Environmental Pollution 288 (2021) 117778

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/envpol

Contents lists available at ScienceDirect

ENVIRONMENTAL
PO TION

Environmental Pollution

Homogenization of diatom assemblages is driven by eutrophication in

tropical reservoirs™

Check for
updates

Stéfano Zorzal-Almeida® ", Elaine C. Rodrigues Bartozek ™, Denise C. Bicudo ¢

2 Univesidade Federal do Espirito Santo — UFES, Av. Fernando Ferrari, 519, Vitéria, ES, Brazil
b Instituto de Botanica, Department of Ecology, Av. Miguel Estéfano 3687, 04301-902, Sao Paulo, SP, Brazil
¢ Universidade Estadual Paulista “Julio de Mesquita Filho” — UNESP, Av. 24A, 1515, 13506-900, Rio Claro, SP, campus, Rio Claro, SP, Brazil

ARTICLE INFO

Keywords:

Beta diversity
Biodiversity
Nestedness
Trophic gradient

ABSTRACT

Eutrophication is one of the most widespread causes of biotic homogenization in freshwater ecosystems. Biotic
homogenization can be characterized as reductions in local diversity (alpha) and occupation of available niches
by more generalist species. Beta diversity is expected to decrease in more homogeneous communities, however,
there is no consensus on how it responds to eutrophication. We used a space-for-time approach to analyze the
process of biotic homogenization on diatom assemblages in response to eutrophication in tropical reservoirs
ranging from oligotrophic to hypereutrophic conditions. Diatom assemblages were analyzed in phytoplankton
and surface sediment from 12 reservoirs with different trophic levels. We calculated total beta diversity and
turnover and nestedness components and used regressions to analyze their relationships with productivity dif-
ferences (without distance effects). Total beta diversity had a positive influence of the trophic gradient, whereas
turnover was not related to eutrophication. However, we found that eutrophication and lower species richness
(alpha diversity) led to increasing rates of the nestedness component. We also observed that the homogenization
process was not characterized by invasion of new species, but, on the contrary, by filtering nutrient-rich tolerant
species also present in oligo-mesotrophic reservoirs and able to occupy available niches in the eutrophic reser-
voirs. These findings (increase in nestedness, decrease in alpha diversity, and development of tolerant species)
suggest that biotic homogenization is leading to a simplification of diatom assemblages in tropical reservoirs,
making assemblages from eutrophic and hypereutrophic reservoirs a subset of assemblages from oligotrophic and
mesotrophic ones.

1. Introduction

(Hughes and Stachowicz, 2004).
Biotic homogenization in response to anthropogenic stressors has

Currently, biodiversity loss has been documented as one of the main
consequences of anthropogenic stressors (Dudgeon et al., 2006; Reid
et al., 2018). These losses are not simply characterized by reductions in
local species richness (alpha diversity), but they also imply regional
taxonomic simplification of the communities (Solar et al., 2015), which
is demonstrated in lower beta diversity (i.e., variation in assemblage
compositions among sites). Reductions in alpha and beta diversities may
be followed by the spread of more generalist species and regional ex-
tinctions of rare and specialist species in response to environmental
changes, a process known as biotic homogenization (Olden, 2006;
Petsch, 2016), whose consequences include loss of ecosystem stability,
thus reducing its resilience in coping with environmental disturbances
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been reported for both terrestrial and freshwater ecosystems. For
instance, removal of forested areas for agricultural use has led to the
biotic homogenization of several animal and plant groups (Solar et al.,
2015), as well as soil microbial communities (Rodrigues et al., 2012) in
the Amazon region. In wetlands, the degradation and consequent habitat
simplification has increased the similarity on plant, diatom,
zooplankton, and macroinvertebrate communities (Lougheed et al.,
2008). Urbanization can be also pointed out as one of the main causes of
biotic homogenization, as it often produces a disturbed and homoge-
neous environment that leads to local extinction, subsequently leaving
the environment more susceptible to invasion of alien species (Blair,
2001; McKinney, 2006). Schwartz et al. (2006) observed an association
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between higher extinction rates of rare plant species in Californian flora
and human population density, suggesting urban development as a
cause of biotic homogenization.

In freshwater ecosystems, urbanization can promote water degra-
dation, leading to eutrophication (Fontana et al., 2014; Zorzal-Almeida
et al., 2018), which, when derived from nutrient enrichment (mainly
nitrogen and phosphorus), can be a cause of biotic homogenization in
these ecosystems (Donohue et al., 2009; Menezes et al., 2015; Wengrat
et al., 2018). Reductions in environmental heterogeneity seem to be a
key factor leading to this phenomenon, filtering species that succeed
under more eutrophic conditions (Menezes et al., 2015). Contradicto-
rily, beta diversity can be positively influenced by eutrophication at
regional scales (Chase, 2010), whereas local diversity seems to be higher
at intermediate levels of nutrient concentration (Svensson et al., 2007).
Even though eutrophication has been suggested to both increase and
decrease the turnover component (Chalcraft et al., 2008) and since the
nestedness process cause species loss in response to some event that
promotes disaggregation, it is reasonable to expect nestedness rates to
increase with nutrient enrichment (Baselga, 2010).

Although diatom assemblages from tropical reservoirs have shown a
process of biotic homogenization in response to eutrophication (Wen-
grat et al., 2018), it has not yet been analyzed whether the similarity
among communities in eutrophic environments (1) is due to a sor-
ting/selecting species that leads to a lower species richness, or (2) the
local extinctions that generates a community composed by a subset of a
richest community. Therefore, partitioning beta diversity into its com-
ponents of turnover and nestedness (species substitution and species
loss, respectively) could be an interesting way to solve that gap, since
they help to access the processes that underly beta diversity. In addition,
spatial data can be an alternative for the lack of long time series, often
necessary in biotic homogenization studies. However, long time series
(e.g., monitoring programs) demands greater human and financial
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efforts to maintain the research, which makes space-for time approach
an interesting alternative. Accessing spatial patterns of biotic homoge-
nization may give insights on how the process occur over time, which is
in the core of the space-for-time approach (Blois et al., 2013). Despite its
use in freshwater ecology (Thomaz et al., 2012), to our knowledge, no
studies have explicitly used space-for-time approach to assess the effects
of eutrophication on biotic homogenization.

We carried out samplings ranging a broad productivity gradient —
from oligotrophic to hypereutrophic conditions — to investigate if the
spatial biotic homogenization in a series of tropical reservoirs occurs in
response to anthropogenic eutrophication. Our hypothesis is that
eutrophication leads to the homogenization of diatom assemblages in
tropical reservoirs. We predicted that (i) turnover rates should not in-
crease with eutrophication, since species replacement is not expected in
homogenization processes, (ii) the nestedness component should in-
crease with higher eutrophication levels, and that (iii) homogenization
leads to species loss, making diatom assemblages from more productive
reservoirs a subset of those that are less productive. Finally, we made
some considerations regarding using the space-to-time approach in
diatom assemblage homogenization.

2. Material and methods
2.1. Study area

This study was conducted in 12 man-made reservoirs distributed in
three watersheds of Sao Paulo State, southeastern Brazil (Fig. 1),
encompassing an area lager than 31'000 km?, located between 46°25'W
- 48°22'W and 22°37'S - 23°39'S. Five of the reservoirs are components
of the largest water supply system in the world (Cantareira System) and
are connected via tunnels. All waters from the reservoirs flow into the
Barra Bonita reservoir, located in the Tieté River, the largest river in the
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Fig. 1. Location of the reservoirs in the present study (modified from Bicudo et al., 2016).
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region. The reservoirs are between 7 and 222 km apart from each other
and located between 451 and 846 m above sea level with constructions
varying from 1811 to 1982 (our sampling was not influenced by the
reservoirs filling). Reservoirs mean depth ranges from 2.2 to 28.4 m and
surface area from 0.11 to 241.27 km? (Zorzal-Almeida et al., 2017a). For
more specific information about each reservoir, see Supplementary
Material. The regional climate is characterized as humid subtropical
zone and its annual cumulative precipitation ranges from 1300 to 1600
mm (Alvares et al., 2014). There are no relevant differences among their
local climates. The land use of drainage basins comprises agriculture,
cattle breeding, and urban areas. The reservoirs provide water for
multiple uses, including water supply (e.g., Cantareira System), elec-
trical generation, navigation, and recreation.

2.2. Sampling design and procedures

For physical and chemical characterizations, we selected from two to
seven sampling sites at each reservoir depending on their size, number of
main inflowing streams, and maximum depth (Table 1). Field samplings
were conducted in one summer and one winter, and water samples were
collected using a van Dorn bottle on the subsurface. Conductivity (uS
em™!) and pH were measured in situ by using standard electrodes
(Horiba U-50). Total phosphorous and total nitrogen (pg LY were
determined following the analytical procedures of Standard Methods
(APHA, 2005), and chlorophyll-a (pg L1, corrected for phaeophytin
using 90% ethanol (Sartory and Grobbelaar, 1984). Trophic State Index
(TSI) was calculated using an adaptation of Carlson’s TSI for tropical
reservoirs (Lamparelli, 2004; Zorzal-Almeida et al., 2017b). Mean
values among the sampling sites within each reservoir were used in our
analyses.

We sampled diatom assemblages from both phytoplankton and sur-
face sediments at the deepest region of each reservoir. During both the
summer and winter, planktonic diatoms were sampled using a van Dorn
bottle at three different depths (subsurface, mean depth, and 1 m above
the sediment) and then integrated. Considering that sediments integrate
temporal and spatial scales (Smol, 2008), we used a UWITEC gravity
corer to sample surface sediment diatoms only in winter, since it cor-
responds to the dry season in Brazil, when sediments are more stable.
The upper 2 cm of each sediment core (triplicate per sampling site) were
extruded and then pooled together. Water and surface sediment diatom
samples were oxidized using hydrogen peroxide (H,O5 35%) and hy-
drochloric acid (HCI 37%) (Battarbee et al., 2001), and permanent glass
slides were prepared using Naphrax as a mounting medium. Diatoms
were identified and quantified at a magnification of 1000x using a Zeiss
Axioskop 2 microscope. To ensure the same counting effort among
different samples, a minimum of 400 valves per slide were counted until
reaching a counting efficiency of at least 90% (Pappas and Stoermer,
1996). Species relative abundances matrix resulting from diatom
counting was converted into a presence matrix (0/1), while phyto-
plankton and surface sediment matrices were combined into a single
matrix to represent the local assemblage. Both phytoplankton and

Table 1
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surface sediment diatoms matrices were aggregated to access the
reservoir total richness in a short time period. The sedimentation rates of
other reservoirs from the same region indicate that the first 2 cm of the
surface sediment represent about 1.8 year in oligotrophic reservoirs
(Cardoso-Silva et al., 2015) and about 0.9 year in hypereutrophic res-
ervoirs (Costa-Boddeker et al., 2012). Moreover, some paleolimno-
logical studies have found that no significant changes in diatom
community have occurred over the last years (Wengrat et al., 2019;
Fontana et al., 2014; Costa-Boddeker et al., 2012). Therefore, we un-
derstand to be plausible to use surface sediment to complement the
diatom flora in our studied systems, since it can also integrate spatial
scales, as mentioned before (Smol, 2008). Bartozek et al. (2018)
explored the floristic composition of diatom assemblages in these res-
ervoirs in a previous study.

2.3. Numerical analysis

Firstly, we performed a Principal Component Analysis (PCA) with
log-transformed (except pH) and standardized environmental variables
to analyze the main patterns of the environmental data (pH, conduc-
tivity, total nitrogen, and total phosphorous). After that, chlorophyll-a
values were regressed against the PCA axis that better represented a
eutrophication gradient, which allowed assess how chlorophyll-a rep-
resents the eutrophication. To accomplish the homoscedastic assump-
tion of linear regression, chlorophyll-a was Box-Cox transformed prior to
the analysis (Box and Cox, 1964).

Using the diatom matrix, we estimated the total beta diversity of the
diatom assemblages and its corresponding components of turnover and
nestedness according to Baselga (2010). Geographic distance has been
cited as an important factor affecting beta diversity of diatom assem-
blages (as previously demonstrated by Wetzel et al. (2012) and Zorza-
I-Almeida et al. (2017a) for tropical assemblages). To control and
remove this effect, beta diversity, turnover and nestedness were firstly
regressed against geographical distance (Euclidian distance based on
geographical coordinates). The residuals of this linear regression were
used to assess the effects of eutrophication in diatom beta diversity
through linear regression. In this analysis, eutrophication distance was
proxied by differences between mean chlorophyll-a of two reservoirs
and regressed against its diatom beta diversity value (total, turnover,
and nestedness). Finally, the effects of eutrophication on total richness
were assessed using linear regression of log-transformed mean chlor-
ophyll-a and total number of diatom species. For all regressions, ho-
moscedasticity was assessed using the Breush-Pagan test (Breusch and
Pagan, 1979), and all models fit the assumptions. We used adjusted R? to
quantify the variance explained in our models (Karch, 2020). All nu-
merical analyses were performed on R v. 4.0.1 (R Core Team, 2020)
using the packages vegan (Oksanen et al., 2019) and betapart (Baselga
et al., 2018).

Mean and standard deviation of abiotic variables, chlorophyll-a and trophic state (based on mean Trophic State Index — Lamparelli, 2004).

Reservoir pH Conductivity (uS em™1) TN (pg L7? TP (pg LY Chlorophyll-a (ug L™ Trophic State (TSI)
Jacare{ 7.2 (£0.1) 35.1 (+1.2) 202.8 (+63.0) 10.0 (£3.7) 4.1 (£0.3) Oligotrophic
Paiva Castro 6.4 (+0.2) 42.0 (+£3.4) 216.6 (+54.9) 13.0 (+1.7) 2.1 (£1.1) Oligotrophic
Atibainha 6.5 (+0.2) 33.6 (+2.0) 334.3 (+48.4) 8.5 (+0.8) 2.6 (+£0.6) Oligotrophic
Cachoeira 6.7 (+0.1) 39.0 (+1.9) 286.6 (+82.7) 13.1 (+£2.6) 2.4 (£0.5) Oligotrophic
Santa Helena 7.1 (+0.3) 100.0 (+4.0) 544.5 (£66.2) 13.9 (£1.3) 4.5 (£2.9) Oligotrophic
Tatu 6.4 (+0.2) 56.8 (+£2.0) 596.7 (+158.6) 22.1 (£1.1) 2.5 (£1.6) Oligotrophic
Jaguari 7.0 (+£0.2) 36.1 (+0.4) 386.1 (£+26.2) 19.9 (+6.4) 2.5 (£2.3) Mesotrophic
Itupararanga 7.2 (£0.3) 98.3 (+£7.0) 765.5 (£107.4) 26.2 (£12.1) 18.2 (+£14.7) Mesotrophic
Ipaneminha 7.1 (£0.1) 162.8 (+6.0) 918.6 (+22.0) 34.2 (£2.2) 12.6 (+2.2) Mesotrophic
Hedberg 7.9 (£0.3) 134.3 (+1.9) 1298.7 (+£256.1) 100.3 (£33.9) 46.1 (+54.6) Eutrophic

Salto Grande 8.6 (+0.6) 313.1 (£23.2) 2337.7 (£723.1) 189.8 (+81.8) 180.1 (+£130.3) Eutrophic
Barra Bonita 8.2 (+0.3) 354.2 (+34.0) 5334.5 (+2451.3) 283.5 (+149.5) 82.9 (+£31.4) Hypereutrophic
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3. Results and discussion

The reservoirs trophic state ranged from oligotrophic to hyper-
eutrophic conditions, pH mean values ranged from slightly acidic (6.4)
to alkaline (8.6), and mean conductivity ranged between 33.6 and
354.2 pS cm™! (Table 1). Using these variables, PCA analysis summa-
rized a total of 91.9% of data variability along the first axis (and 5.2% in
the axis 2), and showed strong significant Pearson correlation with the
analyzed variables (pH [r = —0.92], conductivity [r = —0.96], total
phosphorous [r = —0.98], and total nitrogen [r = —0.97]), with higher
values on the positive side of the axis (Fig. 2A). Then, the first axis (PC1)
can be interpreted as eutrophication gradient, and chlorophyll-a
exhibited a strong positive correlation with this axis (R? adj. = 0.88;
Fig. 2B). Therefore, these results allow us to use chlorophyll-a values as a
proxy of eutrophication levels in our analyses. The higher the chloro-
phyll-a level the higher the level of eutrophication.

Dispersal limitation has been pointed out as an important driver of
beta diversity in aquatic ecosystems (Thompson and Townsend, 2006),
and can be related to geographic distance between diatom assemblages
(Virtanen and Soininen, 2012; Zorzal-Almeida et al., 2017a). We found a
positive correlation between the beta diversity of diatom assemblages
and geographical distance, possibly due to increasing rates of species
substitution (turnover). Pairwise total diatom beta diversity between
reservoirs varied from 0.13 to 0.83 (median = 0.55, Fig. 3A). The
turnover component had the greatest contribution to beta diversity
(0.00-0.65, median = 0.43). Our models showed positive correlation
between total beta diversity and geographical distance between reser-
voirs (R? adj. = 0.31, p < 0.01, Fig. 3B), which also occurred for the
turnover component (R? adj. = 0.18, p < 0.01, Fig. 3C). However, the
nestedness component showed lower contribution to total beta diversity
(0.00-0.42, median = 0.13) and did not show a significant correlation
with the spatial distance (R? adj. = 0.004, p > 0.05, Fig. 3D). Species
replacement seems to increase with larger geographical distances
(Verleyen et al., 2009; Wetzel et al., 2012). Additionally, since we did
not find the nestedness component and geographical distance to be
correlated, it seems that in the metacommunity context, mass effect (see
Leibold et al., 2004) showed less or no effect on diatom assemblages in
tropical reservoirs. Jamoneau et al. (2017) found mass effects acting in
river diatom community and related it to a decrease in turnover and an
increase in nestedness rates, opposite to our findings. Despite rivers and
reservoirs show different connectivity degrees, mass effects in reservoirs
should not be completely ruled out, since some of them, as the reservoirs
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here studied, are arranged in a cascade system (Zorzal-Almeida et al.,
2018).

Considering that both stochastic (dispersion limitation) and deter-
ministic (productivity) processes are important co-factors for the vari-
ation in beta diversity (Virtanen and Soininen, 2012; Zorzal-Almeida
et al., 2017a), we assessed the effect of eutrophication on beta diversity
by isolating the effect of geographic distance (see comments above). We
found positive correlation between total beta diversity and trophic dif-
ference (R? adj. = 0.17, p < 0.01) (Fig. 4A). At first sign, such finding
seems to contradict the results of other works (e.g., Wang et al., 2019),
however, these studies compared communities within reservoirs that
have the same trophic state. In these cases, lower beta diversity in
eutrophic conditions was expected due to reduced species richness and
similarity among communities. We decided to assess the trophic
gradient using the difference of trophic levels between reservoirs, and
not as a direct measure of local eutrophication, as usual, and found,
higher beta diversity in higher trophic difference between reservoirs, as
expected.

Notwithstanding, it is also important in the process of biotic ho-
mogenization assessment to consider whether nestedness increases and
species richness decreases along such gradient. In this way, our results
showed that eutrophication increased the nestedness rates (R? adj. =
0.39, p < 0.01, Fig. 4C), indicating homogenization of diatom assem-
blages as a result of reduction in species richness along the trophic
gradient (as discussed later). Nestedness is generally associated with
species loss (Baselga, 2010), but the factors that underly nestedness are
still poorly explored. For freshwater ecosystems, some evidence show
that anthropogenic stressors filter the most sensitive species and favor
the occupation of more generalist ones, resulting in lower species rich-
ness and higher nestedness rates (Gutiérrez-Canovas et al., 2013; Petsch,
2016). Wang et al. (2019) found that although species turnover is
frequently the dominant component of beta diversity, the nestedness
component has more influence when total phosphorous levels increase.
In contrast, turnover usually seems to be more related to species sub-
stitution in response to natural environmental gradients or increasing
spatial scales (Baselga, 2010; Zorzal-Almeida et al., 2017a). We found
that the turnover component was not related to eutrophic differences
between reservoirs (R? adj. = 0.02, p > 0.05, Fig. 4B), suggesting that
diatoms species replacement did not depend on productivity changes in
reservoirs. These results show that our first and second predictions were
correct. We hypothesized that eutrophication causes diatom assemblage
homogenization, therefore, we expected to find enhanced nestedness as
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Fig. 2. Principal Components Analysis (PCA) for the environmental variables (A) and regression between the first axis of the PCA, representing the eutrophication
process (arrow), and chlorophyll-a (B). Reservoirs: Atibainha (AT), Barra Bonita (BB), Cachoeira (CA), Hedberg (HB), Ipaneminha (IP), Itupararanga (IT), Jacarei
(JC), Jaguari (JA), Paiva Castro (PC), Salto Grande (SG), Santa Helena (SH), Tatu (TU). Variables: Conductivity (Cond), total nitrogen (TN), total phosphorous (TP).
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Nestedness (D) in function of geographic distance (Euclidian distance) between sampling sites.

eutrophication increases, as well as no change in the turnover compo-
nent, since tolerant diatom species are selected in nutrient-rich envi-
ronments (Xue et al., 2019), making them a subset of the assemblages
found in less productivity environments. Homogenization in response to
eutrophication had been reported for periphytic diatoms (Vilar et al.,
2014), aquatic invertebrates (Donohue et al., 2009), and lake fish
communities (Menezes et al., 2015), demonstrating a potential loss of
regional biodiversity.

Losses of sensitive species and maintenance of tolerant ones due to
anthropogenic impacts can lead to biota homogenization (Solar et al.,
2015; Petsch, 2016). Nestedness occurs when eutrophic conditions
select the same tolerant species in different places, if not, the species
substitution component may have greater importance in beta diversity
(Gianuca et al., 2017). Our results demonstrate that the nestedness
component may have been influenced by the selection of tolerant
Aulacoseira species in eutrophic reservoirs (Table 2), such as
A. granulata, A. granulata var. angustissima, and A. ambigua. These species
have preference for nutrient-rich environments and exhibit broad
tolerance range (Bicudo et al., 2016), corroborating the hypothesis of
community homogenization. The environmental gradient shows the
existence of species with broad environmental tolerance, in our case,
eutrophication. For instance, we found species that indicate eutrophi-
cation (Aulacoseira ambigua and Cyclotella meneghiniana; van Dam et al.,
1994; Lobo et al., 2014; Bicudo et al., 2016) with important relative

contribution to the diatom assemblages in oligotrophic (e.g., Santa
Helena) and mesotrophic (e.g. Ipaneminha) environments (Table 2).
These results also clarify that the biotic homogenization process
analyzed in our study was not characterized by invasive species, which
we consider to be those that do not occur in richest communities. We
were not able to conclude if these species are indeed invasive in the full
pool of species. Disturbances caused by anthropogenic stressors, such as
organic pollution by sewage, can locally extinct sensitive species and
make the niche available for invasive species (McKinney, 2006; Blair,
2001). However, our results suggest that homogenization was not
characterized by invasive species due to the turnover component pat-
terns, which would be expected to increase in response to this homog-
enization mechanism: new species would be introduced into the
eutrophic environment (species replacement) and would not be a subset
of larger communities (nestedness).

Since biotic homogenization is often related to decreasing species
richness in the communities (Solar et al., 2015), our third prediction
expected to find less diatom species in environments with higher pro-
ductivity. We found that species richness (alpha diversity) was nega-
tively influenced by the eutrophication process (R* adj. = 0.56, p < 0.01,
Fig. 4D). Increasing productivity rates and consequent eutrophication of
freshwater ecosystems have been pointed out a factor that may lead to
lower species richness (Declerck et al., 2007; Wengrat et al., 2018),
especially resulting from species extinction (see discussion above).
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Fig. 4. Regression plot of the residuals of Total Beta Diversity (A) and its components Turnover (B) and Nestedness (C) in function of chlorophyll-a between sampling
sites, controlled for geographical distance, and regression plot between total richness and mean chlorophyll-a in each reservoir (D).

Gianuca et al. (2017) found that higher nutrients levels cause strong
reduction in local richness and diversity and in unconnected environ-
ments, in these cases, nestedness was the dominant component in beta
diversity, in agreement with our results. These authors also found that
the interaction between nutrient addition and dispersion affects the
contribution of the nestedness and turnover components to beta di-
versity. In tropical reservoirs, dispersion mechanisms also seem to limit
diatoms (Zorzal-Almeida et al., 2017a), which supports our decision to
control the effects of geographic distance on beta diversity.

Wengrat et al. (2018) used diatom assemblages from sediment cores
collected in reservoirs of the same study area and found homogenization
of diatom assemblages during the eutrophication process over time. Our
results corroborate such findings by using a spatial rather than a tem-
poral approach. The biotic homogenization process, sensu Olden (2006),
must be assessed over time and among different communities. Our re-
sults show that the space-for-time approach is efficient at assessing the
homogenization of diatom assemblages caused by eutrophication in
tropical reservoirs. This approach has been used in evolutionary (Wogan
and Wang, 2018) and ecological contexts (Faber et al., 2018), suggesting
that relationships between communities and environment across space
could create a significant model to represent changes in species com-
munities over time (Blois et al., 2013). Thus, our findings suggest that
the space-for-time approach is feasible for the assessment of biotic

homogenization in aquatic ecosystems. For further studies, we suggest
applying the approach to assess other biotic communities (e.g.,
zooplankton or macrophytes) as well as other aquatic ecosystems.

4. Conclusions

We conclude that eutrophication can cause homogenization of the
diatom assemblages in tropical reservoirs, leading to a lower number of
species and selecting more tolerant species, which are a subset of com-
munities from less impacted environments. Despite being recognized as
one of the main threats to aquatic ecosystems for decades, eutrophica-
tion remains relevant and challenging in terms of diversity loss. The
space-for-time approach is a viable alternative to understand the biotic
homogenization of different aquatic communities and has the potential
to infer on the process on a broader spatial scale.
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Table 2

Maximum relative abundance of the three more representative species in each
studied reservoir, considering all counting data of the phytoplankton and surface
sediment.

Reservoir Taxa

Atibainha Spicaticribra kingstonii J.R.Johansen, Kociolek & R.L.Lowe (67.2%)
Aulacoseira tenella (Nygaard) Simonsen (54.7%)
Discostella stelligera (Cleve & Grunow) Houk & Klee (43.9%)
Au. granulata (Ehrenberg) Simonsen (51.6%)
Au. granulata var. angustissima (0.Miiller) Simonsen (45.4%)
Cyclotella meneghiniana Kiitzing (40.74%)
D. stelligera (Cleve & Grunow) Houk & Klee (49.9%)
Au. tenella (Nygaard) Simonsen (25.6%)
Navicula notha J.H.Wallace (13.1%)
Au. ambigua (Grunow) Simonsen (55.2%)
Au. granulata var. angustissima (0.Miiller) Simonsen (24.8%)
Au. granulata (Ehrenberg) Simonsen (19.9%)
D. stelligera (Cleve & Grunow) Houk & Klee (42.3%)
Eunotia intricans Lange-Bertalot & Metzeltin (28.6%)
Au. granulata (Ehrenberg) Simonsen (22.4%)
Au. ambigua (Grunow) Simonsen (63.6%)
Fragilaria aquaplus Lange-Bertalot & S.Ulrich (18.2%)
D. stelligera (Cleve & Grunow) Houk & Klee (15.0%)
Au. tenella (Nygaard) Simonsen (52.6%)
Ac. catenatum (Bily & Marvan) Lange-Bertalot (17.5%)
C. meneghiniana Kiitzing (12.9%)
Au. tenella (Nygaard) Simonsen (35.7%)
Cyclotella meneghiniana Kiitzing (16.4%)
D. stelligera (Cleve & Grunow) Houk & Klee (14.9%)
Au. tenella (Nygaard) Simonsen (34.2%)
D. stelligera (Cleve & Grunow) Houk & Klee (20.0%)
Ac. catenatum (Bily & Marvan) Lange-Bertalot (15.8%)
Au. granulata var. angustissima (0.Miiller) Simonsen (63.7%)
Au. ambigua (Grunow) Simonsen (47.6%)
Au. granulata (Ehrenberg) Simonsen (13.8%)
Punctastriata lancettula (Schumann) P.B.Hamilton & Siver (81.8%)
Au. ambigua (Grunow) Simonsen (7.5%)
Achnanthidium sp. (6.3%)
Tatu Nitzschia australodesertorum E.A.Lehmkuhl, T.Ludwig & C.E.M.
Bicudo (20.2%)
Ac. catenatum (Bily & Marvan) Lange-Bertalot (18.4%)
Ac. minutissimum (Kiitzing) Czarnecki (13.2%)
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