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Abstract

Given the high sensitivity of small estuaries to environmental changes, the present study
aimed to investigate how climate-induced stressors—particularly rainfall and salinity—
affect zooplankton community structure in the Amazonian Taperaçu estuary (northern
Brazil), where limited spatial scale amplifies ecological responses. This study evaluated
the effects of the extremely dry 2015–2016 El Niño period on hydrological patterns and
zooplankton dynamics in this shallow tropical estuary. Eight sampling campaigns were
conducted, with water and zooplankton samples analyzed using standard methods. Salin-
ity, dissolved inorganic nutrients, and chlorophyll-a concentrations were affected by the
marked decrease in rainfall caused by the El Niño event. These changes significantly
impacted zooplankton community dynamics, especially the densities of marine-estuarine
species Acartia lilljeborgii, Euterpina acutifrons, and Oikopleura dioica, which peaked during
months of highest salinity. High recruitment of copepod larval stages was also observed,
with peak densities coinciding with dominant adult forms. In contrast, coastal and es-
tuarine species such as Acartia tonsa, Pseudodiaptomus marshi, Oithona oswaldocruzi, and
Oithona hebes were negatively affected by reduced rainfall. Species richness, diversity, and
evenness during the El Niño period were relatively high compared to previously reported
values under normal conditions in the same ecosystem. Environmental and temporal
variables accounted for over half the variance in predominant taxa density, indicating that
El Niño–driven changes influenced zooplankton structure over time. This suggests that El
Niño may have strong impacts at the secondary trophic level, likely to cascade throughout
the estuarine food web, altering its dynamics and the flow of carbon and energy through
the system.

Keywords: drought event; environmental variables; Microzooplankton; temporal variation;
tropical estuary; Brazilian Amazon
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1. Introduction
Rainfall levels in the Amazonian region exhibit significant year-to-year variability,

leading to periods of drought or flooding primarily driven by fluctuations in Sea Surface
Temperature (SST) across the tropical Pacific, which alter atmospheric circulation patterns.
This ocean-atmosphere interaction, known as the El Niño–Southern Oscillation (ENSO),
causes shifts between elevated (El Niño) and reduced (La Niña) ocean heat levels, typically
occurring every 2 to 7 years [1,2], and is a major driver of global climate variability. Each El
Niño event is unique, varying in strength, duration, and geographic extent of temperature
anomalies at both surface and deeper ocean layers [3]. In the Amazon, El Niño-induced
droughts may be intensified by warming in the tropical North Atlantic (positive Atlantic
SST dipole), as observed during the austral summer of 2010 [4] and across South America [5].
These extreme events threaten riverine communities [6], disrupt hydrological and carbon
dynamics in tropical forests, and generate serious socio-environmental impacts across
the region [7–9]. Over the past two decades, the Amazon basin has experienced several
“once-in-a-century” droughts, including those in 2005 [10] and 2009–2010 [11], along with
more recent El Niño events in 2015–2016 [12] and 2023 [9,13], which have had widespread
tropical impacts. El Niño typically leads to reduced precipitation in central, northern,
western, and eastern Amazon [14–16], and northeastern Brazil [17]. Despite these effects,
data remain limited on how El Niño influences physicochemical variability in Amazonian
coastal waters and its impact on regional plankton communities.

Among the limited documented impacts of extreme climatic events (such as severe
droughts) on plankton dynamics in this region is a trend toward decreasing phytoplankton
biomass (indicated by chlorophyll-a concentrations), associated with a significant reduc-
tion in the input of nitrogenous compounds due to decreased rainfall and freshwater
discharge [18]. However, information regarding the impact of El Niño or any other drought
event on the dynamics of zooplankton in Amazonian estuaries is still scarce [19,20]. Along
the west coast of the Americas, including Chile [21], Mexico [22], and California [23], El
Niño events tend to weaken upwelling, reduce nutrient supply into the euphotic layer, and
consequently decrease the biomass and productivity of both phytoplankton and zooplank-
ton, with cascading effects on higher trophic levels [24]. Such events often adversely affect
the fishing industry along the western coast of America [25], since numerous commercially
important fish species have planktonic larval phases. The ecological changes induced by
the El Niño may affect recruitment rates and hinder adult migrations [26].

Despite the pivotal role of zooplankton in aquatic ecosystems, the extent and un-
derlying mechanisms of their temporal variation in abundance and diversity are still not
well understood in tropical estuaries, especially under the influence of extreme climatic
events [27]. Climate-driven changes within the lower trophic levels, such as zooplank-
ton, can have significant implications for biogeochemical cycling [28,29], carbon transfer
pathways [30,31], and the ecosystem services provided by estuaries and oceans to hu-
mankind [32,33].

Given these considerations, and the potential for increased frequency of extreme
events in future climate scenarios, the present study investigates how the 2015–2016 El
Niño influenced zooplankton communities, exploring the link between anomalous climatic
conditions (marked by reduced rainfall levels), hydrology, and zooplankton in a tropical
estuary (Taperaçu, northern Brazil). This estuary has distinct environmental features,
receiving no direct river inflow and presenting limited drainage, shallow waters, strong
tidal currents, and a substantial mangrove forest, which provides significant amounts of
nutrients and organic material to the study area.

Because the Taperaçu is a relatively small estuary—under 30 km long—minor shifts in
environmental drivers can have rapid impacts on the estuary’s functioning, owing to the
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limited area affected [34]. Multiple climate-induced stressors, such as rainfall levels and
salinity, can favor certain taxa over others, thereby modulating zooplankton community
structure. In this context, we hypothesize that the density of marine-euryhaline zooplank-
ton will increase with the rise in salinity influenced by the El Niño. Conversely, estuarine
species adapted to brackish waters are expected to be sensitive to similar salinity increases,
leading to population declines. We also believe that food availability, particularly phyto-
plankton productivity, may play a significant role in this process. Determining the degree
of association between zooplankton dynamics and extreme fluctuations in climatic patterns
could be valuable for modeling and predicting variations in similar systems across tropical
regions worldwide. Small estuaries are increasingly recognized globally for their role in un-
derstanding climate change impacts on coastal ecosystems. Similar characteristics observed
in other Amazonian estuaries—and in small estuarine systems across the globe—further
strengthen the broader relevance of our findings. These results contribute meaningfully to
the global discourse on climate-driven transformations in estuarine environments and the
ecological dynamics of zooplankton communities.

2. Materials and Methods
2.1. Study Area

The Taperaçu is a small Amazonian estuary (<30 km in length), located approximately
200 km southeast of the Amazon River mouth in Bragança, northern Brazil (Figure 1a,b).
This estuary has a water surface area of 21 km2 and a drainage of approximately 40 km2 [35].
With an average depth of 4.2 m, the Taperaçu is a shallow, permanently open estuary
marked by high turbidity (378.1 NTU), vertical mixing, and tidal currents peaking at
2.04 m/s [35]. Oligohaline and freshwater inputs into the Taperaçu are primarily derived
from the Caeté estuary via the Taici creek during flood tides and from the Tamatateua
channel, respectively. This channel conveys freshwater from neighboring marshes that
flood during the rainy season [36]. Semidiurnal meso-macro tides dominate the estuary,
with tidal ranges around 5 m and peaks reaching up to 6 m during equinoctial spring
tides [37].

The study region presents a hot and humid equatorial climate, showing an intense
rainy season (>2000 mm) and prevailing northeasterly trade winds with a mean velocity of
up to 3.0 m s−1 between January and July. Approximately 75–85% of the yearly rainfall
occurs during the first six months of the year. In contrast, from August to December (the
dry season), rainfall decreases substantially (<100 mm during these months) and strong
southeasterly trade winds (>4.0 m s−1) dominate [38]. These rainfall patterns are influenced
by climate phenomena such as the El Niño Southern Oscillation (ENSO), which is one of
the main factors responsible for interannual climatic extremes in the Amazon region [39]
and other tropical regions [40–42]. ENSO events are monitored by the Oceanic Niño Index
(ONI), with data available for a 61-year period (1955–2016; (Figure 2)). According to the
ONI values, the 2015–2016 El Niño was classified as a very strong event [13].

2.2. Sampling and Study Design

Long-term total annual precipitation data (1982–2016) were analyzed, and the occur-
rence of climatic anomalies such as El Niño, La Niña, and drought periods were presented
to provide contextual background for assessing the evolution of these events in the study
region. To assess how the 2015–2016 El Niño event impacted local rainfall levels, total
monthly precipitation throughout the study period was compared to the mean values from
the previous 35 years. These rainfall data were collected hourly each day from January
1982 to December 2016 at the Tracuateua station of the National Meteorological Institute,
located at 01◦06′ S, 46◦87′ W, nearly 15 km from the research location.



Coasts 2025, 5, 39 4 of 24

Figure 1. Study area overview: (a) The continent of South America; (b) Geographic position of the
Taperaçu estuary along the Amazonian coastline in northern Brazil; (c) Distribution of sampling
points within the estuary—St1 in the upper sector, St2 in the middle, and St3 in the lower sector.
The Taici creek, shown by the black arrow, serves as a hydrological link between the Taperaçu and
Caeté estuaries.

The impacts of rainfall anomalies on hydrological variables and zooplankton data were
studied over a three-year period (2014–2016). Eight sampling campaigns were conducted
during this period, covering both anomalous and neutral climatic conditions: (i) a very
strong El Niño event (September and December 2015, and June 2016) and (ii) neutral
periods (September and December 2014, March and June 2015, and April 2016). The El
Niño event led to a significant decrease in monthly rainfall, averaging approximately 57%
below historical means. Sampling periods were grouped into two categories—El Niño-
influenced and neutral-based periods—based on Oceanic Niño Index (ONI) values [13]
and were analyzed alongside regional rainfall records [38] to identify the years or months
most affected by each condition.
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Figure 2. (a) Warm (red) and cool (blue) conditions based on a threshold of +/− 0.5 ◦C for the ONI
(1955–2016) and their intensities (i.e., weak, moderate, strong, and very strong) in the waters of the
tropical Pacific. Large and prolonged El Niño phenomena are indicated by high positive values of
this index: note the >+2 values associated with the 1972–1973, 1982–1983, 1997–1998, and (b) recent
(2015–2016; present study) very strong El Niño events. Cool (La Niña) anomalies are also shown
(modified from [13]).

Each field campaign was conducted during the spring tide conditions (flood and
ebb phases) over a 25 h period. Hydrological and zooplankton sampling was conducted
simultaneously at three fixed stations, randomly selected along the Taperaçu estuary to
represent distinct salinity zones: oligohaline (lower estuary—St1), intermediate (middle
estuary—St2), and more saline (upper estuary—St3) sectors (Figure 1c). Sampling occurred
at 3 h intervals, totaling 216 samples (9 samples per station per campaign day). This design
reflects environmental variability across the estuarine gradient, allowing assessment of
zooplankton responses to changing conditions influenced by climatic and hydrological
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factors. In situ measurements of salinity, turbidity, and temperature were conducted at
approximately 1 m depth using three CTDs (RBRmaestro) equipped with turbidity sensors,
recording data at 10 min intervals. Additionally, 500 mL surface water samples were
collected at 3 h intervals using 5 L Niskin bottles. Samples were preserved in a cooler at
4 ◦C for transfer to the laboratory, where pH, dissolved inorganic nutrients (including nitrite,
nitrate, orthophosphate, and silicate), and chlorophyll-a concentrations were determined.

Zooplankton samples were collected through 3 min subsurface horizontal hauls per-
formed with conical plankton nets (120 µm mesh, 2 m in length, 0.5 m mouth diameter).
The nets were fitted with mechanical flowmeters (General Oceanics 2030R) to estimate the
volume of water filtered. These tows were conducted from small power boats at an average
speed of 1.5 knots. Immediately after collection, the samples were transferred to 600 mL
plastic bottles and preserved in a 4% formalin solution (final concentration) neutralized
with sodium tetraborate. Studies conducted in the Taperaçu Estuary [43,44] revealed the
estuary’s shallow depth and the homogeneity of its water column, resulting in the absence
of vertical migration among local zooplankton. These findings indicate that both biotic and
abiotic factors—including nutrient levels and chlorophyll-a concentrations—are evenly
distributed, suggesting that sampling at different depths is unnecessary.

2.3. Laboratory Methods

Water samples were vacuum-filtered through glass-fiber filters (Whatman GF/F Ø
47 mm, 0.7 µm). The filtrate and retained material on the filters were subsequently freeze-
dried for analysis of nutrient and chlorophyll-a (Chl-a) concentrations. Dissolved inorganic
nutrient concentrations were spectrophotometrically determined according to [45] and [46].
Chlorophyll-a was extracted from the filters with 90% acetone (v/v) and determined spec-
trophotometrically according to the protocols of [47,48]. Nutrient and chlorophyll-a concen-
trations were analyzed using a Thermo Scientific 220 Evolution UV-Vis spectrophotometer
(Waltham, MA, USA), calibrated with deionized water (mixed bed deionizer Q-380M).
Detection limits (DL) were established as follows: nitrate (DL = 0.05 µmol L−1), nitrite
(DL = 0.01 µmol L−1), silicate (DL = 0.1 µmol L−1), orthophosphate (DL = 0.03 µmol L−1),
and chlorophyll-a (DL = 0.02 mg m−3). Quality control was ensured by determining the
linearity of the chemical methods (R2 > 0.998) using calibration curves compiled with stan-
dard solutions of known concentrations of the respective substances [34]. Due to archival
limitations, recovery rates and calibration curve R2 values are not available. Water pH was
measured with a tabletop pHmeter (HANNA HI 2221, Hanna Instruments, Woonsocket,
RI, USA) with resolution of 0.01.

The preserved zooplankton samples were rinsed to eliminate residual formalin buffer
and subsequently partitioned into aliquots using a Folsom splitter, with divisions ranging
from one to eleven. Each aliquot was standardized to contain approximately 300 indi-
viduals. These subsamples were then examined for identification [49–51], taxonomic
classification [52], and enumeration in a gridded Petri dish under a stereomicroscope. To
estimate the total abundance of each zooplankton taxon, individual counts were multiplied
by the corresponding subsampling factor (1–11). Adult specimens were identified to species
level or the most precise taxonomic category possible, juveniles to genus, and copepod
nauplii were grouped collectively.

For each sample, the quantitative data were analyzed to determine species density (ind
m−3), relative abundance, and occurrence frequency (FO). High variability in zooplankton
density is common and reflects the spatial and temporal heterogeneity of estuarine envi-
ronments, driven by patchy distributions, hydrodynamic processes, seasonal freshwater
discharge, tidal mixing, and localized nutrient inputs, among other factors. Ecological
indices such as species diversity [53], evenness [54], and richness (total number of species
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per sample) were also computed. The relative frequency of occurrence of a given taxon
was expressed as the percentage of samples in which the taxon was present. Diversity and
evenness were calculated using PRIMER 6 software, following [55]. Species contributing
over 10% of the total individuals in any given month were classified as dominant in this
study. To assess how the El Niño (EN) influenced the structure and dynamics of the zoo-
plankton community, abiotic and biotic variables were pooled (mean ± standard deviation)
and analyzed across different temporal scales: monthly, seasonal, and interannual.

2.4. Statistical Analyses

Kruskal–Wallis H test was conducted to compare hydrological (salinity, turbidity, pH,
temperature, and dissolved inorganic nutrient concentrations) and biological variables
(chlorophyll-a, species density, diversity, evenness, and richness) across different temporal
scales. When significant differences were identified, Dunn’s post hoc test was used for
pairwise mean comparisons [56], without p-value adjustment due to the study’s exploratory
nature and the limited number of comparisons. Correlations among environmental vari-
ables were assessed through the nonparametric Spearman rank correlation method. All
statistical procedures were performed using STATISTICA 8, with a significance level of
α = 0.05.

A Redundancy Analysis (RDA) conducted using CANOCO 4.5 [57], was applied to
evaluate the effects of two sets of explanatory variables (environmental and temporal)
on the fluctuation in the density of the most abundant zooplankton species: Acartia lill-
jeborgii, Acartia tonsa, Pseudodiaptomus marshi, Euterpina acutifrons, Oithona hebes, Oithona
oswaldocruzi, Paracalanus quasimodo and Oikopleura dioica. The environmental matrix in-
cluded physical, chemical, and biological variables (precipitation, salinity, turbidity, pH,
temperature, dissolved silica-DSi, and chlorophyll-a), while the temporal matrix consisted
of sampling months and years, which were transformed into dummy variables represented
by 1 and 0. Explanatory variables were selected based on their significant association with
the observed variation in the density of key zooplankton species, as indicated by a Monte
Carlo test with 9999 permutations [58]. A variation partitioning analysis (constrained
ordination) visualized with Venn diagrams [59], was applied to assess the relative influ-
ence (percentage explanation) of environmental and temporal variables on zooplankton
population variability in the Taperaçu estuary. The total variation consisted of four compo-
nents: two fractions explained purely by environmental (E) and temporal (T) factors, the
shared variation (explained by both factors), and the unexplained variation or residuals
(R) from the analysis. The overall explained variance was derived from a combination of
forward-selected environmental and temporal variables, after which the fraction explained
purely by each variable was calculated.

3. Results
Previous studies [34] and references therein, together with preliminary analyses, indi-

cate that no significant spatial heterogeneity was observed in the biological data collected
across the three sectors of the Taperaçu estuary. Short-term fluctuations associated with
tidal cycles were also minimal and did not substantially influence the results, which justifies
the aggregation of data (mean ± standard deviation) for the assessment of monthly and
seasonal dynamics.

3.1. Changes in Rainfall Levels and Their Effects on Salinity and Chlorophyll-A Concentrations
During Normal and El Niño Periods

The mean annual rainfall from 1982 to 2016 was 2293 mm, with notable deviations,
including those linked to El Niño/La Niña Southern Oscillation (ENSO) events (Figure 3a).
During the El Niño event in early 2015 (rainy season), rainfall reductions were pronounced:
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January precipitation was 89% below the historical mean (1982–2016), 60% lower in February,
and 33% lower in May (Figure 3b). The dry season in the latter half of 2015 experienced even
steeper declines, particularly in September (100%) and December (96%). In 2016, rainfall levels
continued to drop, with reductions of 48% in June, 38% in May, and 28% in January.

Figure 3. (a) Total annual precipitation in the study region between 1982 and 2016 (source: [38]),
highlighting the major oscillations in rainfall (EN = El Niño; LN = La Niña; AD = Atlantic SST Dipole;
F = Flood event; source: [13]); (b) Monthly average rainfall over the past 34 years, along with total
monthly rainfall during the study period (2014–2016); (c) A 25 h salinity time series recorded in the
upper estuary during June of each study year; (d) Mean salinity and chlorophyll-a concentrations
(±SD) observed under neutral conditions (2014) and El Niño events (2015–2016).
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Comparing the effects of annual rainfall on water salinity between 2014 and 2016, the
reduction of 312–432 mm during the El Niño period (2015–2016) resulted in significantly
higher salinity levels (66–72%) relative to the neutral year of 2014. Figure 3c illustrates the
impact of rainfall on salinity during El Niño and normal periods, showing that lower rainfall
in June 2016 coincided with increased salinity and chlorophyll-a (Chl-a) concentrations
(Figure 3d).

3.2. Hydrological Data

Oscillations in hydrological variables were influenced by physical factors, such as
precipitation, and biological processes (e.g., photosynthesis) driven by ENSO. A significant
negative correlation was found between precipitation and salinity (rs = −0.70, p < 0.0001).
The highest mean salinity (36.57 ± 2.64; Kruskal–Wallis, H = 141.91, p < 0.0001) was
recorded during the dry season month of September 2015, which was severely affected by
the El Niño event (precipitation = 0.0 mm). In contrast, the lowest salinity (7.84 ± 5.55) was
recorded in April 2016, one of the wettest months of the study period (Figures 3b and 4).
Water temperature showed minimal variation (27.23 ± 0.66 to 29.20 ± 0.83 ◦C), with a
mean interannual amplitude of only 2.0 ◦C, typical of equatorial environments. Meanwhile,
pH remained generally alkaline (7.73 ± 0.30 to 8.28 ± 0.20).

 

Figure 4. Mean values (±SD) of environmental variables in the Taperaçu estuary, northern Brazil,
during the study period. Gray hatching indicates months corresponding to the rainy season.

Turbidity and concentrations of nitrite, nitrate, and chlorophyll-a peaked during rainy
season months, when neutral ENSO conditions prevailed. Turbidity (377.35 ± 388.66 UNT,
p < 0.001) and nitrite concentrations (0.17 ± 0.12 µmol L−1, p < 0.001) peaked in March
2015, while nitrate (3.25 ± 0.81 µmol L−1, p < 0.001) and chlorophyll-a concentrations
(22.69 ± 29.84 mg m−3, p < 0.01) were highest in April 2016. These peaks were likely
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associated with increased rainfall during these periods compared to the El Niño months
(Figures 3b and 4). Increased precipitation enhanced the influx of organic matter and
particulate inorganic material within the Taperaçu estuary, along with dissolved nitrogen
compounds (e.g., nitrate) from surrounding mangroves and the Caeté estuary, transported
via the Taici tidal creek during flood tides (see [34]).

The impact of anomalous climatic conditions, including low precipitation, on the
estuary’s hydrological parameters is best understood by comparing data from June 2015 and
June 2016. In June 2016, during the El Niño event, significant reductions were observed in
turbidity (Kruskal–Wallis, H = 69.76, p < 0.01), orthophosphate (Kruskal–Wallis, H = 128.53,
p < 0.05), and chlorophyll-a concentrations (Kruskal–Wallis, H = 26.98, p < 0.001) relative to
June 2015, when monthly precipitation was approximately 40% higher. A similar trend was
observed between September 2014 and September 2015, with the lowest orthophosphate
(0.50 ± 0.15 µmol L−1) and chlorophyll-a (7.50 ± 4.27 mg m−3) concentrations recorded
in September 2015, further highlighting the influence of the El Niño on hydrological
parameters (Figures 3b and 4). Despite these patterns, the highest silicate concentrations
were recorded in September and December 2015 (El Niño), coinciding with the lowest
chlorophyll-a levels.

3.3. Zooplankton Composition and Temporal Variability

A total of 62 zooplankton taxa were identified during the study, spanning the phyla Cil-
iophora, Foraminifera, Rotifera, Cnidaria, Platyhelminthes, Annelida, Mollusca, Nematoda,
Arthropoda, Echinodermata, Chaetognatha, Bryozoa, Phoronida, and Chordata (Table S1).
Copepods dominated the zooplankton community, accounting for a maximum of 92% of
overall zooplankton density observed in September and December 2014 (Figure 5a). Among
the copepods, 22 species were identified, belonging to three orders: Calanoida, Cyclopoida,
and Harpacticoida. The Calanoida was the most abundant and diverse, represented by
seven families, 10 genera, and 15 species. Dominant species included Acartia lilljeborgii Gies-
brecht, 1889; Acartia tonsa Dana, 1849; Pseudodiaptomus marshi Wright S., 1936; Paracalanus
quasimodo Bowman, 1971; along with the cyclopoids Oithona hebes Giesbrecht, 1891 and
Oithona oswaldocruzi Oliveira, 1945, and the harpacticoid Euterpina acutifrons (Dana, 1848).

The influence of the El Niño event on species population dynamics was evident on
both monthly and seasonal timescales (Supplementary Materials SI, Figure 6). The highest
density of A. lilljeborgii (5066 ± 8124 ind m−3; Kruskal–Wallis, H = 60.4, p < 0.0001) was
recorded in June 2016 during El Niño, when polihaline conditions prevailed. Accounting for
31% of total zooplankton abundance, this species was a major component of the community
(Figure 5b). In contrast, a marked decline in the density of A. lilljeborgii and E. acutifrons
was observed during neutral months, with values falling below 100 ind m−3 in April 2016.

Significantly higher densities of A. lilljeborgii were recorded in June 2016 (5066 ± 8124 ind
m−3) relative to June 2015 (2483 ± 5833 ind m−3), 2012 (1464 ± 6273 ind m−3; [60]), and
2011 (1.36 ± 1.68 ind m−3; [44]). Rainfall in June 2016 was approximately 39% lower than
in 2015 (neutral conditions. This reduction in rainfall during June 2016 led to higher salinity
levels, which likely favored Acartia lilljeborgii and contributed to its increase in density.
Additionally, when comparing the September samples from 2014 (604.40 ± 821.54 ind m−3)
and 2015 (1067 ± 2298 ind m−3), the highest density of A. lilljeborgii was recorded in 2015
(El Niño). A similar pattern was observed for P. quasimodo, although the difference was not
significant (p = 0.527). This species demonstrated a high annual frequency of occurrence
(≥94%) and exhibited broad salinity tolerance (7.84–36.57). A single density peak was
observed in April 2016 (3600 ± 11,494 ind m−3), representing 30.6% of the total zooplankton
abundance (Figure 5b).
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Figure 5. Monthly variation in the relative contribution of (a) all the zooplankton groups and (b) the
main zooplankton taxa in the Taperaçu estuary, northern Brazil, during the study period.

Figure 6. Mean (+SD) density variation in the predominant copepod species recorded in the Taperaçu
estuary, in northern Brazil, during the field campaigns conducted during the present study. The
gray hatching represents the rainy season months. EN = El Niño; NP = neutral period. The zoo-
plankton peaks are considered ns = not significant; * significant at p < 0.05; ** significant at p < 0.001;
*** significant at p < 0.0001.
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By contrast, A. tonsa was negatively impacted by the El Niño event, with signif-
icany lower density recorded in June 2016 (140.56 ± 292.81 ind m−3; Kruskal–Wallis,
H = 20.15, p < 0.01) compared to June 2015 (730.68 ± 1549 ind m−3). The lowest mean
density of A. tonsa in September was observed in 2015 (261.96 ± 821.99 ind m−3; Kruskal–
Wallis, H = 20.15, p < 0.05; El Niño), whereas the highest density was recorded in 2014
(443.96 ± 578.95 ind m−3; neutral conditions). A comparable trend was observed for
Oithona oswaldocruzi and P. marshi in September samples. O. oswaldocruzi and its con-
gener O. hebes exhibited density peaks in December 2014 (Figure 6), contributing 27% and
12%, respectively, to the total zooplankton abundance during this period (Figure 5b).

Zooplankton density comparisons between the Taperaçu estuary and other coastal
regions—spanning tropical, subtropical, and temperate zones, under normal and anoma-
lous rainfall conditions, are presented in Table S2 [43,61–70]. Unidentified copepod nauplii
densities were high during the El Niño months of December 2015 and June 2016 (Figure 6),
suggesting increased recruitment in some dominant copepod species, particularly A. lillje-
borgii. Despite contributing less than 10% to monthly zooplankton abundance, Oikopleura
dioica Fol, 1872 was frequently observed throughout the year, with an annual occurrence
rate exceeding 76%. Its density fluctuated markedly across months, peaking in June 2016,
when it accounted for 4% of the total zooplankton abundance. A significant difference
in the density of O. dioica was observed in June between 2015 and 2016 (Kruskal–Wallis,
H = 24.67, p < 0.05), with the highest value recorded in the latter year (724.04 ± 1153 ind
m−3).

The Taperaçu estuary can be classified as a monthly heterogeneous system with
respect to total zooplankton density, with a significant peak (Kruskal–Wallis, H = 37.26,
p < 0.05) recorded in June 2016 (15,451 ± 15,014 ind m−3; Figure 7), when densities of
several main species increased considerably. Zooplankton species diversity (3.26 ± 0.43
to 2.45 ± 0.61 bits ind−1), evenness (0.72 ± 0.08 to 0.57 ± 0.14), and richness (27 ± 5.50 to
18 ± 2.2) showed significant monthly variation across different study years (Figure 7), the
temporal heterogeneity of the Taperaçu estuary in comparison to other tropical estuarine
systems worldwide [71,72]. In the resent survey, these tendencies may be linked to the
effects of El Niño on the eastern Amazon coastal waters, where decreased rainfall likely
led to an increased influx of seawater into the study area, resulting in higher density and
prevalence of a small group of coastal and marine species throughout the years (Figure 6
and Supplementary Material SII).

A rise in the proportion of dominant species within the zooplankton community
was accompanied by a progressive decrease in both diversity and evenness—a trend that
became more pronounced in June 2016 during the El Niño event (Figures 5 and 7). In
addition, species richness peaked in September 2015 (26.9 ± 5.50; Kruskal–Wallis, H = 98.96,
p < 0.001), coinciding with El Niño.

3.4. Multivariate Analysis

The relationship between the density of the dominant zooplankton species and
environmental/temporal variables is illustrated in the RDA biplot ordination diagram
(Figure 8a,b). Approximately 69% of the total variation in zooplankton density was ex-
plained by these explanatory variables, with the first axis accounting for 47.7% of the
variance (λRDA1 = 0.258) and the second axis for 21.7% (λRDA2 = 0.118). While both axes had
significant effects (p < 0.001, 9999 permutations), results are presented primarily for RDA1,
as this axis explained most of the variance in the density dataset of dominant species.



Coasts 2025, 5, 39 13 of 24

 

Figure 7. Mean (+SD) density of zooplankton (all species) and the ecological indices (species richness,
diversity, and evenness) recorded in the Taperaçu estuary, northern Brazil during the field campaigns
conducted during the present study. The gray hatching represents the rainy season months. EN = El
Niño; NP = neutral period; * significant at p < 0.05; ** significant at p < 0.001.
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Figure 8. RDA ordination diagrams showing (a) biplots of the environmental variables (small ar-
rowheads) and samples (September 2014 through June 2016), and (b) biplots of the environmental
parameters (small arrowheads) and the predominant zooplankton species (large arrowheads). Ab-
breviations: Prec = precipitation; Sal = salinity; pH = hydrogenionic potential; Turb = turbidity;
Temp = temperature; Chl-a = chlorophyll-a; NO−

2 = nitrite; NO−
3 = nitrate; PO3−

4 = orthophosphate;
DSi = silicate; Al = Acartia lilljeborgii; At = Acartia tonsa; Pm = Pseudodiaptomus marshi; Ea = Euterpina
acutifrons; Oh = Oithona hebes; Oo = Oithona oswaldocruzi; Pq = Paracalanus quasimodo; Od = Oikopleura
dioica. The circles denote the dry season months, and the squares, the rainy season months. (c) Venn
diagram representing the partitioning of the variation in the density of the predominant zooplankton
species between the environmental (left circle) and temporal explanatory variables (right circle).
The fractions explained purely by environmental (E) and temporal factors (T), as well as the shared
variation, explained by both factors (shaded area) and the residuals of the analysis (R) are shown.

RDA1 revealed a distinct seasonal gradient: samples collected mostly during the dry
months were positioned on the left side of the biplot, characterized by higher salinity and
pH. A. lilljeborgii, E. acutifrons, and O. dioica were also positioned on the left, reflecting their
higher densities during the dry months. In contrast, samples located on the right side of
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the RDA biplot were collected during the rainy months and were associated with higher
turbidity, concentrations of dissolved inorganic nutrients, and Chl-a. A. tonsa, P. marshi,
O. oswaldocruzi, and O. hebes were linked to these rainy-season samples, when salinity
was lower. This clear seasonal succession of dominant species underscores their strong
association with the first RDA axis.

The variance in the densities of the main zooplankton species explained exclusively
by environmental variables (30.2%) was nearly twice that explained by temporal variables
(16.1%), while the shared fraction was 7.9% (Figure 8c). This shared variance likely re-
flects correlations between variables from both categories, such as sampling period and
precipitation (Prec) and/or salinity (Sal). However, a large proportion (45.8%) remained
unexplained, possibly due to additional factors not considered in this study, such as intra-
and interspecific ecological interactions (e.g., competition and predation), which may influ-
ence zooplankton population dynamics in the Taperaçu estuary. Based on these analyses,
the combined variation in environmental and temporal parameters accounted for more
than half (54.2%) of the total variance in the densities of the principal zooplankton species
over the study period.

4. Discussion
The 2015–2016 El Niño event was one of the three strongest El Niño events recorded

since at least 1950 [73,74], and was associated with unprecedented warming and a more
extensive and intense drought in Amazonia [14,75]. The study area exhibits distinctive
morphological and morphodynamic features, such as its small size (less than 30 km in
length), the absence of direct fluvial discharge, and a highly restricted catchment area. These
characteristics contribute to the limited inflow of freshwater into the Taperaçu estuary, a
condition that was further aggravated by 2015–2016 El Niño event. This climatic anomaly
caused a decline in rainfall, significantly reducing the monthly freshwater input into the
estuary. Consequently, hydrological variables were affected leading to changes in the
zooplankton community. As previous studies conducted at the same estuary revealed no
significant spatial variation in biological and environmental data [34], the current survey
focused on temporal variation patterns driven by the effects of a severe drought.

Anomalous climatic events, such as El Niño, are often thought to exert limited in-
fluence on zooplankton dynamics in estuarine environments [76,77] due to pronounced
seasonal variability and the high adaptability of resident species. Nonetheless, in the
present study, the El Niño event resulted in reduced rainfall, triggering both monthly and
annual fluctuations in key hydrological variables—including salinity, nutrient concentra-
tions, and phytoplankton biomass (Chl-a). These shifts were accompanied by clear changes
in the zooplankton community structure, affecting density, relative abundance, frequency
of occurrence, and overall diversity.

A substantial increase in the average density of a small group of species (A. lilljeborgii,
E. acutifrons, O. dioica and P. quasimodo) was recorded in the present study when compared
to previous studies conducted at the same site. This pattern is also evident across tropical,
subtropical, and temperate coastal systems, regardless of whether climatic conditions are
typical or anomalous (Supplementary Materials SII). The higher densities of A. lilljeborgii
were influenced by the joint effects of high salinity and moderate food availability (phyto-
plankton biomass), resulting from the pronounced decline in rainfall associated with the El
Niño event. The omnivorous copepod Acartia lilljeborgii exhibited a negative correlation
with chlorophyll-a concentrations (Figure 8b), indicating a dynamic predator–prey inter-
action. This pattern suggests that while phytoplankton abundance is shaped by grazing
pressure, the population dynamics of A. lilljeborgii are, in turn, influenced by fluctuations
in food availability. Future studies incorporating predation rate experiments, however, are
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essential to validate this hypothesis. A similar trend was reported for E. acutifrons and O.
dioica, with the highest densities being recorded during the El Niño months. Despite the rel-
evance of the phytoplankton as a food resource for zooplankton, macrophytic or terrestrial
particulate organic carbon (tPOC) can be a vital supplementary food source for estuarine
zooplankton, as shown by chemical biomarker analysis and targeted DNA metagenomic
studies [78]. These resources play a critical role in sustaining the nutritional needs of micro-,
meso-, and macrofaunal grazers within shallow estuarine environments [79], indicating
their potential importance within the Taperaçu estuary food web.

In addition to food availability, salinity changes significantly affected the dynamics of
the zooplankton community, particularly among its dominant species. A positive monthly
trend was observed between salinity and the density of A. lilljeborgii and E. acutifrons,
suggesting a preference for more saline conditions by both species. Such conditions may
enhance the reproductive capacity of these species throughout both the rainy and dry
seasons during El Niño events, leading to density peaks as observed in the present study.
In contrast, previous research in the same estuary [44] reported a marked decrease in the
density of A. lilljeborgii and E. acutifrons during the La Niña months, when suboptimal
salinity conditions likely hindered egg production and hatching success. This behavior is
consistent with the findings of [80,81], who observed that during periods of low salinity
(<17), the populations of A. lilljeborgii and E. acutifrons exhibited limited reproductive
output, which delayed rapid recovery through egg production. Therefore, the monthly
variation in species density was influenced not only by reproductive output, but also by
external biological and physical factors—particularly salinity—which was influenced by El
Niño and La Niña events.

Accordingly, when comparing June across the years 2015 and 2016 (present study),
2013 [63], and 2011 [44] higher densities of A. lilljeborgii were recorded in 2016 (El Niño),
when rainfall was lower and salinity was higher than in the other years. When comparing
the September samples from 2014 and 2015, significantly higher densities were observed
in 2015, the El Niño month with the highest salinity (36.57) recorded during the entire
study period. A similar pattern was observed for P. quasimodo, a marine euryhaline species
primarily found in highly saline environments across many bays, estuaries, and the con-
tinental shelf of South America [67,82,83]. However, the peak in the P. quasimodo density
during the rainy season in April 2016, when salinity reached its lowest value (7.84), can be
explained by its euryhaline nature, coupled with high phytoplankton productivity. This
species is omnivorous [84] but primarily feeds on phytoplankton cells, which may account
for its abundance in April when the availability of this resource increased, as indicated by
the higher Chl-a concentrations observed. The appendicularian, O. dioica, which thrives
in poly-euhaline waters ranging from 26.4 to 32.7 [85], was also positively influenced by
salinity and reached the highest densities in the El Niño months (see Figure 6).

The negative effect of the El Niño event on zooplankton density can be observed when
comparing the densities of O. oswaldocruzi and P. marshi in the September samples from
2014 and 2015. The lowest densities were recorded in 2015 (El Niño), when salinity was
higher than in 2014 (neutral conditions). Although P. marshi may be able to survive and
even reproduce in hypersaline waters [86], the anomalous peak in abundance observed
in September 2014 at a salinity of 34.81 was unexpected. This finding contrasts with the
general pattern previously recorded in the Taperaçu estuary [63] and other systems along
the Amazon coast [61], where this species reached high densities during the rainy season
months, when salinity ranged from 4 to 15. Given the morphological, morphodynamic,
and hydrological features of the Taperaçu estuary, the peak in P. marshi density observed
during the dry season—when the system exhibits a distinctly marine character—was likely
due to recruitment from the neighboring Caeté estuary, as reported by [43]. The Taperaçu
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and Caeté estuaries are interconnected via the Taici creek (Figure 1), which channels water
from the upper sector of the Caeté to the upper Taperaçu during flood tides [36]. The
single annual peak in O. hebes density, a Neotropical species that predominates in the oligo-
mesohaline waters of Brazilian estuaries, was recorded during the dry season (December
2014), under euhaline conditions, suggesting that its occurrence in the study area also
depended on recruitment from the Caeté estuary. Under experimental conditions, salinities
below 6.3 or above 30.0 are lethal to O. hebes [87]. Overall, these results indicate that O.
hebes, P. marshi and O. oswaldocruzi, along with other oligo-mesohaline such as P. richardi
and freshwater zooplankton taxa (e.g., Diaphanosoma sp.), are not represented by resident
populations year-round, or at least not during the dry season, in the Taperaçu estuary.

Another relevant question is whether the impact of the extreme El Niño event on
the estuary resulted in significant shifts in zooplankton diversity. Our results indicate
that the ecological indices varied as a consequence of changes in community structure.
Species richness, diversity, and evenness recorded in the Taperaçu estuary during the 2015–
2016 El Niño were relatively high compared to previously reported values under normal
rainfall conditions in the same ecosystem [88], based on the same sampling protocol. The
increase in these indices observed in the present study was associated with an abnormal
decline in regional precipitation and a reduction in fluvial discharge from the Amazon
River and 23 adjacent estuaries, which collectively altered the hydrological dynamics along
the entire Amazonian coastline. This impact extended to smaller estuarine systems and
coastal inlets characterized by limited or intermittent freshwater input, such as the Taperaçu
estuary. Consequently, seawater influx increased over the course of the El Niño months,
accounting to the temporal heterogeneity of the ecological indices compared to neutral
periods. The seawater intrusion into estuarine environments indicates the recruitment of
marine organisms, thereby increasing zooplankton diversity. Paradoxically, the lowest
mean diversity and evenness were recorded in June 2016 during the El Niño, probably
due to the high dominance of A. lilljeborgii and copepod nauplii. Although seawater
intrusion is generally associated with increased species diversity due to the influx of
marine taxa, the observed decline in Shannon diversity in June 2016 suggests a more
complex ecological response. One plausible explanation is that the high salinity during this
period may have favored the establishment of a few marine species while simultaneously
suppressing estuarine or freshwater taxa adapted to lower salinity conditions. This selective
pressure could have led to a temporary reduction in overall species richness and evenness,
resulting in lower diversity indices. A reduction in zooplankton diversity often occurs
under conditions of species dominance, where one or a few taxa prevail. This decline may
also result from the displacement of rare species by more ubiquitous ones, or when the
community is composed primarily of fast-reproducing species with limited taxonomic
representation. According to [89], such patterns may be associated with increased local
environmental constraints (climate, geographical barriers to dispersal, and specific local
environmental variables) that act as niche filters or when reduced heterogeneity in habitats
and resources allows for the survival of only a few closely related species that share common
biological attributes.

In addition to the significant monthly and seasonal variation observed in the ecological
indices throughout the three years of the present study, a similar pattern was recorded
in the overall zooplankton community density, and in most of its predominant species.
The temporal heterogeneity in zooplankton density may be partly attributed to increased
salinity fluctuations between drought and neutral months, driven by the ocean–atmosphere
El Niño event, which promoted elevated densities of certain species during the study
period. This was corroborated by the uni- and multivariate analyses, which showed that
the marine-estuarine species (A. lilljeborgii, E. acutifrons, and O. dioica) were dominant in
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the samples collected during the driest months, such as September 2015 and June 2016 (El
Niño event), while the coastal and estuarine species (A. tonsa, P. marshi, O. oswaldocruzi, and
O. hebes) predominated in the neutral months (e.g., April 2016). In estuarine waters, popu-
lation dynamics of zooplankton are controlled primarily by salinity and temperature [90],
although the availability and quality of food (bottom-up effects), together with the complex
interactions between biotic and abiotic variables also exert a significant influence on this
process [91,92]. In the Taperaçu estuary, for example, the combined impact of salinity
fluctuations and phytoplankton availability could account for the peaks observed in the
density of the copepods A. tonsa (April 2016) and A. lilljeborgii (June 2016).

Environmental and temporal variables accounted for over half of the variance in
predominant taxa density, with El Niño–driven environmental changes influencing zoo-
plankton community structure over time. This suggests that El Niño may have strong
impacts at the secondary trophic level, which are likely to cascade throughout the estuarine
food web, altering food-web dynamics and, consequently, the flow of carbon and energy
through the system. As stated above, these events are known to alter salinity, temperature,
and nutrient dynamics in estuarine systems, which in turn affect zooplankton abundance
and composition [93]. These changes can disrupt trophic interactions and reduce recruit-
ment success for fish populations dependent on specific zooplankton assemblages [94].
Moreover, shifts in zooplankton communities may influence carbon cycling, as variations
in grazing pressure and fecal pellet production affect vertical carbon fluxes [95]. In Amazo-
nian estuaries, where environmental variability is already high, El Niño-related anomalies
could exacerbate ecological instability, with cascading effects on fisheries productivity and
biogeochemical processes.

The considerable residual variance that remained unexplained in the RDA partitioning
may have been related to the lack of data on the relevant explanatory factors, such as
stochastic processes (dispersal, recruitment, and mortality rates) or predation pressure
(top-down effects) [96,97]. Although we did not evaluate dispersal effects, this process may
have a fundamental role on the structure of the study community, given that the Taperaçu
estuary is not a closed system, and has connections with the Atlantic Ocean, the Maiaú
Bay and the Caeté estuary through tidal creeks (Figure 1). In this case, the dispersal of
the zooplankton between systems may explain much of the variation not covered by the
environmental and temporal factors studied. Although predation may also be an important
mechanism of population control in the Amazonian estuaries, its role in the regulation
of the density and composition of zooplankton taxa remains poorly understood, and no
data are currently available regarding the ecology of pelagic zooplanktivorous fish in the
Taperaçu estuary. Previous research on the structure of the larval and adult fish community
in the neighboring Caeté estuary [98] identified 48 families, of which the Sciaenidae was
the most abundant, with emphasis on the species Stellifer rastrifer (Jordan, 1889) and Stellifer
naso (Jordan, 1889). These species are also present in the Taperaçu estuary, and their larval
stages predominantly consume A. lilljeborgii and P. marshi copepods as a primary food
source [99].

El Niño events have increasingly complex impacts on estuarine and coastal ecosystems,
altering precipitation and freshwater discharge regimes, with cascading effects on salinity,
nutrient availability, and phytoplankton biomass [34,100,101]. These hydrological changes
can lead to the loss of critical habitats, such as seagrass meadows and mangroves [102,103],
driven by the increased frequency of heatwaves, more intense storms, extreme droughts,
and sea level rise [103]. Such conditions favor episodes of mass mortality among organisms
such as mollusks and coral reefs, compromising biodiversity and essential ecosystem ser-
vices [104–106]. In plankton communities, El Niño impacts include (i) suppression of larger
trophic components (e.g., diatoms, euphausiids, copepods) in upwelling zones, alongside
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intensification of smaller components (e.g., flagellates, ciliates) [107]; (ii) significant changes
in the population dynamics of key estuarine zooplankton species, such as Acartia spp. [19];
(iii) notable influence on the growth and metabolism of gelatinous zooplankton [108]; and
(iv) alterations in the abundance and trophic dynamics of copepods—despite maintained
functional diversity—in coastal areas, as observed in the Arvoredo Marine Biological Re-
serve, associated with increased total suspended solids (TSS+) [109]. These responses of
the zooplankton community underscore how the intensification and increased frequency of
extreme ENSOs, in the context of climate change, threaten faunal populations, ecosystem
resilience, and the carrying capacity of estuarine and coastal systems [110,111], ultimately
compromising critical ecosystem services [112,113].

Further insight into zooplankton density and diversity shifts driven by climate-related
events may be achieved through studies that include stochastic processes and predator–
prey relationships. Severe droughts, such as those triggered by the 2015–2016 El Niño, can
produce both short-term and prolonged multiyear impacts on hydrological and biological
processes in estuarine ecosystems, providing important clues about future scenarios. Many
regions of the world are expected to experience more frequent extreme El Niño events due
to greenhouse warming—a pattern already detected across the Amazon region.

In light of increasing climate variability, incorporating an ecological risk assessment of
more frequent and extreme ENSO events would significantly enhance the relevance and
depth of this study. Recent findings have shown that ENSO-driven anomalies—such as pro-
longed droughts, altered freshwater discharge, and shifts in salinity and temperature—can
profoundly affect the structure, abundance, and trophic dynamics of zooplankton commu-
nities in Amazonian estuaries [19,20]. These events may exacerbate habitat fragmentation,
disrupt nutrient cycling, and favor opportunistic or tolerant species, leading to reduced
biodiversity and altered ecosystem functioning. By integrating a risk assessment frame-
work, this study could better anticipate future ecological scenarios, inform conservation
strategies, and contribute to a more robust understanding of how planktonic assemblages
respond to compounded climatic stressors in estuarine systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coasts5040039/s1; Table S1: Zooplankton taxa identified in the
Taperaçu estuary, Brazil, showing average density (±SD) and seasonal occurrence under neutral (NP)
and El Niño (EN) conditions.; Table S2: Comparison of zooplankton densities for several tropical,
subtropical, and temperate estuaries under normal and anomalous rainfall conditions. Abbreviations:
EN = El Niño; DE = Drought event; NP = neutral period.
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