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Abstract

The present study evaluates the effect of climatic events La Nifla and drought on the structure of phytoplankton and hydro-
logical variables in the Amazon estuary. Samples were collected at three sampling stations in the Taperagu Estuary, on
the Brazilian Amazon coast, in 2010 and 2011. During the rainy season of the La Nifia (RS-LN) event, salinity reached
significantly lower (p < 0.05) than normal values in the upper sector (10.5 +5.9), and significant spatial variation (p <0.05)
was recorded in the concentrations of silicate, chlorophyll-a, and phytoflagellates abundance. Significant differences were
also found in salinity, turbidity, and the concentrations of dissolved nutrients and chlorophyll-a, as well as the abundance of
specific phytoplankton groups, between the dry seasons of the post-drought (DS-PD) and La Nifia (DS-LN) periods. During
the post-drought dry season (DS-PD), high salinity (37.1 +1.3) and reduced precipitation contributed to the development
of Psammodictyon panduriforme, a dominant marine species recorded during this period. During periods of higher rainfall
(RS-LN and, to a lesser extent, DS-LN), salinity reached its lowest levels, which favored the growth of diatoms such as
Cymatosira belgica, Plagiogrammopsis sp., and Skeletonema costatum. The present results indicate that the dynamics of the
phytoplankton community of the Taperagu Estuary is highly influenced by seasonality of rainfall, which is increased (more
than 20%) by anomalous climate oscillations and directly affect environmental variables. This pattern would be expected
in the dozens of other estuaries that have similar characteristics on the Amazon coast and in other tropical coastal zones
around the world.
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Introduction phytoplankton—microscopic photosynthetic algae—which

are responsible for most of the production of organic mat-

Estuaries are among the world’s most productive marine
ecosystems, due to the availability of dissolved nutrient
salts that originate primarily from inland drainage basins,
together with an abundance of primary producers (Muylaert
et al. 2009; Ricklefs 2010). These primary producers include
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ter in estuarine environments (Fu et al. 2009; Cloern et al.
2014).

The phytoplankton community is ecologically significant
as bio-indicators of the quality of the water bodies (Sathicq
et al. 2017; Gao et al. 2018), given that these organisms
respond rapidly to changes in environmental conditions,
through shifts in their occurrence patterns and growth rates
(Lopez-Abbate et al. 2017; Barrera-Alba et al. 2019). The
diatoms and dinoflagellates are typically the most dominant
phytoplankton groups in estuarine environments (Matos
et al. 2011; Wang et al. 2017), where their spatial and
seasonal distribution patterns are influenced primarily by
hydrodynamic forces, the availability of sunlight and dis-
solved nutrients, rainfall levels, temperature oscillations,
and biological factors such as competition and herbivory,
together with the intrinsic physiological characteristics of
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each species (Garmendia et al. 2013; Gao et al. 2018; Liu
and Swart 2018).

On the Amazon coast, high rainfall levels (normally
2000-3000 mm, annually), macrotides (>4 m), and the pres-
ence of extensive mangrove forests (Souza Filho et al. 2005;
INMET 2018), all play an important role in the dynamics
of the local estuarine environments, which present a set of a
unique hydrological and hydrodynamic attributes, including
high turbidity, nutrient-rich waters, high productivity, and
strong tidal currents (Pamplona et al. 2013; Pereira et al.
2017).

But it is also important to understand how extreme cli-
mate events—droughts and major floods—affect the hydro-
logical conditions and phytoplankton communities of the
Amazon coast. During the period of the present study, two
short-term events occurred. The first was in 2010, when the
Amazon region was affected by the most extreme drought of
the century, which caused profound social and environmen-
tal impacts throughout the Amazon region, with knock-on
effects for the global climate (Marengo et al. 2011; 2013).
The second event was in 2011, when a La Nifia event, which
began to develop in mid-2010, caused extensive flooding in
northern South America, as well as Australia and Southeast
Asia (Feng et al. 2013; Pereira et al. 2013; Thompson et al.
2015; Andrade et al. 2016).

Despite the considerable ecological and socioeconomic
importance of the ecosystems of the Amazon coast (fisher-
ies are one of the principal sources of income for the local
populations), few studies are available on the composition
of local phytoplankton communities, their spatial and tem-
poral dynamics, or their relationships with the hydrological
and climatological conditions found in the region’s estuaries.
Given this, one other important aspect of the present study is
that it is the first, to our knowledge, to evaluate the variation
in the seasonal and spatial distribution of local phytoplank-
ton communities in the context of the extreme fluctuations
in dissolved inorganic nutrients observed during anomalous
periods of rainfall (Andrade et al. 2016; Pereira et al. 2017;
Costa et al. 2022).

The choice of a minor estuary (Taperagu Estuary) as
the area for the present study area was determined by the
relative abundance of these features on the Amazon coast,
and the fact that systems of smaller size may facilitate the
understanding of the effects of natural events, such as atypi-
cal climatic conditions (Callaway et al. 2014; Pereira et al.
2017), on the oscillations in environmental variables, and
their consequences for the local plankton communities. In
addition, the Taperacu Estuary is located within a Marine
Extractive Reserve (‘Reserva Extrativista Marinha de Caeté-
Taperaci’), a sustainable-use protected area, created by ordi-
nance 17 on May 20, 2005, decree without number (Brasil
2005), which guarantees minimal human impact and makes
the estuary an excellent study site for the understanding of
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climatic events, as reported by Costa et al. (2013a), Andrade
et al. (2016) and Pereira et al. (2017). The present study aims
to evaluate the effect of La Nifia and drought climatic events
on the structure and dynamics of the phytoplankton commu-
nity, and on the environmental variables in an Amazonian
estuary. These insights are of enormous relevance for the
evaluation of similar systems at low latitudes on the Amazon
coast and in other regions around the world.

Materials and methods
Study area

The Taperacu Estuary is located in the municipality of Bra-
ganca, in northeastern Para state, Brazil (46°42°-46°45’
W, 00°50°-00°57" S; Fig. 1). This estuary is part of the
Braganca Coastal Plain, approximately 200 km east of the
mouth of the Amazon River (Magalhées et al. 2009 and ref-
erences therein).

The water surface of the Taperacu has an area of 21 km?,
and its catchment area is approximately 40 km?, which
means that there is a negligible freshwater inflow from the
adjacent area during the rainy season, although oligoha-
line water does flow in from the neighboring Caeté Estuary
through the Taici tidal creek during the flood tide (Asp et al.
2012; Aratjo & Asp, 2013; Magalhaes et al. 2015; Oliveira
et al. 2021). The Taperacu is a funnel-shaped, tide-domi-
nated estuary with relatively shallow water (mean depth of
4 m), but with deeper channels (up to 12 m in depth), located
primarily at the margins of the estuary (Asp et al. 2012).
In contrast with other estuaries on the Brazilian coast, the
Taperacu, together with other estuaries in northern Brazil
(Asp et al. 2018), have semidiurnal tides with an amplitude
of approximately 4 m during neap tides and up to 6 m on the
spring tide (Asp et al. 2012; Pereira et al. 2017).

The Taperagu can also be classified as a permanently open
estuary, with highly turbid, but shallow waters (Magalhdes
et al. 2015). Approximately 82% of the water of the estuary
flows in and out on each tide cycle, with large amounts of
organic and inorganic material being imported through the
resuspension of sediments from the adjacent mangrove (Asp
et al. 2012).

The local climate is humid tropical, with a rainy season
normally extending from December to May, when more than
85% of the annual precipitation occurs (Moraes et al. 2005).
The driest months are September, October, and November,
when rainfall may be negligible, leading to higher insola-
tion and evaporation rates. Mean rainfall during the rainy
season typically exceeds 2200 mm, although the data col-
lected during the past few decades (Fig. 2) reveal major
fluctuations resulting from droughts, and El Nifio and La
Nifia events (Pereira et al. 2013, 2017; Andrade et al. 2016).
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Fig. 1 Location of the study area in Braganca Coastal Plain, State of Pard, Amazon region, Brazil (A and B). Taperagu Estuary (C) showing the

sampling stations (upper—S1, middle—S?2 and lower—S3)

Air temperatures are high and stable, ranging from 25.2 to
26.7 °C, with a mean annual temperature of approximately
25.5 °C. The wind also varies seasonally, with the strongest
winds occurring during the dry season, and more moderate
winds during the rainy season INMET 2018).

Field procedures and laboratory analyses

Rainfall data were provided by the National Institute of
Meteorology (INMET) and were obtained from the INMET
meteorological station located in the town of Tracuateua,
Para (station 85145—47°10" W, 01°05' S), approximately
17 km from Braganca and 27 km from Taperacgu Estuary.
Samples were collected at three fixed stations (Fig. 1) dis-
tributed along the estuary, with station 1 (S1—00°56'58.4"
S, 46°46'6.9" W) located in the upper sector, station 2 (S2—
00°55'06.8" S, 46°44'00.0" W) in the middle sector, and
station 3 (S3—00°5030.9" S, 46°43'2.4” W) at the mouth
of the estuary, representing the lower sector. Samples were

collected on the flood tide in the rainy (February, April, and
June 2011, during a La Nifia event—RS-LN) and dry sea-
sons (October 2010, following a drought event—DS-PD,
and October 2011, during the La Nifia event—DS-LN). The
flood tide was chosen as the sampling period due to the inun-
dation of the higher areas of mangrove, which favors the
transport of organic and inorganic particles and nutrients
to the center of the estuary, where they contribute to the
development of the phytoplankton.

The subsurface water temperature, conductivity (salinity),
turbidity, and the dissolved oxygen (DO) concentration were
determined in situ using a bottom-mounted sonde to measure
the electrical conductivity, temperature, pressure of seawater
and dissolved oxygen concentration—CTDO (RBRmaestro)
with a turbidity sensor, which was moored to the seafloor
at a depth of 1.7 m. Standard 400-ml samples of the sub-
surface water (~ 1.0 m below the surface) were collected in
Niskin oceanographic bottles for the laboratory analysis of
the other environmental variables, that is, the pH and the
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concentrations of ammonium NH;, phosphate (POZ‘) and
silicate (SiO5).

The Niskin bottles were also used to collected subsurface
samples of the phytoplankton for qualitative and quantita-
tive analyses, which were stored in 600-ml plastic containers
and preserved immediately in Lugol’s solution (Throndsen
1978). Additional samples of the subsurface water were col-
lected for the qualitative study, using conical plankton nets
(64 pm mesh size), with 3 min horizontal subsurface hauls at
a mean speed of 1.5 knots. The samples collected here were
fixed in 4% formalin (final concentration) neutralized with
sodium tetraborate (borax).

In the laboratory, the pH was measured with a pH meter.
The analysis of dissolved nutrients was performed according
to the methods described by Strickland and Parsons (1972)
and Grasshoff et al. (1983), whereas chlorophyll-a concen-
trations were estimated spectrophotometrically, according
to Parsons and Strickland (1963).
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Quantitative analyses of the phytoplankton (number
of cells per liter) were based on the Utermohl method,
which consists of the sedimentation of the samples in a
sedimentation chamber for 12-24 h. These samples were
stained previously with Rose Bengal and analyzed at
400x magnification under an inverted microscope (Carl
Zeiss—Axiovert). The total area of the 7 ml cuvette was
counted, considering a minimum number of 300 individu-
als of the most abundant species. Phytoflagellates (nano-
plankton fraction < 20 um) were identified to the group
level and counts were performed in 5 random fields. The
phytoplankton species were identified based on the avail-
able taxonomic keys such as: Cupp (1943), Anagnostidis
and Komarek (1988), Steindinger and Tangen (1997 apud
Tomas 1997), Ross and Sims (1972), Ross et al. (1979),
Round et al. (1990), Hasle and Syvertsen (1997), Hop-
penrath et al. (2009), Ashworth et al. (2013) and Sims
et al. (2018), among others. The classification system and
the taxonomic framework of Guiry and Guiry (2015) was
adopted for the present study (www.algaebase.org).
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Statistical analyses

Quantitative data obtained from the samples were used to
calculate the relative abundance and frequency of occur-
rence of the phytoplankton species. The quantitative data
were also used to estimate species diversity (Shannon 1948)
and evenness (Pielou 1977).

The normality (Lilliefors test) and homogeneity of the
variances (Levene’s test) of the data were first verified prior
to the analysis of the patterns of variation in the hydrologi-
cal parameters, and in the abundance and biomass of the
phytoplankton by station (S1, S2, and S3) and season (dry
vs. rainy). When the data were not normally distributed, they
were log (x+ 1) transformed to reach a near-normal distribu-
tion. The parametric Student’s ¢ test for independent sam-
ples was used for the data with a normal distribution, and
the non-parametric Mann—Whitney (U) test for those with a
non-normal distribution. The interactions between sectors,
seasonal periods and under climatic events were evaluated
by Student—-Newman—Keuls analysis performed a posteri-
ori. A 5% significance level was considered for all analyses,
which were run in the STATISTICA software, version 8.0.

Hierarchical agglomerative analyses of similarity were
used to investigate similarities among the samples, based
on the Bray—Curtis similarity index and the log (x+ 1) trans-
formed abundance data, and run in the PRIMER statistical
package, version 6.1.6 (Clarke and Warwick 1994). A SIM-
PER (Similarity/distance percentages) analysis was run to
determine which species contributed the most for the forma-
tion of the groups in the cluster analysis, and a similarity
analysis (ANOSIM) was used to test the significance of the
differences found between the groups formed in the dendro-
gram. Both these analyses were run in PRIMER 6.1.6. The
Spearman correlation coefficient () was used to assess the
correlation between the abiotic and biotic variables, and was
calculated in the STATISTICA software, version 8.0.

A Canonical Correspondence Analysis (CCA) was used
to verify the relationships between the abundance of the dif-
ferent species and environmental variables. Only the species
with a relative abundance of over 10% in at least one sample
were included in this analysis. The significance of the overall
ordering and the first axis were tested using a Monte Carlo
permutation test (p <0.05) with unrestricted permutations.
These analyses were run in Canoco 4.5 (Ter Braak and Ver-
donschot 1995; Hoppenrath et al. 2009).

Results

Influence of anomalous rainfall levels
on the environmental variables and the structure
of the phytoplankton community

Rainy season during a La Nifa event

During the first half of 2011, which coincided with a La
Nifia event, precipitation increased by 40% in compari-
son with the long-term (37 year) average for January, and
15% in May, but in the case of the study month (Febru-
ary, April, and June, 2011), there was only an increase, of
23.5% in April, in comparison with the mean (Fig. 2B).
The historical mean precipitation was 2622 mm (Fig. 2A).
The data recorded during the three campaigns of the first
half of 2011 revealed the effect of La Nifia on the environ-
mental variables (Fig. 3A-F), with the monthly temporal
interactions being shown in Table 1.

Comparing all the study months of this scenario,
the lowest mean temperature (28.26 +0.24 °C), pH
(7.09 £ 0.25), and DO (4.76 +1.22 mg LY were
recorded in February 2011, while the lowest salinity
(13.9 +£5.48) was registered in April 2011 (Figs. 3A and
2B). The mean turbidity (106.31 +35.13 NTU; r=4.75,
p <0.01), and the nitrite (0.38 +0.19 umol L' U=0.00,
p <0.05), nitrate (6.03+1.55 umol L™!'; U=0.00,
p <0.05), phosphate (0.62 +0.09 umol L™'; U =0.00,
p <0.05), and silicate (141.65 +82.22 umol L™!) concen-
trations were all highest in February 2011 (Fig. 3C, D
and E), while the highest concentrations of ammonium
(1.92 +0.27 umol L~ r==3.01, p <0.05) and chloro-
phyll-a (28.62 + 17.74 mg m~) were recorded in April
2011 (Fig. 3E and F). The significant differences recorded
among the months are shown in Table 1.

Comparing only the months of the rainy season (RS-
LN), total phytoplankton abundance peaked in Febru-
ary (421.35x10%+122.86 x 10% cells L™!) and June
(423.16 X 10° £ 167.76 x 10° cells L~!; Fig. 4A). During
this period, diversity (r=5.13, p<0.01) and evenness
(t=6.46, p <0.01) increased significantly between Feb-
ruary (diversity =2.24 +0.66; evenness =0.44 +0.13)
and June (diversity =2.89 +0.77; evenness =0.56 + 0.09),
accompanying the increase of salinity during this period
(Figs. 3A, 4B and Table 1).

Dry seasons: post-drought event and the effects of a La
Nifa event

Normally, the dry season accounts for approximately 15%
of annual precipitation in the study area, based on the data
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for the preceding 37 years (1974-2011; see Fig. 2B). The
La Nifia event of mid-2010 was characterized by higher
than normal rainfall (37% higher than the historical mean
for the dry season), although it was preceded by an unusu-
ally dry rainy season, when rainfall was 63% lower than
average, due to the drought event (DS-PD) in the first half
of 2010 (Fig. 2B). In turn, the second half of 2011 (dry
season) was preceded by the La Nifia event in the rainy

@ Springer

season (Fig. 2B). Annual rainfall in 2011 was 25% higher
than 2010 (Fig. 2A), with 87% of the rains falling during
the first half of the year.

The comparison of the two dry seasons (DS-PD vs.
DS-LN) revealed significant differences in many of the study
variables (Table 1). In the DS-PD dry season, the waters
were slightly warmer (29.01 +£0.33 °C), significantly more
saline (37.1 +1.3; U=6.00, p <0.01), and richer in dissolved
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Table 1 Summary of statistical analysis of hydrological variables and abundance of phytoplankton groups in the Taperacu Estuary, northern

Brazil
Variables Spatial Temporal
Rainy season Dry season Rainy season Dry season
LN PD x LN (LN) (PD x LN)
(S1, S2, S3) (S1, 52, S3)
Temp n.s n.s n.s n.s
Sal S1.S3* (r=-12.81) n.s n.s ** (U=6.00)
pH S1 S2* (t=-3.67) — S1 S3* (t=—3.05) n.s n.s *(U=15.00)
DO S1S3* (t=-3.63) n.s n.s n.s
Turb n.s n.s Feb Jun** (t=4.75) *(U=15.00)
NH;r n.s n.s Feb Apr* (t=—3.01) **(t=—6.92)
NO; n.s n.s Feb Jun** (U=0.00) % (U=6.00)
NO; n.s n.s Feb Apr Jun* (U=0.00) **(U=0.00)
Poi‘ n.s n.s Apr Jun* (U=0.00) *(t=2.96)
Sio; S1S2* (r=-3.16) — S1 S3** (t=4.61) n.s n.s n.s
Chl-a S183* (1r=3.72) n.s n.s *(U=15.00)
MP n.s n.s n.s #* (t=— 8.09)
PF S1 S3* (U=2.00) n.s n.s *H*(t=— 5.46)
TP n.s n.s n.s #*(t=—5.02)
EV n.s n.s Feb Jun** (t=6.46) n.s
DS n.s n.s Feb Jun** (t=5.13) n.s

Spatial (stations) and temporal (season and climatic event) scales were evaluated by Students’ r and Mann—Whitney tests. The interactions

between Student-Newman—Keuls analysis performed a posteriori

Variables: Temp =temperature, Sal=salinity, pH =hydrogenionic potential, DO =dissolved oxygen, Turb = turbidity, NHI = ammonium,NO; =
nitrite, NOJ = nitrate, POi_ = phosphate, SiO; = silicate, Chl-a: chlorophyll-a, MP = microphytoplankton, PF =phytoflagellates, TP =total phy-
toplankton, EV=evenness, DS =diversity

*Significant at <0.05
**significant at <(0.01
*#*gignificant at < 0.001

Abundance (cells L1 x 103)

100 — ’_}
0

[ Microphytoplankton
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B Total Phytoplankton
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Fig.4 Monthly average (+SD) of total phytoplankton, microphytoplankton and phytoflagellate abundances (A), and evenness and diversity (B)
in the area of study
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oxygen (7.82+0.24 mg L"), nitrite (0.12+0.01 pmol L~!;
U=6.00, p<0.001), nitrate (10.95 +4.6 umol L™'; U=0.00
p<0.01), and phosphate (1.03 +0.46 pmol L' =296,
p <0.05) than the DS-LN (Fig. 3A, B, D and E). The lowest
abundance of cells from 20 to 200 um microphytoplank-
ton (35.16x10° +5.1x 10° cells L™!; r=— 8.09, p <0.05)
and phytoflagellates (56.78 x 10° +12.73x 10° cells L™!;
t=—5.46, p<0.001) were also observed in the DS-PD
(Fig. 4A). By contrast, the highest diversity (2.50+0.64)
and evenness (0.51 +0.11) were also recorded in the DS-PD
(Fig. 4B) in comparison with the DS-LN), although neither
index varied significantly between the years (Table 1).
When rainfall was higher than average in the first half
of the year—as it was in 2011—the dry season (DS-
LN) was marked by higher turbidity (33.17 +4.89 NTU;
U=15.00, p<0.05), ammonium (1.81+0.22 umol L~};
t=—6.92, p<0.001), silicate (144.11 +78.13 umol L"),
and chlorophyll-a concentrations (28.62 + 17.74 mg m™;
U=15.00, p<0.05) (Fig. 3C, E and F). The total abundance
of phytoplankton (385.40x 103 +100.91 x 10* cells L™!;
t=—5.02, p<0.01) and microphytoplankton abundances
(273.29+127.64x 107 cells L™'; t=— 8.09, p<0.01) were
also higher when compared with DS-PD (Fig. 4A, Table 1).

Spatial oscillations in the environmental variables
during the different climatic events

Here, the spatial oscillations in the study variables will be
presented first, followed by the fluctuations in these vari-
ables under the different climatic conditions. The means
and standard deviations of the environmental variables and
phytoplankton parameters recorded at the three sampling
stations (S1, S2, and S3) are shown in Fig. 5, and their spa-
tial interactions are presented in Table 1.

Rainy season during the La Nifa event

During the rainy season of the La Nifa event (RS-LN), salin-
ity and pH reached their lowest values in the upper sector
(S1) due to the increased input of freshwater from the adja-
cent wetlands, as well as the intrusion of less saline water
from the Caeté Estuary through the Taici Creek. Given this,
the mean salinity was significantly different between S1
and S3 (r=- 2.81, p<0.05), ranging from 10.9 £5.9 at S1
to 24.9 +3.1 at S3, reflecting the greater marine influence
(Fig. 5). A similar trend was observed in the pH (t=— 3.05,
p <0.05), which increased from 6.9 +0.2 at S1 to 7.4+0.2
at S3, and also in the dissolved oxygen concentrations
(t=— 3.63, p<0.05), which varied 4.22+1.18 mg L™! at
S1 to 6.85+0.32 mg L™! at S3. The silicate concentra-
tions also decreased significantly from S1 to S3 (r=4.61,
p <0.05), with a mean of 75.86 + 18.25 pmol L~! at S3
and 214.98 +33.33 umol L™! at S1. A similar pattern was
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recorded for chlorophyll-a (r=6.73, p <0.05), which var-
ied from 13.86+5.01 mgm~> at S3 t0 37.0+12.14 mg m™>
at S1, and the abundance of phytoflagellates (U =15.00,
p <0.05), which ranged from 173.79 x 10 £11.96x 103 cells
L' at S3 to 268.39x 10* + 122.90x 10° cells L™" at SI. In
the rainy season of the La Nifia year, diversity (2.83 +0.34)
and evenness (0.55 +0.05) were highest in the lower sector
(S3), although no significant differences were found among
the sectors (Table 1).

Dry seasons: post-drought event and the effects of the La
Nifia event

The estuary was highly homogeneous during both dry
season (DS-PD and DS-LN), with no significant variation
being found in any of the study variables (Table 1). During
the DS-PD, with the influence of less saline waters from
the Caeté Estuary, there was a similar general tendency for
increasing temperature (28.5-29.2 °C), salinity (36-39), pH
(6.4-7.8), turbidity (11.2-26.4 NTU), and nitrite concentra-
tions (0.11-0.13 pmol L") from the upper to the lower sec-
tors (Fig. 5A, B, C and D). The opposite pattern, with val-
ues decreasing from S1 to S3 was recorded in chlorophyll-a
(10 to 3.15 mg m™), and the phosphate (1.38-0.51 umol
L") and silicate (146.39 to 32 umol L™!) concentrations,
as well as in the diversity (2.94—1.76 bits cell™') and even-
ness (0.58-0.38) values (Fig. 5C, E, F and H). In this period
(DS-PD), the waters in the middle sector were slightly
richer in nitrate (17.85 umol L"), and had a higher phyto-
flagellate abundance (69.72 cells LY (see Fig. 5E and G),
whereas during the DS-LN, high concentrations of ammo-
nium (2.00 umol L), and a greater abundance of both total
phytoplankton (493.52 cells L™!) and microphytoplankton
(381.43 cells L") were recorded in S2 (Fig. 5D, F and G).
Conversely, peaks in silicate (261.30 umol L=") and chloro-
phyll-a (61.58 mg m™>) concentrations were recorded in S1
during this period (Fig. 5C and F). In all sectors, the water
was more saline following the drought event, and also had
slightly lower chlorophyll-a concentrations, and reduced
microphytoplankton and phytoflagellate abundance, as well
as the highest diversity and evenness (Fig. 5A, F, G and H),
contrary to the pattern observed during the DS-LN.

Composition of the phytoplankton

During the study period, the microphytoplankton (160
taxa) of the Taperacu Estuary was dominated by the Bacil-
lariophyta (88.1% of the taxa identified), followed by the
Myzozoa (8.1%), Cyanobacteria (2.5%), and Chlorophyta
(1.3%). The diatom Cymatosira belgica Grunow was the
most abundant species (26.4% of total individuals), followed
by Skeletonema costatum (Greville) Cleve (11.1%), Psam-
modictyon panduriforme (W. Gregory) D. G. Mann (9.5%),
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and Plagiogrammopsis sp. (8.3%). The other taxa contrib-
uted 44.7% of the total.

Rainy season during the La Nifia event

The total abundance of phytoplankton was high during
the rainy season of the La Nifia event (RS-LN), when the
microphytoplankton represented 40.4% of this abundance,
while the phytoflagellates, which were distributed in 100%
of the samples, represented 59.6%. Tychoplankton (transi-
tory planktonic organisms) was also more abundant during
this period, including Cymatosira belgica, which accounted
for 66% of the abundance (one of the highest values recorded
in this period) and had a frequency of 100% in February
2010 (Fig. 6A). The dominance of this species in this month
was favored by the increased precipitation, which led to an
increase in the resuspension of sediments and organic parti-
cles, contributing to the accumulation of phytobenthic cells
in the water column (tychoplankton), which explains their
abundance and the high turbidity recorded during this period
(RS-LN).

Skeletonema costatum (relative abundance =39.2%; fre-
quency =77.8%) was also most abundant during the rainy
season (June), followed by Trieres sinensis (Greville) Ash-
worth & E.C. Theriot (relative abundance =12.5%; fre-
quency =44.4%) and Plagiogrammopsis sp. (relative abun-
dance=9.1%; frequency =41.6%), reflecting the influence
of the meso-polyhaline environment conditions (Figs. SA
and 6A) on the occurrence and dynamics of these species.

i+l C. belgica [T Plagiogrammopsis sp. [} S. costatum \\ P panduriforme
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Thalassiosira sp.2 was well represented in April (relative
abundance = 15.4%; frequency =61.1%), with higher values
than those recorded in the dry season (Fig. 6A).

In terms of spatial variation (Fig. 6B) during the La Nifia
(RS-LN) event, Cymatosira belgica and Plagiogrammopsis
sp. reached their highest relative abundance in the upper sec-
tor (38.7% and 6.9%, respectively) and were least abundant
in the lower sector (25.7% and 1.8%), probably favored by
the low salinity, high turbidity (high resuspension rates), and
higher ammonium concentrations in S1. Thalassiosira sp.2,
in turn, was most abundant in the upper sector (6.7%). The
opposite pattern was observed in Skeletonema costatum and
Trieres sinensis with high abundances in the middle (22.9%
and 8.5%, respectively) and lower (20.5% and 6.7%) sectors
and the lowest abundances in the upper sector (17.3% and
0.7%), favored by the high salinity and nutrient concentra-
tions (ammonium, nitrate, and phosphate) recorded in these
sectors during this period.

Dry seasons: post-drought event and the effects of the La
Niha event

During the dry season, fluctuations in the abundance of
the microphytoplankton community followed distinct pat-
terns under La Nifia (DS-LN; 51.8%) and post-drought
(DS-PD; 38.2%) conditions, with a predominance of phyto-
flagellates (61.8%) in the DS-PD. The post-drought period
was marked by more saline and less turbid waters, when
the most abundant and frequent species (Fig. 6A) were
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Fig.6 Temporal (A) and spatial (B) distribution of relative abundance of the main species identified during the study
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Psammodictyon panduriforme (relative abundance =52.9%
and frequency = 100%), Cymatosira belgica (relative abun-
dance =9.9%; frequency =38.9%), and Plagiogrammopsis
sp. (relative abundance =8.5%; frequency =16.7%). The
reduced abundance of the latter two species in this period
(DS-PD) reflects their reduced physiological capacity for
development at a salinity of above 35 (Figs. 3A and 6B).
Comparing the two dry seasons (DS-PD vs. DS-LN), the
lower salinity (<35) and higher turbidity recorded during
the La Nifia event, resulted in a higher relative abundance
(34.7%) and frequency (100%) of C. belgica, reflecting its
tolerance of oscillations in salinity and the generally high
salinity of the Taperacu Estuary, as well as the importance
of the resuspension processes in its hydrodynamics, even
during the dry season. By contrast, the relative abundance
and frequency of P. panduriforme (31.9% and 88.4%,
respectively) and Plagiogrammopsis sp. (6.6% and 66.7%)
decreased in this period (Fig. 6A).

Spatially, Cymatosira belgica and Plagiogrammopsis sp.
were most abundant in the upper sector (Fig. 6B) probably
due to the lower salinity, shallower water (high resuspension
rates) and greater availability of dissolved nutrients. The
highest relative abundance (64.1% for C. belgica and 20.9%
for Plagiogrammopsis sp.), both with a frequency of 100%,
was recorded in the dry season during the La Nifa effect
(DS-LN) in the upper sector (Fig. 6B). By contrast, Psam-
modictyon panduriforme was the most abundant species in
the dry season (DS-PD), especially in the lower sector (DS-
PD, 65.9%; DS-LN, 35.1%, both with 100% of frequency),
as a consequence of the high salinity. In the post-drought
(DS-PD), this species was also relatively abundant in the
middle (52.3%) and upper (37.8%) sectors, when salinity
was higher than 35 (Figs. 5A and 6B). In the comparison
of the two dry seasons (DS-PD vs. DS-LN), Skeletonema
costatum and Trieres sinensis were more abundant during
La Nifia (DS-LN), primarily in the middle sector (Fig. 6B;
October 2011: S. costatum=32.1% and T. sinensis=10.2%)
due to the polyhaline conditions. Thalassiosira sp. 2 was
also more abundant in the La Nifia dry season (DS-LN),
principally in the lower sector (Fig. 6B).

Canonical correspondence analysis (CCA)

The first two axes of the CCA explained 53.7% of the
obtained variance (Fig. 7) with the first axis (29.4%) reveal-
ing the association of the samples obtained in June (S1, S2
and S3) and those of the middle and lower sectors in Octo-
ber 2011, both under the influence of La Nifia, reflecting
the positive correlation of Skeletonema costatum and the
ammonium concentration under conditions of low turbidity.

The second axis (24.3%) indicated a clear separation
between the upper sector under La Nifia (RS-LN; DS-LN),
and the post-drought conditions (DS-PD; S1, S2, and S3 in

October 2010), reflecting the influence of silicate concentra-
tions and, to a lesser extent, of turbidity, on the occurrence
of the diatom Cymatosira belgica in its positive portion,
which may explain the increase in the chlorophyll-a concen-
trations on this axis. The negative portion (axis 2) included
the DS-PD, DS-LN except for S3 in October 2011, and
most of the data from S2 and S3 in the rainy season, with
a predominance of Thalassionema frauenfeldii (Grunow)
Tempere & Peragallo and Psammodictyon panduriforme,
which were associated with high salinity and high concentra-
tions of nitrate, nitrite and phosphate. In the negative portion
of this axis (lower quadrants), the sectors closest to the coast
were grouped, regardless of the study period, reflecting the
incursion of marine waters into the estuary, as well as the
low precipitation rates especially in the DS-PD (October
2010).

Cluster analysis

The cluster analysis based on the abundance of the micro-
phytoplankton species revealed three well-defined groups
with 50% similarity (Fig. 8). The separation of the groups
reflected the influence of the post-drought (DS-PD) and La
Nifia (RS-LN; DS-LN) climate events (ANOSIM global
R=0.513, p<0.05), with no spatial or monthly patterns
being observed.

Group 1 was composed of the samples of the post-drought
dry season (DS-PD; October 10), with 61.4% similarity. This
group presented the highest phytoflagellate abundance and
the lowest microphytoplankton abundance, with low chloro-
phyll-a concentrations, with a predominance of Psammod-
ictyon panduriforme in the lower sector, where salinity was
highest (Fig. 8). According to the SIMPER, Paralia sulcata
(Ehrenberg) Cleve and Nitzschia sp.1 Hassall (SIMPER
(Sim/SD)=48.5), which are marine taxa adapted to saline
environments, were the principal species responsible for the
formation of this clade.

The second and third groups were influenced by the La
Nifia event (RS-LN; DS-LN in October 2011), with the
greatest abundances being related to the highest concen-
trations of dissolved nutrients, in particular, ammonium
and silicate, which thus contributed to the high biomass
(chlorophyll-a) recorded in this period. With a similar-
ity of 51%, this group associated samples from the three
sectors in February and April (RS-LN), as well as the
upper sector of October 2011 (DS-LN), which presented
the lowest salinity, high turbidity, as well as high silicate
and ammonium concentrations (as shown in Fig. 5A, C
and D). Freshwater and brackish species, such as Try-
blionella granulata (Grunow) D G Mann (SIMPER (Sim/
SD)=52.6), Campylosira cymbelliformis (A W F Schmidt)
Grunow ex Van Heurck (SIMPER (Yes/SD)=21.6),
and Cyclotella meneghiniana Kiitzing (SIMPER (Yes/
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Fig.7 Canonical Corre-
spondence Analysis (CCA)
of the environmental vari-
ables with the most com-
mon phytoplankton species:
Cymat = Cymatosira belgica,
Plagi= Plagiogrammopsis sp.;
Skele = Skeletonema cos-
tatum;, P.laut = Planctonema
lauterbornii; P.pand = Psam-
modictyon panduriformis;
T.frauen=Thalassionema
frauenfeldii; T.sine =Trieres
sinensis
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SD)=16.1) were the main taxa responsible for the forma-
tion of this group, and their presence have been probably
favored by mesohaline water conditions. This group was
divided into two subgroups, with all the February sam-
ples and two samples (S1 and S3) from April (RS-LN),
characterized by high phosphate, nitrite and chlorophyll-a
concentrations, forming subgroup 2a. Subgroup 2b, which
includes the samples from the middle (April) and upper
(October 2011) sectors, was characterized by high sili-
cate concentrations and a high abundance of Cymatosira
belgica, confirming the influence of the La Nifia event
on the October 2011 sample (DS-LN; see also abundance
and the CCA), which contributed considerably to the high
phytoplankton biomass (chlorophyll-a).

@ Springer

Nitzschia longissima (Brébisson) Ralfs (SIMPER (Sim/
SD)=16.5) was responsible for the association of the sam-
ples in the third group, which presented 67% similarity and
consisted of the samples from the middle and lower sectors
obtained in June. At these stations, the abundance of Skel-
etonema costatum prevailed due to the moderate salinity and
high ammonium concentrations, which provided favorable
conditions for the development of this species.

Correlations between the environmental
and biological variables

The Spearman correlation coefficients calculated for the
study variables are shown in Table 2. The correlation
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Fig.8 Cluster analysis (A) and relative abundance of the principal microphytoplankton species (B) identified during the study

analyses showed that the high precipitation rates (especially
in the rainy season—the RS-LN) recorded during the present
study had a direct influence on both the hydrological and the
biological variables, in particular salinity. A significantly
negative correlation was recorded between these two vari-
ables (=—0.89; p <0.001).

Significant positive correlations were recorded between
the microphytoplankton abundance and the pH and ammo-
nium concentrations. The abundance of phytoflagellates
was also correlated with both precipitation and turbidity.
Significant correlations were also recorded between total
phytoplankton and microphytoplankton abundance, as well
as between the chlorophyll-a and silicate concentrations.
Significant negative correlations were recorded, in turn,
between microphytoplankton and nitrite concentrations,
between phytoflagellates and salinity and dissolved oxygen,
between total phytoplankton and phosphate concentrations,
and also between chlorophyll-a concentrations and salinity.

Discussion

Natural condition of environmental variables
in Amazon coast

The dynamics of estuarine ecosystems are closely related
to climatic factors such as temperature, winds, and pre-
cipitation, which together with other physical and chemi-
cal variables, are crucial for the development, maintenance,
and distribution of phytoplankton in these environments.
In equatorial regions, the climate is defined in general by

high and stable temperatures and high precipitation rates
(Nittrouer and DeMaster 1996). Rainfall is one of the prin-
cipal factors controlling this primary production and phyto-
plankton biomass by altering the salinity (Sousa et al. 2009;
Pereira et al. 2010; Matos et al. 2011), dissolved nutrient
concentrations (Santos et al. 2008; Pamplona et al. 2013),
and transparency (turbidity) of the water (Bastos et al. 2005).

On the Amazon coast, the climatic pattern is influenced
directly by the seasonal displacements of the Intertropical
Convergence Zone—ITCZ (Figueroa and Nobre 1990). In
the first half of the year, the ITCZ shifts to the Southern
Hemisphere, leading to an increase in precipitation and
thereby, in fluvial discharges. Then, during the second half,
the ITCZ shifts northward, leading to a reduction in rainfall
levels and consequently in fluvial discharges, creating drier
conditions on the Amazon coast (Marengo 1995; Pereira
et al. 2013). The displacement of the ITCZ is also influ-
enced by events such as El Nifio, La Nifia, and droughts,
which may also change precipitation patterns significantly
(Marengo et al. 2015). In 2010, a drought event related to
global warming was responsible for an increase in sea sur-
face temperatures, leading to a reduction (see Fig. 2A) in
precipitation rates in the Amazon region (Marengo et al.
2013; Pereira et al. 2017). A La Niiia event occurred in 2011,
resulting in an increase in precipitation rates in both the
rainy and dry seasons of this year. In the Taperacu Estuary,
the effects of these changes in rainfall rates are even more
accentuated, given the lack of any continuous freshwater
inflow from a river but only from adjacent marshes, primar-
ily during the rainy period (Asp et al. 2012; Magalhaes et al.
2015; Oliveira et al. 2021). The increased rainfall recorded
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in the Amazon region in first semester of 2011 (see Fig. 2B)
led to an increase in the fluvial discharge of the Amazon
and its tributaries, contributing to the flooding of coastal
areas (Espinoza et al. 2012; Marengo et al. 2013; Pereira
et al. 2013; 2017) and promoting changes in the hydrologi-
cal characteristics of the local small estuaries, such as the
Taperagu, as observed in the present study.

On the Amazon coast, under normal climate conditions,
the fluvial discharge of the Amazon River and its tributaries,
and the strong local hydrodynamics are responsible for the
availability of dissolved nutrients and organic matter in the
water column. These high concentrations, which normally
exceed those recorded in other, similar regions around the
world (Thompson et al. 2015; Pan et al. 2016), including
other parts of the Brazilian coast (Rodrigues et al. 2009;
Islabdo et al. 2017) have a direct effect on the biological
productivity of the waters of the Amazon coast, which is also
very high. The distribution of these elements is related pri-
marily to the morphological characteristics of the environ-
ment, the residence time of the water, the tidal regime and
precipitation, which together determine the nutrient input to
the estuary (Dittmar and Lara 2001; Pamplona et al. 2013).
These factors influence the biogeochemical processes during
the transport of nutrients, thus controlling the distribution,
flow, and destiny of these elements within the estuarine sys-
tem, and influencing phytoplankton communities, which are
considered to be a key element/group for the assessment of
eutrophication in estuarine systems, due their rapid response
to environmental variation (Domingues et al. 2008; Garmen-
dia et al. 2013).

Given this dynamic, marked seasonal variation was
observed in salinity over the study period, and the values
recorded were invariably higher during the dry season. This
seasonal pattern of variation in salinity is a characteristic of
coastal environments, in particular those influenced strongly
by marine waters (Lacerda et al. 2004; Magalhaes et al.
2006), and has been reported previously for other Amazon
estuaries (Matos et al. 2011; Pamplona et al. 2013). This was
confirmed here in the case of the Taperacu Estuary, as in pre-
vious studies in this estuary (Costa et al. 2008; Magalhdes
et al. 2013; Palma et al. 2013), where the restricted input
of freshwater was considered one of the principal factors
controlling the invariably high salinity recorded throughout
the year.

Effects of climatic events on environmental
variables and phytoplankton community structure

Salinity is one of the principal variables controlling the
physiological processes and, consequently, the composi-
tion and distribution of the organisms that inhabit estuarine
systems, as well as forming an ecological barrier for many
species (Feitosa et al. 1999; Dorado et al. 2015), including

some phytoplankton (Pinckney et al. 2017). During the
study period, salinity was lowest during the rainy period,
especially in the case of the La Nifia event. Salinity varied
spatially within the estuary only during the rainy season
(RS-LN; see Table 1), reflecting the absence of any con-
tinuous freshwater river input, which renders the estuary
homogeneous during periods of low rainfall (dry season).
The increase in rainfall during the rainy season separates
the upper sector completely from the lower sector, however,
which retains its more saline characteristics due to its con-
tiguity with the adjacent coastal marine waters. During the
flood tide, there is also an incursion of oligohaline waters
from the neighboring Caeté Estuary into the middle sector
of the Taperacu Estuary through the tidal Taici channel (Asp
et al. 2012; Magalhaes et al. 2015). Even so, this inflow may
have only a secondary effect on salinity, given the lack of
any significant effect during the dry season.

The dissolved oxygen concentration also varied among
period, peaking in the La Nifia dry season. A similar pattern
has been observed in coastal ecosystems in other regions of
the world during the dry season (Losada et al. 2003; San-
tos and Muniz 2010; Monteiro et al. 2015), including the
Amazon coast (Sousa et al. 2009; Matos et al. 2012), where
the increase in river runoff during the rainy season has a
direct impact on the transparency (turbidity) of the water
by increasing the amount of particulate matter in the water
column, thus promoting oxygen consumption (oxidative pro-
cesses) and reducing photosynthesis (Flores Montes et al.
2002; Gardner et al. 2006; Santos et al. 2008, 2012). These
processes are even more accentuated during La Nifia events,
such as that observed in the present study, during the first
semester of 2011 (see Fig. 3B). Although photosynthesis
(together with respiration) also influences the pH through
the uptake of dissolved carbon dioxide and the liberation of
oxygen into the water column (Flores Montes et al. 2002;
Sousa et al. 2009; Matos et al. 2012; Costa et al. 2013a),
the alkaline water observed throughout the study period can
be explained primarily by the buffer effects of the marine
waters (Macédo et al. 2000) coming into the estuarine sys-
tem during the flood tide. In contrast with other Amazon
estuaries, which undergo drastic spatial and seasonal vari-
ation in pH over the course of the year (Costa et al. 2009;
Matos et al. 2011), the absence of any systematic freshwater
input into the Taperagu was most likely the principal factor
responsible for the lack of any clear spatial and temporal
variation in the pH of this estuary. Even so, rainfall did influ-
ence the spatial variation in the pH between the upper (low
pH) and lower (high pH) sectors in the rainy season during
La Nifia (RS-LN).

Turbidity was high in the Taperacu Estuary during the
rainy season, as observed in other Amazon estuaries (Lam-
Hoai et al. 2006; Costa et al. 2009; Gomes et al. 2013;
Monteiro et al. 2015). The turbidity recorded during this
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period reflected the joint effects of high rainfall rates and
strong local hydrodynamics (macrotides), which promoted
the resuspension of organic and inorganic matter from the
bottom and from the estuary margins into the water column,
accentuating its turbidity (Costa et al. 2009). This reduces
the photic zone, resulting in a decrease in the availability of
light energy available for absorption by the phytoplankton,
and limits photosynthesis and consequently the growth of
these organisms (Azevedo et al. 2008; Gameiro et al. 2011;
Lancelot et al. 2011; Matos et al. 2012). This indicates that
in the Taperacu, like other Amazon estuaries, turbidity is
one of the principal factors limiting phytoplankton growth,
given that most nutrients are available in the water column at
high concentrations (Pamplona et al. 2013; Goes et al. 2014;
Oliveira et al. 2021; Queiroz et al. 2022). While intense sun-
light is a characteristic of tropical regions worldwide (Lam-
Hoai et al. 2006; van der Molen & Perissinotto, 2011), the
turbidity of the water may block its penetration, in particu-
lar during the rainy season, thereby limiting phytoplankton
growth. This effect is expected to be even greater during La
Niifia events since precipitation rates and freshwater flow
are even greater as observed in the present study. Previ-
ous studies in other coastal Amazon environments (Santos
and Muniz 2010; Costa et al. 2013a; Goes et al. 2014) have
recorded chlorophyll-a peaks—an indirect measure of phyto-
plankton growth—primarily during the rainy season (Sousa
et al. 2009; Costa et al. 2011; Matos et al. 2012; Queiroz
et al. 2022). However, these findings tend to refer primarily
to data obtained at the onset of the rainy season, when there
is a joint effect of increasing nutrient concentrations and
sunlight availability, given that, since in the Amazon region,
there is a major gap between the onset of the rainy season
and the peak in river discharge (Goes et al. 2014).

In the Taperacu Estuary, the greatest abundance of phyto-
plankton and the highest chlorophyll-a concentrations were
recorded during the La Nifia periods (RS-LN and DS-LN),
when turbidity peaked, especially in the upper and mid-
dle sectors of the estuary. These findings indicate that the
greater flow of marine waters into the inner portion of the
estuary during the post-drought period (DS-PD), increases
salinity and decreases the concentration of nutrients, in
particular silicate and ammonium, creating one of the prin-
cipal barriers to the growth of phytoplankton during this
period. Under La Nifia conditions, Cymatosira belgica was
predominant, with a relative abundance of 66% in February
(RS-LN; Fig. 6A), and 64.1% in the upper sector in the dry
season (DS-LN; Fig. 6B). Skeletonema costatum, Trieres
sinensis, and Thalassiosira sp.2 were also more abundant
during the anomalous rainy season, influenced by high
concentrations of dissolved nutrients, such as silicate and
ammonium, reflecting the high consumption of part of the
nitrate available in the water column during this period. Pla-
giogrammopsis sp., in turn, was most abundant during the
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post-drought (DS-PD) and La Nifia (DS-LN) dry seasons
(see Fig. 6A and B). In the present study, C. belgica was
most abundant during the La Nifia periods, in particular in
the upper sector, when silicate concentrations and turbidity
were higher, reflecting the effects of the local hydrodynam-
ics on the increase in the contribution of benthic species to
the water column. The spatial variation in the composition
and biomass of phytoplankton coincided with variations in
the silicate concentration, which indicates that this nutri-
ent may become a limiting factor for the development of
phytoplankton (diatoms) in the La Nifia periods in the study
estuary, in particular in the lower sector, and possibly also
in other small Amazon estuaries with similar characteristics
(see Figs. 5 and 6). On the other hand, the positive correla-
tion between chlorophyll-a, turbidity, and ammonium (see
Table 2) indicates that the resuspension of microphytoben-
thic species contributed to the increase in phytoplankton
biomass, as observed here and in previous studies in other
tropical estuaries (Matos et al. 2011; Pamplona et al. 2013;
Bharathi et al. 2018), reflecting the active mixing of the
water column.

Phytoplankton biomass, as indicated by chlorophyll-a,
presented clear seasonal variation, with significantly higher
concentrations observed during the rainy season. This same
seasonal pattern has been observed in other estuarine sys-
tems along the Brazilian coast (Grego et al. 2004; Matos
et al. 2012). Sassi and Kutner (1982) concluded that this
pattern of seasonal variation is characteristic of coastal
environments, where the high biomass observed during the
rainy season is associated with the peaks in nutrient levels
resulting from the increased input of these elements from the
drainage basin. Increased local hydrodynamics, the avail-
ability of suspended particulate matter, and the resuspension
of benthic microalgae in the water column (Lara and Dittmar
1999; Pereira-Filho 2001; Matos et al. 2012), may also have
contributed to the increase in biomass.

In aquatic ecosystems, phytoplankton biomass and
production are limited by the combination of the various
types of nutrient salts, that is, nitrite, nitrate, ammonium,
phosphate and silicate (Tundisi and Tundisi 1976), that
are needed for the growth and reproduction of the micro-
algal community (Pannard et al. 2008; Abreu et al. 2010;
Goes et al. 2014). In the estuaries of the Amazon coast,
however, where dissolved nutrient concentrations tend to
be high values, nutrients do not appear to be a limiting fac-
tor (Costa et al. 2011; Pamplona et al. 2013; Oliveira et al.
2021). This is also true for the adjacent marine ecosystems,
and the Taperacu, like other small Amazon estuaries with
reduced freshwater input, which plays an important role in
this coastal enrichment process, given that almost all the
nutrient and chlorophyll-a rich waters retained in this eco-
system flow into the adjacent coastal zone during each tidal



How does the phytoplankton community respond to the effects of La Nifia and post-drought events...

Page170f23 9

cycle (Asp et al. 2012; Costa et al. 2013a), thus replenishing
the coastal waters twice a day.

It is well known that nutrient enrichment has a signifi-
cant effect on the phytoplankton community, altering its
composition, diversity, and abundance (Piehler et al. 2004;
Buyukates and Roelke 2005). In extreme cases, the input
of nutrients into the aquatic environment leads to the pro-
liferation of microalgae, often favoring the growth of some
species over others. In the present study, the silicate con-
centrations varied significantly in space, with higher values
being recorded in the upper sector, especially during the
La Nifa event. While a similar pattern was observed in the
post-drought dry season, the concentrations were lower. The
intensification of the anomalous rainfall pattern (La Nifia)
was probably responsible for the increase in silicate concen-
trations in the estuary, given that it promotes the leaching
and erosion of the estuary margins and adjacent areas. The
increasing silicate content in the water column in the upper
sector appears to have created favorable conditions for the
growth of the phytoplankton and microphytobenthos resus-
pended into the water column, especially the diatoms. The
greatest abundance of resuspended Cymatosira belgica cells,
and thus, the absorption of silicate, probably contributed
to the observed increase in biomass (chlorophyll-a) in this
period. During the rainy season, in addition, the greater vol-
ume of freshwater from the Taperacu basin and oligohaline
water from the Caeté Estuary probably also contributed to
the greater concentration of nutrients observed in the inner
sectors (S1 and S2) of the estuary. By contrast, low silicate
concentrations in the lower sector (S3) were probably related
to utilization by the phytoplankton and/or dilution processes,
given the abundance of phytoplankton and the influence of
marine waters at this station.

The composition and dynamics of the phytoplankton
community of the Taperacu Estuary was influenced con-
siderably by climatic conditions and environmental vari-
ables. Diatoms dominated the microphytoplankton in both
species’ richness and abundance, which is consistent with
the findings of previous studies in estuarine and marine
environments of the Amazon coast (Sousa et al. 2009;
Santana et al. 2010; Costa et al. 2011, 2013b; Matos et al.
2011, 2013; Silva et al. 2010). Diatoms are the most com-
mon group in estuarine ecosystems and correspond to the
principal primary producers of these environments (Pro-
copiak et al. 2006). In these areas, the abundance of the
diatoms reflects their ecophysiological adaption to oscilla-
tions in salinity (Karsten et al. 2006) and eutrophic condi-
tions (Eskinazi-Leca et al. 2004; Silva el al. 2010; Canani
et al. 2011). The results of the present study indicate that the
increase in precipitation resulting from the La Nifia event
promoted a decrease in salinity and an increase in dissolved
nutrient concentrations, thus increasing phytoplankton bio-
mass, which was further increased by the contribution of

resuspended benthic diatoms, including Cymatosira belgica,
which is well adapted to low light conditions and more tur-
bulent waters.

The high frequency of diatoms observed in the present
study testifies to their excellent capacity to adapt to the oscil-
lations in physical and chemical water characteristics (pri-
marily salinity). The taxa of the Myzozoa, Cyanobacteria,
and Chlorophyta were much less abundant, however. The
most important species in terms of frequency of occurrence
and relative abundance were: Cymatosira belgica, Psammo-
dictyon panduriforme, Plagiogrammopsis sp., Skeletonema
costatum, Thalassiosira sp.2, and Trieres sinensis. The latter,
a marine species that was abundant during the dry season,
is known to be highly adaptable to coastal environments
with varying salinity levels, such as the Taperagu Estuary,
and other estuaries studied by Bergesch et al. (2009) and
Eskinazi-Leca et al. (2010). The tychoplankton C. belgica
peaked in abundance during both the rainy and dry seasons,
in all sectors, although it was more abundant in the upper
sector, primarily under the influence of La Niiia. This spe-
cies had a positive relationship with the concentrations of
silicate and chlorophyll-a, and water turbidity, as shown
by the CCA for the upper sector in February, April, and
October 2011 (La Nifia). Although the species of the genus
Cymatosira are considered to be marine organisms, the local
conditions of the Taperagu were especially favorable for its
growth, given the marine influence on this estuary and its
strong local hydrodynamics, which provide optimum condi-
tions for its development.

The abundance of phytoplankton peaked during the rainy
season, reflecting the contribution of precipitation and the
local drainage system to the dynamics of these organisms.
In this season, microalgal growth was possibly favored by
the increased availability of nutrients carried into the estua-
rine waters from the flushing of the local mangroves, and
from the nutrient-rich waters of the Caeté Estuary. This sea-
sonal pattern of variation has been recorded in many differ-
ent environments on the Amazon coast (Paiva et al. 20006;
Sousa et al. 2009; Carmona et al. 2010; Matos et al. 2012),
which reflected the impact of rainfall on the lixiviation of
adjacent land and the high level of connectivity among the
local estuaries.

Phytoflagellates dominate in shallow coastal environ-
ments with calm and transparent waters (Smayda 1980),
and may be especially common in estuarine environments
during the dry season (Brandini 1982; Lacerda et al. 2004).
In the present study, by contrast, the phytoflagellates domi-
nated the local phytoplankton community during the rainy
season. Even so, similar results from adjacent coastal envi-
ronments corroborate our findings, by showing that these
organisms can adapt to strong hydrodynamic conditions
(Santos-Fernandes et al. 1998; Bastos et al. 2011; Masuda
et al. 2011; Matos et al. 2011, 2012, 2016). In particular,
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the nanoplankton fraction (phytoflagellates) is extremely
important in coastal ecosystems (Santos-Fernandes et al.
1998), given that these organisms are responsible for most
of the primary production and the available chlorophyll-a
in these environments. In this context, the direct relation-
ship observed between phytoflagellate abundance and
chlorophyll-a concentrations may indicate that, during the
rainy season, these organisms have been the principal group
responsible for the peak in the chlorophyll-a concentrations
recorded in the water column during this period.

The highest phytoplankton diversity and evenness were
recorded during June, and in the upper sector in October
2010 (DS-PD), while the highest species richness was
recorded during La Nifia, in both seasons. The abundance
of Psammodictyon panduriforme peaked during the post-
drought period (DS-PD), when salinity increased signifi-
cantly, inhibiting the development of other organisms. The
high levels of precipitation during La Nifia were thus respon-
sible for significant changes in salinity and the increasing
contribution of freshwater to the estuary, which altered the
chemical composition of the nutrients and together had a
significant impact on the composition of the phytoplank-
ton in the Taperacu Estuary. In terms of the phytoplankton
composition, while the upper and middle sectors behaved
similarly during La Nifia (RS-LN and DS-LN), the middle
and lower sectors were comparable during the post-drought
period (DS-PD). This suggests that changes in the physical
and chemical variables of the water resulted from natural
variations in the intensity of the climate are responsible for
significant changes in the phytoplankton community in other
small Amazonian estuaries with similar characteristics to
those of the Taperacu.

The results of SIMPER indicated that, in addition to the
peak in abundance of Cymatosira belgica and Plagiogram-
mopsis sp. (as confirmed by the CCA—see Fig. 7), the
benthic diatoms Tryblionella granulata, Campylosira cym-
belliformis, Cyclotella meneghiniana, and Nitzschia longis-
sima were the most common taxa during La Nifia (RS-LN
and DS-LN). This indicates that a large proportion of the
identified phytoplankton taxa were derived from sediment
resuspension by the intense local hydrodynamics, which is
further increased by the anomalous effects of the intense
precipitation of the La Nifia event. By contrast, the envi-
ronmental conditions recorded in post-drought period (DS-
PD), when precipitation was low and salinity increased due
to the greater inflow of marine water (Pereira et al. 2017),
resulted in changes in the abundance of the phytoplankton
community, which was composed primarily of marine spe-
cies. This was confirmed by the greater contributions of
Paralia sulcata and Nitzschia sp.1 in the SIMPER analysis.
These results emphasize the importance of the high levels
of precipitation during the La Nifia period, which contrib-
uted to the abundance and representativeness of the species,
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which consisted primarily of benthic diatoms. During these
events, the low salinity and high turbidity left the waters
of the Amazon coast rich in dissolved nutrients and highly
oxygenated, with a high biomass, as observed in the studies
of Andrade el al. (2016) and Pereira et al. (2017). Similar
patterns have been observed in other tropical regions of the
world by Thompson et al. (2015) and Gorgues et al. (2010).

The attributes of an ecosystem can be used to determine
the factors that influence the dynamics of the phytoplankton
community. The results of the CCA indicated clearly the
influence of the climatic events (drought and La Nifia) on
environmental variables, which affect the composition and
abundance of the phytoplankton community. Phytoplank-
ton abundance peaked during the La Nifia rainy season (see
Fig. 7) in the upper and middle sectors of the Taperacu Estu-
ary in February, April, and June, when the water was more
turbid, and had higher concentrations of chlorophyll-a, sili-
cate and ammonium. The dominance of the benthic diatom
Cymatosira belgica, and the abundance of Plagiogrammop-
sis sp. and Skeletonema costatum during this period reflected
the strong mixing of the water column. The occurrence of S.
costatum, based on the CCA, was similar at all the three sta-
tions sampled in June, and in the middle station (S2) in Octo-
ber 2011 (DS-LN), indicating a strong correlation between
this taxon and the concentrations of silicate and ammonium.
This indicates that the consumption of these easily assimi-
lated nutrients is advantageous for the development of this
diatom, which was recorded during both La Nifia seasons,
being abundant at different salinities and co-occurring with
Trieres sinensis. Both these species are generally consid-
ered to be marine and cosmopolitan (Kooistra et al. 2008;
Bergesch and Odebrecht 2009), although the results of the
present study highlight the euryhaline character and adapt-
ability of these taxa to variations in salinity. In October 2010
(DS-PD), samples from all sectors (see the CCA) had the
highest abundances of Psammodictyon panduriforme, show-
ing that this species prefers more saline waters, but may also
tolerate varying levels of salinity (Matos et al. 2016; Costa
et al. 2016).

Overall, the Taperagu Estuary is a shallow and highly
dynamic environment in which significant spatial and sea-
sonal variation was observed in many of the abiotic and
biotic variables analyzed. This variation was observed in
relation to the effects of climate events such as La Nifia
and the drought “of the century”, of 2010. The variation in
the rainfall cycle, the influence of the tides (hydrodynam-
ics), together with the high nutrient concentrations and the
marine incursions (primarily in the dry season), all appear
to be the principal factors controlling the dynamics of the
phytoplankton community. The occurrence of many spe-
cies of this community in both seasons, and in both years,
reflects their capacity to adapt to major fluctuations in salin-
ity. During the post-drought dry season, high salinity and
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lower precipitation rates favored the development of Psam-
modictyon panduriforme—a typical marine species—which
became the most abundant taxon during this period. The
dominance of this species, primarily in the dry season, was
in part responsible for the low diversity indices and even-
ness observed in the Taperacu Estuary, which has no major
input of freshwater, and can be considered to be a typically
marine environment during this period, favoring P. panduri-
forme. During the periods of high rainfall, that is, the rainy
season (for this year RS-LN) and, to a lesser extent, DS-LN,
and increased freshwater input from adjacent areas, salinity
decreased to its lowest level, which permitted the develop-
ment of other species of diatom, such as Cymatosira belgica,
Plagiogrammopsis sp. and Skeletonema costatum. The input
of oligohaline waters from the Caeté Estuary through the
Taici creek may also have transported other phytoplankton
species into the Taperacu Estuary, contributing to the diver-
sity of its phytoplankton community. Transport between
these two estuaries has already been reported in the litera-
ture for sediments (Aradjo and Asp 2013), but has yet to be
confirmed for phytoplankton in future studies.

Conclusions

The results of the present study indicate that the dynam-
ics of the phytoplankton community of the Taperagu Estu-
ary is highly influenced by seasonality of rainfall, which is
intensely increased by anomalous climate oscillations (La
Nifia) and directly affect environmental variables (mainly
salinity, turbidity and dissolved nutrient concentrations).
Diatoms were essentially the dominant group year around
and benthic species (tychoplankton) such as Cymatosira
belgica, Plagiogrammopsis sp., Tryblionella granulata,
Campylosira cymbelliformis, Cyclotella meneghiniana, and
Nitzschia longissima were the most common microphyto-
plankton taxa during La Nifia (RS-LN and DS-LN), thus
indicating that many phytoplankton taxa were derived from
sediment resuspension by the intense local hydrodynamics,
which is further increased by intense precipitation observed
during this event. Phytoflagellates numerically dominated
the local phytoplankton community during the rainy sea-
son, showing the great adaptability of these organisms to
strong local hydrodynamic conditions. This indicates that
these organisms may be one of the main responsible for the
highest chlorophyll-a concentrations recorded in the water
column during the rainy season. Similar patterns would be
expected in the dozens of other estuaries that have similar
hydrological, hydrodynamic, and geomorphological charac-
teristics, not only on the Amazon coast, but in many other
tropical regions around the world.
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