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Abstract
Floodplains are among the most biodiverse systems on the planet and offer several eco-
system services; however, they are threatened by anthropic actions such as dam construc-
tion. We investigated zooplankton taxonomic and functional β-diversity, environmental 
heterogeneity, and the drivers of β-diversity in response to the hydrological period in 
the Amazon (without dams) and Paraná (with several dams) floodplains. We also discuss 
the implications of biodiversity-environment relationships for ecological conservation. We 
sampled 36 lakes during the drought and rainy periods (72 samples). The 180 zooplank-
ton taxa found were classified into six functional traits. We calculated taxonomic and 
functional β-diversity (total, replacement, and richness) and the importance of different 
drivers (physical-chemical variables, food availability, predation, and spatial component). 
We also determined the environmental heterogeneity in each floodplain and hydrological 
period. The functional and taxonomic β diversity of the zooplankton community exhibited 
different patterns in response to the hydrological period. The Amazon floodplain presented 
greater environmental heterogeneity but not greater beta diversity. The Paraná floodplain 
presented the lowest functional β diversity during the drought period, where predation 
and the spatial component were the variables that most explained this variation. A greater 
contribution of replacement, regardless of the hydrological period, should lead to efforts 
to preserve as many lakes as possible in both floodplains, as they present unique composi-
tions of species and traits. We emphasize the need to plan conservation strategies in these 
floodplains, especially considering that dams can lead to homogeneous environmental and 
biological conditions.

Keywords Environmental heterogeneity · Hydrologic regime · Dams · Ecosystem 
functioning
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Introduction

Floodplains are among the most biodiverse systems on the planet and offer several ecosys-
tem services (Junk et al. 1989; Petsch et al. 2023). This great biodiversity is associated with 
the spatial and temporal variability caused by flood pulses (Junk et al. 1989; Opperman et 
al. 2010; Bomfim et al. 2021). The flood pulse, in turn, is linked to the hydrological regime 
and leads to severe changes in the physical-chemical conditions of waterbodies (Junk et al. 
1989; Neiff 1990; Bozelli et al. 2015). In these systems, during the rainy season and flood-
ing periods, the environments (main rivers, lakes, ponds, and tributaries) become connected, 
which leads to more similar environmental and biological conditions (Thomaz et al. 2007) 
and stronger effects of regional factors on community dynamics (Rodriguez and Lewis-Jr 
1997; Bozelli et al. 2015). During the drought season, the environments become isolated 
from each other, leading to greater environmental heterogeneity and distinct biological 
compositions among sites (Simões et al. 2013; Bozelli et al. 2015). Thus, local environ-
mental factors such as species interactions can strongly affect community structure during 
the drought season (Thomaz et al. 2007; Bozelli et al. 2015). Additionally, greater environ-
mental heterogeneity during drought periods is expected to increase species diversity by 
increasing niche availability (Heino et al. 2015a).

Despite their importance, floodplains, like other freshwater environments, suffer from 
several anthropic activities, such as land use and dam construction, that alter their physical-
chemical and biological structure (Winemiller et al. 2016; Moi et al. 2022; Zhang et al. 
2023). Regarding dam construction, in Brazil, the Paraná River basin has several dams 
along the main river and its tributaries, which has caused a cascade effect with consequent 
abiotic and biotic changes from upstream to downstream (Agostinho et al. 2004, 2009; Win-
emiller et al. 2016). The main impacts are the alteration of the natural flood pulse by dams 
and the sedimentation of nutrients, which led to an oligotrophication process in this system 
(Roberto et al. 2009). Whereas in the Amazon, many areas that are still preserved are threat-
ened by dam construction projects, which can consequently alter ecosystem functioning and 
cause a reduction in fish, including endemic and commercial species, disrupting energy flow 
in the entire system (Almeida et al. 2009; Winemiller et al. 2016).

In this context, beta diversity can be used to measure biodiversity, better understand 
ecological patterns, and establish conservation strategies (Heino et al. 2015a; Socolar et 
al. 2016; Gomes et al. 2020), especially in impacted and threatened systems such as the 
abovementioned floodplains. Beta diversity is defined as the variation in species/trait com-
position among sites (Anderson et al. 2006) and can be analyzed through taxonomic and/
or functional perspectives; these two approaches can reflect different processes acting on 
community structure (Braghin et al. 2018; Diniz et al. 2021). Besides ecological and bio-
geographic processes, historical gradients can also be accessed by partitioning total beta 
diversity into components such as replacement (replacement of species/traits between sites) 
and richness difference (difference in richness due to loss/gain of species/traits) (Podani and 
Schmera 2011; Carvalho et al. 2012; Heino et al. 2019). High values of beta replacement 
can be attributed to species tolerance to environmental filters or historical events, whereas 
high values of beta richness reflect the diversity of available niches or physical barriers that 
limit dispersal (Gaston and Blackburn 2000; Qian et al. 2005; Lansac-Tôha et al. 2019). For 
conservation purposes, when the greatest proportion of beta diversity is the replacement 
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component, it should be preserved as many sites as possible; when it is richness-difference, 
the richest sites must be preserved (Socolar et al. 2016).

Several biological groups, including zooplanktonic organisms, have been used to inves-
tigate beta diversity patterns. Zooplankton are highly diverse in aquatic environments 
(Lansac-Tôha et al. 2009) and are the most abundant primary consumers in these systems; 
thus, changes in these communities can impact other levels inside food chains and alter the 
cycling of matter and energy (Litchman et al. 2013). Through zooplankton functional traits, 
it is possible to evaluate ecosystem conditions and identify any disruptions in ecosystem 
functioning (Barnett et al. 2007; Kiørboe 2011; Litchman et al. 2013; Hébert et al. 2017). 
Thus, evaluating variations in the taxonomic and functional beta diversity of zooplankton is 
a way to protect regional diversity, contribute to conservation plans, and ensure the mainte-
nance of ecosystem services. Zooplankton are very sensitive and can be influenced by many 
spatial and local factors that filter the final set of species and traits (Bomfim et al. 2021; 
Deosti et al. 2021; Diniz et al. 2021). However, the factors determining the structure of 
zooplankton taxonomic and functional beta diversity can change depending on the intrinsic 
characteristics of floodplains, such as the presence of dams (Braghin et al. 2018; Souza et al. 
2021), the set of species, the physical-chemical structure of the environment (Lansac-Tôha 
et al. 2019), and the influence of hydrological periods (Bomfim et al. 2021). Little is known 
about the abovementioned drivers of zooplankton taxonomic and functional composition in 
different floodplains; thus, further investigations can help to identify disruptions in ecosys-
tem functioning and create strategies for conservation.

Here, we investigated zooplankton taxonomic and functional beta diversity in response 
to the hydrological period (drought and rainy) in two different floodplains, the Amazon 
River and Upper Paraná River. We also investigated the drivers of zooplankton beta diver-
sity (functional and taxonomic) in these two floodplains during hydrological periods of 
drought and rain and discussed the implications of biodiversity-environment relationships 
for ecological conservation. We hypothesize that (1) the Amazon floodplain would pres-
ent greater environmental heterogeneity and beta diversity due to the greater spatial extent 
sampled and the absence of dams. The Upper Paraná River floodplain would present lower 
environmental heterogeneity and beta diversity because this system suffers from the effects 
of several dams, which could lead to species and trait homogenization (Braghin et al. 2018). 
Additionally, (2) during the rainy season, we expected to observe lower values of taxonomic 
and functional beta due to the homogenization effect; the opposite was also true, higher beta 
values would be observed during periods of drought due to greater environmental hetero-
geneity. Finally, (3) during the rainy season limnological variables would be important in 
structuring functional and taxonomic beta diversity. During the dry period, factors related to 
ecological interactions (food availability and predation) and spatial components would be 
more important in structuring zooplankton taxonomic and functional beta diversity due to 
the strength of local factors and the limitation of dispersal.
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Methods

Study area

This study was conducted on two large Brazilian floodplains, the Amazon River and the 
Upper Paraná River (Fig. 1). The geographic coordinates of each sampling site are shown 
in Supplementary material Table S1. The Amazonian floodplain includes areas flooded 

Fig. 1 Sampling sites (red points) in the (a) Amazon floodplain (AMA) and (b) Upper Paraná River 
floodplain (PAR), Brazil. The dams in the Paraná system are also shown in the upper right corner of the 
Paraná sites, the yellow bar and triangle show the ‘Engenheiro Sérgio Motta’ dam and the pink bar and 
triangle show the ‘Rosana’ dam
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by large rivers of “white waters” (brownish), such as the Amazonas/Solimões River and 
its tributaries, the Purus, Juruá, and Madeira River, which together cover approximately 
400,000 km2. The Amazonian floodplain also includes areas flooded by rivers with black 
waters that have low nutrient availability, such as the Negro River and its tributaries, which 
together cover approximately 118,000 km2 (Junk 1993; Melack and Hess 2010; Junk et 
al. 2011). The annual average rainfall varies between 2,200 mm and 3,500 mm. The flood 
period starts in November and reaches its peak in July; in August, the water starts to flow 
from the lake back to the river, and October is the driest month (Yamamoto 2004). We have 
samples from white and black water.

The Upper Paraná River floodplain contains a large accumulation of sediments on the 
main riverbed, creating islands of many sizes (from a few hundred meters to kilometers in 
extension). The Paraná River floodplain covers a drainage area of 802,150 km2 in the Brazil-
ian territory. The average annual precipitation is 1,500 mm, the flood period occurs between 
November and March, and the dry period occurs from May to October (Roberto et al. 2009; 
Souza Filho 2009). This floodplain is highly impacted by the numerous dams upstream that 
are leading to great sedimentation of nutrients and changing the water characteristics of the 
Paraná River to oligotrophic conditions (Roberto et al. 2009), with possible consequences 
for the development of aquatic communities and ecosystem functioning.

Sampling of biological and environmental variables

Zooplankton were sampled in 36 shallow lakes, 16 connected to the Amazon/Solimões River 
in the Amazon floodplain and 20 in the Upper Paraná River floodplain, which included con-
nected and isolated lakes (Fig. 1). More information about each sampling site can be found 
in Supplementary material Table S1. Samples were taken during two hydrological periods 
(drought and rain) in the years 2011 and 2012, a total of 72 samples. Zooplankton were 
sampled on the surface of the pelagic region at each site. For each sample, 500 L of water 
were filtered through a plankton net (68 μm) using a motorized pump. The samples were 
stored in polyethylene bottles and fixed in 4% formaldehyde buffered with calcium carbon-
ate. We followed the methodology described in Lansac-Tôha et al. (2009) for zooplankton 
identification (species from rotifers, cladocerans, and copepods) and the determination of 
individual densities.

The limnological variables (physical-chemical), fish (potential predators), and phyto-
plankton (food availability) were sampled simultaneously with the zooplankton sampling. 
The physical and chemical variables included depth (m), water temperature (°C), dissolved 
oxygen (mg/L), pH, electrical conductivity (µS/cm), turbidity (NTU), total nitrogen (µg/L), 
nitrate (µg/L), ammonia (µg/L), total phosphorus (µg/L), and phosphate (µg/L). The physi-
cal-chemical parameters were sampled following the methodology described by Roberto et 
al. (2009), and the minimum and maximum values of each physical-chemical parameter are 
shown in Supplementary material Table S2. The sampling method, abundance determina-
tion, and phytoplankton characterization can be found at Moresco et al. (2017). Fish were 
sampled with 20-meter fishing nets with a standardized effort in each lake. After capture, 
the fish were anesthetized with diluted benzocaine following the guidelines of the American 
Veterinary Medical Association (Avma 2007). The abundance of individuals was defined by 
the catch-per-unit effort (CPUE). All individuals captured were deposited in the Ichthyolog-
ical Collection of the Research Group in Ichthyology, Limnology, and Aquaculture (Nupé-
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lia) at the State University of Maringá. All the biological communities were sampled with 
authorization from the Brazilian Ministry of the Environment and Chico Mendes Institute 
for Biodiversity Conservation (ICMBio), a protocol registered under the number 29,652 in 
the System of Biodiversity and Information (SISBIO).

Zooplankton functional traits

We recorded 180 zooplankton taxa, 98 rotifers, 57 cladocerans, and 25 copepods. These taxa 
were categorized into six functional traits following previous methods described at Barnett 
et al. (2007) and Braghin et al. (2018). The traits were body size (mm), habitat (littoral 
or pelagic), type of feeding (filter-Rotifer, suctor-Rotifer, predator-Rotifer, filter-Cladocera, 
scraper-Cladocera, filter-Copepod, or raptorial-Copepod), escape response to the predator 
(low, medium, high, or maximum), reproduction (sexual or asexual), and life span (short 
or long) (the species list with the classification of each functional trait is shown in Supple-
mentary material Table S3). The type, category, and ecosystem importance of each trait are 
described in Braghin et al. (2018). Habitat, type of feeding, escape response to the predator, 
reproduction, and life span were determined via literature research, while body size was 
obtained by measuring the body length of 20 individuals of each species. The average of 
these values was used in the analysis. For rotifers and cladocerans, measurements were 
taken according to the shape of the body, and the individuals were measured between the 
upper part of the head and the end of the carapace without helmets or spines when present 
(Ruttner-Kolisko 1974; Hardy 1989). For copepods, body length measurements were taken 
between the head and the last abdominal segment, except for the spines of the caudal branch 
(Bonecker et al. 2011).

Data analysis

All analyses in our study were performed using the R program (R Core Team, 2020), and all 
steps are shown in two flowcharts in Supplementary material Fig. S1. First, we calculated 
the total beta diversity (taxonomic and functional dissimilarity between sites) and its com-
ponents for each floodplain in each hydrologic period using Sorensen’s dissimilarity and 
incidence data (presence/absence) (R function ‘beta’, packages “FD” (Laliberté et al. 2014), 
“BAT” (Cardoso et al. 2020) and “stats” (Bolar 2019). We applied the approach proposed by 
Podani and Schmera (2011) and Carvalho et al. (2012), which divides the total beta compo-
nent (β-total) into the components of replacement (β-repl) and richness difference (β-rich). 
β-repl refers only to the substitution in the identities of species/functional traits, and β-rich 
refers only to differences in loss or gains in the richness of species/functional traits. Thus, 
twenty-four dissimilarity matrices were created: three betas (total, replacement, and rich-
ness) × two approaches (taxonomic and functional) × two periods (rainy and drought) × two 
floodplains (Amazon and Paraná).

Second, we prepared and selected the drivers of zooplankton β-diversity. The limno-
logical matrix was composed of the standardized physical-chemical variables using the 
‘decostand’ function from the package “vegan” (Oksanen et al. 2019). We tested for multi-
collinearity between limnological variables through variance inflation factor (VIF) analysis, 
and variables with a VIF > 5 were excluded before statistical analysis (Oksanen et al. 2019). 
Food availability (matrix with phytoplankton abundance-composition) and potential fish 
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predation (matrix with fish abundance-composition) were summarized through Principal 
Coordinate Analyses (PCoA), these analyses were performed for each floodplain in each 
hydrologic period. The first two axes from PCoA for phytoplankton and fish were used 
in the analyses. For that purpose, we applied the ‘pcoa’ function from the “ape” package 
(Paradis and K. Schliep 2018).

The spatial component was obtained with the following steps: (1) the distances in kilo-
meters between all points of each floodplain were determined with the ‘path’ function from 
“Google Earth”; (2) the distances (km) were transformed into a triangular matrix using the 
‘as.dist’ function; (3) the triangular matrix was transformed using the Principal Coordinate 
Analysis of Truncated Distance Matrix (PCNM), creating a rectangular matrix through the 
function ‘pcnm’; and (4) the axes from PCNM were selected using the Moran criterion with 
the function ‘moran.randtest’. All functions mentioned are from the “vegan” (Oksanen et al. 
2019), “adespatial” (Dray et al. 2020), and “stats” (Bolar 2019) packages. The Moran crite-
rion (p < 0.05) selected the axes PCNM1, PCNM2, PCNM11, and PCNM13 for the Paraná 
floodplain. For the Amazon floodplain, the Moran criterion selected the axes PCNM1, 
PCNM2, PCNM10, PCNM11, and PCNM12.

Thus, our predictors of zooplankton taxonomic and functional β diversity were composed 
of four matrices for each floodplain and each hydrological period. (1) The limnological 
variables (Lim), (2) the phytoplankton community as food availability (Food) (PCoA axes 
1 and 2, total abundance of individuals per site, and species richness per site), (3) the fish 
community as a variable for potential predation (Pre) (PCoA axes 1 and 2, total abundance 
of individuals per site, and species richness per site) and (4) the spatial component variable 
(Spa) (PCNM axis). For graphic representation, please see Supplementary material.

Final analysis

The environmental heterogeneity in the floodplains and hydrological periods was calcu-
lated through a permutational analysis of variance (PERMANOVA; R function ‘adonis2’, 
“vegan” package). To analyze environmental heterogeneity, we included all physical-chem-
ical variables mentioned above, phytoplankton density and richness, and fish density and 
richness. The data were first standardized through the ‘decostand’ function. PERMANOVA 
was performed using “Euclidian” distance and two predictors—the floodplain and hydro-
logical periods. p < 0.05 was considered to indicate statistical significance, and the results 
were tested using 999 permutations. We displayed the environmental heterogeneity through 
NMDS (nonmetric multidimensional scaling; R function ‘isoMDS’, package “MASS” 
(Ripley et al. 2019).

The distance matrices generated from functional and taxonomic beta diversity were used 
as response variables in the distance-based redundancy analysis (db-RDA partial, Legendre 
and Anderson 1999) (R function ‘varpart’, packages “adespatial”, “ade4” (Bougeard and 
Dray 2018). For the final set of variables (preditors) used in the db-RDA partial, we applied 
forward selection with two-stop rules. The final sets of limnological variables (Lim), food 
availability (Food), potential predators (Pred), and spatial components (Spa) that influence 
the taxonomic and functional beta diversity (β-total, β-repl, and β-rich) in each hydrological 
period and each floodplain are shown in Supplementary material Table S4. To analyze the 
relative contributions of the pure and shared effects of the variables Lim, Food, Pred, and 
Spa to explaining the taxonomic and functional beta diversity, we performed variance par-
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titioning (Peres-Neto et al. 2006) (R function ‘capscale’ and ’varpart’ of package “vegan”) 
and tested the results using ANOVA (R function ‘anova’).

Results

Environmental heterogeneity

The Amazonian floodplain showed greater environmental heterogeneity than the Paraná 
floodplain (PERMANOVA: pseudoF = 8.08; p < 0.001). Similarly, the drought period 
exhibited greater environmental heterogeneity than did the rainy period (pseudoF = 14.69; 
p = 0.001; Fig. 2).

Zooplankton functional and taxonomic β-diversity

In general, zooplankton taxonomic β-diversity presented higher values than functional 
β-diversity and both had similar patterns related to the hydrologic periods and floodplains, 
except for the Upper Paraná during drought (Fig. 3). Additionally, in general, β-replacement 
contributed more than β-richness to the β-total.

When we compared taxonomic β-diversity between floodplains, during the rainy period, 
β-total and β-replacement were slightly greater in the Paraná floodplain (β-Tot: 0.60, β-repl: 
0.42) than in the Amazon floodplain (β-Tot: 0.53, β-repl: 0.39); i.e., during the rainy period, 
greater species dissimilarity/replacement was observed between sites in the Paraná flood-
plain than in the Amazon floodplain. During drought, the β-richness (taxonomic) contrib-
uted more to the β-total in the Paraná than in the Amazon floodplain; i.e., large differences 
in species richness between sites were observed. Additionally, in the Amazon floodplain, 
the values of β-total taxonomic was slightly greater during drought (0.60) than during the 

Fig. 2 Environmental hetero-
geneity for each floodplain and 
hydrological period. AMA = Am-
azon floodplain, PAR = Upper 
Paraná River floodplain
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rainy period (0.53), i.e., greater differences in species composition occurred between sites 
during the drought period. In the Paraná floodplain, no differences were observed in the total 
β-taxonomic between the hydrological periods (Fig. 3).

For functional β-diversity, more expressive changes were observed in the Paraná flood-
plain during the drought period, which presented a very low β-total (0.18) with a greater 
contribution of β-richness (0.11) than β-replacement (0.06); i.e., differences in trait rich-
ness contributed more to total dissimilarity than trait replacement. The values of functional 
β-total were the same in the rainy period for both the Amazonian floodplain and the Upper 
Paraná River (0.38). Amazon also had similar functional β-total values between the rainy 
and drought periods (Fig. 3).

Drives of zooplankton taxonomic and functional beta diversity

The variables chosen by the forward selection method were different for each predictor 
(limnological, food, predation, and spatial component), hydrological period (drought and 
rainy), beta component (β-total, β-repl, and β-rich), and taxonomic and functional beta 
diversity. In general, limnological variables were more related to nutrient availability, depth, 
temperature, and dissolved oxygen. The variables selected for food availability were the 
density and richness of phytoplankton and the axes from PCoA (see methodology). Vari-

Fig. 3 Zooplankton functional and taxonomic beta diversity in the Amazon River floodplain (AMA) and 
Upper Paraná River floodplain (PAR) in the two hydrological periods. Total beta diversity = β-total, re-
placement = β-repl, and richness difference = β-rich. The central lines denote the median values, boxes 
denote the 25th and 75th percentiles, and whiskers represent the smallest and largest values, respectively, 
within 1.5 times the interquartile range below and above the percentiles
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ables selected for predation were related to the PCoA axes. The variables selected for the 
spatial component were the PCNM axes 1, 2, and 11 (for more details, see Supplementary 
material Table S4).

The models with greatest explanation for β-taxonomic were observed for the β-richness 
component in the Paraná floodplain during the rainy period (70%) and the drought period 
(41%), as well as in the Amazon floodplain during the drought (63%) and rainy periods 
(53%) (Fig. 4). In general, the limnological variables were the most important component 
for structuring the variation in zooplanktonic taxonomic β-diversity in both floodplains 
and during both periods, especially for β-richness in the Paraná floodplain (drought = 18%, 
rainy = 21%; Fig. 4k, l). The second most important driver of β-taxonomic was food avail-
ability, especially for β-richness in the Amazon floodplain during the drought period (24%) 
and in the Paraná floodplain during the rainy period (31%) (Fig. 4e, l). Predation was impor-
tant for explaining the variation in β-richness in the Amazonian floodplain in both periods 
(drought = 13% and rainy = 12%; Fig. 4e, f). The spatial component explained 9% of the 
variation in β-replacement in the Amazon floodplain during the rainy period and 7% of the 
variation in β-richness in the Paraná floodplain during the drought (Fig. 4d, k).

The models with greatest explanation for β-functional was observed in the Upper Paraná 
River floodplain for β-richness (rainy = 62% and drought = 56%; Fig. 5k, l). The shared 

Fig. 4 Relative contributions of limnological variables (Lim), food availability (Food), predation (Pred), 
and spatial component (Spa) to zooplankton taxonomic beta diversity (β- Total, β-repl, and β-rich) in each 
hydrological period. a, b, c, d, e, and f are the results of the Amazon River floodplain (AMA), and g, h, I, 
j, k, and l are the results of the Upper Paraná River floodplain (PAR). The values represent the adjusted 
R2 values. Negative fraction values are not shown. Values in bold represent significant results (p < 0.05)
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proportions between predictors had great importance in explaining the variation in zoo-
plankton functional β-diversity (Fig. 5). The limnological variables in the Paraná flood-
plain explained 23% of the variation in β-richness during the rainy period and 14% of the 
variation in β-replacement during the drought period (Fig. 5l, i). In the Amazon floodplain, 
limnological variables explained 14% of the variance in β-richness during the rainy season 
(Fig. 5f). Food availability explained the variation in β-richness in the Amazonian flood-
plain during the drought period (19%) and in the Upper Paraná River floodplain during the 
rainy period (35%) (Fig. 5e, l). Predation explained 9% and 8% of the functional β-richness 
in the Amazon floodplain during the drought and rainy periods, respectively (Fig. 5e, f). The 
spatial component explained 7% of the variation in the β-total and 8% of the variation in the 
β-repl in the Paraná floodplain during the rainy period (Fig. 5h, j); moreover, it explained 
7% of the β-richness in this floodplain during the drought period (Fig. 5k).

Fig. 5 Relative contributions of limnological variables (Lim), food availability (Food), predation (Pred), 
and spatial component (Spa) to zooplankton functional beta diversity (β-Total, β-repl, and β-rich) in each 
hydrological period. a, b, c, d, e, and f are the results of the Amazon River floodplain (AMA), and g, h, I, 
j, k, and l are the results of the Upper Paraná River floodplain (PAR). The values represent the adjusted 
R2 values. Negative fraction values are not shown. Values in bold represent significant results (p < 0.05)
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Discussion

In general, we observed that the two functional and taxonomic approaches produced dif-
ferent patterns for the zooplankton community in response to hydrological periods, and 
the functional approach was more sensitive to catch environmental changes, especially 
the differences between beta richness and replacement. As expected, the Amazon flood-
plain presented greater environmental heterogeneity; however, this heterogeneity was not 
reflected in greater beta diversity, which partially corroborates our first hypothesis. We 
did not observe significant differences of environmental heterogeneity and beta diversity 
between the seasons (rejecting our second hypothesis), except for functional beta diversity 
in the Paraná floodplain during the drought period that presented the lowest values. This low 
functional beta was explained by predation and the spatial component. Moreover, different 
than expected, all factors influenced the taxonomic beta diversity (total and its components) 
in both floodplains in both hydrological periods, without a clear pattern. However, physi-
cal-chemical variables were important drivers of functional beta diversity during the rainy 
period, while food resources, predation, and spatial components explained functional beta 
diversity during the drought period, partially corroborating our third hypothesis.

The Amazon and Paraná floodplains have different historical characteristics, geomor-
phologic formations, species colonization, sizes, rainfall volumes, and basin use (Perbi-
che-Neves et al. 2014). All these factors create distinct environmental conditions that can 
reflect different spatial and temporal environmental and biological heterogeneity (Thomaz 
et al. 2007; Bozelli et al. 2015; Heino et al. 2015a), as observed. The Amazon floodplain 
presented great environmental heterogeneity and slightly greater taxonomic beta diversity 
during the drought period than during the rainy period, with a greater contribution from the 
replacement component. Taken together, these findings show that, in general, the environ-
ments of the Amazon floodplain strongly replace species and traits throughout the hydro-
logical period; however, during drought periods, replacement can increase. The factors 
that drove species replacement in the Amazon during drought were related to limnological 
variables (most related to nutrients; see Supplementary material) and predation. The flood 
period creates severe changes in physical-chemical variables, increasing depth, turbidity, 
and nutrient availability, which affect zooplankton (Lansac-Tôha et al. 2009; Simões et al. 
2013). Nutrients such as phosphate and nitrate are proxies for productivity and are linked to 
increased food availability, favoring the development of zooplanktonic organisms (Jeppesen 
et al. 2000; Auer et al. 2004). Predation by fish has already been reported to drive zooplank-
ton functional traits (Bomfim et al. 2021; Deosti et al. 2021). During flood periods, there is 
great dispersion of these predators and the arrival of their offspring (Fernandes et al. 2009), 
which can increase predation on zooplankton.

In general, the Paraná floodplain also presented a greater contribution of the replacement 
component than richness-difference, except during the drought period, when beta richness 
was greater than beta replacement and the total functional beta was very low. This pattern 
was not observed for taxonomic beta diversity, which showed a high substitution of species 
between the environments in the Paraná floodplain, but they were functionally similar. This 
low functional dissimilarity can be a reflection of the dam effects that control flood pulses 
and lead to prolonged periods of drought (Bertoncin et al. 2019), strengthening environ-
mental filters (Chase 2007) and selecting functional traits. Braghin et al. (2018) reported 
that dams can decrease zooplankton functional beta diversity. Additionally, Bomfim et al. 
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(2021) and Diniz et al. (2023) showed that extreme drought periods also reduce zooplankton 
functional and taxonomic beta diversity, in agreement with our data.

Dams in the Paraná River have caused several environmental changes in recent years, 
especially related to oligotrophication and the consequent loss of biodiversity (Roberto et 
al. 2009; Braghin et al. 2018; Bertoncin et al. 2019). A natural flood pulse is essential for 
maintaining environmental heterogeneity, the exchange of functional traits among environ-
ments, and ecosystem functions in the Paraná floodplain (Pineda et al. 2019; Bomfim et 
al. 2021; Diniz et al. 2023). Another point to be considered is that extreme droughts are 
expected to increase with climate change (Cai et al. 2015; Cavalcantti et al. 2015), which 
can aggravate this scenario. Predation and spatial components were important for explain-
ing this low functional beta diversity. The nonexistent connection between environments 
limits zooplankton and fish dispersion; therefore, no species arrives at these sites, and the 
conditions are harsh, which leads to stronger filtering (Chase 2007; Gianuca et al. 2017) and 
the selection of a few traits, reflecting low zooplankton beta diversity. This effect is stronger 
during drought and milder in other seasons, which can explain the replacement of species 
and traits between sites during the rainy season in this system.

Regarding the drivers of beta diversity in the hydrological periods, although the taxo-
nomic beta diversity did not show a clear pattern, the functional beta diversity had different 
drivers depending on the hydrological period. The highest explanatory power during the 
rainy period, regardless of the floodplain, were related to food availability and physical-
chemical variables (Fig. 5l and f), while during the drought period, food availability, spa-
tial component, and predation were important for explaining zooplankton functional beta 
diversity (Fig. 5e and i). Our findings reinforce the sensitivity of the functional approach to 
environmental changes and the strength of niche processes during drought periods (Heino 
et al. 2015b; Gianuca et al. 2017).

The flood period leads to drastic changes in physical-chemical variables and can strongly 
influence the structure of the zooplankton community (Lansac-Tôha et al. 2009; Simões et 
al. 2013), as mentioned above. Phytoplankton, which represents food availability, are the 
preferred type of food for zooplankton, especially nanoplanktonic and picoplanktonic uni-
cellular algae (Colina et al. 2016; Bomfim et al. 2018), and have already been reported to 
drive zooplankton functional beta diversity (Bomfim et al. 2021). Predation is another main 
driver of zooplankton structure shaping β-diversity (Antiqueira et al. 2018; He et al. 2018) 
in both hydrological periods, as reported by Bomfim et al. (2021). Predation can influence 
the distribution of functional traits (Sodré and Bozelli 2019) because selects large-bodied 
organisms (Iglesias et al. 2011), species with slow growth, large clutches, and a slow-scape 
response (Santangelo et al. 2018). The spatial component was important in the Paraná flood-
plain in both periods and across approaches (taxonomic and functional); this component 
is more related to dispersion processes and can work on both sides, favoring or restricting 
dispersion (Hill et al. 2019). During drought, the sites become more isolated, and disper-
sion is restricted, leading to a more dissimilar community composition, while the flood 
pulse during the rainy season leads to greater dispersion and lower dissimilarity (Padial et 
al. 2014). However, at some level, the influence of dispersion on community structure can 
be weakened during flood periods. This occurs because floods also intensify environmental 
filters such as depth and turbidity (Simões et al. 2013). Thus, when organisms reach sites 
through dispersion, environmental filters select the species able to survive those conditions 
(Bonecker et al. 2009; Cadotte and Tucker 2017), and the communities can be dissimilar.
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Despite the environmental differences in the two systems and seasons, we observed that 
the genera Lecane and Brachionus were the most common when considering all samples 
(Table S3). Similar for the traits small-bodied, filter feeders, asexual reproduction, and short 
life-cycle. These species and traits reflect opportunistic strategy, organisms with low preda-
tion risk and that take advantage of sudden environmental changes such as increased food 
availability, they respond to these fluctuations with fast growth and reproduction becoming 
dominant in the communities (Ciros-Perez et al., 2015). This can explain their prevalence 
throughout our samples.

Conclusions and implications for ecosystem conservation

The biodiversity and ecosystem services of both floodplains analyzed are threatened; the 
Amazon, by future hydroelectric projects; and the Paraná, by several dams transforming this 
system. In general, zooplankton beta diversity had a greater contribution from replacement 
than richness differences, regardless of the hydrological period, except for functional rich-
ness in the Paraná floodplain during drought. Therefore, for conservation purposes, efforts 
should consider preserving as many lakes as possible in both floodplains, as they pres-
ent unique compositions of species and traits, and priority should be given to sites with 
complementary communities (Socolar et al. 2016; Ambrožová et al. 2022). Additionally, 
high values of beta replacement can be attributed to the species’ tolerance to environmental 
filters or historical events (Gaston and Blackburn 2000; Qian et al. 2005). In our case, we 
believe that the high values of beta replacement are due to the hydrological dynamics of the 
flood pulse that maintain the exchange of species and traits between environments, creating 
a heterogeneous composition over time (Pineda et al. 2019; Bomfim et al. 2021; Diniz et 
al. 2023). Zooplankton is essential for ecosystem functioning, and alterations in this com-
munity can disrupt energy flow, affecting other levels inside the food chain (Declerck and 
de Senerpont Domis 2023). Thus, we emphasize the need to plan conservation strategies in 
these floodplains, especially considering that the functional homogenization observed in the 
Paraná floodplain is an effect of dams and that the Amazon floodplain is threatened by the 
same problem.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10531-024-02935-5.

Acknowledgements We are grateful to the Brazilian National Council of Research and Development (CNPq) 
and the Coordination for the Improvement of Higher Education Personnel (CAPES) for financial support. 
F.A.L.T. is grateful for the research productivity grant provided by CNPq. We thank Nupélia and PELD (site 
6)/CNPq for logistic and financial support. FFB thanks Fundação de Amparo à Pesquisa do Estado do Pará 
(FAPESPA - process: 2022/1437669).

Author contributions Conceptualization: DCA, FFB, FALT; Data curation: DCA; Formal analysis: FFB; 
Funding acquisition: FALT; Investigation: DCA, FFB; Methodology: DCA, FFB; Project administration: 
FALT; Resources: FALT; Supervision: FALT; Visualization: FFB; Roles/Writing - original draft: DCA, FFB, 
FALT, and Writing - review & editing: DCA, FFB, FALT.

Funding This work was supported by Brazilian National Council of Research and Development (CNPq) and 
the Coordination for the Improvement of Higher Education Personnel (CAPES).

Data availability The datasets generated during and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

1 3

3918



Biodiversity and Conservation (2024) 33:3905–3922

Declarations

Competing interests The authors declare no competing interests.

References

R (2020) R Core Team: A language and environment for statistical computing. https://www.r-project.org
Agostinho AA, Thomaz SM, Gomes LC (2004) Threats for biodiversity in the floodplain of the Upper Paraná 

River: effects of hydrological regulation by dams. Ecohydrol Hydrobiol 4:255–268
Agostinho AA, Bonecker CC, Gomes LC (2009) Effects of water quantity on connectivity: the case of the upper 

Paraná River floodplain. Ecohydrol Hydrobiol 9:99–113. https://doi.org/10.2478/v10104-009-0040-x
Almeida OT, Lorenzen K, McGrath DG (2009) Fishing agreements in the lower Amazon: for gain and 

restraint. Fisheries Manage Ecol 16:61–67
Ambrožová L, Čížek L, Sládeček FXJ, Thorn S (2022) Understanding the drivers of β-diversity improves 

conservation prioritization for central European dung beetles. Biol Conserv 273:109682. https://doi.
org/10.1016/j.biocon.2022.109682

Anderson MJ, Ellingsen KE, McArdle BH (2006) Multi- variate dispersion as a measure of beta diversity. 
Ecol Lett 9:683–693

Antiqueira PAP, Petchey OL, dos Santos VP et al (2018) Environmental change and predator diversity drive 
alpha and beta diversity in freshwater macro and microorganisms

Avma A (2007) Guidelines on Euthanasia. American Veterinary Medical Association, 27 (Formerly the 
Report of the AVMA Panel on Euthanasia)

Auer B, Elzer U, Arndt H (2004) Comparison of pelagic food webs in lakes along a trophic gradient and 
with seasonal aspects: influence of resource and predation. J Plankton Res 26:697–709. https://doi.
org/10.1093/plankt/fbh058

Barnett AJ, Finlay K, Beisner BE (2007) Functional diversity of crustacean zooplankton communities: towards 
a trait-based classification. Freshw Biol 52:796–813. https://doi.org/10.1111/j.1365-2427.2007.01733.x

Bertoncin AP, dos Pinha S, Baumgartner GD, Mormul MT RP (2019) Extreme drought events can promote 
homogenization of benthic macroinvertebrate assemblages in a floodplain pond in Brazil. Hydrobiolo-
gia 826:379–393. https://doi.org/10.1007/s10750-018-3756-z

Bolar K (2019) STAT: Interactive Document for Working with Basic Statistical Analysis in R
Bomfim FF, Braghin LSM, Bonecker CC, Lansac-Tôha FA (2018) High food availability linked to domi-

nance of small zooplankton in a subtropical floodplain. Int Rev Hydrobiol 103:26–34. https://doi.
org/10.1002/iroh.201701923

Bomfim F, de F, Lansac-Tôha FM, Bonecker CC, Lansac-Tôha FA (2021) Determinants of zooplankton func-
tional dissimilarity during years of El Niño and La Niña in floodplain shallow lakes. Aquat Sci 83:1–13. 
https://doi.org/10.1007/s00027-021-00796-6

Bonecker CC, Aoyagui a SM, Santos RM (2009) The impact of impoundment on the rotifer communities 
in two tropical floodplain environments: interannual pulse variations. Brazilian J Biology 69:529–537. 
https://doi.org/10.1590/S1519-69842009000300008

Bonecker CC, Azevedo F, De, Simões NR (2011) Zooplankton body-size structure and biomass in tropi-
cal floodplain lakes: relationship with planktivorous fishes. Acta Limnol Bras 23:217–228. https://doi.
org/10.1590/S2179-975X2012005000005

Bougeard S, Dray S (2018) Supervised multiblock analysis in R with the ade4 Package. J Stat Softw 86:1–17. 
https://doi.org/10.18637/jss.v086.i01

Bozelli RL, Thomaz SM, Padial AA et al (2015) Floods decrease zooplankton beta diversity and environ-
mental heterogeneity in an amazonian floodplain system. Hydrobiologia 753:233–241. https://doi.
org/10.1007/s10750-015-2209-1

Braghin L, de SM, Almeida B, de Amaral A DC, et al (2018) Effects of dams decrease zooplankton functional 
β-diversity in river-associated lakes. Freshw Biol 63:721–730. https://doi.org/10.1111/fwb.13117

Cadotte MW, Tucker CM (2017) Should environmental filtering be abandoned? Trends Ecol Evol 32:429–437
Cai W, Santoso A, Wang G et al (2015) ENSO and greenhouse warming. Nat Clim Chang 5:849–859
Cardoso P, Mammola S, Rigal F, Carvalho JC (2020) BAT: Biodiversity Assessment Tools. R version 3.0
Carvalho JC, Cardoso P, Gomes P (2012) Determining the relative roles of species replacement and species 

richness differences in generating beta-diversity patterns. Glob Ecol Biogeogr 21:760–771. https://doi.
org/10.1111/j.1466-8238.2011.00694.x

1 3

3919



Biodiversity and Conservation (2024) 33:3905–3922

Cavalcantti IFA, Carril AF, Penalba OC et al (2015) Precipitation extremes over La Plata Basin – Review and 
new results from observations and climate simulations. J Hydrol (Amst) 523:211–230

Chase JM (2007) Drought mediates the importance of stochastic community assembly. Proc Natl Acad Sci U 
S A 104:17430–17434. https://doi.org/10.1073/pnas.0704350104

Ciros-Pérez J, Ortega‐Mayagoitia E, Alcocer J (2015) The role of ecophysiological and behavioral traits 
in structuring the zooplankton assemblage in a deep, oligotrophic, tropical lake. Limnol Oceanogr 
60(6):2158–2172. https://doi.org/10.1002/lno.10157

Colina M, Calliari D, Carballo C, Kruk C (2016) A trait-based approach to summarize zooplankton–
phytoplankton interactions in freshwaters. Hydrobiologia 767:221–233. https://doi.org/10.1007/
s10750-015-2503-y

Declerck SAJ, de Senerpont Domis LN (2023) Contribution of freshwater metazooplankton to aquatic ecosys-
tem services: an overview. Hydrobiologia 850:2795–2810. https://doi.org/10.1007/s10750-022-05001-9

Deosti S, Bomfim F, de F, Lansac-Tôha FM et al (2021) Zooplankton taxonomic and functional structure is 
determined by macrophytes and fish predation in a neotropical river. Hydrobiologia 848:1475–1490. 
https://doi.org/10.1007/s10750-021-04527-8

Diniz LP, Braghin L, de Pinheiro SM TSA, et al (2021) Environmental filter drives the taxonomic and func-
tional β-diversity of zooplankton in tropical shallow lakes. Hydrobiologia 848:1881–1895. https://doi.
org/10.1007/s10750-021-04562-5

Diniz LP, Petsch DK, Mantovano T et al (2023) A prolonged drought period reduced temporal β diver-
sity of zooplankton, phytoplankton, and fish metacommunities in a neotropical floodplain. https://doi.
org/10.1007/s10750-023-05140-7. Hydrobiologia

Dray S, Bauman D, Blanchet G et al (2020) adespatial: Multivariate Multiscale Spatial Analysis
Fernandes R, Agostinho AA, Ferreira EA et al (2009) Effects of the hydrological regime on the ichthyofauna 

of riverine environments of the Upper Paraná River floodplain. Brazilian J Biology 69:669–680. https://
doi.org/10.1590/s1519-69842009000300021

Gaston KJ, Blackburn TM (2000) Pattern and process in macroecology. Blackwell Science, Oxford
Gianuca AT, Declerck SAJ, Lemmens P, De Meester L (2017) Effects of dispersal and environmental hetero-

geneity on the replacement and nestedness components of β-diversity. Ecology 98:525–533. https://doi.
org/10.1002/ecy.1666

Gomes JP, Stedille LI, Milani JEF et al (2020) Beta diversity as an indicator of priority areas for Myrtaceae 
assemblage conservation in Subtropical Araucaria Forest. Biodivers Conserv 29:1361–1379

Hardy ER (1989) Effect of temperature, food concentration and turbidity on the life cycle characteristics of 
planktonic cladocerans in a tropical lake. Field and experimental work. University of London, London, 
Central Amazon

He H, Jin H, Jeppesen E et al (2018) Fish-mediated plankton responses to increased temperature in subtropi-
cal aquatic mesocosm ecosystems: implications for lake management. Water Res 144:304–311. https://
doi.org/10.1016/j.watres.2018.07.055

Hébert M-PP, Beisner BE, Maranger R (2017) Linking zooplankton communities to ecosystem functioning: 
toward an effect-trait framework. J Plankton Res 39:3–12. https://doi.org/10.1093/plankt/fbw068

Heino J, Melo AS, Bini LM (2015a) Reconceptualising the beta diversity-environmental heterogeneity rela-
tionship in running water systems. Freshw Biol 60:223–235. https://doi.org/10.1111/fwb.12502

Heino J, Melo AS, Siqueira T et al (2015b) Metacommunity organisation, spatial extent and dispersal in 
aquatic systems: patterns, processes and prospects. Freshw Biol 60:845–869. https://doi.org/10.1111/
fwb.12533

Heino J, Alahuhta J, Fattorini S, Schmera D (2019) Predicting beta diversity of terrestrial and aquatic beetles 
using ecogeographical variables: insights from the replacement and richness difference components. J 
Biogeogr 46:304–315. https://doi.org/10.1111/jbi.13485

Hill MJ, Heino J, White JC et al (2019) Environmental factors are primary determinants of different fac-
ets of pond macroinvertebrate alpha and beta diversity in a human-modified landscape. Biol Conserv 
237:348–357. https://doi.org/10.1016/j.biocon.2019.07.015

Iglesias C, Mazzeo N, Meerhoff M et al (2011) High predation is of key importance for dominance of small-
bodied zooplankton in warm shallow lakes: evidence from lakes, fish exclosures and surface sediments. 
Hydrobiologia 667:133–147. https://doi.org/10.1007/s10750-011-0645-0

Jeppesen E, Jensen JP, Søndergaard M et al (2000) Trophic structure, species richness and diversity in Danish 
lakes: changes along a phosphorus gradient. Freshw Biol 45:201–218

Junk WJ (1993) Wetlands of Tropical South America. In: Whigham D, Hejny S, Dykyjova D (eds) Wetlands 
of the world I: inventory, ecology and management, 1st edn. Springer, Dordrecht, pp 679–739

Junk W, Bayley PB, Sparks RE (1989) The flood pulse concept in river-floodplain-systems. Can J Fish Aquat 
Sci 106:110–127. https://doi.org/10.1371/journal.pone.0028909

Junk WJ, Piedade MTF, Schöngart J et al (2011) A classification of Major naturally-occurring amazonian 
Lowland wetlands. Wetlands 31:623–640

1 3

3920



Biodiversity and Conservation (2024) 33:3905–3922

Kiørboe T (2011) How zooplankton feed: mechanisms, traits and tradeoffs. Biol Rev 86:311–340
Laliberté E, Legendre P, Shipley B (2014) FD: measuring functional diversity from multiple traits, and other 

tools for functional ecology. R Package Version 1:0–12
Lansac-Tôha FA, Bonecker CC, Velho LFM et al (2009) Biodiversity of zooplankton communities in the 

Upper Paraná River floodplain: interannual variation from long-term studies. Brazilian J Biology 
69:539–549. https://doi.org/10.1590/S1519-69842009000300009

Lansac-Tôha FM, Heino J, Quirino BA et al (2019) Differently dispersing organism groups show contrasting 
beta diversity patterns in a dammed subtropical river basin. Sci Total Environ 691:1271–1281. https://
doi.org/10.1016/j.scitotenv.2019.07.236

Legendre P, Anderson MJ (1999) Distance-based redundancy analysis: testing multispe-
cies responses in multifactorial ecological experiments. Ecol Monogr 69:1–24. https://doi.
org/10.1890/0012-9615(1999)069[0001:DBRATM]2.0.CO;2

Litchman E, Ohman MD, Kiørboe T (2013) Trait-based approaches to zooplankton communities. J Plankton 
Res 35:473–484. https://doi.org/10.1093/plankt/fbt019

Melack JM, Hess LL (2010) Remote sensing of the distribution and extent of wetlands in the Amazon basin. 
In: Junk W, Piedade M, Wittmann F et al (eds) Amazon floodplain forests: Ecophysiology, biodiversity 
and sustainable management. Springer., pp 43–59

Moi DA, Lansac-Tôha F, Romero G et al (2022) Human pressure drives biodiversity–multifunctionality 
relationships in large neotropical wetlands. Nat Ecol Evol 6:1279–1289

Moresco GA, Bortolini JC, Dias JD et al (2017) Drivers of phytoplankton richness and diversity components 
in neotropical floodplain lakes, from small to large spatial scales. Hydrobiologia 799:203–215. https://
doi.org/10.1007/s10750-017-3214-3

Neiff J (1990) Ideas para la interpretacion ecologica del Parana. Interciencia 15:424–441
Oksanen J, Blanchet FG, Friendly M et al (2019) Vegan, Community Ecology Package. 296
Opperman JJ, Luster R, Mckenney BA et al (2010) Ecologically functional floodplains: connectivity, flow 

regime, and scale. J Am Water Resour Assoc 46:211–226
Padial AA, Ceschin F, Declerck SAJ et al (2014) Dispersal ability determines the role of environmental, 

spatial and temporal drivers of metacommunity structure. PLoS ONE 9:1–8. https://doi.org/10.1371/
journal.pone.0111227

Paradis E, Schliep K (2018) Ape 5.0: an environment for modern phylogenetics and evolutionary analyses in 
R. Bioinformatics 35:526–528

Perbiche-Neves G, Previattelli D, Pie MR et al (2014) Historical biogeography of the neotropical Diaptomi-
dae (Crustacea: Copepoda). Front Zool 11:1–8. https://doi.org/10.1186/1742-9994-11-36

Peres-Neto PR, Legendre P, Dray S, Borcard D (2006) Variation partitioning of species data metrices: estima-
tion and comparison of fractions. Ecology 87:2614–2625. https://doi.org/10.2307/20069271

Petsch DK, Cionek V, de Thomaz M, dos Santos SM NCL (2023) Ecosystem services provided by river-
floodplain ecosystems. https://doi.org/10.1007/s10750-022-04916-7. Hydrobiologia

Pineda A, Peláez Ó, Dias JD et al (2019) The El Niño Southern Oscillation (ENSO) is the main source of 
variation for the gamma diversity of plankton communities in subtropical shallow lakes. Aquat Sci 
81:1–15. https://doi.org/10.1007/s00027-019-0646-z

Podani J, Schmera D (2011) A new conceptual and methodological framework for exploring and explaining pat-
tern in presence - absence data. Oikos 120:1625–1638. https://doi.org/10.1111/j.1600-0706.2011.19451.x

Qian H, Ricklefs RE, White PS (2005) Beta diversity of angiosperms in temperate floras of eastern Asia and 
eastern North America. Ecol Lett 8:15–22

Ripley B, Venables B, Bates DM et al (2019) Support Functions and Datasets for Venables and Ripley’s 
MASS. 169

Roberto MC, Santana N, Thomaz SM (2009) Limnology in the Upper Paraná River floodplain: large-scale 
spatial and temporal patterns, and the influence of reservoirs. Braz J Biol 69:717–725. https://doi.
org/10.1590/S1519-69842009000300025

Rodriguez MA, Lewis-Jr WM (1997) Structure of fish assemblages along environmental gradients in flood-
plain lakes of the Orinoco River. Ecol Monogr 67:109–128

Ruttner-Kolisko A (1974) Plankton rotifers. Biology Taxonomy 26:1–146
Santangelo JM, Soares BN, Paes T et al (2018) Effects of vertebrate and invertebrate predators on the life 

history of Daphnia similis and Moina macrocopa (Crustacea: Cladocera). Ann De Limnologie - Int J 
Limnol 54:25. https://doi.org/10.1051/limn/2018015

Simões NR, Dias JD, Leal CM et al (2013) Floods control the influence of environmental gradients on the 
diversity of zooplankton communities in a neotropical floodplain. Aquat Sci 75:607–617. https://doi.
org/10.1007/s00027-013-0304-9

Socolar JB, Gilroy JJ, Kunin WE, Edwards DP (2016) How should beta-diversity inform biodiversity con-
servation? Trends Ecol Evol 31:67–80

1 3

3921



Biodiversity and Conservation (2024) 33:3905–3922

Sodré E, de O, Bozelli RL (2019) How planktonic microcrustaceans respond to environment and affect 
ecosystem: a functional trait perspective. Int Aquat Res 11:207–223. https://doi.org/10.1007/
s40071-019-0233-x

Souza Filho EE (2009) Evaluation of the Upper Paraná River discharge controlled by reservoirs. Brazilian J 
Biology 69:707–716. https://doi.org/10.1590/s1519-69842009000300024

Souza CA, Beisner BE, Velho LFM, Carvalho P, Pineda A, Vieira LCG (2021) Impoundment, environmental 
variables and temporal scale predict zooplankton beta diversity patterns in an Amazonian river basin. 
Sci Total Environ 776:145948. https://doi.org/10.1016/j.scitotenv.2021.145948

Thomaz SM, Bini LM, Bozelli RL (2007) Floods increase similarity among aquatic habitats in river-flood-
plain systems. Hydrobiologia 579:1–13. https://doi.org/10.1007/s10750-006-0285-y

Winemiller KO, McIntyre PB, Castello L et al (2016) Balancing hydropower and biodiversity in the Amazon, 
Congo, and Mekong. Sci (1979) 351:128–129. https://doi.org/10.1126/science.aac7082

Yamamoto KC, MGMS and CEDCF (2004) Alimentação De Triportbeus Angulatus (Spix & Agassiz, 1829) 
no lago Camaleão, Manaus, AM, Brasil. Acta Amazon 34:653–659

Zhang K, Jiang X, Zheng P (2023) Revealing a conservation challenge towards floodplain disconnec-
tion: decreasing turnover and increasing nestedness of mollusc metacommunities. Biodivers Conserv 
32:2893–2908

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a 
publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manu-
script version of this article is solely governed by the terms of such publishing agreement and applicable law.

Authors and Affiliations

Diogo Castanho Amaral1  · Francieli de Fátima  Bomfim2  · Fábio Amodêo Lansac-
Tôha1

  Francieli de Fátima Bomfim
franbonfim.bio@gmail.com

1 Programa de Pós-graduação em Ecologia de Ambientes Aquáticos Continentais, Núcleo 
de Pesquisa em Limnologia, Universidade Estadual de Maringá, Ictiologia e Aquicultura, 
Maringá, Paraná, Brazil

2 Programa de Pós-graduação em Ecologia, Universidade Federal do Pará, Belém, Brazil

1 3

3922


