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Abstract Beta diversity is the variability in species
composition among sampling units for a given area
and can be influenced by several environmental driv-
ers, including environmental heterogeneity. Here, we
considered the contribution of seven tributaries flow-
ing into the Upper Parana River channel as the mains
drivers of environmental heterogeneity and zooplank-
ton beta diversity. We used Mantel test to examine the
relationships between zooplankton functional beta
diversity components (total, turnover, and nested-
ness) and environmental and geographical distance.
Generalized dissimilarity modeling (GDM) was run
to test which environmental variables were the best
predictors of beta diversity components. Mantel’s test
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results revealed that total beta diversity was positively
related with environmental heterogeneity in almost all
periods. GDM analysis results showed that total beta
and turnover were related to temperature, organic sus-
pended matter, dissolved oxygen, NH4, and pH, while
nestedness was influenced by depth and geographic
distances. Our results support the idea that smaller
rivers are a main source of diversity for large rivers,
especially the ones with cascading reservoirs. Over-
all, our study shoes that variation in limnological var-
iables results in higher dissimilarity in zooplankton
communities and that environmental change filters
and sorts species according to their functional traits.

Keywords Beta diversity - Turnover - Zooplankton -
Heterogeneity - GDM

Introduction

Species diversity is a multifaceted concept that can
be decomposed into y (regional species richness), a
(local species richness), and  components (Whit-
taker, 1972). Beta diversity is defined by Anderson
et al. (2006) as the variability in species composition
among sampling units for a given area, which can be
partitioned into two components: turnover and nest-
edness. The turnover component reflects changes in
species identities (or relative abundances) between
sites, whereas nestedness reflects to what extent the
species-poor sites contain a proper subset of the
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species-rich sites (Baselga & Orme, 2012; Villéger
et al,, 2013; Legendre, 2014). Complementary to
taxonomic variability, which considers all species
as functionally equivalent (Swenson et al., 2011;
Villéger et al., 2013), functional variability considers
species functional traits, i.e., morphological, physi-
ological, and ecological characteristics directly linked
to ecosystem functions (Hébert et al., 2017).

Beta diversity may be influenced by several envi-
ronmental drivers, including connectivity, environ-
mental heterogeneity, and seasonality (Lopes et al.,
2014; Heino et al., 2015; Gianuca et al., 2017). Fur-
thermore, differences in the contribution of nested-
ness and turnover to total beta diversity can reflect
metacommunity ecological processes such as mass
effects and species sorting (Heino et al., 2015; Gia-
nuca et al., 2017). Environmental heterogeneity is
defined as the variability in abiotic conditions among
localities within a region (Anderson et al., 2006;
Heino et al., 2015). More heterogeneous regions usu-
ally support a greater number of functionally distinct
species (Veech & Crist, 2007; Bozelli et al., 2015;
Soares et al., 2015). This is observed because the
conditions of each site within a region allow the pres-
ence of a particular set of species, with environmen-
tal filtering thus producing differences in composi-
tion among sites (Leibold et al., 2004; Astorga et al.,
2014; Bini et al., 2014; Lansac-Toha et al., 2019).

However, environmental heterogeneity and beta
diversity patterns across space are strongly depend-
ent on the size of the sampling unit (‘grain’) and the
size of the region encompassing all sampling units
(‘extent’, i.e., stream, basin, and ecoregion) (Wiens,
1989; Barton et al., 2013; Heino et al., 2015). The
increase in grain and spatial extent leads to an increase
in environmental gradients, which also increase the
strength of environmental filtering (i.e., species sort-
ing) causing variation on species and functional
traits composition (Heino, 2011; Heino et al., 2015).
High dispersal rates (i.e., mass effects) are also scale
dependent and under large spatial extent their effects
may lose strength (Gianuca et al., 2017). Thus, it is
expected that mass effects act more strongly on beta
diversity at small spatial extents and species sorting
at large spatial extents. Species sorting linked to high
environmental heterogeneity would especially change
species functional traits causing functional turnover
(Mouchet et al., 2010), whereas functional nested-
ness is expected to be observed in spatial isolation
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(i.e., low strength of mass effect) (Henriques-Silva
et al., 2013; Bender et al., 2016; Gianuca et al., 2017).
However, nestedness may also be produced by envi-
ronmental constraints (Henriques-Silva et al., 2013)
and local extinctions (Matthews et al., 2015), a topic
that may need further investigation (Henriques-Silva
etal., 2013).

Large rivers display great environmental vari-
ability (Heino et al., 2004; Siqueira et al., 2009)
that result in differences in community composi-
tion among different sites in a same river (Brown &
Swan, 2010). Such systems provide good models for
testing spatial patterns in beta diversity (Heino et al.,
2013). The Parana River has a large and long chan-
nel that receives several tributaries along its course.
These tributaries contribute organic and inorganic
matter, as well as propagules and individuals of sev-
eral biological communities (Bomfim et al., 2017).
The natural flow of the Parani River has been altered
by the numerous dams that have been constructed
along its course, which have altered water flow, physi-
cal-chemical characteristics, and biological commu-
nities, finally changing its trophic status to meso-oli-
gotrophic (Roberto et al., 2009; Bomfim et al., 2017).
The fragmentation of rivers by dams are a critical
threat to freshwater biodiversity (Winemiller et al.,
2016; Zhang et al., 2019), causing impacts that range
from reductions in water flow and nutrient availabil-
ity to changes in species interactions and composition
(Winemiller et al., 2016; Zhao et al., 2017; Bruno
et al., 2019). Such impacts can cause spatial and
temporal environmental, species, and trait homog-
enization (Martinez et al., 2013; Braghin et al., 2018;
Bomfim et al., 2021), in addition to local reorganiza-
tion of communities when species are selected from
the regional pool to co-occur locally (Wang et al.,
2021). This affects the entire river ecosystem func-
tion. Nevertheless, the tributaries that flow into the
Parana River’s main channel are a way of recovering
from the dam effects. These smaller rivers can also
be an important source of environmental variability
along the main channel, as they have distinct natural
history, physical-chemical characteristics, and bio-
logical identity (Roberto et al., 2009; Bomfim et al.,
2017).

The zooplankton community, which includes
Rotifera, Cladocera, and Copepoda, plays an
important role in ecosystem functioning (Litch-
man et al., 2013; Dias et al., 2014) linking primary
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producers to higher trophic levels and acting in the
energy flow (Allan, 1976). Zooplankton became an
important tool to access the link between environ-
mental heterogeneity and beta diversity patterns
(Gianuca et al., 2017; Braghin et al., 2018; Bom-
fim et al., 2021). Also, studies tracking changes
in zooplankton functional traits can help us to
understand ecosystem processes, such as produc-
tivity and nutrient cycling (Diaz & Cabido, 2001).
Therefore, partitioning functional beta diversity
into its components (replacement and nestedness)
and associating such patterns to environmental
and metacommunity drivers will provide addi-
tional understanding as to how these mechanisms
shape biodiversity patterns across spatial scales
and affect ecosystem functioning (Nogueira et al.,
2010; Ewers et al. 2013).

Here, we considered the contribution of tributar-
ies to the environmental variability of the Upper
Parana River main channel. We sampled zooplank-
ton along the river channel, after the entrance of
each of its tributaries, and tested whether envi-
ronmental heterogeneity and/or spatial distances
between sites drove zooplankton functional beta
diversity and its nestedness and turnover com-
ponents along a 230-km stretch of the Upper the
Parana River. We tested these relationships in four
moments along the year. As each tributary brings
its own biotic and abiotic contributions to the main
river, we expected (1) the seven distinct tributaries
flowing into Parana River along its course to create
meaningful changes in biotic and abiotic character-
istics leading to different degrees of environmen-
tal heterogeneity and functional beta diversity; (2)
high environmental heterogeneity among sampled
sites to induce high total functional beta diversity;
and (3) functional turnover to be explained by envi-
ronmental heterogeneity due to species sorting cre-
ated by environmental heterogeneity. As the river
flow is constantly changing biological communi-
ties along the river channel and as tributaries are
the main source of variation to this system, we
expected (4) the spatial distances between sites to
have no importance in determining beta diversity
or its components. Finally, we investigated which
where the limnological variables most associated
to changes in total functional beta diversity and
functional nestedness and turnover.

Materials and methods
Study area

This study was carried out in the Upper Parani River
floodplain (22° 37'-23° 55" S e 53° 06'-54° 80" W),
located between Porto Primavera reservoir (Sdo Paulo
state) and the Itaipu reservoir (Parana state) (Fig. 1).
The Parana River is the main river of this basin, it is
the tenth largest in the world in relation to discharge
(5, 0.108 m® year™') and the fourth in drainage area
(2, 8.106 km?) (Petri & Fulfaro, 1983). This area has
great ecological importance due to its high biodiver-
sity, as well as a high economic and social importance
and is thus protected by three conservation units (Pro-
tected Area of the Islands and Varzeas of the Parani
River, National Park of Ilha Grande, and the State
Park of Ivinhema). This floodplain is also charac-
terized by diverse aquatic environments with high
heterogeneity (backwaters, connected, and isolated
lakes, rivers, and channels) and is under influence of
seven tributaries, the rivers Baia, Paranapanema, Ivai,
Ivinheima, Amambai, Iguatemi, and Piquiri (Fig. 1)
(Thomaz et al., 2007; Agostinho et al., 2004). Due to
these characteristics the preservation and understand-
ing of these complex environments are indispensable.

Sampling and laboratory analysis

Ten sampling points were selected along a transect, in
the Parana River (Fig. 1). Samplings of the zooplank-
ton community occurred quarterly, in August and
November of 2013 and February and May of 2014,
for a total of four samplings dates, carried out from
point 10 to point 1, against the flow of the river to
avoid spatial autocorrelation. Samples were collected
on the center, also right and left margins of the Parana
River (three samplings per point, which provided 120
samples overall). As the river is an environment with
high flow velocity, the transect collection was chosen
in order to obtain more representative samples of each
point. Sampling sites in the Parana River were always
located upstream of the mouths of the main tributar-
ies. On the left of the river the main tributaries are
the rivers Paranapanema, Ivai, and Piquiri and on the
right, Baia, Iguatemi, Ivinheima, and Amambai.

The zooplanktonic community was sampled
at the sub-surface of the pelagic region in each
site. Using a motorized pump and plankton net
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sample. The collected material was kept in flasks
with formalin 4% tamponed with calcium carbon-

For the analysis of environmental heterogeneity, the
ate. The identification of Rotifera, Cladocera, and

data from abiotic variables were collected simulta-

Copepoda species was based on specialized litera- neously with zooplankton sampling with portable
ture (Koste, 1978; Reid, 1985; Matsumura-Tundisi, digital devices. These included measures of depth
1986; Segers, 1995; Elmoor-Loureiro, 1997, 2010; (m), water temperature (°C), pH, ammonium (pg
Lansac-T6ha et al., 2002), and the specific richness 171), phosphate (pg 17!), conductivity (mg 171, tur-
of each sample was analyzed until the stabilization bidity (NTU), inorganic (mg 17!), and organic sus-
curve of the species increment. These results were pended matter (mg L"), all following the method-
used to estimate the composition of the community ology described by Roberto et al. (2009). All values

in each sampled environment and period.
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collected from the abiotic variables are presented in
Supplementary Material 1.

Functional characterization of the species

In total, 166 species were found (103 Rotifera, 44
Cladocera, and 19 Copepoda) and functionally char-
acterized (Supplementary Material 2). The informa-
tion of each functional characteristic of the species
was obtained from studies carried out in or near the
floodplain of the Upper Parand River (Paggi, 1978;
Bonecker et al., 1998; Lansac-T6ha et al., 2002; Bar-
nett et al., 2007; Perbiche-Neves et al., 2015; Braghin
et al., 2018). For the functional characterization of the
zooplankton community, six functional traits were
used: habitat, feeding type, mean body length, repro-
duction, lifespan, and predatory escape response.
These traits indicate the influence on ecosystem pro-
cesses and the response of organisms to environmen-
tal conditions (Barnett et al., 2007). These traits were
selected within the specified types and categories
(Table 1).

The habitat trait was considered the place where
species are found most frequently, in the distribu-
tion and occurrence of the species, being classified
in pelagic or littoral. Pelagic species live in the water
column and have adaptations to stay in this location,
for example, body shape and higher surface volume

Table 1 Functional traits of zooplankton species

Traits Type Categories

Habitat Categorical Littoral species

Pelagic species

Feeding type Categorical Filtration
Predator
Raptorial
Scraper
Sugador
Mean body length Continuous Average length (mm)
Reproduction Categorical Asexual
Sexual
Lifespan Ordinal Short
Long
Predatory escape Ordinal 1. Low
response 2. Medium
3. Big

4. Maximum

ratio. Littoral species are considered to be those asso-
ciated with some type of substrate, such as macro-
phytes. Each category contributes efficiently to the
transfer of energy in the region where it is found.

The feeding type represents a wide diversity of
behavioral, physiological, morphological, and lifes-
pan characteristics of organisms (Litchman et al,,
2013). This trait indicates the ability to acquire food,
the efficiency of the feeding, and the type of food the
organisms ingest. Differences in these characteristics
affect in different ways secondary productivity and
nutrient cycling via difference in efficiency and filtra-
tion rate, for example (Andersen & Hessen, 1991).

The mean body length can influence in the energy
transfer, secondary production (Litchman et al.,
2013), and the amount of energy allocated by these
organisms (Hébert et al., 2016), with bigger organ-
isms being able to allocate more energy than the
smaller ones. Therefore, species with larger size, in
general, present higher productivity, reflecting on
the secondary productivity (Dias et al., 2014). The
reproduction trait indicates, mainly, the investment
in reproduction and energy consumed, but also show
environmental condition that will influence on the
type of reproduction of the species (Villéger et al.,
2017). Sexually reproducing species will contribute
more to the secondary productivity of environments,
and asexual reproducer, in turn, can contribute more
to the cycling of nutrients by the rapid introduction
of new organisms in the community (Braghin et al.,
2018). Reproduction also influences the morphology,
behavior, quality, and concentration of food (Melao,
1999).

Lifespan represents the duration of the organism’s
life cycle and also influences colonization processes.
Thus, organisms with a short life cycle colonize the
environment more quickly and contribute to the con-
stant entry of energy and new organisms into the
environment. Rotifers and cladocerans have short
cycle, obtaining a greater number of generations in a
same amount of time (Allan, 1976). Copepods, on the
other hand, have two stages of development, there-
fore, they are classified with long life cycle (Dodson
& Brooks 1965). However, long life cycles contribute
more to the secondary production of the environment
(Dias et al., 2014). The predatory escape response,
considered as the ability of species to escape from
predator attack, can affect body size and shape (Dod-
son & Brooks, 1965) and influence the swimming
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agility and visibility of organisms (Allan, 1976).
Thus, rotifers were classified as low response to pred-
ator and cladocerans with medium response. Among
the copepods, the Cyclopoids present a big response
and the Calanoid the maximum response (Braghin
et al., 2018).

Data analysis

Beta diversity indexes were computed for each month
sampled individually. In order to determine the rela-
tive contribution of turnover and nestedness to over-
all functional beta diversity, the additive partitioning
of the pairwise Jaccard dissimilarity proposed by
Baselga (2010), Baselga & Orme (2012) and Villéger
et al. (2013) was used. Total functional beta diversity
(FD-total) was decomposed into two components:
turnover (FD-turn) and nestedness (FD-nest). Before
calculating the functional pairwise dissimilarities, a
functional space was first constructed with a PCoA
(Villéger et al., 2008), using the Gower distance
between species, which is suitable for mixed data (in
this case a trait matrix with numerical and categorical
data) (Gower, 1966). As some species had zero occur-
rence in a particular sampling time, we excluded then
from both taxonomic and trait data. From the volume
of multidimensional space occupied by the species,
we calculated the functional beta diversity. Because
the number of species in each site must be strictly
higher than number of dimensions, we used the first
three PCoA axes.

In order to eliminate multicollinearity among the
environmental variables, we calculated Spearman
rank correlations to identify those pairs of variables
that were too highly correlated. We considered that
two variables were highly correlated for a pairwise
Spearman correlation coefficient of more than 0.7. At
all sampling times, we found inorganic and organic
suspended matter highly correlated and the first
was excluded. In contrast, all other eight variables
described above were weakly correlated and therefore
kept for further statistical analyses.

We used the Mantel test to examine for each sam-
pled month the relationships between functional beta
diversity components (FD-total, FD-turn, and FD-
nest) and the following explanatory matrices: envi-
ronmental (standardized Euclidean distance) and geo-
graphical distance (Euclidean distance). A significant
and positive correlation indicates that the patterns
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of functional dissimilarities among sites are coher-
ent with environmental variation and/or geographical
distances. We also performed a partial Mantel test to
verify the importance of environmental heterogene-
ity while controlling the spatial effect. In all cases,
10,000 random permutations were used to test if the
concordances between distance matrices differed
from the random relationships and ensure the stabil-
ity of the probability estimates (Jackson & Somers,
1989).

Generalized dissimilarity modeling (GDM, Fer-
rier et al., 2007) was run to test which environmental
variables were the best predictors of beta diversities
and their partitioning components, and how much
beta diversity was explained by geographical dis-
tances among sites in each sampled month. The GDM
examines the beta diversity among pairs of sites as a
non-linear multivariate function of the environmental
variables of these sites. It can overcome two major
problems: non-linearity in beta diversity among sites
and environmental dissimilarities and uneven rates of
beta diversity along environmental gradients (Ferrier
et al., 2007; Fitzpatrick et al., 2013). GDM uses flex-
ible splines (constrained to be positively monotonic,
Ferrier et al., 2007) instead of parametric transforma-
tions of the variables. In this case, the functional dis-
similarity matrices (FD-total, FD-turn, and FD-nest)
were used as response variables and as inter-site dis-
tances of predictor variables based on values of the
environmental variables, as well as geographical dis-
tance between sites.

All computations implemented in this study were
performed with the R software (R Core Team, 2021)
and in particular with ‘functional.beta.pair’ function
of the ‘Betapart’ package (Baselga & Orme, 2012).
Mantel and partial Mantel tests were performed using
‘mantel’ function of the ‘Ecodist’ package. GDMs
were performed using ‘GDM’ package (Ferrier et al.,
2007).

Results

Total beta diversity (FD-total) was similar in all sam-
pled months, with a higher contribution of the nest-
edness component that was maintained through time
(Fig. 2). According to the Mantel test, FD-total was
positively related to environmental heterogeneity
(EH) in all periods except for February 2014. In the
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Table 2 GDM results

FD-total FD-turn FD-nest

Aug/13
Model deviance 61.57 85.41 97.24
Percent deviance explained ~ 27.23 25.65 5.79
Model P-value 0.045 0.001 0.450
Nov/13
Model deviance 78.37 74.07 83.72
Percent deviance explained ~ 38.74 7.77 35.02
Model P-value 0.001 0.500 0.001
Feb/14
Model deviance 124.55 159.79 142.14
Percent deviance explained 12.26 9.66 6.19
Model P-value 0.300 0.250 0.550
May/14
Model deviance 45.51 56.63 176.04
Percent deviance explained ~ 37.25 34.05 11.54
Model P-value 0.030 0.045 0.355

FD-total FD-turn FD-nest

In bold are reported significant correlations

first 2 months that were sampled, results of the partial
mantel test revealed a relationship between FD-total
and EH independent of the geographical distance.

FD-total FD-turn FD-nest
May/14

FD-total FD-turn FD-nest
Feb/14

Only in the first sampled month, August 2013, did
geographical distance relate to FD-total (Table 2).
Functional turnover (FD-turn) showed a positive rela-
tionship with EH in two sampled months (August
2013 and May 2014), and according to the partial
mantel showed a relationship to EH independent
of space in August 2013 (Table 2). Functional nest-
edness (FD-nest) was positively related to EH (also
when the spatial effect was removed in the partial
Mantel) only in November 2013 (Table 2). The Man-
tel tests revealed no significant relationship between
geographical distance and the two components of
functional beta diversity (Table 2).

The GDM analysis showed significant relation-
ships between functional beta diversity and environ-
mental variables in the same months and for the same
beta components as did the Mantel tests (Table 3).
According to these significant models, different vari-
ables were most important in explaining total beta
diversity and its components in each month. In gen-
eral, FD-total (for which models were significant
in August 2013 and February and May 2014) was
mainly related to changes in temperature, organic sus-
pension material (MSO), dissolved oxygen (DO), and
NH4. FD-turn (significant models in August 2013

@ Springer
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Table 3 Mantel tests

Matrices compared FD-total FD-turn FD-nest
r value P value r value P value r value P value
Aug/13
FD x Env 0378  0.001 0393 0.006 —0.002 0487
FD x Geo —0.137  0.047 —0.060  0.765 —0077 0934
FD x EnviGeo® 0399  0.001 0402  0.004 0.006 0.447
Nov/13
FD x Env 0354  0.008 0.003 0450 0.364 0.002
FD x Geo -0052 0725 0033 0307 -0074  0.851
FD x EnviGeo® 0392 0.004 —0.008 0470 0.409 0.001
Feb/14
FD x Env 0.084 0258 0082 0214 0.003 0.454
FD X Geo 0.088  0.161 0038  0.296 0.051 0.212
FD x EnviGeo® 0074 0307 0079 0219 —0.003  0.469
May/14
FD x Env 0323 0.031 0285  0.047 —0077  0.744
“The partial Mantel test FD x Geo 0.117  0.098 —0.006  0.493 0.115 0.067
In bold are reported FD x EnviGeo® —0.131  0.852 —0.028  0.565 —0.099  0.800

significant correlations

and May 2014) was mainly related to changes in the
same variables as FD-total, while FD-nest (only one
significant model, in November 2013) was mainly
influenced by depth and NH4 (Fig. 3).

Discussion

The results of our analysis on the relationship
between environmental heterogeneity and functional
beta diversity of zooplankton along the longitudinal
axis of the Upper Parani River support the hypoth-
esis that the contribution of the tributaries is impor-
tant to the maintenance of biotic and abiotic varia-
tion along the longitudinal axis of this main river. We
found that functional beta diversity of zooplankton
was driven by environmental heterogeneity along
the Upper Parana river, even though this relationship
was not present in all sampled months. Moreover,
evidencing the effect of species sorting in the sam-
pled sites, environmental heterogeneity explained
variation in functional turnover in half of the sampled
months. However, we found unexpected associations
between heterogeneity and functional nestedness and
between the spatial distribution of the sampled sites
and total beta diversity, each in one of the sampled
months. The GDMs were significant only in the same
months (and for the same components) as the tests for

@ Springer

environmental heterogeneity, indicating that the effect
of environmental heterogeneity on beta diversity was
linked to the spatial variation of particular variables.
Furthermore, we found that the importance of each
variable differed between the sampled months.

Total functional beta diversity of zooplankton
showed similar levels in all the sampled months,
and nestedness was its most important component
in all months. The high contribution of nestedness is
not common for taxonomic beta diversity, but is an
expected result when evaluating functional trait com-
position because even if there is a turnover in species
composition, most species usually share similar func-
tional traits, which produces a lower functional turno-
ver (Braghin et al., 2018; Coccia et al., 2021). Even
if beta diversity, nestedness and turnover levels were
maintained over time, the importance of environmen-
tal heterogeneity in explaining these diversity aspects
varied between months, as did the identity of the par-
ticular variables found to influence beta diversity and
its components. This temporal variation in the impor-
tance of the environmental heterogeneity and of par-
ticular variables for beta diversity may be linked to
the dynamics innate to lotic systems. Rivers are flow-
ing waterbodies that may present changing limno-
logical conditions due to changes that occur in their
respective drainage basins (Vannote et al., 1980).
Seasonal variations occur, e.g., in the water level,
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and flood pulses are known to homogenize biotic and
abiotic factors in such systems (Thomaz et al., 2007,
Bozelli et al., 2015). This could be related to the
absence of a relationship between heterogeneity (and
particular environmental variables) and beta diversity
in February 2014, when the water level of the Parana
was higher.

The main environmental variables to have affected
beta diversity were dissolved oxygen, NH4, depth,
temperature, and suspended organic material. These
variables influence beta diversity because they are
related to seasonality and food availability, which
will favor the development of populations in time
and space. However, as lotic environments are very
dynamic, due to the constant flow of water and rapid
cycling of organic matter, a synergy between these
effects is often observed. Therefore, food availability

is related to seasonal variation in nutrients, depth,
temperature, and dissolved oxygen. Furthermore, the
entry of tributaries influences the spatial dynamics
of the main channel (Vannote et al., 1980), interfer-
ing with a synergy between the effects. Long-term
ecological studies in the upper Parana River flood-
plain (20 years) have shown a clear synergy between
the amount of available nutrients, seasonal variation
in water volume, and connectivity between environ-
ments as a structuring factor for the zooplankton
community (Bonecker et al., 2020).

Although we found an overall effect of environ-
mental heterogeneity and particular variables in beta
diversity and its components, we found that envi-
ronmental heterogeneity was to a certain extent spa-
tially structured in our first sampled month (August
2013). This was the only signal of influence of the
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geographical variable in beta diversity or its com-
ponents in our results, and it only occurred for total
beta diversity in this month. Nevertheless, even if the
Mantel test showed a (weak) spatial effect, the geo-
graphic coordinates were not important to explain
diversity according to the GDM. Thus, considering
the strong effect of the environmental variables on
beta diversity, our results still support the idea that
the tributaries are the main source of variation to this
river system.

The positive relationship between environmen-
tal heterogeneity and beta diversity has been widely
recognized in different systems and for different
biological groups (Alahuhta et al., 2017; Liu et al,,
2018; Lopez-Delgado et al., 2020). Maintaining high
levels of composition dissimilarity among assem-
blages is a way of maintaining regional diversity. In
such context, exploring the environmental heteroge-
neity—beta diversity relationship informs on mecha-
nisms that maintain regional diversity in a highly
impacted ecosystem (Socolar et al., 2016). Here, we
have explored the environmental heterogeneity pro-
duced by tributaries of a large and highly dammed
Neotropical river and its effects in the main river’s
functional beta diversity. The construction of dams
in the Parana River, both upstream and downstream
of the floodplain, has deeply impacted its ecosystem,
causing the loss of local species and traits and favor-
ing the occurrence of already common ones (Baeten
et al., 2012). Such changes caused species and trait
homogenization in the habitats linked to the Parana
River (Braghin et al., 2018). Our results show that the
environmental heterogeneity introduced by tributaries
in this main river may in part counteract the effects of
the reservoir cascade, supporting higher spatial dis-
similarity in zooplankton functional traits along the
longitudinal axis of the river. As zooplankton com-
munities are the main secondary producers in the
water column, being essential supporters of higher
trophic levels in the aquatic food chain (Allan, 1976),
supporting their functional diversity is also support-
ing this essential ecosystem function.

We recognize two caveats in our study. From an
ecological viewpoint, we recognize that, although
our results clearly showed the crucial role of trib-
utary-induced spatial heterogeneity in mitigating
the effects of anthropogenic activity on the ecosys-
tem dynamics, more information about zooplank-
ton community in each of the tributaries would be

@ Springer

necessary for a deeper understanding of what is
the contribution of each of them to the main river.
In addition, from a statistical viewpoint, we used
Mantel and GDM analyse to verify the relationship
between biological and environmental variables.
Both analyses are appropriate to perform and popu-
lar among ecologists for this propose. However, cri-
tiques have been addressed to both of them regard-
ing their power to detect effects, which can be lower
than that of other techniques (Legendre et al., 2015,
Peres-Neto & Jackson, 2011). Still, considering
how conservative these analyses may be, this does
not invalidate our results.

Our results support the idea that smaller rivers may
be a main source of biotic and abiotic diversity for
large rivers with cascading reservoirs. We show that
tributaries contribute to the Upper Parana River, pro-
viding variation in limnological variables to this main
river that leads to higher dissimilarity in the zoo-
plankton communities along its channel. Trait turno-
ver was the beta diversity component that depended
most on environmental heterogeneity, evidencing
that environmental variables in each tributary act as
filters and sort species according to their functional
traits. The species sorted in each small river are then
exported to the Parana River, contributing to its over-
all diversity. The weak effect of the spatial proxim-
ity on the river channel’s beta diversity also sup-
ports the tributaries as main sources of zooplankton
species. We conclude that dammed rivers depend on
their non-dammed tributaries to maintain their diver-
sity. These smaller affluents are the keepers of the
diversity that can still be found in such deeply altered
ecosystems.
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