids accounted for 38%, 35%, 15%
and 10%, respectively, of the total relative abundance
(Figure 3). The most abundant species were the green
algae Monoraphidium caribeum (15%) and Actinastrum
aciculare (15%), and the cyanoprokaryotes Jaaginema
subtilissimum (16%) and Pseudanabaena limnetica
(11%). In PAC, relative abundance was mainly distributed
between cyanoprokaryotes (44%), diatoms (25%), green
algae (15%) and euglenoids (12%) (Figure 3). The most
abundant species were the cyanoprokaryotes Planktothrix
isothrix (23%) and Cylindrospermopsis raciborskii (12%).

Cluster analysis based on Bray-Curtis similarity in-
cluding only descriptive taxa (65 taxa) distinguished two ma-
jor groups (I and I1, Figure 4a). The SIMPROF test confirmed
the significance of these groups (p < 0.05). Samples from the
rainy season grouped closely together, indicating the great
influence of fluvial input on the phytoplankton composition.
According to the SIMPER procedure (cut-off 90%), the main
species responsible for an average similarity of around 30%
within group I were species commonly found in eutrophic
environments: the euglenoid Trachelomonas volvocina var.
volvolcina (12.8%) (MOURA et al., 2007); the cyanopro-
karyotes Jaaginema subtilissimum (11.94%) (KOMAREK;
ANAGNOSTIDIS, 2005), Planktothrix isothrix (11.1%),
Cylindrospermopsis raciborskii (5.07%) (BITTENCOURT-
OLIVEIRA et al., 2014), Jaaginema spl (4.45%) and
Pseudanabaena limnetica (5.78%) (CHOMERAT et al.,
2007); the diatoms Cyclotella meneghiniana (8.16%)
(PADISAK etal., 2009), Aulacoseira granulata var. angustis-
sima (6.3%), A. granulata var. granulata (4.27%), Nitzschia
sp3 (2.61%) and Aulacoisera distans (2.16%) (PADISAK et
al., 2009) and Navicula cf. amphiceropsis (5.77%) (LAUX;
TORGAN, 2011); and the green algae Monoraphidium
kormakovae  (2.78%), Closterium  acutum (2.61%),
Monoraphidium contortum (2.2%) and Monoraphidium ca-
ribeum (2.09%) (PADISAK et al., 2009).

The second group (II) with an average similarity
around 40% included PAC and PIR in the dry season and
was distinguished by the diatom aff. Phaeodactylum tri-
cornutum (60.66%), Cylindrotheca closterium (25.18%)
and Thalassionema nitzschioides (14.16%) according to
the SIMPER procedure (cut-off 90%). C. closterium, T.
nitzschioides and aff. P. tricornutum are marine species
that also occur in mesohaline and polyhaline estuarine
zones (MOREIRA FILHO et al., 1999).
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Figure 4. A: Cluster analysis based on the density of the descriptive
phytoplankton species (relative abundance > 1% in at least one
sample). Group I and Group II were significant according SIMPROF
test (p <0.05). B: Canonical Correspondence Analysis (CCA) showing
the spatial and temporal variability of phytoplankton assemblage
structure in the four studied estuaries (dry and rainy season). CE:
Ceara, CO: Coco, PAC: Pacoti, PIR: Pirangi. The variables TN (total
nitrogen), Si (soluble reactive silicon) and Sal. (salinity) significantly
affected phytoplankton assemblage structure (p < 0.05)

In the dry season, CE and CO were distinct from
each other and also from other samples. In CE, three
descriptive species were exclusively found in this
sample: the cryptomonads Cryptomonas/Rhodomonas
1 and Cryptomonas/Rhodomonas 2; and the diatom
Cyclotella striata, a euryhaline species commonly

found in estuaries (MOREIRA FILHO et al., 1999).
CO was distinguished by the following descriptive
species exclusively occurring in this location: the
cyanoprokaryotes Synechocystis aquatilis, S. salina and
Romeria gracilis; the green algae Micractinium pusillum;
and the diatom Thalassiosira weissflogii. Although
S. aquatilis (CHOMERAT et al., 2007), R. gracilis
(KOMAREK; ANAGNOSTIDIS, 2005) and M. pusillum
(PADISAK et al., 2009; MARSHALL; BURCHARDT,
2004) are freshwater species, they can be found under
oligohaline conditions in eutrophic estuaries. In contrast,
S. salina is associated with oligohaline to euhaline
conditions (KOMAREK; ANAGNOSTIDIS, 2000) and
T. weissflogii with oligohaline to mesohaline conditions
(TORGAN; SANTOS, 2006).

CCA ANALYSIS OF THE INFLUENCE OF ABIOTIC VARI-
ABLES ON PHYTOPLANKTON ASSEMBLAGES

The initial CCA analysis indicated that salinity (A, =
0.752; F = 1.511; p = 0.018), and concentrations of Si (A, =
0.709; F =1.404; p=0.014) and TN (A, = 0.682; F = 1.337;
p = 0.02) had significant marginal effects (p < 0.05) on
phytoplankton variation, explaining 20%, 19% and 18%
of the total inertia (= 3.72), respectively. The percentage
of variance explained by each variable was individually
obtained by dividing the respective eigenvalues by the
total inertia.

The final CCA was carried out including only these
three variables. Here, axes 1 and 2 together explained
39.6% of the cumulative variance in biotic data (density
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of the 65 descriptive phytoplankton taxa) and 69.4% of the
relationship between biotic and abiotic variables. Both the
first and all canonical axes were significant (F = 1.108, p =
0.0280 and F = 1.773, p = 0.002, respectively). Moreover,
the correlation coefficients between the biotic and abiotic
data were 0.984 for the first axis and 0.985 for the second
axis, indicating a strong correlation between phytoplankton
and the abiotic variables salinity, Si and TN (Figure 4b).

The first axis explained 21.7% of variance in the biotic
data and was most positively correlated with salinity (r
= 0.7540) and negatively with Si (r = -0.5835) (Figure
4b). This axis separated marine and fluvial influences on
phytoplankton assemblages with more saline samples (CE,
PAC and PIR in the dry season) on the positive side of axis
1, including hypersalinity-tolerant species in PAC and PIR.

The second axis accounted for 17.9% of the biotic
variance and was most positively correlated with TN (r =
0.6127). CE and CO samples from the dry season were
located on the positive side of axis 2 (Figure 4b). The high
concentrations of TN (but also TP) in these samples indicate
a strong correlation between anthropogenic eutrophication
and the species found in CE and CO.

DISCUSSION

In the current study, increased fluvial discharge
seems distinctly to influence nutrient concentrations and
phytoplankton attributes in each estuary. The pattern
observed in PAC, with higher nutrient concentrations
(N-NO,’, N-NO, and SRP) in the rainy season, was similar
to that of the Formoso estuary, a tropical system also in
northeastern Brazil (SILVA et al., 2009). The same pattern
has also been observed after storms in tropical systems
in Australia and has been attributed to increased leaching
of materials from watersheds and river channels (EYRE;
TWIGG, 1997). For another estuarine tropical system in
northeastern Brazil, NORIEGA et al. (2013) showed that all
the dissolved nitrogenous nutrients were higher during the
rainy season, comprising nearly 85% of the total material
exported to the sea in this period.

In contrast, concentrations of the same nutrients decreased
in CE, CO and PIR during the rainy period (except for N-NO,
in CE). A decrease in nutrient concentrations as a consequence
of increased freshwater input into estuaries has been attributed
to the dilution of point source discharges (EYRE; FERGUSON,
2006). CO and CE are estuaries subjected to constant
discharge of anthropogenic effluents, especially wastewaters
(LACERDA et al., 2008). Although the predominant sources
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of nitrogen and phosphorus in PIR are nonpoint sources, such
as agriculture and husbandry (LACERDA et al., 2008), this
estuary is also intensively occupied by shrimp farms, which
can be considered a point source.

In CE and CO, TN contents were predominantly
composed (from 57 to 93%) of inorganic forms (mainly
ammoniacal-N) in both seasons. Similarly to other
nutrients, their concentrations decreased in the rainy
season, likely due to the dilution of point sources by higher
river discharge.

In contrast, in PAC and PIR, where TN concentrations
were largely made up of organic compounds (from 40 to
100%), higher concentrations were found in the rainy
season, probably derived from materials of the watershed
and the river channel. Similarly, SAECK et al. (2013),
studying a river-estuary-bay continuum in an Australian
subtropical system, observed that during high flow events
TN and TP concentrations significantly increased in the
lower estuary (0 to 10 km), and were most frequently
dominated by particulate and organic forms. The higher TP
in PIR in the dry period can be mainly attributed to the point
source as explained above.

Phytoplankton biomass/density followed the same
seasonal pattern observed for TN in all the estuaries. In
CO and CE, phytoplankton biomass was diluted by river
discharge or even flushed out of the estuary during the
rainy period, probably due to a decrease in water residence
time (ACHARYYA et al., 2012; BURFORD et al., 2012).
In addition, the decrease in phytoplankton biomass may
be associated with a decrease in the inorganic forms of
nitrogen and phosphorus.

SANTIAGO et al. (2010), who studied the
phytoplankton dynamics in a highly eutrophic estuary in
northeastern Brazil found that phytoplankton biomass
and phosphate concentrations were higher in the dry
season. In addition to the influence of point sources, which
according to SANTIAGO et al. (2010) are responsible for
an enhanced eutrophication process in the dry season, the
nutrients from runoff events in the rainy period may fuel
phytoplankton blooms commonly occurring during the next
dry season, when the river discharges decrease significantly.
Particularly, in CO and CE, the large difference in nutrient
concentrations between the dry and rainy periods suggest
that the anthropogenic point source discharges of N and
P are considerably higher in the dry season than during
increased runoff events in the rainy period.

Decreased light incidence is another factor that pre-
vents phytoplankton growth during high fluvial discharge



in tropical or subtropical estuaries (ACHARYYA et al.,
2012; BURFORD et al., 2012). Although we observed
low Secchi depths in the rainy season, light did not seem
to be a limiting factor for phytoplankton, according to
the CCA multivariate analysis. Associated with the sea-
sonal pattern of TN concentration, phytoplankton den-
sity and biomass were higher in PAC and PIR during the
rainy period. Since in these estuaries a large proportion
of TN was made up of organic compounds, it is possible
that the phytoplankton utilized these organic forms of
N. In other tropical estuaries, dissolved organic nitro-
gen, i.e. urea, significantly contributes to fulfilling the
N requirements of the phytoplankton (e.g. BUFFORD et
al., 2012).

Additionally, the increase of TN in PAC and PIR in the
rainy season may reflect land-use in the respective river
basins. The increase was more evident in PAC, where the
concentration during the rainy season was almost three
times as high as in the dry season. According to LACERDA
et al. (2008) the main source of nitrogen in these two
estuaries is from anthropogenic activities, especially
husbandry. Particularly, the N input from husbandry in PAC
is at least twice as high as in the other estuaries (LACERDA
et al., 2008).

The strong influence of TN on the phytoplankton was
also shown by CCA that suggested that salinity and silica, in
addition to TN concentrations, were the main environmental
factors influencing phytoplankton composition in all
the four estuaries studied. Nitrogen is the primary factor
limiting productivity in most estuaries and coastal marine
ecosystems worldwide (HOWARTH; MARINO, 2006),
although some studies have also identified phosphorus as
the limiting nutrient (GREGORACCI et al., 2012). Apart
from N and P, silica is an essential nutrient for diatoms
and silicoflagellates (LANCELOT; MUYLAERT, 2011).
Differences in these three abiotic variables lead to two
clearly defined phytoplankton assemblages: the first
characterized by the dominance of eutrophic freshwater
taxa in all the estuaries during the rainy season (higher
fluvial influence, Group I of the cluster analysis); and
the second by the dominance of typical marine taxa in
hypersaline estuaries during the dry season (Group II of the
cluster analysis).

Of all the descriptive taxa that occurred in the rainy
season in all the estuaries we highlight Planktothrix isothrix
and Trachelomonas volvocina var. volvolcina, which
only occurred in this season, as well as other eutrophic
freshwater euglenoids, cyanoprokaryotes, diatoms and
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green algae. Planktothrix isothrix has been referred to as a
potentially toxic cyanoprokaryote in Brazilian water bodies
(SANT’ANNA et al., 2008), thus indicating the need for
further studies on cyanobacteria blooms in these estuaries.

The rainy season was further marked by higher
phytoplankton richness and diversity. This is in agreement
with findings for other tropical estuaries in northeastern
Brazil where the phytoplankton composition in the rainy
season is strongly influenced by the input of freshwater
species (SILVA et al., 2009; SANTIAGO et al., 2010).

The second group, which included PAC and PIR in the
dry season, was distinguished by the presence of marine
species likely carried into the estuary by the tide. The
main descriptive taxa of this group (aff. Phaeodactylum
tricornutum, Cylindrotheca closterium and Thalassionema
nitzschioides) are marine diatoms of cosmopolitan
distribution (HASLE; SYVERTSEN, 1996), commonly
found on the northeastern coast of Brazil (MOREIRA
FILHO et al., 1999).

A tidal effect can be excluded because all the samples were
collected during high tide. Hypersaline conditions and the
dominance of marine species observed in PAC and PIR in the
dry season indicated an upstream movement of the estuarine
brackish water in these locations. This clear tendency toward
marinisation (i.e. an increased intrusion of marine waters, e.g.
CHAALALI et al., 2013) of PAC and PIR in the dry season
led to changes in the species composition, with an emergence
of marine species and a decrease in phytoplankton biomass.
LACERDA et al. (2007) reported that the PAC mangrove area
doubled from 1958 (0.71 km?) to 2004 (1.44 km?) mostly due
to alterations in freshwater supply and sediment accumulation
in consequence of river damming. Changes due to climate
changes were also not ruled out by these authors. Similarly,
CHAALALI et al. (2013) reported changes in the longitudinal
distribution of copepods as a consequence of marinisation in
the Gironde estuary, the largest estuary in southwestern Europe.
SILVA et al. (2004) also found changes in the copepod species
composition associated with marinisation in an estuarine area
(Suape bay) in northeastern Brazil. It is, therefore, reasonable
to assume that changes in the longitudinal distribution of
primary producers and/or zooplankton in estuaries undergoing
a marinisation process may impact the upper levels of the
estuarine food web.

Additionally, in PAC and PIR, total density, biomass and
diversity of primary producers were lower in the dry season,
suggesting increased stress conditions during this time.
Salinity is one of the main variables influencing composition
and distribution of phytoplankton in estuaries (LANCELOT;
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MUYLAERT, 2011), and this has been confirmed by the
current study. However, no clear relationship between
salinity and phytoplankton diversity and density is known
for estuaries in general. A decrease in diversity and density
or biomass during periods when estuaries are more strongly
influenced by coastal waters (such as PAC and PIR in the
dry season) may, therefore, be more strongly associated
with nutrient limitation (especially nitrogen) than with
increased salinity, especially on the oligotrophic east coast
of northeastern Brazil (KNOPPERS et al.,, 2009). The
TN: TP ratios in these two estuaries were lower in the dry
season, indicating a potentially greater nitrogen limitation.
However, the dominance of marine species in PAC and PIR
in the dry season indicate the potential of these estuaries
to sustain primary productivity even during periods of
hypersalinity and lower nutrient concentrations (especially
total nitrogen).

In contrast, the phytoplankton assemblage of CE was
dominated by the cryptophyta Cryptomonas/Rhodomonas
1 in the dry season. Seasonal blooms of nanoplanktonic
cryptomonads (< 20 pm) are common in polyhaline and
mesohaline estuarine areas (e.g. MARSHALL etal., 2006).
This group is favored by high turbidity (e.g. REYNOLDS
et al, 2002), hypoxia and increased concentrations of
inorganic nutrients (e.g. ROTHENBERGER et al., 2014),
conditions observed in CE.

CO was dominated by non-nitrogen-fixing cyanobac-
teria in the dry season. The most representative species
was S. aquatilis, which accounted for about 50% of the
total phytoplankton density in this sample. S. aquatilis
has previously been identified as a potentially micro-
cystin-producing species in Brazil (SANT’ANNA et al.,
2008). The occurrence and dominance of S. aquatilis
in estuaries is associated with its tolerance to salinity
(SHEN et al., 2010), which explains its success in CO
under oligohaline conditions.

Although the high densities and phytoplankton biomass
found in CO and CE in the dry season were associated with
higher inorganic nutrient concentrations, the predominant
species in these samples may have been well adapted to
assimilate these nutrients under lower TN: TP (< 7N: 1P)
ratios. Although the TN: TP atomic ratios required by
phytoplankton are about 16N: 1P (REDFIELD, 1958), the
nutritional requirements of each species may vary according
to its rates of absorption, assimilation and nutrient storage
capacity (VUORIO et al., 2005). In our study, the CCA
suggested that TN concentration rather than the N: P ratio
was the key factor to stimulate growth and taxonomic
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composition of phytoplankton assemblages in all the four
estuaries in both seasons. Therefore, both the N: P ratio and
total supply of nitrogen nutrients should be controlled in
strategic aquatic environments such as estuaries.

In brief, our findings show that increased freshwater
input has differential effects in pristine and eutrophic
tropical semiarid estuaries. Overall, freshwater flow was
probably the main factor for nutrient dilution, as well as for
controlling phytoplankton blooms in eutrophic estuaries,
thus mitigating the effects of the eutrophication process.
Additionally, the variation observed for salinity, silica, and
total nitrogen was suggested to be the main main driver of
phytoplankton structure.

Cryptomonads and cyanobacteria blooms in urban
estuaries and the influence of saline intrusion on the
phytoplankton structure in freshwater-deprived estuaries
emerge as the main changes detected in this study and
point to the risks to the functioning and health of these
ecosystems.
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