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Abstract

Oscillations in rainfall levels are one of the principal factors that determine seasonal
shifts in physicochemical and hydrobiological variables, and exceptional climate events
can have an enormous effect on the characteristics of small tropical estuaries. Given
this, the present study investigated the responses of the physiochemical and
hydrobiological variables of a small, shallow and well-mixed Amazonian estuary with
absence of any direct fluvial discharge to different climatic scenarios (typical
conditions, and drier events). The study was based on 21 field campaigns conducted
between April 2012 and April 2017. During rainy seasons of typical condition, when
rainfall levels were higher and salinity lower than 7 (just after a weak La Nifia),
phytoplankton biomass was affected by increased turbidity (> 400 NTU) of the water,
even when nitrogenous compounds were readily available (ammonium: 3.39 £ 1.71
umol LL, nitrite 0.90 + 0.80 umol L and nitrate (3.91 + 1.86 umol L™Y). In addition, the
absence of any direct fluvial discharge appear has contributed to the cumulation of
phytoplankton biomass (chlorophyll-a > 20 mg m=) into the estuary during the rainy
season of the drier events and typical condition, when turbidity was lower (< 200 NTU).
Conversely, during the dry seasons of the drier events, when rainfall levels were lower,
and extremes of salinity were recorded (>38), phytoplankton biomass (chlorophyll-a <
10 mg m®) was affected by the lower levels of nitrogenous compounds, even when
phosphorous compounds were largely available. Overall, the present study has shown
that extreme oscillations in rainfall levels cause abrupt shifts in the physicochemical
parameters of the estuary, and affected the phytoplankton biomass, although high
turbidity appeared to limit the buildup of this biomass. These effects are manifested
immediately in the study area, given that the Taperacu is a small estuary with a limited
freshwater input, and it would seem reasonable to expect similar processes in other

minor Amazonian estuaries when subjected to extreme fluctuations in rainfall levels.
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1 1. Introduction
2 Estuaries are often associated with mangroves in equatorial and tropical regions.
3 Estuarine mangrove environments are among the world’s most productive ecosystems, with
4 high rates of primary production, and substantial autotrophic and heterotrophic biomass
5 (Bianchi 2007; Burford et al. 2008; Arumugam et al. 2016). These areas are characterized
6 by a well-defined climatic cycle, typically with two main seasons, rainy and dry (Geyer et
7 al. 1996). This cycle controls the freshwater input into the system, and determines the
8 functional mechanisms of the estuarine ecosystem (Santos et al. 2008; Goes et al. 2014).
9  However, these areas may be affected by extreme fluctuations in climatic conditions, driven
10  primarily by large-scale climate oscillations such as the El Nifio Southern Oscillation-
11  ENSO (Gomez et al. 2019; Francisco and Neto 2020).
12 The ENSO includes both positive (El Nifio) and negative (La Nifia) anomalies in the
13  temperature of the surface waters of the equatorial Pacific Ocean (Grimm et al. 1998).
14 During El Nifio events, the surface waters of the tropical Pacific are warmer than normal,
15 which may decrease rainfall in the Amazon region and, as a consequence, reduce the
16  volume of fluvial discharge (Restrepo et al. 2014). The most intense EI Nifio events in the
17  past few decades were the result of the exceptional warming of the surface temperature of
18 the eastern Pacific, combined with a major redistribution of global atmospheric humidity
19  and temperature (Xue and Kumar 2016; Barnard et al. 2017). These processes caused
20  severe droughts in Australia, India, and Central America (Chiew et al. 1998; Changnon
21  1999), Africa (Eltahir 1996), Indonesia (Siegert and Marsiat 2001), Peru (Marengo et al.
22 2012), and Amazonia (Marengo et al. 2008, 2016). During La Nifia events, by contrast, a
23 major decrease in the temperature of the surface waters of the tropical Pacific in the vicinity

24 of northern Australia, New Guinea, and Indonesia (Feng et al. 2013; Palutikof et al. 2015)
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causes rainier-than-normal conditions over these areas, as well as in southeastern Africa
(Moeletsi et al. 2011; Zaroug et al. 2014) and northern Brazil (Marengo et al. 2011).

These climatic fluctuations affect estuaries by modifying one of the principal
hydrodynamic forces, i.e. the input of freshwater, which in turn may modify saline
stratification patterns, seawater intrusion, renewal time, and the processes inherent to the
biogeochemical cycles (Grimm et al. 2000; Garcia et al. 2004). During drier conditions,
estuarine waters become more saline, and dissolved inorganic nutrient concentrations
decline (Wilkerson et al. 2002; Wetz et al. 2011; Valiela et al. 2013), with the opposite
pattern being observed during events of increased rainfall (Valiela et al. 2012; Thompson et
al. 2015). These alterations affect biological productivity, and impact fishery production,
which may have serious socio-economic implications (Garcia et al. 2004; Rossi and Soares
2017).

Located in the equatorial zone, the Amazon coast is highly susceptible to the effects
of these climatic oscillations. This region includes the world’s largest continuous tract of
mangrove forest, which is influenced by the discharge of the Amazon River and dozens of
other local estuaries (Kjerfve and Lacerda 1993; Goes et al. 2014). This complex system of
estuaries releases one of the greatest inputs of dissolved nutrients and organic matter to the
ocean (DeMaster and Pope 1996; Geyer et al. 1996). In recent years, the estuaries of the
Amazon coast have been subjected by both La Nifia and El Nifio events (Pereira et al. 2013;
Andrade et al. 2016), in addition to a major drought, provoked by an anomalous northward
migration of the Atlantic Intertropical Convergence Zone (ITCZ), as a consequence of the
increase in the temperature of the surface waters of the tropical Atlantic Ocean (Marengo et

al. 2012, 2013a, 2013b; Pereira et al. 2017; Cunha et al. 2019).
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Previous studies on the Amazon coast found that the temporal variation in
hydrological factors is influenced primarily by oscillations in rainfall levels (Pereira et al.
2012; Pamplona et al. 2013). However, the effects on estuarine environments of the
fluctuations in the physical, chemical, and biological variables related to those extreme
climatic events have not been documented systematically. It is thus necessary to expand the
available database on the Amazon coast to better understand and predict the response of
these variables under different, in particular extreme conditions. As the Taperagu is a small
estuary with less than 30 km in length, relatively small changes in forcing conditions may
result in immediate impacts in the functioning of the estuary due to the extension of the
domain affected. This means that estuaries of small size are appropriate for the modeling of
the functioning of these systems under varying conditions (Callaway et al. 2014; Andrade
et al. 2016) and the Taperagu can be considered to be a paradigm of this type of estuarine
environment. In this context, the hypothesis of the present study is that the phytoplankton
biomass will scale to the level of rainfall to a certain point, after which the effects of light
limitation will prevent biomass buildup. We believe that these effects are more intense
during the rainy season, given that the dry season accounts for less than 15% of the annual
rainfall.

To test this hypothesis, we evaluated the patterns of variation in biotic and abiotic
data (such as temperature, salinity, pH, turbidity, nutrient concentrations, and
phytoplankton biomass) during periods influenced by different climatic events, that is, low
rainfall (EI Nifio and drought) and typical condition (including a post weak La Nifia) in the
Taperagu estuary, on the Amazon coast. It is hoped that the determination of the degree of

association between the variation in estuarine dynamics and extreme fluctuations in
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climatic patterns can be used to model and predict the variation in similar systems located

in equatorial and tropical regions around the world.

2. Material and Methods
2.1 Study Area

The present study focused on the Taperagu estuary in eastern Brazilian Amazonia.
Taperagu estuary is typical for the northern coast of Brazil. This estuary is located on the
Braganca Peninsula (in the municipality of Braganca), approximately 150 km southeast of
the mouth of the Amazon River (Figure 1). This peninsula is covered by a well-developed
mangrove forest, which covers a total area of more than 180 km? (Krause et al. 2001), and
is dominated by three mangrove tree species, Rhizophora mangle L., Avicennia germinans

L., and Laguncularia racemosa (L.) C.F. Gaertn (Cohen et al. 1999; Menezes et al. 2008).

<Insert Figure 1>

The Taperacu is a small, funnel-shaped estuary, with a basin of 40 km?, of which,
21 km? is covered with water surface (Aradjo Jr. and Asp 2013). With less than 30 km in
length, the mean depth of this estuary is 4 m, and extensive sandbanks run longitudinally
along its mid-sector. Freshwater input is relatively small, with the main sources being the
Taici channel (Fig. 1), which connects the Taperacu to the neighboring Caeté estuary (Asp
et al. 2012), and the Tamatateua channel, which transports freshwater from the adjacent
marshes, that are inundated during the rainy season. The local semi-diurnal tides may reach
heights of 5-6 m near the mouth of the Taperagu estuary during the spring tide. Tidal

currents are typical of a shallow estuary, reaching velocities of over 1.5 m s (Asp et al.
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2012). Waves play only a secondary role in the hydrodynamics of estuary, with their
propagation being mediated by the sandbanks (Asp et al. 2013).

The local climate is hot and humid equatorial, with a relatively intense rainy season,
typically between January and June (Martorano et al. 1993). The rainiest months are
between March and May, when more than 80% of the annual rainfall is usually recorded
(INMET 2019). The driest months are between September and November, when rainfall is
negligible, resulting in an excess of evaporation (INMET 2019). Wind directions and
speeds also vary seasonally, with relatively strong northeasterly winds (mean monthly
speeds of 2.8-4.4 m s!, with a maximum of 6.9-9.3 m s) during the dry season. Winds are
much weaker during the rainy season, coming from all the directions, with mean monthly
speeds of 1.4-3.1 m s, increasing to a maximum of 4.1-7.1 m s? (Pereira et al. 2012;
INMET 2019).

The historical mean annual rainfall (1982-2017) of the study area is 2,360 mm, and
data series indicates that 85% of the annual rainfall occurs during the rainy season months,

with this pattern being modified during extreme climatic events (Online Resource 1).

2.2 Sample collection and laboratory methods

Hourly rainfall levels were obtained for the period between April 2012 and April
2017 from the Brazilian National Meteorological Institute’s (INMET) Tracuateua station,
that is located to 36 m above the ground, and approximately 33 km northeast of the mouth
of the Taperagu estuary. Physicochemical (water temperature, salinity, turbidity, pH,
ammonium, nitrite, nitrate, dissolved organic nitrogen - DON, total dissolved nitrogen -
TDN, orthophosphate, dissolved organic phosphorous - DOP, total dissolved phosphorous -

TDP and silicate concentrations) and biological (chlorophyll-a concentrations) data were
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collected during 21 campaigns (Online Resource 2) at three sampling stations in the lower,
middle, and upper sectors of the estuary (Fig. 1). Each of the campaigns lasted 25 hours and
were conducted under different climatic periods, including: (i) an intense drought (2012
and 2013), which was characterized by a deficit in the annual rainfall of 34% in 2012 and
32% in 2013; (i) a typical rainfall period (2014 and part of the first half of 2015) with
mean values similar to historical data; (iii) a strong El Nifio event (between the second half
of 2015 and November 2016), when a 25% rainfall deficit was recorded, and (iv) another
typical year, which occurred just after a weak La Nifia event. This La Nifia event began at
the end of 2016, but weakened in the middle of the first half of 2017. The events were
classified based on Cunha et al. (2019) and government websites (INMET 2019; Golden
Gate Weather Service 2021), as shown in Online Resource 2.

A bottom-mounted mooring was installed at each station, to which the CTDs
(conductivity, temperature and depth) were attached. Readings were taken every 10 min
over the 25-h sample period (total = 150 readings) by each CTD (RBRmaestro) equipped
with turbidity sensors. For temperature, the CTD was accurate to +0.002°C, while for
conductivity, it was accurate to £0.0003 S m. The profiles derived from the processed
data were exported using the Ruskin software for further analysis.

Niskin bottles were cast every 3 hours to obtain water samples at a depth of 1 m
below the surface. A total of 567 water samples were collected during this study. These
samples were preserved in a cooler at 4°C for transportation to the laboratory, where the
pH, and dissolved nutrient and chlorophyll-a concentrations were immediately determined.

In the laboratory, the pH of the water samples was measured using a tabletop pH-
meter (HANNA HI 2221), with resolution of 0.01. Water samples were vacuum-filtered

through glass-fiber filters (Whatman GF/F 0.7 um, 47 mm), and both the samples and the
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filters were freeze-dried for further analyses of nutrients and chlorophyll-a, respectively.
The chlorophyll-a (Chl-a) was extracted with 90% acetone v/v and determined
spectrophotometrically, following the Parsons and Strickland (1963) and UNESCO (1966)

protocols. The concentrations of dissolved organic nutrients (nitrite - NO5, nitrate - NOg,

ammonium - NHj, orthophosphate - POS and silicate - DSi) were also determined by

spectrophotometry, using the procedures described by Strickland and Parsons (1972) and
Grasshoff et al. (1983). The total dissolved nitrogen and total dissolved phosphorus were
determined by applying an adaptation of the simultaneous oxidation of the nitrogen and
phosphorus compounds using an alkaline persulfate-oxidizing solution (Grasshoff et al.
1999).

A Thermo Scientific 220 Evolution UV-Vis spectrophotometer was used to analyze
the nutrient and chlorophyll-a concentrations. This spectrophotometer was calibrated with
deionized water (mixed bed deionizer Q-380M), and the detection limits (DL) established
for the analyses were: nitrate (DL = 0.05 umol L7), nitrite (DL = 0.01 pmol L7%),
ammonium (DL = 0.05 pmol L), silicate (DL = 0.1 umol L), orthophosphate (DL = 0.03
umol L), and chlorophyll-a (DL = 0.02 mg m). To guarantee quality control, the linearity
of the chemical method (Rz>0.998) was determined using individual calibration curves

compiled using standard solutions of known concentrations of the respective substances.

2.3 Statistical analysis
The temporal variation in the physiochemical and hydrobiological data was
analyzed by month, season, and climatic condition (typical period, and drought and El Nifio

events) between April, 2012, and April, 2017. Spearman correlation coefficients were used
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to examine the influence of rainfall levels on the variables analyzed. The Lilliefors test
(Conover 1971) was applied to verify the normality of the abiotic (water temperature,
salinity, pH, turbidity, and nutrient concentrations) and biotic data (chlorophyll-a). When
the data were not normal or homogeneous, they were log (x + 1) transformed to produce a
near-normal or near-homogeneous distribution.

A one-way Analysis of Variance (ANOVA) was then used to evaluate the variation
in the data at different time scales ((monthly, seasonal and seasonal per climatic events).
The parameters that varied in this analysis were tested to determine the specific effects of
the different climatic periods. When the data were not homogeneous, the nonparametric
Mann-Whitney U or Kruskal-Wallis H tests were applied to determine the variation in the
data (Zar 1999). When a significant difference was found among seasons or events, a
posteriori pairwise comparisons were applied, based on the Fisher LSD test and the
Student-Newman-Keuls analysis. A two-way ANOVA was used to examine the interaction
(seasonal vs events) among physiochemical and hydrobiological variables.

Principal Component Analysis (PCA) was employed to determine the relationships
between environmental variables (temperature, salinity, turbidity, pH, chlorophyll-a,
ammonium, nitrite, nitrate, DON, TDN, orthophosphate, DOP, TDP and silicate) using the
CANOCO 4.5 software (Ter Braak and Smilauer 2002). For this analysis, correlation
matrices (Legendre and Legendre 2012) were used in order to identify seasonal patterns
under the influence of the effects of typical, drought and EIl Nifio conditions. The data were
ordered in relation to the respective variables, from the covariance matrices, which were
transformed and/or standardized according to their amplitude of variation (Milligan and

Cooper 1988; Legendre and Legendre 2012).
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3. Results

The influence of rainfall levels on the hydrological variables is clearly indicated
through the Spearman correlation. In table 1, the Spearman coefficients showed positive
correlations between rainfall and the following variables: turbidity (rs = 0.282, p < 0.001),
ammonium (rs = 0.121; p = 0.004), nitrite (rs = 0.379; p < 0.001), nitrate (rs = 0.170; p <
0.001), TDN (rs = 0.107; p = 0.011) and chlorophyll-a (rs = 0.111; p = 0.008). Spearman
coefficients analysis also revealed a negative correlation between rainfall and salinity (rs =
—0.840; p < 0.001). Rainfall was also correlated negatively with pH (rs = —0.138; p =
0.001), orthophosphate (rs = —0.439; p < 0.001), DOP (rs = —0.158; p < 0.001), TDP (rs =
—0.401; p < 0.001) and silicate (rs=—0.103; p = 0.014).

PCA also confirmed that the environmental variables contributed to explain the
seasonal distribution between the samples analyzed (Figure 2). The first two axes of PCA
ordering explained 37.1% of the total variance associated with the environment-rainfall
relationship. The first axis highlighted the differences between the rainy (square symbols)
and dry (circles) symbols season samples, while on the second axis it was revealed a
notable separation of the dry period (Figs. 2a, b). On the first axis, the rainy season has
been associated with the high concentrations of ammonium, nitrite, nitrate, turbidity, DON
and TDN (Fig. 2a, c). Conversely, a negative association has been related to high values of
salinity, during the dry period, as well as with ortophosphate concentrations, TDP, DOP
and temperature, mainly during the drought and the EI Nifio events (Fig. 2b). In the second
axis, the concentrations of silicate, chlorophyll-a and turbidity were associated with the
high rainfall observed in the rainy season of the drought, typical and El Nifio conditions,

and negatively associated with low pH, which was associated with the dry season.
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Figure 3a presents the deficit of cumulative 3 months of rainfall data (%), which
shows clearly the 16-31% deficit in rainfall levels recorded during the drier events when
compared with the mean rainfall data. Given the observed dependence of most variables
with rainfall, the relationship among the physiochemical variables and phytoplankton
biomass (chlorophyll-a) was analyzed under different climatic conditions (see Figures 3-5,
Table 2).

The beginning of this study is marked by a strong drought that occurred between
January 2012 and December 2013, when rainfall levels — 1552 mm in 2012 and 1612 mm
in 2013 — were well below average (Fig. 3a). Eight campaigns were conducted during this
period, in April, June, September, and December, 2012, and March, June, September, and
December, 2013. During this drought event, differences were recorded among months in all
the study variables (Table 2). Salinity — for example — reached mean values of 38% above
normal. Thus, lower rainfall levels recorded during this event were responsible for the
highest values of salinity (38.7 + 0.4, December 2013, Fig. 3c), phosphorus compounds
(orthophosphate: 1.65 + 0.82 pmol L, Fig. 5a; TDP: 1.8+ 0.84 umol L™, Fig. 5¢; both in
December 2012), and chlorophyll-a (29.6 + 9.0 mg m=3, April 2012, Fig. 5e) recorded at
any time during the six years of the study period. At the opposite extreme, this period was
also responsible for the lowest values of nitrite (0.01 = 0.1 umol L, December 2012, Fig.
4b), nitrate (1.07 + 1.26 pmol L*, April 2012, Fig. 4c), DON (0.30 + 0.43 pmol L%,
December 2013, Fig. 4d) and silicate (18.9 + 12.2 umol L, April 2012, Fig. 5d) recorded
during the six years of the study period.

The months between January 2014 and April 2015 can be considered to be a typical
period in terms of rainfall (Fig. 3a). Five campaigns were conducted during this period in

April, June, September and December, 2014, and March, 2015. In this study period, as
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expected, salinity (Fig. 3c) was lower during the rainy season months, with the lowest
values being recorded in April 2014 (6.9 £ 0.8), and the highest, during the dry season
(38.2 £ 3.4, December 2014), when evaporation exceeded rainfall. The pH of the water was
slightly alkaline (Fig. 3d) and varied in a similar pattern to that of salinity, with the lowest
values being recorded in the rainy season (April 2014, 7.3 £ 0.3) and the highest in the dry
season (December 2014, 7.9 £ 0.5). The water was least turbid (Fig. 3e) in December 2014
(80.1 £ 72.7 NTU) and most turbid in March 2015 (355.3 + 337.8 NTU).

The highest concentrations of the nitrogenous compounds (Fig. 4a-e) were recorded
during the rainy season, reaching 3.10 + 2.02 umol L™ for ammonium in April 2014, 3.10 +
2.84 umol L™ for nitrate (in March 2015), 0.17 + 0.12 umol L™ for nitrite (March 2015),
4.61 + 2.83 umol L for DON (in April 2014) and 9.46 + 1.96 pmol L™ for TDN in April
2014. By contrast, the highest concentrations of phosphorus compounds (orthophosphate:
1.16 + 0.66 pmol L™ and TDP: 1.60 + 0.39 pmol L, Figs. 5a, ¢) and DSi (86.5 + 54.1
umol L, Fig. 5d) were recorded during the dry season (December 2014). The highest
mean chlorophyll-a concentrations were recorded in April 2014 (27.2 + 19.5 mg m*, Fig.

5e) and the lowest in March 2015 (7.75 + 6.96 mg m™).

<Insert Figure 2>
<Insert Figure 3>
<Insert Figure 4>

<Insert Figure 5>

After this typical period, a strong El Nifio event occurred during the study period,

lasting 19 months. Seven campaigns were conducted during this period, in June,
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September, and December, 2015, and in April, June, September, and November, 2016.
With the exception of silicate (H = 12.8, p = 0.077, n = 186, Table 2), all the environmental
parameters varied among these seven months (Figs. 3-5).

The deficit in rainfall recorded during this period (Fig. 3a), in comparison with the
historical means, resulted in more saline waters than observed under typical conditions,
which were similar to the drought event, with the highest values being recorded at the end
of the El Nifio event, that is, in November 2016 (the dry season), when it reached 38.3 £ 5.3
(Fig. 3c). The pH was also relatively high, and the value of 8.3 £ 0.2 was the highest
recorded in the study period (Fig. 3d). Turbidity was high (Fig. 3e), but lower than that
recorded during the drought, with the highest values being recorded in April 2016 (259.70
+ 142.76 NTU, rainy season). During the El Nifio event, the study’s highest concentrations
of nitrate (4.44 + 3.49 pumol L, September 2016, Fig. 4c), TDN (58.72 + 14.85, in June
2016, Fig 4e), and silicate (124.8 + 75.1 pymol L?, in December 2015, Fig. 4c) were
recorded. In fact, the highest pH values, and nitrate, TDN, and silicate concentrations
recorded at any time during the study period reached, respectively, mean values of 2%,
30%, 214%, and 35% higher when compared with the typical rainfall conditions of between
January 2014 and April 2015.

The rainfall levels recorded during the drought (2012 and 2013) were much lower
than those registered during the EI Nifio event (2015 and 2016). With the exception of
salinity (U = 23303,0, p = 0.984, n = 402), DOP (F = 0.005, p = 0.945, n = 402) and
chlorophyll-a (F = 0.45, p = 0.500, n = 402), all the environmental parameters varied
between these two low-rainfall events (Table 2). In particular, the higher rainfall levels
recorded during the first half of 2016 are reflected in the higher concentrations of

nitrogenous compounds, i.e., ammonium (2.4 + 4.5 umol L, Fig. 4a) and nitrate (4.4 + 3.5
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umol L, Fig. 4c), in September 2016, in comparison with the same month in 2012 and
2013. By contrast, the lower rainfall levels recorded during the first half of 2012 resulted in
higher concentrations of phosphorous compounds (Fig. 5a, c¢) during this year, as shown in
the PCA (Fig. 2).

The last studied month was April 2017, another typical condition that occurred just
after a weak La Nifia event. An excess of 11% in rainfall level between December 2016 and
March 2017 reflected in shifts in the magnitude of the environmental variables monitored
during the study, with either lower or higher values being recorded in comparison with the
other studied periods. Comparing the peak rainy season months (March or April) from
2012 to 2017, differences were found among periods in all the environmental variables
analyzed (Table 2, Figures 3-5). In this scenario, the water of the estuary was less saline
(6.2 = 2.0) and richer in nitrogenous compounds (ammonium, 3.39 + 1.71 pmol L!; nitrite:
0.90 + 0.80 umol L% nitrate: 3.91 + 1.86 pmol L™ and DON: 24.32 + 20.05 umol L?). In
fact, the increase in rainfall recorded at the end of 2016 and during the middle of the first
half of 2017 when compared to the typical rainy season resulted in a major reduction of
salinity (72%), and peaks in turbidity (193%), and in the concentrations of nitrogenous
compounds (ammonium: 174%, nitrite 863%, and nitrate 100%) and silicate (42%). By
contrast, the phosphorus compounds reached some of their lowest levels (orthophosphate:
0.23 + 0.04 umol L% TDP: 0.29 umol L + 0.36). Despite the relatively high nutrient
concentrations recorded during this period, the chlorophyll-a concentrations were very low
(7.3 + 2.8 mg m?3), influenced by higher turbidity of the water during this period (489.2 +
353.8 NTU).

Overall, when rainfall was lower (ElI Nifio and drought), dissolved nutrient

concentrations were also slightly lower, although the reduced turbidity of these periods
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created ideal conditions for the growth of phytoplankton (as measured by chlorophyll-a
concentrations). Conversely, a higher rainfall levels contributed to an increase in nutrient
concentrations, in particular of nitrogenous compounds, as recorded during the rainy season

of 2017, although, as turbidity also increased, phytoplankton growth was limited.

4. Discussion

Estuarine environments are strongly regulated by climatic conditions, in particular,
rainfall levels, which control the input of freshwater into the system and, in turn, the
principal physiochemical and hydrobiological variables such as salinity, turbidity, and
nutrient and chlorophyll-a concentrations (Arumugam et al. 2016). Given this, large-scale
variations in regional climate patterns that determine major fluctuations in rainfall levels
are expected to induce extensive impacts on the hydrology and biological productivity of
these systems (Wetz et al. 2011; Thompson et al. 2015).

The climate of the Amazon coast is characterized by two main periods, the annual
dry and rainy seasons (Martorano et al. 1993). This region is also subject to large scale
fluctuations in climate, which modify the normal rainfall pattern. In some cases, these
fluctuations induce a decrease in rainfall, which may ultimately result in a drier than normal
year (Pereira et al. 2017). This occurs typically under the influence of El Nifio or other
types of drought conditions. In the opposite scenario, higher than normal rainfall rates are
typically associated with the influence of La Nifia (Pereira et al. 2013; Andrade et al. 2016).
Sixteen of these climate events have been recorded over the past 35 years (Online Resource
1).

The present study did not take spatial variation into account because the Taperacu is

a small estuary (total extension of less than 30 km) with reduced freshwater input, given
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that its principal input channel has now filled up with sediment (Asp et al. 2012). The small
size of the Taperacu is nevertheless typical of around one third of the estuaries of the
Brazilian Amazon coast. Given the lack of any major spatial variation, the present study
focused on the patterns of temporal variation associated with the effects of major climate
events, an approach adopted by other authors, such as Andrade et al. (2016). The principal
temporal patterns observed under each climatic scenario, discussed below, consider in
particular the effects of rainfall on the shifts in the salinity of the water, the limitations of

the availability of sunlight and nutrients, and their impacts on the phytoplankton biomass.

4.1 Influence of rainfall on physiochemical variables

Located in the equatorial zone, surface water temperatures on the Amazon coast are
relatively high and vary by around 2°C (Santos et al., 2008), with no variation between
temperature and rainfall (Table 1). On the other hand, salinity presented a systematic
pattern of seasonal variation (U = 2258.0, p < 0.001, n = 567, Table 2) and between the
different climatic periods (H = 41.51, p < 0.001, n = 567, Table 2), and as expected, a
negative correlation was recorded between rainfall and salinity (rs = -0.84, p < 0.001, n =
567, Table 1). During the rainy season, the increased fluvial discharge dominates most of
estuaries of the Amazon coast (Asp et al. 2013, 2018), with a subsequent reduction in the
salinity of the region’s coastal waters, which normally reaches values of 5-10 towards the
end of the rainy season, coinciding with the maximum fluvial discharge from the rivers of
the coastal plain, as recorded by Pereira et al. (2012) at Princesa beach, 100 km northwest
of the present study area, which is dominated by the discharge from the Maracafia and
Marapanim rivers. During extreme events of dry climate, as in the drought and El Nifio

periods, rainfall levels and fluvial discharge may decline, reaching an extreme in the case of
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estuaries with reduced freshwater input, such as the Taperagu, where mean salinity reached
30 at the end of the rainy season (July in 2013 and 2016, Figure 3b).

During the dry season, by contrast, salinity increases and, when evaporation exceeds
rainfall levels along the entire Amazon coast, salinity is strongly conditioned by the
incursion of seawater into the estuaries, often reaching values of up to 35. Salinity of this
level was recorded in the Quatipuru estuary, approximately 30 km northwest of the
Taperacu, by Pamplona et al. (2013) and in the Caeté estuary, 15 km southeast of the
Taperagu, by Asp et al. (2018). In the present study, values of up to 40 were recorded at the
end of the dry season during the ElI Nifio event (Fig. 3c). The evaporation and
evapotranspiration of the mangrove cause this rapid increase in salinity at the end of the dry
season (primarily during drier periods) in small estuaries with little or no freshwater input,
as recorded in Northern Australia by Ridd and Stieglitz (2002).

During the present study, the highest pH values (7.3-8.3, Fig. 3d) were related
closely to the dissolved salt content of the water, given the positive correlation between pH
and salinity (rs = 0.153, p < 0.001, n = 567, Table 1) and the negative correlation with
rainfall (rs = - 0.138, p = 0.001, n = 567, Table 1), rather than to photosynthetic processes
(no correlation was found between pH and Chl-a). The freshwater-marine gradient in pH
normally ranges from 7.0-7.5 in the more fluvial sectors due to the natural buffering by the
carbonate and bicarbonate dissolved in the seawater, as recorded in estuaries in different
parts of the world (Krumme et al., 2012; Mansor et al., 2012; Pamplona et al., 2013). As
rainfall is the principal source of freshwater in the small Taperacu estuary, its waters are
predominantly alkaline, but when the rainfall is more intense (as in April 2014 and 2017,
Fig 3d), the pH is reduced (to a slightly acid condition) together with the salinity. A similar

pattern was observed in the Mandovi and Zuari estuaries in India by Saraswat et al. (2015),
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where the pH decreased with decreasing salinity during both the monsoon and the post-
Monsoon seasons.

As expected, the Taperagu has less turbid waters than estuaries with greater fluvial
discharge, such as the Caeté (Asp et al. 2018), with maximum values of 800 NTU being
recorded in the rainy season of the typical condition after a La Nifia event (Fig. 3e). In fact,
the waters of the Amazon coast are turbid, due to the high concentrations of fine suspended
particles in the local rivers, as well as the extensive drainage area (Santos et al. 2008; Asp
et al. 2016). This results in high levels of turbidity, mainly during the rainy season, when
the discharge of the neighboring rivers increases (for example, the Caeté River discharges
approximately 180 m3s? during this period; Dittmar 1999). This was reflected in the
positive correlation between rainfall and turbidity (rs = 0.282, p < 0.001, n = 567, Table 1),
with more turbid waters being recorded during the rainy season (U = 24769.5, p < 0.001, n
= 567, Table 2), mainly after a weak La Nifia event (Figs. 2a, 3e), while the lowest mean
values (< 100 NTU) were recorded at the end of the drought event (Fig. 3e).

A number of natural features contribute to the high dissolved nutrient content of the
Amazon coast (Santos et al. 2008; Goes et al. 2014), including the enormous area of the
Amazon basin, which is by far the world’s most extensive river system, the large area of
mangrove forest, which is one of the world’s largest continuous mangrove systems, and is
flooded regularly by the local macrotides (Souza-Filho 2005; Pereira et al. 2017), the
connectivity between estuaries and flooded habitats (Asp et al. 2016), and the local
nutrient-rich groundwater (Dittmar 1999). However, what are the effects of different
climatic events on the availability of dissolved nutrients?

Comparing typical (2014-2015), drought (2012-2013) and El Nifio (2015-2016)

conditions (Figs. 4-5), differences were found between the dry and rainy seasons in all
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dissolved nutrients (Table 2). In fact, a positive correlation was recorded between the
nitrogenous compounds and rainfall, whereas there was a negative correlation between
phosphorus compounds and rainfall (Table 1), with the highest concentrations of
nitrogenous compounds being recorded during the rainy season of the typical condition
after a weak La Nifia (Figs. 2a, c, 4a-d) and highest phosphorous compounds during the dry
season primarily during the drought event (Figs. 2b, c, 5a-c).

While the highest mean value of ammonium was recorded during the rainy season,
in particular that of the typical condition after a weak La Nifia event (Fig. 4a), this
compound was also recorded in high concentrations in the dry season, such as in September
2013 (drought), 2015 (typical) and 2016 (El Nifio). This finding may be related to the tidal
wash-out of the anoxic interstitial waters of the surface mangrove sediments during high
tidal range as recorded in Quatipuru estuary by Pamplona et al. (2013), in Nahoon estuary
by Geldenhuys et al. (2016) and in Jiulongjiang estuary by Alongi (2020). In turn, nitrate
was the principal nitrogen compound in the rainy season (Fig. 4c). This was likely the
result of a combination of the freshwater input from neighboring estuaries and nitrification
processes in the water column (Dittmar et al. 2006; Alongi 2013, 2020; Pereira et al. 2013).

By contrast, the orthophosphate and TDP concentrations were clearly related to the
influence of marine waters, and correlated strongly with rainfall (orthophosphate: rs = -
0.439, p < 0.001, n = 567 and TDP: rs = - 0.401, p < 0.001, n = 567, Table 1), which
accounts for the higher values recorded during the dry season, in particular, in December
2012, during the drought (Fig. 5a, c). In shallow estuaries (Zm < 5 m) - such as the
Taperacu — salinity plays an important role in the release of orthophosphate from particles,
reinforcing the possibility of the adsorption-desorption of P from the sediment to the water

column as a consequence of the ionic forces related to the increase in salinity recorded
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during the drier period when tidal intrusion are intensified in comparation to the rainy
season (Turner and Millward 2002; Martin et al. 2008; Pamplona et al. 2013). Oscillations
in the orthophosphate concentrations may also be caused by the tidal variation in the input
of porewater, which may contribute to the flow of considerable amounts of this compound
into coastal waters (Dittmar and Lara 2001a, 2001b; Maslukah et al. 2019), which are
generally poorer in nutrients than estuarine waters, in particular during drier periods
(Santos et al. 2008; Pereira et al. 2012, 2013).

The strong correlation found between orthophosphate and TDP (rs = 0.837, p <
0.001, n =567, Table 1) confirms the association with particles and the increased exchange
between the water column and the sediments, primarily during the drier periods, when the
intensity of the northeasterly winds increases, and tidal intrusion intensifies (Asp et al.,
2012; Pamplona et al. 2013). The values of the DOP reflected a systematic response to
rainfall, peaking during the rainy season, in particular in June 2013 (Fig. 5b). However,
DON did not show a consistent response to rainfall (no correlation was found between
DON and rainfall, table 1).

The mangroves of the estuaries located to the east of the Amazon estuary, which
include the Taperacu, are the principal source of the high concentrations of organic
nutrients found in these areas, with around 5 times more DON than DIN (Dittmar and Lara
2001a). In turn, silicate availability is high throughout the Amazon coast and is a result of
the input of the adjacent river systems (Pereira et al. 2013), thus presenting a negative
correlation with rainfall (rs = - 0.103, p < 0.014, n = 567, Table 1). This input is combined
with that from groundwater sources, which is determined by the variation in the tides, as
observed in previous studies, such as that of Dittmar (1999), in an estuary adjacent to the

Taperagu, or in other parts of the world (see Sospedra et al. 2018; Zhang et al. 2020).
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4.2 Effects of salinity, light limitations, and the availability of nutrients on phytoplankton
biomass

Our results indicate that, when the salinity of water is highest, in particular during
the dry season of the drier years (drought and El Nifio), chlorophyll-a concentrations are
reduced, and are correlated negatively (rs = - 0.136, p = 0.001, n = 567, Table 1). In fact,
salinity varies substantially over a range of time scales, including that of major climate
events, driven by fluctuations in precipitation levels, leading to profound shifts in the
ecophysiology of phytoplanktonic organisms (Farooq and Siddiqui 2011; Smyth and Elliott
2016; Racault et al. 2017), in particular in estuaries of small size that have no direct input
of river water, as in the case of the Taperagu. In the Taperagu, phytoplankton biomass was
affected during December in the drier years, when rainfall was lower than normal, leading
to an excess of evapotranspiration and mean salinity of over 37. The chlorophyll-a
concentrations were also affected when salinity declined excessively, i.e., when the mean
value was less than 7, as observed during the typical rainy seasons.

The highest chlorophyll-a concentrations were recorded during March-April in the
drier years (drought, typical, and EI Nifio), when salinity did not decline in the extreme, and
the water was less turbid. During these equinoctial periods, the tidal elevation may reach
6.0 m, with currents of up to 2.0 m s (Pereira et al., 2012; 2013), contributing to a high-
energy scenario with the re-suspension of photosynthetic organisms, such as
microphytobenthos, and mangrove debris, further contributing to the increase in
chlorophyll-a concentrations (Pereira et al. 2010, 2012; Pamplona et al. 2013). In April
2017, the greater turbidity (> 400 NTU) was possibly derived from the large quantities of

fine sediment and other material derived from the mangrove and adjacent estuaries (Asp et
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al. 2018). During this period, rainfall levels were abnormally high, and chlorophyll-a
concentrations were very low (Fig. 5e), indicating that phytoplankton growth was also
limited by the increased turbidity (Cabecadas et al. 1999; Burford et al. 2008; Zhou et al.
2012), even though no correlation was found between chlorophyll-a and turbidity.

No correlation was found between the chlorophyll-a concentration and turbidity
because high turbidity may often result not only from the resuspension of fine sediments,
which normally occur during the peak of the rainy season (when chl-a is low), but also
from the resuspension of photosynthetic organisms (normally during equinoctial periods),
such as microphytobenthos, as well as debris from the mangrove, which contribute to an
increase in chlorophyll-a concentrations. In fact, the highest phytoplankton biomass was
recorded when turbidity was between 180 and 220 NTU (Fig 3e).

In general, chlorophyll-a concentrations is reduced during the rainy season, when
fluvial discharge increases, and the increased flushing rates and the reduced water residence
times prevent the accumulation of biomass within the estuaries (Odebrecht et al. 2015; Du
and Shen 2016). Conversely, the absence of any direct fluvial discharge in Taperagu is one
other factor that contributed to the accumulation of phytoplankton biomass within the
estuary during the rainy season of the drier years (Asp et al. 2016; Andrade et al. 2016;
Pereira et al. 2017).

The nutrient richness of the waters of the Amazon coastal contributes to its high
phytoplankton biomass (Pereira et al. 2012, 2013, 2017; Pamplona et al. 2013). While the
concentrations of the nitrogenous compounds were correlated with one another, none of
these were correlated with the chlorophyll-a concentrations (Table 1). The nutrient richness
of the waters of the Amazon coastal contributes to its high phytoplankton biomass (Pereira

et al. 2012, 2013, 2017; Pamplona et al. 2013). Except the typical period after a La Nifia



501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

22

event, when turbidity appeared to be the principal factor limiting phytoplankton growth, the
increase in the availability of dissolved nitrogenous compounds during the rainy season
appeared to contribute to the decrease in the assimilation of phosphorous compounds by the
phytoplankton. The N:P ratio of 16.13 recorded during the rainy season was very close to
the Redfield ratio (N:P = 16.0), reflecting the balanced availability of these nutrients in the
dissolved phase. During this period, even at its lowest levels (N:P = 17.98, El Nifio event),
phosphorus does not limit phytoplankton growth in the study area. However, a deficit of N
was recorded during the dry season, when the N:P ratio (6.66) was much lower than the
Redfield ratio, in particular during the drought event (N:P = 3.27).

A positive correlation was found between silicate and chlorophyll-a (rs = 0.222, p <
0.001, n =567, Table 1). Silicate compounds are particularly important for the diatoms (the
second most abundant algal group), in which they are a component of the valves (Costa et
al. 2011; Matos et al. 2011; George et al. 2012; Zhang et al. 2020).

Overall, the results of the present study indicate that the impact of these climate
effects is felt immediately in the small study estuary, which has a negligible inflow of
freshwater, and where turbidity is the principal variable limiting the accumulation of
biomass. The lack of any major input of freshwater also appears to favor the accumulation
of phytoplankton biomass in this estuary during the rainy season when turbidity is below

220 NTU.

5. Conclusions
Oscillations in rainfall levels are the principal factor determining the shifts in
physicochemical variables, and, in turn, the phytoplankton biomass, but when precipitation

decreases, the rainy season of the drier periods is marked by waters that are more saline and
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richer in orthophosphate and chlorophyll-a. Higher concentrations of nitrogenous
compounds were also found during the rainy seasons of the typical period that followed the
weak La Nifia event, although chlorophyll-a concentrations were lower because turbidity
peaked during this period. During the dry seasons of the drier periods, by contrast, even
when phosphorous compounds were readily available, phytoplankton biomass was affected
by the low levels of nitrogenous compounds. As the waters of the Taperacu estuary are
normally rich in nutrients, high turbidity (> 400 NTU) appears to be the principal
physicochemical factors limiting phytoplankton growth. It seems reasonable to expect
similar effects in other, similar areas, not only on the Amazon coast, but also in other

equivalent estuaries in the equatorial and tropical zones.
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Figure Caption

Figure 1. Study area, showing the South America (a) Brazilian Amazon coast (b) and the
Taperagu Estuary with the three sampling stations S1-S3 (c).

Figure 2. Graphical representation of the factorial plan of the first and second axes of the
principal component analysis (PCA) of the data from: (a) dry season; circles, (b) rainy
season; square, (c) vector ordering diagram of the environmental variables in the PCA
factorial plane.

Figure 3. Means and (positive) standard deviations recorded for cumulative 3-month
(February-April) rainfall level (a), water temperature (b), salinity (c), turbidity (d), pH (e),
and cumulative rainfall every three months. The gray hatching represents the rainy season.
Typ typical.

Figure 4. Means and (positive) standard deviations recorded for ammonium (a), nitrite (b),
nitrate (c), DON (d) and total dissolved nitrogen (e), and cumulative rainfall every three
months. The gray hatching represents the rainy season. Typ typical.

Figure 5. Means and (positive) standard deviations recorded for orthophosphate (a), DOP
(b), total dissolved phosphorus (c), silicate (d), and chlorophyll-a (e), and cumulative

rainfall every three months. The gray hatching represents the rainy season. Typ typical.
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Table 1

Table 1. Matrix of Spearman correlation between environmental variables in the Taperagu estuary, northern Brazil, during the field campaigns
conducted in the present study. Temp = Temperature, Sal = Salinity, Turb = Turbidity, Chl-a = Chlorophyll-a.

Variables Rainfall Temp  Sal  Turb  pH NH; NO, NO: DON TpN pof DOP TDP psj
Temp r+ 0.061
p 0.147
Sal r« -0.840 -0.120
p 0.000 0.004
Turb r 0282 -0.004 -0.316
p 0.000 0925  0.000
pH ry -0.138 -0.020 0.153 -0.228
p 0001 0641  0.000 0.000
NH; rr 0121 (183 -0.237 0062 -0.078
p 0.004 0000 0.000 0.138 0.065
NO; rs 0379  -0.007 -0.448 0.150 0.034  0.100
p 0.000 0876 0.000 0.000 0420 0.018
NO; rs 0170 -0.009 -0.188 0.036 0.000  0.078 0.194
p 0000 0833 0000 0399 0994 0.063 0.000
DON ry 0.006 -0.056 -0.111 0.224 0.076 -0.006  0.035  0.090
p 0.884 00179 0.008 0.00 0.072 0.000 0.408  0.032
TDN ry 0107 -0.031 -0.228 0248 0.042 0.215 0.117  0.353 0.890
p 0011 0459 0.000 0.000 0.316  0.000 0.005  0.000 0.000
PO} rs -0439 0000 0484 -0.074 -0.083 -0.131 -0.366 -0.275 -1.603 -0.257
p 0000 0997 0000 0080 0.047  0.002 0.000  0.000 0.000 0.000
DOP ry -0.158 -0.054 0168 0.073 0.044 -0.073 -0.074 -0.205 -0.158 -0.236 0.308
p 0.000 0197 0.000 0.082 0.295  0.080 0.076  0.000 0.000 0.000 0.000
TDP ry -0401 -0.054 0437 -0.027 -0.056 -0.127 -0.270 -0.321 -0.241 -0.345 0.837 0.719
p 0.000 0203 0000 0515 0.182  0.002 0.00  0.000 0.000 0.000 0.000 0.000
DSi r, -0.103 0.011  0.065 0.120 -0.103 -0.079  0.192 0.074 0.080 0.069 0356 0.099 0.283
p 0014 0798 0121 0004 0014 0.060 0.000  0.078 0.057 0.102 0.000 0.018 0.000
Chl-a rs 0111 0104 -0.136 0.026 -0.021  0.053 0.042 0.029 0151 0150 0173 0.013 0.114 0.222

p 0.008 0.013 0.001 0.530 0.613 0.208 0.314 0.487 0.000 0.000 0.000 0.757 0.007 0.000




Table 2

Table 2. Analysis of variability of hydrological parameters for different time (climatic) periods. The temporal scales were evaluated by ANOVA (F) or the
Mann-Whitney U and Kruskal-Wallis H tests. If the ANOVA or Kruskal-Wallis test indicated significant variation among seasons or months, a posteriori

pairwise Fisher’s LSD (ANOVA) or Student-Newman-Keuls (Kruskal-Wallis) tests were run. The interactions of seasonal vs events were assessed by a two-
way ANOVA. DRY Dry, RAI Rainny, D Drought, EN El Nifio, T Typical.

Variables Typical conditions Drought El Nifio event Drought/ Mar/Apr Seasonal (1) Climatic event (2) 1x2
(n=270) event (n=216) (n=186) El Nifio (=402) Months (n=54) (n=567) (n=567)
Temperature H=32.8 H=100.3 H=89.0 U =19376.0 H=86.5 DRY RAI DTEN F=0.93
p = 0.000 p = 0.000 p = 0.000 p =0.002 p = 0.000 U=234991.0,p=0.009 H=11.21,p=0.004 p=0.393
Salinity H=119.5 H=149.1 H=176.6 U = 23303.0 H=85.2 DRY RAI DENT F=7174
p = 0.000 p = 0.000 p = 0.000 p =0.985 p = 0.000 U =2258.0, p = 0.000 H =41.51, p=0.000 p = 0.000
pH H=61.5 H=109.4 H=77.9 F=57.1 H=80.9 DRY RAI DENT F=4284
p = 0.000 p = 0.000 p = 0.000 p =0.000 p = 0.000 F =34.3, p=0.000 H =66.7, p =0.000 p = 0.000
Turbidity F=18.3 H=156.9 F=10.4 F=435 F=22 DRY RAI DENT F=0.92
p = 0.000 p = 0.000 p = 0.000 p =0.037 p = 0.0058 U =24769.5, p = 0.000 H =27.3, p =0.000 p = 0.400
Ammonium H=79.6 H=98.5 H=130.8 U =18623.0 H=94.5 DRY RAI DTEN F=121
p = 0.000 p = 0.000 p = 0.000 p =0.000 p = 0.000 F =13.62, p =0.000 F =13.64, p=0.001 p =0.292
Nitrite H=78.1 H=40.8 H=97.9 U =12268.5 H=72.9 DRY RAI DTEN F=25.30
p = 0.000 p = 0.000 p = 0.000 p =0.000 p = 0.000 F=11.19, p=0.000 H =17.67, p =0.000 p = 0.000
Nitrate F=4.0 H=22.1 H=44.4 U =187435 H=36.2 DRY RAI DTEN F=20.48
p = 0.005 p = 0.005 p = 0.000 p =0.000 p = 0.000 U =32203.0,p=0.000 H=105.6, p=0.000 p = 0.000
DON H=713 H=126.5 H=129.6 F =10.59 H=48.0 DRY RAI DTEN F=299
p = 0.000 p = 0.000 p = 0.000 p =0.001 p =0.000 F =36.83, p = 0.000 F =16.50, p = 0.000 p =0.051
TDN H =105.9 H=126.3 H=127.8 U = 19895.0 H=84.0 DRY RAI DTEN F=463
p = 0.000 p = 0.000 p = 0.000 p =0.008 p = 0.000 F =67.80, p =0.000 H =18.79, p = 0.000 p =0.010
Ortophosphate H=84.5 H=87.0 H=117.4 U = 13756.0 H=40.9 DRY RAI DTEN F=761
p = 0.000 p = 0.000 p = 0.000 p =0.000 p = 0.000 U =18808.0,p=0.000 H=62.64, p=0.000 p =0.001
POD F=340 H=676 H=921 F =0.005 H=514 DRY RAI DENT F=30.32
p = 0.000 p = 0.000 p = 0.000 p =0.945 p = 0.000 U =32191.0, p = 0.000 F =1.60, p = 0.450 p = 0.000
TDP F=87.0 H=62.4 H=125.2 U =16298.5 H=79.3 DRY RAI DTEN F =20.98
p = 0.000 p = 0.000 p = 0.000 p =0.000 p = 0.000 F =121.84, p=0.000 H = 14.40, p = 0.000 p = 0.000
Silicate F=8.1 F=6.6 H=12.8 F=223 H=92.7 DRY RAI DTEN F=259
p = 0.000 p = 0.000 p =0.077 p =0.000 p = 0.000 F =5.62, p =0.000 F =12.38, p=0.000 p =0.076
Chlorophyll-a H=22.5 H=73.8 H=30.3 F=045 H=76.0 DRY RAI DENT F=151
p = 0.000 p = 0.000 p = 0.000 p =0.500 p = 0.000 U = 33158.5, p = 0.000 H=4.03,p=0.133 p=0.221
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S1. (A) Total annual rainfall between 1982 and 2017 (source: INMET), highlighting the
principal deviations in rainfall levels (LN = La Nifia event; EN = EI Nifio event; F =
Flood; D = Drought). Horizontal dashed line represents the historical mean annual
rainfall level. (B) 3-Month Oceanic Nifio Index, detaching El Nifio and La Nifia levels
(source: NOAA).
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S2. Data collection periods and rainfall condition.

Campaigns Seasons Climatic
(Month/year) periods
Apr/12 Rainy  Drought
Jun-12 Rainy  Drought
Sep-12 Dry Drought?
Dec/12 Dry Drought?
Mar-13 Rainy  Drought!
Jun-13 Rainy  Drought
Sep-13 Dry Drought?
Nov-13 Dry Drought?
Apr/14 Rainy Typical?
Jun-14 Rainy Typical?
Sep-14 Dry Typical?
Dec/14 Dry Typical?
Mar-15 Rainy Typical?
Jun-15 Rainy El Nifio®
Sep-15 Dry El Nifio®
Dec/15 Dry El Nifio®
Apr/16 Rainy El Nifio®
Jun-16 Rainy El Nifio®
Sep-16 Dry El Nifo®
Nov-16 Dry El Nifio®
Apr/17 Rainy Typical®

Drought event: substantial dry conditions over Northern and Northeastern Brazil (Cunha et al., 2019).
2Typical condition: rainfall values similar to the historical means (INMET: 1982-2017).
3El Nifio event: intense dry conditions over the Northeastern Amazon (Cunha et al., 2019).





