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Abstract  Climate change is affecting the global 
hydrological cycle, causing drastic changes in precipi-
tation patterns. Extreme climatic events are becoming 
more frequent and intense than in the past, leading to 
water-level fluctuations and affecting aquatic ecosys-
tems. Semiarid regions are very susceptible to chang-
ing climate. We analyzed a  10  years dataset from a 
tropical semiarid reservoir during extreme hydro-
logical events (heavy rains and prolonged drought), 

and evaluated phytoplankton functional responses 
to environmental conditions. We found, as hypothe-
sized, that phytoplankton functional structure change 
in a temporal scale due to water–volume fluctuation 
induced by the rainfall pattern. Depth and inorganic 
material acted as environmental filters selecting phy-
toplankton groups. High water level seems to improve 
water quality and low water level worsen it. Colo-
nial and filamentous cyanobacteria dominate the 
wet period; however, it may have a critical threshold 
during severe periods of drought, which will lead to 
dominance of groups well adapted to low light condi-
tions and with mixotrophic metabolism. Phytoplank-
ton functional approaches can simplify phytoplank-
ton identification and reflect better the environmental 
conditions than the taxonomic approach. Therefore, 
these approaches can help to  understand the shifts 
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in aquatic ecosystems under extreme hydrological 
events and predict functional response of phytoplank-
ton being an important tool to water management and 
conservation.

Keywords  Extreme rainfall · Extreme drought · 
Climate change · Functional classifications · 
Cyanobacteria · Mixoplankton

Introduction

Eutrophication is considered worldwide as a threat to 
aquatic biodiversity and water quality (Paerl & Huis-
man, 2009; Jeppesen et  al., 2010). It can be charac-
terized as an enrichment of aquatic ecosystems by 
increasing nutrients concentrations, mainly phos-
phorous and nitrogen, resulting in an exaggerated 
growth of phytoplankton and significant changes in 
ecosystems functioning (Dodds et  al., 2009). The 
potential effects of eutrophication are the dominance 
of phytoplankton species, such as potentially toxic 
cyanobacteria, reduction of species diversity, increas-
ing organic matter decomposition, and anoxia (Smith 
& Schindler, 2009). These lead to a degradation of 
water quality (Paerl & Otten, 2013). Phosphorous and 
nitrogen load is a topic that received special empha-
sis in publications related to eutrophication and phy-
toplankton ecology (Paerl, 2009; Moss et  al., 2011; 
Chorus & Spijkerman, 2021; Vanderley et al., 2022). 
Moreover, an extended literature shows that phyto-
plankton resources (i.e., nutrients and light) and graz-
ers’ pressure are important drivers of phytoplankton 
community (Soares et  al., 2009; Gerea et  al., 2018; 
Chorus & Spijkerman, 2021). However, several other 
factors can be linked to structuring phytoplankton, 
such as the physical environment and hydrological 
processes (Zohary et  al., 2010; Naselli-Flores et  al., 
2021).

Phytoplankton is a diverse group of organisms with 
a wide variety of shapes and sizes, adapted to survive, 
reproduce, and grow under varying hydrodynamic 
conditions (Reynolds, 2006). The wide range of phy-
toplankton morphology is an adaptation to optimize 
their survival in highly heterogeneous environments 
and is influenced by intrinsic and extrinsic factors 
(Naselli-Flores et  al., 2021). Phenotypic plasticity, 
the ability to produce alternative forms of morphol-
ogy, physiological state, and/or behavior in response 

to environmental conditions, is a potent and flexible 
response to stressful environments (West-eberhard, 
1989; Üveges et al., 2012; Boyd et al., 2016). There-
fore, there is a selection pressure for important traits 
(morphological and physiological) that contribute to 
species’ fitness and their responses to environmen-
tal changes. Physical disturbances are important in 
phytoplankton development and trait selection, and 
global environmental changes affect the physical 
environment that shapes phytoplankton assemblages 
(Zohary et al., 2010).

The most common climate-mediated stress factors 
that affect phytoplankton include increasing tempera-
ture, changes in the precipitation regime and intensi-
fication of extreme weather events, such as droughts, 
floods, strong winds, and heat waves (Kasprzak et al., 
2017; Salmaso & Tolotti, 2021). The climate of the 
tropical pacific is influenced by El Niño–Southern 
Oscillation (ENSO) cycle, which is a climate phe-
nomenon characterized by unusual precipitation 
fluctuations, leading to heavy rainy phase (El Niño) 
or extreme droughts phase (La Niña) and affecting 
patterns of weather variability worldwide (Gerten & 
Adrian, 2002; McPhaden et  al., 2006). The precipi-
tation pattern directly influences the water-level fluc-
tuations, and indirectly the phytoplankton resources 
(Li et al., 2018). Water-level fluctuation can improve 
or worsen water quality and can be used as a tool for 
water management (Naselli-Flores & Barone, 2005; 
Yang et  al., 2016). Increase or decrease water bod-
ies’ volume can alter stratification patterns, nutrient 
concentrations, light availability along with other 
consequences such as changes in biological variables 
(Coops et al., 2003; Meerhoff et al., 2022).

The predicted scenarios of climate change for arid 
and semiarid climate foresee even an intensification 
of prolonged droughts and irregular rainfall cycles 
(Marengo et  al., 2017; IPCC, 2023). As a conse-
quence, lakes and reservoirs in these regions tend to 
have high water-level fluctuations and changes in the 
resources for phytoplankton, such as nutrients and 
light (Brasil et al., 2016; Costa et al., 2019; Amorim 
& Moura, 2022). Some studies already demonstrated 
that these predictions are, in fact, occurring in tropi-
cal environments (Devercelli, 2010; Costa et  al., 
2019; Cortez et  al., 2022). Water-level fluctuation 
contributes widely to changes in stratification pat-
terns, temperature, and temporal dynamics of nutri-
ents (Zohary & Ostrovsky, 2011; Li et  al., 2018) 
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impacting directly and indirectly the phytoplankton 
communities (Devercelli, 2010; Kosten et  al., 2012; 
Li et  al., 2018). To understand how phytoplankton 
will respond to alteration on the rainfall patterns 
induced by climate changes is a key factor in aquatic 
ecology.

Phytoplankton functional- and trait-based 
approaches can capture the phytoplankton response 
to all species’ specific adaptation and environ-
mental variability (Salmaso et  al., 2015). Thereby, 
it increases the predictability of phytoplankton 
responses by aggregating information on many spe-
cies without losing their key responses and impacts 
(Kruk et  al., 2021). Different functional approaches 
are dealing with these adaptive strategies under dis-
tinct conditions by classifying taxa from different 
lineages into groups according to their similarities, 
providing good explanation and predictability (Reyn-
olds et  al., 2002; Salmaso & Padisák, 2007; Kruk 
et  al., 2010; Salmaso et  al., 2015). However, there 
are some misuses of ecological classification, and 
there is a need of strengthen functional knowledge 
to respond ecological questions (Padisák et al., 2009; 
Flynn et al., 2013; Salmaso et al., 2015). Phytoplank-
ton classifications include information about species 
morphology, physiology, and ecological features such 
as phenology, habitat, and environmental conditions 
from molecular to ecosystem level (Salmaso et  al., 
2015). Evaluating phytoplankton functional response 
through time contributes to our knowledge about eco-
system dynamics (Reynolds, 2006).

This study is targeting to understand how the pro-
cess of extreme hydrological events takes place in a 
semiarid tropical aquatic ecosystem and which envi-
ronmental filters will select dominant species accord-
ing to their functional roles and their morphological 
and physiological traits. We took advantage of a long 
temporal dataset (ten years) of phytoplankton and 
limnological variables of a reservoir in tropical semi-
arid region during extreme precipitation events (heavy 
rains and severe drought period with a complete water 
depletion). We aim to test the effect of hydrologi-
cal events and physical variables on the selection of 
phytoplankton functional response according to their 
life history traits and adaptive advantages. We expect 
that distinct rainfall events will structure temporally 
the phytoplankton functional groups: (i) extreme 
rainy period will select traits related to high light 
requirement and (ii) extreme dry period will select 

traits related to light limitation. Moreover, we aim to 
evaluate how the different phytoplankton approaches 
reflect the most important changes that occur in the 
community in association with the hydrological 
variability.

Material and methods

Study area

Gargalheiras Reservoir (06° 25′ 30′′ S/36° 36′ 09′′ W) 
was built in 1959 by the damming of the river Acauã, 
belonging to the watershed of the Piranhas-Açú 
River, located in the northeastern semiarid region of 
Brazil (Fig.  1). The reservoir has a maximum accu-
mulation capacity of 44.4 million m3, a drainage area 
of 2120  km2 (ANA, 2020), and a maximum depth 
of 26.5  m (SEMARH, 2019). By Köppen’s clas-
sification, the region’s climate is tropical semiarid 
BS′h′—steppe type (Alvares et  al., 2013). The rainy 
season runs from February to June; on average, the 
region receives 550  mm  year−1 of rain (EMPARN, 
2022). This region suffered a severe drought from 
2012 to 2019, representing the worst and longest 
drought period in the last 60  years (Marengo et  al., 
2017; ANA, 2020). The reservoir, located in a rural 
area with little urbanization, is mostly used as water 
supply for humans (priority use) and animals, irriga-
tion, fishing, and recreation. The diffuse pollution, 
resulting from agriculture and livestock seems to be 
the most relevant external source of plant nutrients. In 
addition, nutrient loading by intermittent rivers (i.e., 
flow only during the rainy season) is the source that 
maintains the high algal biomass during drought peri-
ods (Cavalcante et al., 2018).

Sampling and analysis

Water samples were collected quarterly from 2010 to 
2021 at the deepest point of the reservoir near to the 
dam water intake (Fig. 1). In September 2018, the res-
ervoir dried up completely, only returning to aquatic 
stage in the second half of 2019 (October). Due to 
the Covid-19 pandemic outbreak, samplings in 2020 
were suspended in March according to biosecurity 
protocols by the State government and by the Federal 
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University of Rio Grande do Norte, being continued 
only in February 2021.

Integrated water samples were taken from the 
epilimnion using a vertical Van Dorn bottle. Epilim-
nion was determined from vertical dissolved oxygen 
and temperature profiles. The profiles of temperature 
and dissolved oxygen (DO) were measured using a 
multiparametric probe (Hidrolab DS5) from 2010 
to 2014, and with a portable oximeter (Instrutherm 
MO-900) from 2015 to 2021. The water transparency 
was measured by a Secchi disk. The bottles were pre-
viously washed with 10% hydrochloric acid (HCL) 
and deionized water, stored in thermoisolating boxes 
with ice during transport until carrying out the analy-
ses. Phytoplankton samples were fixed with acidified 
Lugol’s solution for identification and counting.

In the laboratory, the turbidity (PoliControl 
AP2000), pH (BEL W3B pH meter) and the conduc-
tivity (Tec-4MP) were measured at 25 ± 1  °C. Total 

phosphorus (TP) was analyzed with the ascorbic acid 
method after oxidation with potassium persulfate 
(Valderrama, 1981). For inorganic nutrients (soluble 
reactive phosphorus (SRP) and nitrate), the water 
samples were filtered through fiberglass filters (What-
man GFC, ø = 47  mm; porosity of 1.2  μm). Subse-
quently, the analysis of SRP was carried out by using 
the ascorbic acid method (Murphy & Riley, 1962), as 
well as nitrate (NO3

−), using sodium salicylate (Mül-
ler & Wiedemann 1955). Both analyses applied UV 
spectrophotometry. Filters were used for the analysis 
of suspended solids. Total and inorganic suspended 
solids (ISS) were determined by gravimetry after dry-
ing the filters overnight at 100 °C and the ignition of 
filters at 500 °C for 3 h (APHA, 2012). The organic 
suspended solids (OSS) were measured by the dif-
ference between total suspended solids and inorganic 
suspended solids (APHA, 2012).

Fig. 1   Geographical location of the Gargalheiras Reservoir in Brazilian northeast highlighting the sampling point near to the dam
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Phytoplankton quantification according to Uter-
möhl (1958) was performed with inverted micro-
scope Motic AE31 (× 400 magnification). Individuals 
(cells, colonies, filaments) were counted in random 
fields (Uehlinger, 1964), and at least 100 specimens 
of the most abundant species were counted (Lund 
et  al., 1958). Biomass was estimated by biovolume 
calculation (mm3  l−1), using geometric approxima-
tions (Hillebrand et  al., 1999), assuming the unit 
fresh weight, expressed as mass 1 mm3 l−1 = 1 mg l−1 
(Wetzel & Likens, 2000), biovolume of the colonial 
taxa was estimated by their colony geometric forms 
approximations (Fonseca et al., 2014). Phytoplankton 
species were grouped into classic taxonomic approach 
(Adl et  al., 2012; Komárek et  al., 2014), morpho-
functional groups (MFG) (Salmaso & Padisák, 2007), 
Reynolds functional groups (RFG) (Reynolds et  al., 
2002; Padisák et  al., 2009; Kruk et  al., 2017), and 
trait-based approaches (Litchman & Klausmeier, 
2008) (Table 1). The traits selected in this study were 
based on phytoplankton size (i) microphytoplankton 
(> 20  μm) and (ii) nano-phytoplankton (2–20  μm), 
shape (i.e., filamentous, coloniality, round unicel-
lular), movement (i.e., flagellates) and nutrition, i.e., 
if the species were capable of mixotrophy via engulf-
ment of particles (phagotrophy) or not (autotrophy) 
(Table 1). Osmotrophy was neglected.

Data analysis

Data of rainfall, monthly, and historical data 
series were provided by the Agricultural Research 

Corporation of the state of Rio Grande do Norte 
(EMPARN, 2022). The water volumes stored in 
the reservoir throughout the study period were 
provided by the State Secretariat for the Environ-
ment and Water Resources of Rio Grande do Norte 
(SEMARH).

To understand the effect of temporal patterns on 
changes in the phytoplankton community, we used 
the k-means procedure to classify our data into dis-
tinct periods based on environmental variables. The 
time groups predicted by k-means were used to assess 
the period of change in the phytoplankton community 
and the phytoplankton classification method that best 
responds to environmental changes. Prior to all analy-
ses, we tested for temporal autocorrelation using gen-
eral least-squares regression, which assumes a first-
order autocorrelation to account for time effects in the 
GLS residuals (Zuur et al., 2009). As we did not find 
temporal autocorrelation, we performed the proce-
dures without an autocorrelation term. We also tested 
for collinearity using the variation inflation factor 
(assuming VIF < 10) (Kutner et al., 2004), and found 
collinearity only in the variables of maximum volume 
storage (%), Zmax, Secchi, Cond, pH, DO, TP, SRP, 
and ISS. All variables were standardized to unscale 
the measures’ units.

K-means is a non-supervised analysis that searches 
for homogeneity and group samples using a simi-
larity measure, such as Euclidian distance (Malik 
& Tuckfield, 2019). The k-means groups were used 
to compare the environmental variables and phy-
toplankton biomass changes among periods using 
the Wilcoxon-Mann–Whitney test. To access which 

Table 1   Phytoplankton classifications and features considered in the study

Classification Acronym Features Reference

Taxonomic Tax According to classical taxonomic iden-
tification

Adl et al. (2012), Komárek et al. 
(2014)

Reynold’s functional group RFG According to habitat, species tolerances 
and sensitivities

Reynolds et al. (2002), Padisák et al. 
(2009), Kruk et al (2017)

Morphological and functional groups MFG According to structural, functional and 
taxonomic characters: flagella, mixo-
trophy, cellular organization, aero-
topes, dimensions, shapes, mucilage

Salmaso & Padisák (2007)

Trait-based Traits According to morphological and physi-
ological traits: size (micro and nano), 
shape (filamentous, coloniality, round 
unicellular), flagella, mixotrophy 
(phagotrophy)

Sieburth et al. (1978), Litchman & 
Klausmeier (2008)
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environmental variables were responsible for the divi-
sion of the groups and would affect the phytoplank-
ton community, we used a logistic regression with the 
two groups proposed by k-means (0—wet, 1—dry) as 
our response variable and the environmental variables 
as predictors, transformed to z-score. We used the 
Model Averaging procedure to identify the variables 
that most effectively elucidate the temporal dynam-
ics of phytoplankton groups. This method computes 
the mean slope values for each variable used in vari-
ous model combinations, including maximum volume 
storage (%), Zmax, Secchi, Cond, pH, DO, TP, SRP, 
and ISS. However, we only considered variable com-
binations that produced models with delta AIC < 2 
when calculating the mean. Models with delta 
AIC < 2 demonstrate strong evidence of fitting (Burn-
ham & Anderson, 2002).

We also performed four canonical correspondence 
analyses (CCA) to examine the effect of environmen-
tal variables on the phytoplankton groups from each 
classification method (Tax, RFG, MFG, and Traits). 
We used environmental variables with VIF lower than 
10, and all variables were transformed to z-score. The 
significance of the axes was tested using Monte Carlo 
simulation test (McCune & Mefford, 2011). The CCA 
was the best constrained ordination method according 
with the detrended correspondence analysis (DCA) 
(Ter Braak & Prentice, 1988). The scores of the first 
axes of the CCA of each CCA performed (Tax, RFG, 

MFG, and Traits) was used in a cluster analysis to 
determine which type of classification responds more 
similarly over time to environmental variations, thus, 
being an indication of similarity between classifica-
tions. To conduct this cluster analysis, we employed 
the Euclidean distance metric and the ward.D method 
for clustering. The Ward’s method is a hierarchical 
clustering algorithm that groups similar observations 
into clusters using the minimum variance method. 
This robust method is often used in applications 
where the number of clusters is unknown in advance.

All analyses were performed in R software version 
4.2.2 (R Development Core Team, 2022). We used the 
functions fviz_nbclust and kmeans from the factoex-
tra and FactoMiner packages to perform the k-means 
procedure. The function glm for logistic regression, 
and wilcox.test for Wilcox-Mann–Whitney test. The 
function vif from car package, to verify collinearity, 
gls from nlme package. For CCA we used decorana, 
cca from vegan package, anova to verify the axis sig-
nificance. For that we used the functions get_dist and 
hclust from factoextra and stats package, respectively.

Fig. 2   Monthly precipitation (dark bars), historical precipitation average (solid line) and reservoir water maximum storage capacity 
(%) (Gray area) in the study area from 2010 to 2021
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Results

Environmental variables

The monthly and historical rainfall data and water 
volume of the reservoir recorded extreme hydro-
logical events through the studied period (Fig.  2). 
In 2011, a heavy rainy season (above the historical 
average) filled the reservoir reaching 100% of maxi-
mum water volume capacity and the reservoir over-
flowed in May 2011 (Fig.  2). After 2012, a severe 
drought period was observed (rainfall below annual 
historical average) until 2019. This severe drought 
period decreased the water volume accumulation of 
the reservoir, resulting a complete emptying in 2018 
(Fig. 2). The reservoir remained dry for up to 14 con-
secutive months. After that, with rainfall above his-
torical average recorded (Fig. 2), the water volume of 
the reservoir increased in 2020/2021 (Fig. 2).

The k-means analysis identified three periods, (i) 
wet period (from June 2010 to September 2012), 
(ii) dry period (from March 2015 to February 2020) 
and (iii) transition periods (October 2013 to Febru-
ary 2015 and from November 2019 to January 2020; 
Fig. 3). Thus, the maximum water volume and maxi-
mum depth fluctuated throughout the study, following 
the identified periods, with an extreme decrease dur-
ing the dry period (Fig. 3A, B).

Water transparency decreased during dry period 
and increased in 2021 when water volume increased 
(Fig.  3C) and we observed an opposite pattern for 
the physical and chemical variables such as turbidity, 
conductivity, dissolved oxygen and pH (Fig. 3D–G). 
Nutrient concentrations (TP, SRP and nitrate) and 
inorganic and organic solids increased during dry 
period and decreased during wet periods (Fig. 3H–L).

Significant differences were detected in all envi-
ronmental variables analyzed between dry and wet 
periods in the study (Fig.  4). Wet period showed 
higher values of water volume, maximum depth, 
water transparency, DO and pH; on the other hand, 
dry period showed higher values of conductivity, TP, 
SRP, organic and inorganic solids (OSS and ISS) 
(Fig. 4).

Phytoplankton assemblages

A total of 65 taxa were identified in the reservoir 
through the studied period. However, only 22 species 

were considered as main descriptors of the phyto-
plankton community (i.e., representing at least five 
percent of each taxa in relation to total phytoplankton 
biomass). We identified six taxonomic groups, eleven 
RFGs, 9 MFGs and 8 traits (Fig. 5).

Phytoplankton biomass varied throughout the 
investigated period (Fig.  5). According to the taxo-
nomic approach, Cyanobacteria dominated the wet 
period, Euglenophyta and Cryptophyta co-dominated 
during the dry period (Fig. 5A). The MFG approach 
(Fig.  5B) distinguished the cyanobacteria in the wet 
period with dominance of the groups of Nostocales 
(5e-Nostocales), represented mainly by Raphidiop-
sis raciborskii (Woloszynska) Aguilera et  al. a high 
biomass of large vacuolated Chroococcales group 
(5b-LargeVacC), represented mainly by Microcystis 
panniformis (Komárek) Komárek, Komárková-Legn-
erová, Sant’Anna, M. T. P. Azevedo, & P. A. C. Senna 
and Microcystis protocystis Crow, before the reservoir 
reached its maximum capacity. When the reservoir 
was completely filled and overflowed, the thin fila-
ments of Oscillatoriales (5a-FilaCyano) group, repre-
sented mainly by Planktolyngbya limnetica (Lemmer-
mann) Komárková-Legnerová & Cronberg, reached 
a peak of biomass followed by 5e-Nostocales for the 
rest of wet and the transition period. However, the 
prolonged drought period was co-dominated by group 
of large euglenophytes (1c-LargeEugl), represented 
by species of Euglena spp., group of small eugleno-
phytes (2c-SmallEugl), represented by Trachemo-
lomas spp., and group of cryptophytes (2d-Crypto), 
mainly represented by Cryptomonas marssonii Skuja, 
C. brasiliensis A. Castro, C. E. M. Bicudo & D. 
Bicudo and C. ovata Ehrenberg.

The RFG (Fig. 5C) exhibited the higher number 
of functional groups. The cyanobacteria from the 
wet and transition period were distinguished in four 
groups, a dominance of the group SN (Raphidiop-
sis raciborskii) during the whole period, the group 
from colonial species M (Microcystis spp.) before 
the overflow, a co-dominance of the nitrogen fixing 
group H1, represented by Aphanizomenon grac-
ile Lemmermann and Cuspidothrix sp., after the 
overflow and the thin filamentous groups S1, repre-
sented by Planktolyngbya limnetica and SN again, 
in the end of the studied period. With this approach 
it was possible to distinguish one more group (H1) 
reflecting an important functional role, which was 
not possible to reveal with MFG approach. During 
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Fig. 3   Dynamics of 
environmental variables. 
Zmax maximum depth, 
DO dissolved oxygen, 
TP total phosphorous, 
SRP soluble reactive phos-
phorous, ISS inorganic sus-
pended solids, OSS organic 
suspended solids. White 
areas represent the wet 
period, the transition period 
in light gray areas, and dry 
period in dark gray area
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the dry period, RFG displayed a dominance of the 
W1 and W2, representing groups of high organic 
demand and bottom-dwelling groups, respectively. 

Meanwhile, in MFG these groups were separated 
morphologically by size (small and large eugle-
nophytes). Moreover, during dry period RFG 

Fig. 4   Box plots of some of the environmental variables  - 
Water volume (%), Zmax = maximum depth, water transparency, 
conductivity, dissolved oxygen, pH, total phosphorous, soluble 
reactive phosphorous (SRP), inorganic (ISS) and organic solids 

(OSS) between dry (red) and wet (blue) periods. The box plot 
shows the median, minimum, maximum, first, and third quar-
tiles. The p-value of the t-test are shown for each variable. Sig-
nificant p-value < 0.005
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separated cryptophytes in Y and X2 groups, func-
tionally representing phagotrophy characteristic 
for low light conditions and species from shallow 
mixed layers, respectively. In September 2017, both 
MFG and RFG traced a peak of unicellular cyano-
bacteria (4-UnicCyano) and L0 respectively, both 
represented by Synechocystis aquatilis Sauvageau. 
After the reflooding of the reservoir due to high 
accumulated rainfall in the middle of 2019, the mix-
otrophic and bottom-dwelling groups were replaced 
by the N-fixing H1 and the high light demanding 
M representatives of RFG, or the large vacuolated 
Microcystis (5b-LargeVacC) and the Nostocales 
(5e-Nostocales), representatives of MFG.

According to phytoplankton morphological and 
physiological traits we observed a change from colo-
nial species to filamentous species during the wet 
period. Later, phago-mixotrophic and flagellated 
species dominated the dry period with a peak of 

spherical unicellular species, mainly represented by 
picocyanobacteria in September of 2017 (Fig.  5D). 
The second wet period was co-dominated by colonial 
and filamentous species (Fig.  5E). According to the 
size of the species, we observed a predominance of 
microphytoplankton in the wet period and nano-phy-
toplankton in the dry period, mainly represented by 
nanoflagellates (Fig. 5F).

The results of the ordination analysis (CCA) 
demonstrated temporal differences for all the four 
approaches, separating dry and wet periods (Fig. 6). 
The highest value of R-square was observed when we 
analyzed phytoplankton traits and environmental var-
iables (R2 = 0.54); taxonomic, MFB and RFG showed 
similar R-square, 0.36, 0.37 and 0.35 respectively. In 
all CCA only the first axis was significant (p = 0.001). 
Maximum depth was the environmental variable that 
influenced most phytoplankton assemblages, followed 
by TP and ISS (Fig.  6). The results of the CCA for 

Fig. 5   Phytoplankton taxonomic (A) and MFG (B) and RGF 
(C) functional groups, phytoplankton nutrition (D), shape (E) 
and size (F) dynamics. White areas represent the wet period, 
the transition period in light gray areas, and dry period in 

dark gray area. Those periods were identified by the k-means 
method of classification using the environmental variables 
dynamics
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taxonomic groups showed that the wet period was 
related to Zmax, water transparency (Secchi), DO 
and pH and the dry period was related to conductiv-
ity, ISS TP, SRP and associated with euglenophytes 
and cryptophytes (Fig. 6A, suppl. material Table S1). 
For MFG, Zmax was also negatively related with the 
small euglenophytes (X2SmallEugle, r = − 0.55) and 
cryptophytes (X2dCrypto, r = −  0.58). We observed 

a similar pattern of taxonomic groups for environ-
mental variables between wet and dry periods for 
MFG (Fig.  6B, suppl. material Table  S2). Accord-
ing to the results of the CCA for RFG, we observe 
the groups W2, X2, Lo, W1 and Y associated to the 
environmental variables related to the dry period 
(i.e., TP, SRP, conductivity, and ISS), X2 and Y were 
negatively related to Zmax (Fig.  6C, suppl. material 

Fig. 6   CCA ordination of phytoplankton taxonomic groups (A), MFG (B) RGF (C) and traits (D) and the environmental variables. 
Blue ellipses represent wet period and the yellow ellipses the dry period
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Table  S3). The results of the CCA analyzing phy-
toplankton traits showed that Zmax was negatively 
related to nano-flagellates and mixo-phagotrophic 
species during the dry period. Microphytoplankton 
with filamentous and colonial shapes were associated 
to the wet period and positively correlated to Secchi, 
DO, pH and Zmax (Fig. 6D, suppl. material Table S4). 

Models using cluster groups from k-means as 
response variable and environmental factors as pre-
dictor variable selected Zmax and ISS (AIC 19.57) 
as the best model to explain changes in phytoplank-
ton through time (suppl. material Table  S5) and the 
results of logistic regression using cluster groups as 
response variable and environmental factors as pre-
dictor variable from the main model selection accord-
ing to AIC shows that Zmax was significant different 
for the best models (suppl. material Table  S6). Sig-
nificant differences of each phytoplankton functional 
group for each classification (taxonomic groups 
(suppl. material Fig.  1), MFG (suppl. material Fig. 
S2), RFG (suppl. material Fig. S3) and Traits (suppl. 
material Fig. S4) between the wet and dry periods 
are shown in the online resource (supplementary 
material).

The comparison of phytoplankton groups with 
each classification in relation to environmental vari-
ables demonstrated that taxonomic approach has 
marked dissimilarities with morphological and func-
tional approaches (Fig. 7). The approaches MFG and 
RFG share more similarities and are more connected 
between themselves, and trait-based approach is 
closely related to morpho-functional groups (Fig. 7). 

Discussion

Climatic fluctuation has effects on physical environ-
ment shaping phytoplankton community (Zohary 
et  al., 2010). This study evaluated ten years of data 
of a reservoir in a tropical semiarid region during 
well-separated rainfall events. The region experi-
enced rainfalls above the historical average in the 
rainy season and then a long period of severe drought 
reflecting in water volume and in the environmental 
conditions with consequences in biological commu-
nities. We took this opportunity to evaluate the phy-
toplankton ecological response related to extreme 
rainfall events, using different functional approaches. 
We found that, as hypothesized, phytoplankton com-
munity and functional structure change in a tempo-
ral-scale due to water volume fluctuation induced by 
the rainfall patterns. Understanding the phytoplank-
ton functional response to changes in environmental 
variables due to extreme climate conditions will help 
make predictions about the future of aquatic ecosys-
tems, mainly in semiarid regions, and improve the 
knowledge for water management (Salmaso et  al., 
2015).

Extreme hydrological conditions causing heavy 
rains and severe drought, such as Southern Oscilla-
tion (ENSO), i.e., El Niño and La Niña, were already 
recorded impacting phytoplankton dynamics. Studies 
reveled changes in phytoplankton structure, reduc-
tion of diversity, and biomass, mainly in El Niño 
events (i.e., in the heavy rainy period) (Devercelli, 
2010; Sathicq et al., 2015; Tilahun & Kifle, 2019; de 
Oliveira et  al., 2020). The hydrological pattern for 
the studied region was analyzed using the historical 
average (n = 60  years) and k-means analysis, which 
showed well-separated periods based on the accu-
mulated rainfall per year. These periods had conse-
quences for the reservoir’s water volume and Zmax, 
which significantly altered the physical and chemi-
cal properties of the water. Short transition periods 
between the wet and dry seasons were also identi-
fied, during which the environmental conditions were 
changing. During the wet period, the high volume 
and maximum depth were recorded in the reservoir. 
This led to low values of turbidity, organic/inorganic 
substances, and consequently more light availability 
and nutrient concentration diluted in the water (Bar-
bosa et al., 2012; Medeiros et al., 2015). On the other 
hand, with the reduction of accumulated rainfall in 

Fig. 7   Cluster analysis of the relationship between the phy-
toplankton groups and environmental variables through time 
based on the scores of the group’s biomass from the first axis 
of the CCA​
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the subsequent years of the study, water volume and 
Zmax were gradually declining due to the prolonged 
drought. During dry periods, it intensified eutrophi-
cation symptoms: increased nutrient concentration, 
organic and inorganic turbidity, and conductivity and 
decreased water transparency and dissolved oxygen 
concentration (Costa et  al., 2016; Vanderley et  al., 
2022). However, the drought in Brazilian semiarid 
region from 2012 to 2015 was considered unprec-
edented in the last six decades and affected water sup-
ply for the region (Marengo et al., 2017). The drought 
was so intense and severe that Gargalheiras’ reser-
voir, one of the largest reservoirs in the region, with 
the capacity to supply several cities in its surround-
ings completely dried out. In this way, we observe the 
reservoir going from its maximum volume capacity to 
complete water depletion within 5 years.

Water depletion frequently occurs during drought 
periods, and some studies show improvement of 
water quality after reflooding either by changes in the 
trophic structure (e.g., fish biomass reduction, veg-
etation cover; Teferi et  al., 2014) or by dilutuion of 
chemical and biological variables of the water due 
to a bigger volume, thus, improving the trophic sta-
tus (Leite & Becker, 2019). However, other studies 
have shown that reflooding may worsen eutrophica-
tion depending on the external nutrient load from the 
hydrographic basin into the reservoirs (Cortez et al., 
2022). The rainfall recorded in 2019, recovered the 
reservoir volume, and improved the water quality 
status, despite the reservoir volume continued to be 
below 50% of its storage capacity, leading to changes 
in water properties and impacting biological commu-
nities, including phytoplankton which have a short 
generation time and respond quickly to environmental 
conditions (Reynolds, 1993).

Total phytoplankton biomass per each taxonomic 
and functional approaches followed the shifts in vol-
ume and depth and its consequences to water physi-
cal and chemical properties. Taxonomic identifica-
tion of phytoplankton assemblages reflected well 
these changes, showing the Cyanobacteria domi-
nance in wet period and the dry period co-dominated 
by euglenophytes and cryptophytes. Several stud-
ies have demonstrated that Cyanobacteria are often 
dominant under various environmental conditions 
(Kosten et  al., 2012; Soares et  al., 2013), likely due 
to their adaptive strategies, such as the presence of 
aerotopes (Reynolds et  al., 1987), variability in size 

and shape (Naselli-Flores & Barone, 2011), potential 
cyanotoxin production (Princiotta et al., 2019), ined-
ibility, poor nutritional quality, and P-storage capac-
ity (Pettersson et  al., 1993, Istvánovics et  al., 2000; 
DeMott et  al., 2001; Gliwicz & Lampert, 2017). 
However, taxonomic approach failed to characterize 
the chief environmental drivers in detail, potentially 
because taxa were grouped into phyla. This can be 
noticed observing phytoplankton taxonomic assem-
blages grouped in the center of the CCA ordination 
and the shape of the narrow ellipses representing the 
seasonality. On the other hand, functional approaches 
(i.e., MFG, RFG, and traits) responded similarly to 
shifts in environmental conditions and demonstrated 
a higher level of complexity reflecting their functional 
role in the aquatic ecosystems.

Morphological and physiological traits, such as 
size, shape, and nutritional strategy, were evaluated in 
the study. Cell size, shape, and coloniality are impor-
tant to grazing susceptibility and resource acquisition 
(Naselli-Flores et al., 2007; Litchman & Klausmeier, 
2008; Lürling, 2020). The wet period was character-
ized by high volume and stratified water column pro-
viding an ideal condition to the colonial and vacu-
olated species like Microcystis as these species are 
capable to maintain their populations in the upper 
epilimnion. The gas vesicles of Microcystis consist 
in an eco-physiological trait allowing them to regu-
late their buoyancy in stable water column (Walsby, 
1991) and shading the water layers below, thus, gain-
ing competitive advantage over other phytoplankton 
species (Reynolds & Walsby, 1975; Humphries & 
Lyne, 1988). However, with the continuous inflow 
of water from the rainfall, the reservoir completely 
filled up and overflowed in 2011 causing mixing and 
instability of the water column and flushing the vacu-
olated colonial species, Microcystis spp. as observed 
in other studies (Padisák et al., 1999). After the flush-
ing, the mixed well-illuminated surface layers thrived 
the filamentous cyanobacteria, mainly represented by 
N-fixing cyanobacteria Aphanizomenon gracile and 
Raphidiopsis raciborskii. The physiological traits 
related to buoyancy regulation and light acquisi-
tion on mixed layers are well reported to favor these 
cyanobacteria dominance in tropical and subtropi-
cal lakes (Soares et  al., 2013; Izaguirre et  al., 2015, 
O’Farrell et al., 2019).

Regarding to cell size, we may infer that the micro-
phytoplankton, for being bigger, leads them to have 
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a competitive advantage to avoid predators (Ross & 
Munawar, 1981). On the other hand, the nano-phyto-
plankton, in general, are more easily predated (Ross 
& Munawar, 1981). This may explain the increased 
biomass of microphytoplankton during the study. 
However, several other environmental factors can 
explain which traits should be selected by environ-
mental filters, such as the organisms’ nutritional strat-
egy (Pomeroy, 2001; McKie-Krisberg et al., 2015).

Nutritional strategy is an important functional trait 
of phytoplankton and can be divided into autotro-
phy and mixotrophy. The mixotrophy is the capabil-
ity of realizing autotrophy (i.e., via photosynthesis) 
and heterotrophy (via osmotrophy or phagotrophy) 
in the same organism (Sanders, 1991). Therefore, 
the mixotrophic organism can act both as producer 
and consumer, impacting biogeochemical cycles and 
ecosystem metabolism (Mitra et  al., 2014). Because 
osmotrophy is widely distributed and common in 
almost all lineages of phytoplankton, ecologists are 
advising to refer to mixoplankton (i.e., mixotrophic 
organisms) as planktonic protists that have the poten-
tial to express phototrophy and phagotrophy (i.e., 
engulfment of particles) in the same organism (Flynn 
et  al., 2019). The phagotrophic organisms, mainly 
represented by cryptophyte lineages appearing dur-
ing the dry period, reflect the influence of the severe 
prolonged drought on water volume and available 
resources. Mixotrophy provides an adaptive advan-
tage in environments with limiting conditions, mainly 
nutrient and light (Rothhaupt, 1996); in this case the 
low light availability due to critical depth, high inor-
ganic material, and sediment resuspension, which 
provided an extreme condition even to cyanobacte-
ria but conferred an ideal condition for mixotrophic 
organisms that in light-limiting condition changed 
their nutritional strategy to phagotrophy. Laboratory 
experiments with cryptophyte lineages, such as in our 
study, showed that mixotrophs rely on phagotrophy to 
supplement growth in low light conditions and high 
nutrient concentration associated with prey availabil-
ity (Costa et  al., 2022). Moreover, in  situ studies in 
semiarid regions are showing an increase in the pro-
portion of mixotrophic species in ecosystems with 
critical low depth and high inorganic material caused 
by the severe drought (Medeiros et  al.; 2015; Costa 
et  al., 2016, 2019). Therefore, the light limitation 
and the high nutrient concentration of the reservoir 
associated most probably with high bacterial density 

conferred the ideal environment for the mixotrophic 
groups.

Besides the phagotrophic behavior as an advan-
tageous strategy to cope with low light conditions, 
cryptophytes are able for chromatic acclimatation, a 
phenotypic response trait to light absorption changes 
(Wehr & Sheath, 2003; Richardson, 2022). This 
could be one more factor allowing the cryptophytes 
to thrive during the dry season when turbidity was 
higher. The bottom-dwelling, flagellates, with osmo-
trophic nutritional strategy represented by Euglena 
spp., Trachelomonas spp., Phacus spp., accounted for 
a significant proportion in biomass due to their adap-
tive advantages under low light conditions and high 
dissolved organic material (Reynolds, 2006), espe-
cially in the dry period.

The comparison of the classification approaches 
allows us to identify common features of phyto-
plankton role in aquatic ecosystems (Salmaso et  al., 
2015). The use of classic taxonomic approach seems 
more distant from morphological and functional 
approaches. Thus, the MFG and RFG share more 
common similarities with each other and some simi-
larities with trait-based approach. Moreover, using 
functional classifications can simplify the process of 
identification, however, in some approaches as RFG 
there is the need of familiarity with a high level of 
taxonomic knowledge (Kruk et  al., 2021). In this 
case, using MFG or trait-based approaches proved to 
be appropriate with accurate information. To iden-
tify common similarities between phytoplankton taxa 
provide us knowledge to generalize and predict shifts 
in phytoplankton ecology and how this may affect 
ecosystems functioning (Salmaso et al., 2015), espe-
cially under a climate changing world. Usefulness of 
the functional approach for detecting environmental 
changes has been supported by emergence and appli-
cation of functional group, guild or trait-based indices 
worldwide (Padisák et al., 2006; Borics et al., 2007; 
Stenger-Kovács et al., 2007; Wang et al., 2018; Soria 
et al., 2019).

In conclusion, hydrological variability such as 
extreme rainfall events can affect directly the water-
level fluctuation of freshwater ecosystems altering 
physical and chemical properties of the water and 
indirectly the phytoplankton dynamics. High water 
level seems to improve water quality and low water 
level worsen it, based on phytoplankton biomass and 
species composition. There is a critical water-level 
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threshold during severe drought periods which leads 
to dominance of groups well adapted to low light con-
ditions and with mixotrophic metabolism. The envi-
ronmental factors responsible for these scenarios are 
depth and inorganic turbidity, probably due to light 
depletion. Morphological and functional approaches 
can simplify phytoplankton identification and reflects 
the environmental conditions. Studies of phytoplank-
ton ecology using functional approaches may help 
to understand the shifts in aquatic ecosystems under 
increasingly frequent extreme hydrological events 
and predict functional response of phytoplankton, 
being an important tool to water management and 
conservation.
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