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Abstract

Biological traits related to the adherence strategy of periphytic algae determine species’ dispersal ability and the degree of
protection against physical disturbance, such as strong currents and flood pulse. To help understand how water level can
structure species with distinct adherence strategy in a floodplain, we investigated periphytic algal beta diversity in subtropical
floodplain lakes (upper Parana river floodplain) and evaluate the importance of environmental and spatial drivers in groups
with limited dispersal and with higher dispersal abilities. The beta diversity was analyzed considering both presence—absence
and species density. We used variance partitioning to evaluate the importance of environmental and spatial processes on
periphytic algae. Our results registered 181 species, and the class Bacillariophyceae presented the highest species richness
and density. Beta diversity did not differ between months with distinct water levels but differed among lakes. Set of species
with higher dispersal abilities presented higher values of beta diversity. Environmental variables were the main driver of
periphytic algae composition and density, but spatial variables also drive a significant amount of differences in species com-
position and density. Beta diversity of species with limited dispersal abilities was mainly driven by environmental factors,
and no driver was important to species with higher dispersal. The results of beta diversity indicated that nearest lakes may
be more environmentally similar that allows the same species to survive, and also allows species to disperse better among
them. These results highlight that the inclusion of functional aspects can clarify the understanding of beta diversity patterns.

Keywords Environmental factors - Periphyton - Spatial factors - Traits

1 Introduction

Understanding the mechanisms that structure the biological
diversity through space and time is one of the main goals
of ecology (Heino et al. 2015), and remains a great chal-
lenge for the operation, management, and conservation of
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ecosystems and biodiversity (Legendre et al. 2005; Logue
et al. 2011; Dray et al. 2012; Heino et al. 2015). Using beta
diversity in biodiversity analyzes allows assessing changes
in species composition and density between locations or
in time (Anderson et al. 2006). Higher variations in spe-
cies composition are related to an increase in differences of
environmental conditions among habitats, and in the spa-
tial distance among habitats (Stegen et al. 2013; Astorga
et al. 2014). Differences in environmental conditions among
habitats act as filters and may restrict the establishment of
species with unsuited traits (Cornwell and Ackerly 2009;
Weiher et al. 2011) and allow the persistence only of tolerant
species in the habitat (Astorga et al. 2014).

Periphytic algae are a complex aquatic community
of organisms that adhere to submerged substrates and go
through successional processes. Several abiotic and biotic
factors can alter the establishment of these organisms in
the community (Stevenson 1996; Graham et al. 2016). All
these factors together and the complexity of the community
interfere with the understanding of beta diversity patterns.
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The functional traits of the community are important for
protection against losses caused by physical disturbances
(Biggs et al. 1998), such as strong currents and flood pulse
(Dunck et al. 2016), and can favor the spread of propagules,
facilitating dispersal (Algarte et al. 2014, 2017a). The adher-
ence strategy includes the traits of adherence form and the
strength of adherence to the substrate (Biggs et al. 1998;
Lange et al. 2015; Tapolczai et al. 2016), and the way spe-
cies adhere to the substrate can culminate in distinct commu-
nity architecture and organization of species between com-
munities of different sites (beta diversity patterns) (Dunck
et al. 2016, 2019). Thus, species that are loosely attached
to substrates should be able to easily disperse through sites
that are connected, leading to lower beta diversity of loosely
attached species among samples since the samples share
more species (Algarte et al. 2014, 2017a). Otherwise, spe-
cies firmly attached to substrates are not great dispersers
since they are not able to reach samples far apart, which
would lead to high beta diversity of firmly attached species
among samples (Algarte et al. 2014, 2017a).

Studies about the beta diversity of periphytic algae have
assessed the importance of environmental factors in the
entire communities without considering the differences in
adherence strategies. The main evaluated factors influencing
periphytic algae were artificial eutrophication (Passy and
Blanchet 2007; Dunck et al. 2019), physical factors such
as substrate roughness (Petsch et al. 2017), and hydrologi-
cal factors in floodplains (Dunck et al. 2016). The patterns
presented in these studies were that beta diversity of peri-
phytic algae was smaller in temperate sites under a human-
impacted context (Passy and Blanchet 2007); in tropical
streams, the human impacts have not led to a reduction in
periphytic algal beta diversity (Dunck et al. 2019); and that
higher beta diversity of periphytic algae occurs in more com-
plex substrata (Petsch et al. 2017).

Periphytic algal communities are abundant in flood-
plains, which are aquatic ecosystems with high hetero-
geneity and complexity of conditions. In these systems,
periphytic algae propagate easily and colonize several
submerged substrates by movements in the water column
or those generated by seasonal changes in the hydro-
logical regime (Algarte et al. 2009; Ferragut and Bicudo
2009; Rodrigues et al. 2013). These ecosystems have
seasonal fluctuations in the water level related to flood
pulse (Junk and Wantzen 2004), which are essential fac-
tors in the rearrangement of physical characteristics and
consequently the organization and dynamics of aquatic
ecosystems and communities (Death 2010). Studies have
shown that in the upper Parana river floodplain, when the
water level reaches > 4.5, a homogenization occurs in the
system, reflecting higher similarity in environmental con-
ditions and communities among the sites from the flood-
plain (Thomaz et al. 2007). However, in the Parana River
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floodplain, a dam has altered the water level fluctuations,
controlling seasonal patterns of water level (Roberto et al.
2009). Thus, periphytic algal communities may present
different types of spatial and temporal dynamics related to
variation in water levels, which reflect changes in the local
communities’ organization (Chase et al. 2005).

To help understand the complexity of the periphytic algal
communities and how water level can structure species with
distinct adherence strategy, we used the presence—absence
and density data of the periphytic algal communities adhered
to the emergent macrophyte Pontederia azurea Sw from four
lakes in the upper Parana river floodplain between the years
2014 and 2015. We disentangle the entire communities
into two groups with a distinct adherence strategy (firmly
attached to substrates/limited dispersal, and loosely attached/
higher dispersal abilities). We estimated the beta diversity
patterns in each case (entire community, only for loosely
attached, and only for firmly attached species).

As some assumptions for our study, we use the pattern of
distance-decay previously reported for periphyton algae, in
which sites closer together share more species than sites that
are far apart (Astorga et al. 2012; Wetzel et al. 2012). We
also consider the way that water level increases can struc-
ture periphytic algae composition, making the composition
more similar when water reaches levels high enough to favor
dispersion between the river and lakes, while a more hetero-
geneous composition is present in lower water levels when
lakes are not connected (Thomaz et al. 2007). Considering
the distinct adherence strategy of periphytic algae and the
assumption that species loosely attached to substrates can
disperse more, then the lakes in this floodplain would share
more species loosely attached, leading to a decrease in beta
diversity (Algarte et al. 2014; Jamoneau et al. 2018). Taking
the main drivers in the floodplain, we expected that stronger
spatial drivers structuring species with limited dispersal
would be related to the capacity of these species to firmly
attach to the substrate, in this way, these species would not
be able to reach sites too far from each other (Biggs et al.
1998; Algarte et al. 2014).

In this study, we investigated how changes in the water
level of lentic environments from a subtropical floodplain
(upper Parana river floodplain) and different adherence strat-
egy alters beta diversity patterns of periphytic algal commu-
nities. Also, we evaluate the importance of environmental
and spatial drivers in groups with distinct adherence strate-
gies. We tested the hypotheses that (1) lakes closer to each
other would share more species, while sites too far from each
other would differ in species composition, thus not shar-
ing many species; (2) the increase in water level leads to a
decrease of periphytic algal beta diversity among all lakes;
(3) set of species with higher dispersal abilities have lower
values of beta diversity; (4) environmental processes are the
main forces structuring periphytic algae communities, but



Dispersal increases beta diversity in periphytic algae communities of subtropical floodplain... 275

spatial processes are a stronger driver of changes in groups
of algae with limited dispersal.

2 Materials and methods

Study area — This study was conducted in the upper Parana
river floodplain, located in Brazilian territory between the
states of Mato Grosso do Sul and Paran4, in one undammed
stretch of the river (Souza Filho and Stevaux 1997). This
stretch is located between the reservoirs of Porto Primavera-
SP and Itaipu-PR and is an area of great importance for the
preservation and conservation of the local aquatic biodiver-
sity (Agostinho et al. 2004). This floodplain is characterized
by highly complex aquatic environments such as canals and
lakes, with different degrees of connectivity among them.

The samplings occurred quarterly during months of low-
water levels (May 2014 and 2015, and August 2014) and
during months of high-water levels (November and Febru-
ary 2014) in four lakes (Ivai, Sdo Jodo, Pavao, and Saraiva),
that are located along the longitudinal gradient of the Parana
River (Fig. 1). These lakes are connected to the Parani River
and exhibit abundant and rich macrophyte banks, in which
Pontederia azurea Sw (= Eichhornia azurea (Sw.) Kunth) is
the most abundant macrophyte and was used as a substrate
for obtaining periphytic algal communities. We considered
each of the five sampled months as a different sample for the
development of subsequential analyses, thus, a total of 20
samples (4 lakes X 5 months =20 samples).

Ivai Lake (23° 16’ 84" S, 53° 42" 21.0"” W) has an asym-
metrical format with banks of macrophytes in the coastal
zone and is located in the right margin of the Parana River,
presenting a short connectivity canal. Sdo Jodo Lake (23° 49
20.9" S, 53° 59" 16.6" W), has an oval shape, with approxi-
mately 3 km in length and 1.8 m depth, and is situated on
the right bank of the respective Parani river. Ivai Lake is
connected to the river through a channel of 2 km in length.
Pavdo Lake (23° 58’ 31.1"” S, 54° 09" 49.1" W) has an irreg-
ular-elongated shape, with approximately 1 km in length and
with an average width of 20 m. This lake has approximately
2.6 m depth and its connectivity canal with the Parana river
is short and narrow. Saraiva Lake (24° 00" 79" S, 54° 08’
23.3" W) is considerably larger than the other studied lakes,
has an elongated shape with approximately 9.5 km in length
with an average width of 180 m and approximately 2.6 m
depth.

Limnological variables — The limnological variables were
measured concomitantly with biological sampling in
the same sampling points in all samplings. The follow-
ing limnological variables were measured in the limnetic
zone of the lakes with multiparameter Horiba U-50: water
temperature (°C), dissolved oxygen (% of saturation and
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Fig. 1 Location of sampling points. Red points represent the Lakes of
the upper Parana river floodplain: 1 Ivai Lake, 2 Sdo Jodo Lake, 3
Pavao Lake and 4 Saraiva Lake

mg L), pH, electrical conductivity (uS cm™!), turbidity
(NTU). Transparency (m) was estimated using a Secchi
disk. Two water samples were taken per lake, thus two
subsamples per lake, and filtered through Whatman GF/F
filters, under low pressure (0.5 atm) and stored at —20 °C
for later determination of alkalinity (uEq L™"), ammoniacal
nitrogen (NHs,), orthophosphate (PO,), nitrate (NO,), total
nitrogen (TN) and total phosphorus (TP) (pg L1 accord-
ing to Mackereth et al. (1978) and Roberto et al. (2009).
The data of the Parana river water level was obtained by
the pluvial metric station of Porto Rico. The limnological
variables were analyzed and provided by the Laboratory
of Limnology of the Nucleus of Research in Limnology,
Ichthyology, and Aquaculture (Nupélia) of Maringa State
University.

Periphytic algal communities — The periphytic material

was obtained from the sixth or seventh plant internode
of submerged mature petioles of Pontederia azurea Sw
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(=Eichhornia azurea (Sw.) Kunth), totaling two subsam-
ples per lake (Schwarzbold 1990). The plants were sam-
pled on the marginal region of different macrophyte patches
located in the littoral zone of the lakes. The petioles of each
lake were conditioned in 150 mL Wheaton bottles and kept
on ice. The periphytic material was removed from peti-
oles in the laboratory by a stainless-steel blade wrapped in
aluminum foil and by jets of distilled water (Algarte et al.
2014). The removed material was fixed and preserved with
acetic Lugol’s to 5% (Bicudo and Menezes 2006) and the
scrapping area was measured.

Qualitative analyzes of periphytic algae were made
through temporary glass slides preparation, observed under
an optical binocular microscope with millimeter oculars and
clear chamber attached, using the increases to 400 X and
1000 % (Bicudo and Menezes 2006). The identifications were
made until the lowest level of identification possible, using
taxonomic keys and specialized literature (Anagnostidis and
Komarek 1988, and Koméarek and Anagnostidis 1989 for
Cyanophyceae; Round 1971 and Bicudo and Menezes 2006
for the other classes).

We used the Utermohl method (1958) to quantify the
algae, and the counting was conducted in random fields on
an inverted Olympus CK2 microscope according to two
standardized criteria; until we reached at least 100 indi-
viduals of the most common species (cells, colonies, and
filaments) of each sample and until a species—accumulation
curve reached an asymptote (Ferragut and Bicudo 2012).
The density of periphytic algal communities was calculated
by the equation proposed by Ros (1979), adapted to the
substrate area. The results were expressed per unit of area
(ind cm™?).

The periphytic algal classification according to adher-
ence strategy in firmly (limited dispersal) or loosely (higher
dispersal abilities) attached to the substrate was made fol-
lowing Sladeckova and Sladecek (1977) (Electronic supple-
mentary material-ESM1). Periphytic algae with adherence
form among mobile and entangled (Biggs et al. 1998) were
classified as loosely attached to the substrate, while peri-
phytic algae with adherence form among prostrate, stalked,
mucilage tube or heterotrichous (Biggs et al. 1998) were
classified as firmly attached to the substrate.

Data analysis — A principal component analysis (PCA, Leg-
endre and Legendre 1998) was performed to segregate the
lakes according to their total environmental variables (tur-
bidity, dissolved oxygen, pH, electrical conductivity, alka-
linity, TN, and TP) to evaluate if the lakes and hydrological
levels would be characterized by specific environmental
variables. The data was previously standardized and the two
first axes that had a broken-stick value smaller than the PCA
eigenvalues were selected to further interpretation (Legendre
and Legendre 1998).
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To assess how periphytic algae composition changed
across lakes we estimated beta diversity using two indexes:
Jaccard (presence—absence matrix) and Bray—Curtis (spe-
cies densities matrix). The data regarding species’ density
was previously logarithmized to avoid discrepant values of
species density. Regarding the indexes, we choose to use
Bray—Curtis to detect changes in species densities across
lakes and water levels, and Jaccard, in its turn, is useful to
detect changes in the composition (occurrence) of species
(Koleff et al. 2003; Barwell et al. 2015). In this way, we
can infer the processes driving changes in species composi-
tion as well as changes in the density of these species. We
estimated the beta diversity patterns in each case: for the
whole community among all lakes and months, for the group
of firmly attached among all lakes and months, and for the
group of loosely attached among all lakes and months.

We conducted six permutational analysis of variance
(PERMANOVA; Anderson 2001) to test for differences in
species composition among groups of lakes and water lev-
els for the whole community at all sampled months, sepa-
rately for loosely attached species, and separately for firmly
attached species. We also performed six permutational
analysis of multivariate dispersions (PERMDISP; Ander-
son 2006) to test if values of beta diversity differ among
lakes and water levels for the whole community among all
replicated months, for only loosely attached species, and for
only firmly attached species. Whenever a significant differ-
ence was found among groups of lakes, we conducted a post
hoc test to test for pairwise differences among lakes, using
Bonferroni’s correction to estimate P values since we are
dealing with multiple comparisons. We also conducted a T
test to search for differences in centroid values of beta diver-
sity among species with different adherence strategies. In the
T test, our response variable was the beta diversity centroids
in each sample of Jaccard’s and Bray—Curtis indexes and our
categorical predictor was the adherence strategy of species
(loosely and firmly attached). We used 9999 permutations
for all tests.

We investigated the importance of environmental and
spatial processes on periphytic algae using two datasets.
The first dataset was the environmental variables matrix
(turbidity, dissolved oxygen, pH, electrical conductiv-
ity, alkalinity, TN, and TP; the environment component)
and the second was the fluvial distance matrix between
sites (spatial component). The environmental variables
were previously standardized for further analysis with the
environmental component (Legendre and Gallagher 2001).
Spatial variables were assessed by submitting the fluvial
distance matrix between sites to a principal coordinate of
neighbor matrices (PCNM), which generated the spatial
filters reflecting the fluvial distance matrix. These spatial
filters were used in further analysis as the spatial compo-
nent (Borcard and Legendre 2002).
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We tested the importance of environmental and spatial
components as potential drives of beta diversity patterns
of periphytic algae species with limited dispersal (firmly
attached to substrates) and with higher dispersal abilities
(loosely attached to substrates). The standardized environ-
mental variables and spatial filters were previously submit-
ted to forward selection to identify which variables of these
two datasets were related to the response matrixes (Jaccard’s
and Bray—Curtis’ beta diversity of periphytic algae species
with limited dispersal and with higher dispersal abilities)
(Blanchet et al. 2008). P values under 0.05 and maximum
values of adjusted R* equal to the one generated by partial
distance-based redundancy analysis (dbRDA) across beta
diversity and environmental variables were used as a thresh-
old in the forward selection. The selected environment and
spatial variables were used in the subsequent analysis as the
environment and spatial components.

We performed three variance partitioning (Borcard et al.
1992) to identify the unique and shared contributions of the
environment (as the environment standardized variables
selected in the forward selection) and spatial component (as
the spatial filters selected in the forward selection) on Jac-
card’s and Bray—Curtis’ beta diversity indexes obtained for
three different matrixes: (1) considering all species in all
lakes and months (thus, for the 20 samples); (2) consider-
ing only loosely attached species in all lakes and months;
and (3) considering only firmly attached species in all
lakes and months. Although we sampled four lakes only,
we accounted for the spatial and seasonal variation within
lakes, increasing our sampling range width (Fischer 2019),
and we also corrected our data following the adjusted R?
method unbiased by sampling size, proposed by Peres-Neto
et al. (2006). Thus, we choose to include variance partition-
ing even with our small dataset, given that we adopted such
precautions. The adjusted R? of the unique fractions from the
environment and spatial components were accessed through
a dbRDA, in which we checked for responses in the distance
matrixes (i.e., Bray—Curtis and Jaccard’s indexes; Borcard
and Legendre 2002). This allows us to search for the effect
of a component while controlling the other (i.e., identifying
the significance of the environment component in the beta
diversity matrix while controlling the influence of the spatial
component) (Montag et al. 2018). The dbRDA were then
tested through analysis of variance (ANOVA; 10,000 permu-
tations). All analyses were performed in the software R (R
Development Core Team 2014), using the packages “vegan”
(Oksanen et al. 2013), “adespatial” (Dray et al. 2019), and
ade4 (Dray and Dufour 2007).

3 Results

The water level variation and limnological conditions — The
variation of the hydrologic regime of the Parana river dur-
ing the study period was characterized by the occurrence of
short pulses (< 3.5 m). Increases in the water levels were
registered from November 2014 until April 2015, with val-
ues between 2.5 and 3.0 m. From the 5 months that we sam-
pled, November 2014 and February 2015 were considered
the months with higher water levels of the study (>2.5 m),
while May 2014 and 2015, and August 2014 were consid-
ered months of lower water levels (< 2.5 m; Fig. 2).

The main variability in the limnological variables
occurred among lakes (spatial scale) instead of the sam-
pling months (Fig. 3). The PCA axes selected through the
broken-stick method were axes two and three, which summa-
rized 41.14% of the variability of the limnological variables
(Electronic supplementary material-ESM2). The second
axis was correlated mainly with total phosphorus (r=0.637)
and total nitrogen (r=0.622; Electronic supplementary
material-ESM2). The third axis was correlated mainly with
pH (r=-0.873). The PCA representation demonstrated a
distinction between the lakes concerning its nutrients (P
and N; Fig. 3). The majority of samples in Ivai and Saraiva
lakes showed higher values of total nutrients than Pavao and
Sdo Jodo (Fig. 3). We also observed a pattern where the
majority of the sites sampled in months of low-water levels
showed lower pH values (more acidic), while most samples
in months of high-water levels showed the highest values of
pH (more basic) (Fig. 3).

Periphytic algal communities — Periphytic algae were
represented by 181 taxa, within nine classes (51 Bacil-
lariophyceae, 42 Chlorophyceae, 36 Zygnemaphyceae, 17
Cyanophyceae, 16 Euglenophyceae, 10 Xanthophyceae, 7
Oedogoniophyceae, one Chlamydophyceae, and one Chryso-
phyceae). Bacillariophyceae was the richest class, followed
by Chlorophyceae and Zygnemaphyceae. May (144) and
February (131) of 2015 were the richest months. Bacil-
lariophyceae was also the most abundant class in organism
density, followed by Oedogoniophyceae and Cyanophyceae.
August and May of 2014 presented the highest values of
algal density and February of 2015 the lowest density. Pavao
Lake showed the highest values of periphytic algae density
over time, especially in low water levels (Electronic sup-
plementary material-ESM1).

Species composition and beta diversity — For the whole
community, considering the Jaccard index, species compo-
sition differed among the lakes (Table 1), but did not differ
among months with distinct hydrological levels, as returned
by the PERMANOVA (Table 1; Electronic supplementary
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Fig.2 Daily variation of 35

hydrometric levels of the Parana
river during the study period
(May/2014 to May/2015). The
arrows indicate the days of
sampling of the periphytic algal
community (08-09-11/05/2014,
06-07-08/08/2014, 04-05-
08/11/2014, 03-04-08/02/2015,
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Fig.3 Representation of the principal components analysis (PCA).
Ivai lake (circles), Pavdo lake (squares), Sdo Jodo lake (diamond),
and Saraiva lake (triangle). Non-filled shapes represent samples in the
low-water levels, while black-filled shapes represent samples in the
high-water levels. TP total phosphorus; NT total nitrogen

material-ESM2). For the Bray—Curtis index, species com-
position also differed among the lakes (Table 1) but did not
differ among months with higher and lower hydrological
levels (Table 1; Electronic supplementary material-ESM2).
The pairwise comparisons revealed that species composi-
tion (for Jaccard as well as for Bray—Curtis) were not differ-
ent between the closest lakes (Pavdo and Saraiva; Table 1).
The most isolated lake (Ivai) was consistently different from
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Sédo Jodo (the intermediate lake) but varies in differences
depending on the index when we compared with Pavao and
Saraiva, the most distant lakes from Ivai (Table 2). Regard-
ing differences in the variance of beta diversity within lakes
(PERMDISP), there was no difference among lakes, nor
hydrological levels (Fig. 4) for any of the beta diversity
indexes (Table 1).

When we conducted the analyses to identify differences
in species composition between groups of distinct adherence
strategy, we found that loosely and firmly attached species
are both different among lakes for Jaccard’s index as well
as for Bray—Curtis, but not for months of different water
level (Table 1; Electronic supplementary material-ESM?2).
The pairwise comparisons varied in differences among
lakes depending on the index: for the Jaccard index, the
closest lakes (Pavao and Saraiva) were not different from
each other regarding loosely attached species’ composi-
tion, but it was different for firmly attached (Table 1). As
for the Bray—Curtis index, the closest lakes differed regard-
ing loosely attached species’ density but did not for firmly
attached (Table 1). Species composition in the most isolated
lake (Ivai) was different from the ones found in the interme-
diate lake (Sdo Jodo) for both groups of distinct adherence
strategy considering the Jaccard index but differed only for
loosely attached species when we considered the Bray—Cur-
tis index (Table 1). Yet, Ivai was different from Pavio, a
distant lake, but was not different from Saraiva, the neighbor
lake of Pavao (Table 2). Regarding differences in the vari-
ance of beta diversity within the lakes (PERMDISP), there
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Table 1 Results regarding
differences in centroid values

Whole community

Loosely attached Firmly attached

(as returned by PERMANOVA F-ratio P value* F-ratio P value* F-ratio P value*

and its corresponding pairwise

comparisons) and dispersion PERMANOVA

(as returned by PERMDISP) of Among lakes

beta diversity among different Jaccard index 1.995 <0.001 1.926 <0.001 1.821 <0.001

lakes and water levels for the L. .

whole community, only for Pairwise comparisons

loosely attached species and Ivai*Pavio 1.578 0.048 1.779 0.046 1.207 1.000

only for firmly attached species Ivaf*Sao Jodo 2.253 0.048 1.910 0.048 2.424 0.047
Ivai*Saraiva 1.507 0.302 1.492 0.328 1.356 0.891
Pavido*Sdo Jodo 1.579 0.323 1.781 0.049 1.287 1.000
Pavido*Saraiva 2.117 0.101 1.909 0.196 2.126 0.050
Sdo Jodo*Saraiva 3.077 0.045 2.710 0.045 2.712 0.045
Bray—Curtis index 2.276 <0.001 2.329 <0.001 1.917 0.001
Paiwise comparisons
Ivai*Pavio 1.730 0.104 2.028 0.046 1.351 1.000
Ivai*Sao Jodo 2.228 0.047 2.227 0.046 2.003 0.098
Ivai*Saraiva 1.784 0.284 1.669 0.331 1.674 0.574
Pavao*Sao Joao 1.726 0.336 2.043 0.147 1.347 0.993
Pavao*Saraiva 2.630 0.097 2.398 0.047 2.417 0.095
Sdo Jodo*Saraiva 3.715 0.049 3.676 0.045 2.779 0.143
Among water levels
Jaccard index 1.120 0.263 1.023 0411 1.337 0.146
Bray—Curtis index 1.244 0.206 0.989 0.456 1.549 0.092
PERMDISP
Among lakes

Jaccard index 1.452 0.287 0.513 0.676 2.687 0.085
Bray—Curtis index 0.999 0.432 0.556 0.654 0.897 0.457

Among water levels
Jaccard index 1.341 0.279 0.267 0.621 1.839 0.193
Bray—Curtis index 0.883 0.358 0.060 0.811 1.733 0.211

Bold P values represents statistically significant differences among groups

*P values of pairwise comparisons are corrected by Bonferroni method

was no difference among different lakes, nor hydrological
levels for neither groups of distinct adherence strategy or
beta diversity indexes (Table 1). When we tested for dif-
ferences in distances to centroid values of beta diversity
between loosely and firmly attached species, we found that
these two groups with distinct adherence strategy were dif-
ferent from each other regarding its beta diversity (Jaccard:
T=8.58, DF=1, P<0.01; Bray—Curtis: 7=9.39, DF=1,
P <0.01); Loosely attached species had higher values of
beta diversity than firmly attached species in Jaccard’s index
as well as in Bray—Curtis’ index, indicating that loosely
attached species’ composition and density changes more
among lakes and months than the composition and density
of firmly attached species (Fig. 5).

Importance of environmental and spatial drivers on peri-
phytic algae — Alkalinity, total phosphorus, total nitro-
gen, conductivity, and water turbidity were environmental

variables often selected in the forward selection (Table 2). In
terms of spatial variables, the PCNM axes representing the
smaller distances (axes 2 and 3; see Borcard and Legendre
2002) were always selected for species with limited dispersal
and the whole community, while the axis representing the
greater distances (axis 1; Borcard and Legendre 2002) was
often selected for species with higher dispersal. All envi-
ronmental and spatial variables selected for the whole com-
munity and by groups with distinct adherence strategies are
in Table 2.

When we considered the whole community, we found that
both beta diversity indexes were mainly driven by environ-
mental (Jaccard: adjusted R%2=0.082, F=1.858, P=0.001;
Bray—Curtis: adjusted R?=0. 105, F=2.516, P=0.001;
Table 2), but a lower significant part of beta diversity’s
variance was also explained by spatial variables (Jaccard:
adjusted R*=0.045, F=1.883, P=0.002; Bray—Curtis:
adjusted R?>=0.064, F=2.319, P=0.001; Table 2). The
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Table 2 Statistical results of the variance partitioning and its related ANOVAs for Bray—Curtis’ and Jaccard’s beta diversity indexes for the

whole community and for the two groups with distinct adherence strategy

Env.sel Spa.sel [a] [b] [c] Residuals F.env P.env F.spa P.spa

For the whole community
Jaccard index Turb; TP 2 0.082 0.008 0.045 0.865 1.859 0.001 1.883 0.002
Bray—Curtis index Turb; TP 2 0.106 0.010 0.004 0.821 2.517 0.001 2.320 0.001
For groups of distinct adherence strategy
Loosely attached

Jaccard index Turb; TP 1;2;3 0.006 0.094 0.034 0.867 1.054 0.374 1.220 0.075

Bray—Curtis index Turb; TN 2;3 0.016 0.059 0.014 0.912 1.147 0.199 1.129 0.231
Firmly attached

Jaccard index TN; Cond; Alk 2:3 0.144 -0.016 0.104 0.768 2.033 0.001 2.063 0.002

Bray—Curtis index Alk; TP; Turb 2;3 0.033 0.177 0.031 0.759 1.266 0.176 1.317 0.164

Environmental variables (Env.sel) and spatial axes (Spa.sel) selected trough forward selection are described

Adjusted R? of [a] pure environmental component, [c] pure spatial component, [b] shared component, and residuals of the variance partitioning

Values of F and P are as returned by the ANOVA tests of the pure environmental (F.env; P.env) and spatial (F.spa; P.spa) components

Bold values of P represent significant effects of the component using a significance of 0.05

Alk alkalinity, TP total phosphorus, Cond conductivity, TN total nitrogen, Turb water turbidity

0.56 0.48
0.54 _ 0.46 T
0.52 - 0.44
3 8-ig 0.42
§ 0.46 040
° 0.38
g a4 0.36
S 0.42
S 040 e 0.34
0 038 0.32 J_
0.36 0.30 L
0.34 —_ 0.28
032 <2.5 meters >2.5 meters 020 <2.5 meters >2.5 meters
Water level Water level B

Fig.4 Boxplots of distance to centroid values of Jaccard (a) and Bray—Curtis (b) beta diversity indexes between months of different water levels
(<2.5 and>2.5 m). Central lines in the boxplots represent mean distances to centroids, thus beta diversity, boxes are its confidence interval, and

spreads are its minimum and maximum values

way beta diversity varies according to environmental differ-
ences and geographical distance among lakes was clear: The
more two sites are different from each other concerning its
environmental variables, the more different these two sites
were regarding species’ composition and density (Fig. 6a);
the same is true for geographical distance: the more distant
two sites are from each other, the more they differ in species’
composition and density (Fig. 6b).

Concerning the drivers of beta diversity of groups with
distinct adherence strategy, the Bray—Curtis index for
species with limited dispersal (firmly attached) was not
driven by environmental (adjusted R?>=0.033, F=1.265,
P=0.176; Table 2) nor spatial (adjusted R*=0.031,
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F=1.317, P=0.164; Table 2) components, but the Jaccard
index was driven by both (Purely environment: adjusted
R*=0.143, F=2.032, P=0.001; Purely space: adjusted
R?>=0.104, F=2.063, P=0.002; Table 2). Regarding spe-
cies with higher dispersal (loosely attached), both of the
indexes (Bray—Curtis and Jaccard) did not show any sig-
nificant part of its variance explained by the environment
(Bray—Curtis: adjusted R%*=0.016, F=1.147, P=0.199;
Jaccard: adjusted R%2=0.006, F=1.054, P=0.374; Table 2)
or space (Bray—Curtis: adjusted R>=0.016, F=1.147,
P=0.199; Jaccard: adjusted R%2=0.006, F=1.054,
P=0.374; Table 2).
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Fig. 6 Scatterplots showing the relationship between Jaccard (black circles) and Bray—Curtis (gray squares) beta diversity indexes and a environ-
mental variables (turbidity and total phosphorus; represented by a Euclidean distance between lakes) and b fluvial distance (km) between lakes.
The lightest gray circles and darkest gray squares in graph b are the distances between Sdo Jodo lake to Pavdo lake (56 km) which is almost the
same as from Saraiva lake to Sdo Jodo lake (55.7 km), so we changed the colors of the distances for better visualization of the two distances

4 Discussion

Our results demonstrated, when we considered the whole
community, that the closest lakes (Pavao and Saraiva)
showed a similar species composition, but these lakes
varied regarding beta diversity depending on the group of
adherence strategy addressed, partially corroborating our
first hypothesis. Yet, periphytic algal beta diversity did not
differ between months with distinct water levels, which
did not support the hypothesis that increases in water level
lead to a decrease of periphytic algal beta diversity. Our
third hypothesis concerning species with higher dispersal
presenting lower values of beta diversity was not corrobo-
rated, and we found the opposite pattern, where the set of

species with higher dispersal (loosely attached to the sub-
strate) presented higher values of beta diversity. Related
to our fourth hypothesis, we showed that the changes in
the composition of species with limited dispersal (firmly
attached) were mainly driven by environmental factors,
but space also plays an important role, which partially
confirms our hypothesis. We found no apparent driver of
changes in species composition or density (Jaccard and
Bray—Curtis indexes) for species with higher dispersal.
The limnological variation in our study demonstrated that
most upriver sites (Ivai lake) and most downriver sites
(Saraiva lake) presented higher nutrient availability, and
that pH tended to change from more acidic in the low-
water level to more basic in the high-water level.
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Periphytic algal communities and beta diversity patterns —
Based on our predictions of species composition, for the
whole community, some lakes differed regarding their spe-
cies composition and density, in which the geographically
closest lakes (Pavao and Saraiva) did not differ from each
other. These results indicate that these two lakes may be
environmentally structured in a similar way that allows the
same species to survive in both lakes, and, since these two
lakes are the closest together, species should be able to dis-
perse within them easier than too far apart lakes, such as
Ivai (Wetzel et al. 2012). Indeed, Ivai lake has a distinct
composition than Pavido (a distant lake from Ivai) and Sao
Jodo (an intermediate lake), although no differences were
found between Ivai and Saraiva (also a distant lake from
Ivai). These results corroborate our predictions that sites
closer to each other share more species among them, even
though the results for some sites apart from each other (spe-
cifically Ivai and Saraiva) are fuzzy regarding changes in
species composition and density.

The higher water level did not lead to lower beta diver-
sity of periphytic algae. The water level in these months did
not reach levels of homogenization (> 4.5 m), indeed, our
sampling was conducted in a period of abnormal drought,
when the highest water level reached was close to 3 m,
which might have led to such results. In this way, the strong
temporal variation documented for the Parana floodplain
may have not affected the periphytic algal beta diversity,
as pointed for the organization of other aquatic communi-
ties in this floodplain (Thomaz et al. 2007). Dunck et al.
(2016) also did not detect the importance of seasonal differ-
ences and wide variation in water level in periphytic algal
beta diversity. The possible explanation is that the regula-
tion of the water discharge regime imposed by hydroelectric
dams in this floodplain provides unpredictable disturbances
(Dunck et al. 2016). Such disturbance can be an important
factor driving local colonization and extinction events, and
override the expected effect of natural flood pulse regimes
on aquatic communities (Padial et al. 2014). But the fact that
beta diversity differed among lakes, reinforces the impor-
tance of local environmental factors and geographical dis-
tance, and the prolonged time of drought, including very
low water level. Differences in species composition may be
results of local environmental filters as well as geographical
distance among lakes, which may restrict the occurrence of
species to the local environmental conditions and sites far
apart from each other. Yet, a higher variety of environmen-
tal conditions provides more variety of niches, leading to
variation in species composition among localities, as well
as sites too far from each other should vary more in species
composition since some species are unable to disperse to
such far sites (Leibold et al. 2004).

The inclusion of species adherence strategies in the evalu-
ation of beta diversity patterns can clarify the understanding
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of the drivers of beta diversity patterns because these traits
may facilitate or not dispersal. Our prediction of lower beta
diversity for loosely attached was not corroborated. These
results indicated that even with the capacity of easy spread
of mobile and entangled species, some factor still provides
the establishment of more distinct flora, that could be envi-
ronmental drivers, as pointed out for beta diversity of dia-
tom guilds (Jamoneau et al. 2018). However, the patterns of
beta diversity of set of species with higher dispersal in the
floodplain were not drive by space nor by the environment.
These loosely attached species can be easily displaced from
the substrate and be passively drifted away, yet, some species
are motile and can actively disperse to other sites (Algarte
et al. 2014). So, the lack of relationship between space and
beta diversity of the set of species with higher dispersal was
expected; since these species have great dispersal abilities,
they are not limited by space and can reach other sites (as
long as they are connected; Algarte et al. 2009; Wetzel et al.
2012). Surprisingly, the environmental variables evaluated
in this study did not have any influence in changes of com-
position and density of loosely attached, what may indicate
that other processes, not account for in our study, could be
driving these changes, such as the hydrological characteris-
tics of the flood itself (Fonseca and Rodrigues 2005; Algarte
et al. 2000).

Importance of environmental and spatial drivers on peri-
phyticalgae — When we considered the whole community,
the beta diversity pattern of both indexes was driven mainly
by the environment (especially conditions of turbidity and
total phosphorus), but a smaller yet significant portion of
the beta diversity pattern was driven by space (especially
smaller distances). This reinforces that periphytic algae
composition, as well as its density, are structured by the
environmental characteristics of the lakes, specifically, dif-
ferences in turbidity among lakes can select different spe-
cies since higher turbidity leads to higher light limitation in
the lake, which selected only for tolerant species to survive
in these light deficient systems (Thomaz et al. 2007; Xiao
et al. 2011). In another way, different phosphorus concentra-
tions among lakes can also select for a different composi-
tion and density patterns of species since phosphorus is one
of the main nutrients that limit algae population growth,
thus, lakes that have a lower concentration of phosphorus
may select only species tolerant to phosphorus deficiency
(Xiao et al. 2011; Bozelli et al. 2015). In this context, the
more different two lakes are regarding their environmen-
tal characteristics, the more different they will be regard-
ing their species composition and density. Yet, space plays
an important but smaller role in driving periphytic algae
composition and density. Our analyses revealed a pattern
of distance-decay, previously documented for the biologi-
cal group studied (Wetzel et al. 2012), in which the more
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distant geographically two sites are, then the more different
their composition and density of periphytic algae will be.
This pattern was also described for stream fish (Benone et al.
2018), tropical trees (Condit 2002), diatoms, and macroin-
vertebrates (Astorga et al. 2012).

Regarding the drivers of beta diversity for groups with
distinct adherence strategies, we found that space does play
an important role in structuring changes in the composition
of species with limited dispersal, reflecting their poor dis-
persal capacity, but environmental conditions also drive a
similar amount of changes in composition. Periphytic algal
species firmly attached to substrates are less likely to be dis-
placed from the substrate they live on, which can be a useful
adaptation in current waters and floodplains to avoid being
passively drifted away from an ideal habitat (Algarte et al.
2014). But this adaptation also implies that these species are
not able to reach sites too far from where they live, result-
ing in higher variation in species composition and density
among distant sites (Soininen et al. 2007; Jamoneau et al.
2018). Yet, environmental conditions act as filters for species
with limited dispersal, selecting species adapted to survive
in specific conditions of nutrient availability, water conduc-
tivity, and alkalinity. Thus, beyond being limited by their
poor dispersal ability, periphyton species firmly attached to
substrates are yet limited by environmental conditions to
establish themselves in the habitat. Although changes in the
occurrence of species with limited dispersal between sites
are driven by space and environment, changes in their densi-
ties are not. In a way, changes in density may be driven by
other variables that we did not consider in this study, such as
herbivory, as shown by Dunck et al. (2018) with an experi-
mental approach demonstrating that different herbivores may
structure periphyton density in different ways.

Concluding remarks — In summary, we showed that lakes
closer to each other present similar patterns of beta diversity,
but higher water levels did not lead to lower periphytic algal
beta diversity. Yet, local environmental factors act as filters
in beta diversity differences among lakes, while spatial fil-
ters influence periphytic algae communities in a pattern of
distance-decay, in which the more distant two sites are from
each other, the more different they will be regarding species’
composition and density. We also demonstrate that species
with distinct adherence strategies differ in beta diversity pat-
tern in the floodplain, in which species with limited dispersal
(firmly attached to substrates) are driven by environmental
and spatial factors, while no apparent driver (neither envi-
ronmental nor spatial variables approached in this study)
was important to species with higher dispersal (loosely
attached to substrates). These results highlight the impor-
tance of analyzing functional aspects of periphytic algal to
understand beta diversity patterns. We also indicate that the
inclusion of more traits related to life form and adherence

strategy can clarify the understanding of the beta diversity
patterns of periphytic algae.
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