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Abstract: Aim: We evaluated changes in periphyton biomass and the composition of benthic
diatom communities along a gradient of urbanization in 10 coastal streams located on the coastal
plain of southernmost Brazil. Methods: At each coastal stream, we obtained limnological variables
and periphytic material from the stolon of the aquatic macrophyte Hydrocotyle ranunculoides for
further analyses of chlorophyll #z and diatoms. Results: Total phosphorus was the only limnological
variable selected by the statistical models, showing a positive relationship with periphyton biomass and
a negative relationship with diatom species richness in these streams. Species composition (for both
presence-absence and abundance data) was also explained by total phosphorus. Further, we observed
a nested distribution of diatom species along the streams, in which poorer communities of streams
with higher concentrations of phosphorous are subsets of richer communities from streams with
lower concentrations of the nutrient. Conclusions: Our study shows that water quality modifications
caused by eutrophication are leading to the loss of species and changes in the structure of biological
communities in ecotones such as coastal streams.
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Resumo: Objetivo: Avaliamos as mudangas na biomassa do perifiton e na composicio das
comunidades de diatomdceas bentonicas ao longo de um gradiente de urbanizagio em 10 riachos
costeiros localizados na planicie costeira do extremo sul do Brasil. Métodos: Em cada riacho coletamos
varidveis limnoldgicas e o material perifitico do estoldo da macréfita aqudtica Hydrocotyle ranunculoides
para posterior andlises de clorofila # e de diatomdceas. Resultados: Fésforo total foi a tinica varidvel
limnolégica selecionada pelos modelos, mostrando uma relagao positiva com a biomassa e negativa
com a riqueza de espécies de diatomdceas nesses riachos. A composi¢io de espécies (para dados de
presenca e auséncia e de abundéncia) também foi explicada pelas concentracoes de fésforo total.
Além disso, observamos uma distribui¢io aninhada de espécies ao longo dos riachos, de forma que
as comunidades mais pobres de riachos com maiores concentragoes de fésforo sio subconjuntos de
comunidades mais ricas com menores concentragdes do nutriente. Conclusdes. Evidenciamos em
nosso estudo que as modificagées na qualidade da dgua causadas pela eutrofizagio estao levando a
perda de espécies e mudangas na estrutura de comunidades em ecétonos como os riachos costeiros.

Palavras-chave: gradiente de urbanizagio; sangradouros, ecossistema lético, ecétonos, Brasil.
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1. Introduction

Freshwater ecosystems are biodiversity hotspots,
supporting more species per area than terrestrial
ecosystems and accounting for approximately 10%
of all known species (Strayer & Dudgeon, 2010).
However, these ecosystems are also among the most
threatened environments on the planet, presenting
declines in biodiversity superior to terrestrial
ecosystems (Sala et al., 2000; Strayer & Dudgeon,
2010), as a consequence of human-induced
disturbances such as landscape modification for
land use, the introduction of invasive species,
damming of rivers, and water pollution by nutrient
enrichment and other sources (Dudgeon et al., 2006;
Vérosmarty et al., 2010; Petsch, 2016; Dudgeon,
2019). Given the threats faced by freshwater
ecosystems, it is pivotal to better understand the
effects of anthropogenic impacts on freshwater biota
to enhance conservation strategies and ecosystem
management policies (Vérésmarty et al., 2010;
Jacobson et al., 2017).

Different phenomena are responsible for the
degradation of streams in urban areas, which
is commonly referred to as the “urban stream
syndrome”. Among the main symptoms of streams
draining urban areas are (i) changes in stream
hydrology (Walsh etal., 2005; Grimm et al., 2008),
as increased frequency of erosive and overland flow
(Walsh et al., 2005); (ii) reduction of the diversity
of aquatic species, which may result in biotic
homogenization (e.g., Barnum et al., 2017); and
(iii) anthropogenic eutrophication, which in urban
areas occurs mainly due to disposal of domestic
sewage (with high concentrations of nutrients)
without proper treatment (Walsh et al., 2005;
Tromboni & Dodds, 2017).

Anthropogenic eutrophication, resulting from
excessive nutrient loading — mostly nitrogen and
phosphorus — is among the most severe impacts
threatening freshwater ecosystems around the
world (Smith, 2003; Smith & Schindler, 2009;
Dodds & Smith, 2016). Among its consequences
are the increase in primary producer biomass and
the occurrence of toxin-producing cyanobacterial
blooms, resulting in the degradation of water
conditions, reduction of species diversity, and
changes in species composition (Smith & Schindler,
2009; Wojciechowski et al., 2017), with a
predominance of generalist and tolerant species
and local extinction of sensitive ones (Chen et al.,
2016; Jacobson et al., 2017). If sensitive species
are selectively removed along a eutrophication
gradient and only tolerant species are able to

Acta Limnologica Brasiliensia, 2022, vol. 34, e14

establish, a nested distribution pattern could be
expected, in which communities with fewer species
form a subset of richer communities (Patterson
& Atmar, 1986; Baselga, 2010). This pattern can
be explained by habitat quality and its abiotic
characteristics, in addition to area and isolation
(Wright et al., 1997). In fact, nestedness was
already observed along gradients of anthropogenic
impacts, such as presence of heavy metals in water
(Gutiérrez-Cédnovas et al., 2013), and experimental
habitat homogenization (Schneck et al., 2011).
Nutrient enrichment has also been described as
a factor leading to nestedness of phytoplankton
and zooplankton communities in experimental
microcosms (Di Carvalho & Wickham, 2019),
zooplankton in streams (Gutierrez et al., 2020),
and diatoms in streams (Jamoneau et al., 2017) and
reservoirs (Zorzal-Almeida et al., 2021).

The coastal plain of southernmost Brazil harbors
several coastal streams (or washouts; sangradouros in
Figueiredo & Calliari, 2006), that are considered
marine-freshwater ecotones, essential for the
establishment of freshwater, estuarine and marine
biological communities (Figueiredo & Calliari,
2006; Bastos et al., 2013). These channels drain
coastal lakes and wetlands through the foredunes
arriving at the sea surf zone (Figueiredo & Calliari,
20006), being responsible for the transport of a
considerable amount of organic matter, sediment,
and nutrients from the continent to the marine
environment (Baumgarten et al., 2007). Studies
about sangradouros geology and genesis classify these
ecosystems as (i) permanent, that are permanently
connected to the sea; (ii) intermittent, that can
occasionally lose connection with the sea and; (iii)
ephemeral, which originated momentarily due to
heavy rains and soon disappear (Pereira da Silva,
1998). Moreover, these ecosystems are strongly
influenced by precipitation and evaporation
(Figueiredo & Calliari, 2006). Studies about these
ecosystems show that in urbanized areas they are
mostly impacted by eutrophication (Albertoni
& Palma-Silva, 2006; Baumgarten et al., 2007).
However, there is a scarcity of studies on the effects
of eutrophication gradients on these streams and
their biodiversity.

In streams, benthic algae, especially diatoms,
are among the most important primary producers
and account for an important portion of species
diversity (Biggs, 1996). Diatoms respond quickly
to environmental changes and are commonly used
in studies evaluating human-induced impacts on
aquatic environments, such as those related to
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urbanization (Jiittner etal., 2012; Chen et al., 2016;
Mbao etal., 2020) and eutrophication (Hering etal.,
2006; Vilmi et al., 2015; Licursi et al., 2016; Zorzal-
Almeida et al., 2021). The composition of diatom
communities usually presents substantial changes in
response to eutrophication, resulting mostly from
the dominance of some tolerant taxa (Chen et al.,
2016; Xiao et al., 2018).

In this context, we aimed to evaluate the
effects of eutrophication, as a consequence of a
gradient of urbanization, on benthic algal biomass
and diatom communities from coastal streams,
important marine-freshwater ecotones. Specifically,
we expected to find a reduction in diatom species
richness and an alteration in diatom community
composition along the eutrophication gradient,
causing a nested pattern of species distribution.

2. Material and Methods

2.1. Study area

We sampled 10 coastal streams (intermittent
and permanent ones) in the Coastal Plain of Rio
Grande do Sul State, southern Brazil (Figure 1).
The Coastal Plain of Rio Grande do Sul was formed
in the Holocene from the deposition of sediments
in events of marine transgressions and regressions,
which formed a complex system of coastal lakes

and wetlands (Schwarzbold & Schifer, 1984). The

average annual temperature and precipitation of
the region are 18 °C and 1200 mm, respectively
(Cordazzo & Seeliger, 1995). The climate of the
region is subtropical super-humid mesothermic
(Vieira, 1983). The 10 coastal streams in which
the samplings were carried are located in Cassino
beach, Rio Grande (in the extreme south of Brazil),
and are distributed along a remarkable urbanization
gradient on 16.8 km of shore extension. Streams
1, 2, and 3 corresponded to a less urbanized area
and consequently to less anthropogenic influence
concerning sewage disposal. Streams 4 to 10
are located in an area of strong urban influence,
although in regions with distinct degrees of
urbanization. We sampled periphyton and obtained
limnological variables on the same day in all streams
(17 March 2016). In each stream, we selected a
point with no shading near the foredunes and away
from the sea surf zone.

2.2. Limnological variables

We obtained data on dissolved oxygen (DO),
electrical conductivity (COND), pH, salinity
(SAL), and total dissolved solids (TDS) using an
in-situ Horiba U-50 multi-parameter probe. In
addition, we sampled 500 ml of surface water at
each stream for analyses of total nitrogen (TN;
Allen et al., 1974) and total phosphorus (TP;
Valderrama, 1981; Baumgarten et al., 1996).
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Figure 1. Location of the 10 studied coastal streams in the Coastal Plain of Rio Grande do Sul State, Brazil.
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2.3. Sampling of benthic algae and diatom counts

We sampled the benthic material from stolons
of the aquatic plant Hydrocotyle ranunculoides
L £, an herb belonging to the Araliaceae family
associated with the foredune streams (Souza &
Lorenzi, 2008). This substrate was chosen because
it was found in all streams. We scraped the stolons
with a soft brush and washed them with distilled
water. Three stolons of similar sizes were scraped
to obtain material for chlorophyll-z analysis and
other three for community analysis. Immediately
after sampling, we preserved the material for
diatom community analysis with 4% formalin.
Chlorophyll-a concentrations were determined
according to Mackinney (1941), adapted by
Paranhos (1996) and Chorus & Bartram (1999).
We measured the scraped area of the stolons (using
a pachymeter) to obtain the concentration of
chlorophyll-a per unit area as a measure of benthic
algal biomass (in pg cm™). The aliquots reserved for
the analyses of diatom communities were oxidized
according to Simonsen (1974) adapted by Moreira-
Filho & Valente-Moreira (1981). After this, we
mounted permanent slides using Naphrax® (Brunel
Microscopes Ltd., Chippenham, UK). To evaluate
the species composition of the diatom communities
we counted 300 valves from each stream using an
optical microscope with a magnification of 1000x.
All specimens were identified to the lowest possible
taxonomic level, usually species, using specialized
bibliography such Metzeltin etal. (2005), Metzeltin
& Garcfa-Rodriguez (2012) and Round et al.
(1990).

2.4. Data analyses

We calculated the Trophic State Index for
cach stream using total phosphorus, according to
Lamparelli (2004). To assess sampling sufficiency,
we constructed a species accumulation curve
using the rarefaction method (accumulation of
individuals). We used multiple linear regressions
to evaluate the influence of limnological variables
on chlorophyll-z and on diatom species richness.
To produce a minimum adequate model for
cach response variable, we performed a manual
selection by sequentially removing non-significant
explanatory variables until only significant variables
remained in the final model. Five explanatory
variables were included in the regressions (pH,
DO, SAL, TN, and TP), all of which have variance
inflation factor (VIF) smaller than 4 (Zuur et al.,
2009). Chlorophyll 2 was log-transformed to
improve normality. Regression residuals meet the
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assumptions of homogeneity of variance, normality,
and independence.

To explore differences in the composition of
diatom communities among the coastal streams,
we performed Nonmetric Multidimensional
Scaling (NMDS) analyses on presence-absence and
logarithmically transformed abundance data using
Serensen and Bray-Curtis dissimilarity coefficients
(Legendre & Legendre, 1998), respectively, followed
by the adjustment of environmental variables
(envfit function available in the R vegan package;
Oksanen et al., 2017). We used Permutational
Multivariate Analysis of Variance (PERMANOVA;
Anderson, 2001) using the same dissimilarity
coefficients described above and 999 permutations
to verify which environmental variables influence
the composition of communities. Finally, we
used the Nestedness metric based on Overlap and
Decreasing Fill (NODF; Almeida-Neto et al., 2008)
to calculate nestedness. NODF values range from
0 to 100, with NODF = 100 representing perfectly
nested communities. We calculated NODF only for
rows (sites) since we aimed to test the occurrence
of a nested pattern in species composition among
streams. We generated two null models (with
999 permutations) to test the significance of the
observed nestedness metric: 1) rows equiprobable
and columns equiprobable (total number of species
is preserved, but species richness and frequency
of occurrence are not); 2) rows equiprobable and
columns fixed (species frequencies are preserved,
but site frequencies are not) (Wright et al.,
1997; Gotelli, 2000; Jonsson, 2001). Spearman’s
coefficient was applied to evaluate the correlation
between the TP concentrations and the nestedness
order of the coastal streams. We ran all analyses in
the R environment (R Core Team, 2017), using
the packages car (Fox & Weisberg, 2011) and vegan
(Oksanen et al., 2017).

3. Results

The coastal streams varied strongly in their
limnological characteristics, mainly in relation to
nutrients and dissolved oxygen (Table 1). The most
striking gradient was of total phosphorus, so that
the streams more distant from the urban area had
six times lower concentrations of total phosphorus
than the streams at the urbanized area (Table 1).
Thus, the streams varied from mesotrophic to
hypereutrophic environments.

We found 71 taxa of diatoms, ranging from 15
to 34 taxa per stream (Table 1). However, the species
accumulation curve did not reach an asymptote
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Table 1. Data obtained from 10 coastal streams on southernmost Brazil.

Coastal Cond DO TDS Sal TP TN Chl-a TS

stream (mScm”) (mgl’) (gL7) (%) (wgl?) (mglL”) (pgcm?)
S1 0.37 8.8 0.242 0.2 113.29 0.24 0.16 27 ME
S2 0.55 8.7 0.352 0.3 120.88 0.45 0.03 32 ME
S3 0.34 7.0 0.223 0.2 177.01 7.91 0.05 34 EU
S4 0.77 12.2 0.499 0.4 500.16 0.02 0.29 24 Su
S5 0.41 71 0.254 0.2 506.22 0.13 0.20 26 SuU
S6 0.79 25 0.508 0.4 621.52 0.89 0.31 26 suU
S7 1.03 6.0 0.659 0.5 591.18 0.20 0.13 22 SuU
S8 0.87 53 0.559 0.4 685.24 2.34 0.44 15 HY
S9 0.22 12.7 0.137 0.1 255.90 0.05 0.06 27 EU
S10 0.74 6.3 0.474 0.4 430.37 1.67 0.18 31 SuU

Cond = electrical conductivity; DO = dissolved oxygen; TDS = total dissolved solids; Sal = salinity; TP = total
phosphorus; TN = total nitrogen; Chl-z = periphyton chlorophyll ; S = diatom species richness; TS = trophic state;
ME = mesotrophic; EU = eutrophic; SU = supereutrophic; HY = hypereutrophic.
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Figure 2. Diatom’s species accumulation curve constructed by using the rarefaction method (black line with 95%

confidence interval).

(Figure 2), indicating that species richness should
be even greater. The more abundant species
was Nitzschia palea, followed by Gomphonema
parvulum and Nitzschia amphibia (Table 2). These
species dominated in eutrophic streams, whereas
species such as Capartogramma crucicola, Cocconeis
placentula, and Nupela spl were commonly found
in streams away from urban areas (streams 1, 2,
and 3; Table 2).

Benthic algal biomass measured as chlorophyll-a
and diatom species richness were explained only
by total phosphorus concentrations. Whereas
chlorophyll-a presented a positive relationship with
total phosphorus (P = 0.006; adjusted R* = 0.58;
Figure 3a), diatom species richness presented a
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negative relationship with it (P= 0.013; adjusted
R? = 0.50; Figure 3b).

We also found a significant nested pattern
among diatom communities NODF = 59.16;
P = 0.001 for null model 1; P = 0.035 for null
model 2; Figure 4). The nestedness of diatom
communities strongly correlated with total
phosphorus (tho = -0.83; P = 0.005), such that
communities in streams with higher phosphorus
concentrations were nested subsets of communities
in streams with lower concentrations.

Finally, the streams presented distinct
communities along the eutrophication gradient for
both presence-absence (Figure 5A) and abundance
(Figure 5B) data. Corroborating this result,
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Table 2. List of diatom taxa found in 10 coastal streams on southernmost Brazil, indicating the relative abundance

of each species and the streams where each species occurred.

s 8
k] S~ £
Taxa § = e

I
Achnanthidium minutissimum (Kutzing) sp.1 0.03 2
Achnanthidium reimeri (Camburn) sp.2 0.03 10
Amphora copulata (Kutzing) sp.3 0.57 3,4,5,10
Anomoeoneis sphaerophora (Kitzing) Pfitzer sp.4 0.47 1,3,8,9
Aulacoseira ambigua (Grunow) Simonsen sp.5 0.03 6
Capatogramma crucicola (Grunow ex Cleve) Ross sp.6 0.57 1,3
Cocconeis placentula (Ehrenberg) sp.7 1.63 1,2,3,10
Cyclotella meneghiniana (Kitzing) sp.8 5.33 1,2,3,4,6,7,8,9, 10
Diadesmis confervaceae (Kutzing) sp.9 1.80 1,2,4,5,9,10
Diploneis crabro (Ehrenberg) Ehrenberg sp.10 0.03 7
Diploneis subovalis (Cleve) sp.11 0.20 4,8,10
Discostella stelligera (Cleve & Grunow) Houk & Klee sp.12 0.10 4
Encyonema neomesianum (Krammer) sp.13 0.60 1,2,4,10
Eunotia bidens (Ehrenberg) sp.14 0.03 10
Eunotia bilunaris (Ehrenberg) Schaarschmidt sp.15 1.03 2,3,4,59,10
Eunotia sp. 1 sp.16 0.23 1,3
Eunotia sp. 2 sp.17 0.07 1,3
Eunotogramma sp. 1 sp.18 0.03 3
Fallacia meridionalis (Metzeltin, Lange-Bertalot & Garcia Rodriguez) sp.19 1.10 5,6,7
Frustulia crassinervia (Brébisson ex W. Smith) Lange-Bertalot & Krammer  sp.20 0.13 4,10
Gogorevia sp. sp.32 0.40 1,2,3
Gomphonema acuminatum (Ehrenberg) sp.21 0.47 1,2,3
Gomphonema gracile (Ehrenberg) sp.22 5.76 1,2,3,4,5,7,8,9, 10
Gomphonema lagenula (Kutzing) sp.23 2.03 2,3,5,6,8,9,10
Gomphonema laticollum (Reichardt) sp.24 2.30 2,3,4,10
Gomphonema parvulum (Kutzing) Kitzing sp.25 12.25 1,2,3,4,5,6,7,8,9, 10
Gomphonema turris (Ehrenberg) sp.26 0.07 5
Gomphonema sp. 1 sp.27 0.07 2
Gyrosigma acuminatum (Kitzing) Rabenhorst sp.28 2.06 1,2,6,7
Gyrosigma scalproides (Rebenhorst) Cleve sp.29 0.03 9
Hippodonta hungarica (Grunow) Lange-Bertalot, Metzeltin & Witkowski sp.30 0.60 1,3,5,6,9,10
Lemnicola hungarica (Grunow) Round & Basson sp.31 0.57 1,2,5,6,10
Navicula longicephala (Hustedt) sp.33 0.20 5,6
Navicula recens (Lange-Bertalot) Lange-Bertalot sp.34 2.76 1,2,3,4,5,6,7,8, 9,10
Navicula riediana (Lange-Bertalot & Rumrich) sp.35 0.83 23,79
Navicula subrhynchocephala (Hustedt) sp.36 4.70 1,2,3,4,5,6,7,8,9, 10
Navicula sp. 1 sp.37 0.80 2,6,7,9
Navicula sp. 2 sp.38 1.57 1,2,3,4,5,6,7,8,9
Navicula sp. 3 sp.39 0.17 1,3,5
Navicula sp. 4 sp.40 0.03 6
Nupela sp. 1 sp.41 0.10 1,2
Nitzschia amphibia (Grunow) sp.42 7.09 2,3,4,5,6,7,8,9, 10
Nitzschia acicularioides (Kutzing) sp.43 0.03 9
Nitzschia dissipata (Kutzing) Rabenhorst sp.44 5.19 2,3,5,6,7,8,9,10
Nitzschia inconspicua (Grunow) sp.45 0.70 3,5,6,7,8,9
Nitzschia palea (Kitzing) W. Smith sp.46  21.38 1,2,3,4,5,6,7,8, 9,10
Nitzschia sp. 1 sp.47 1.23 5,8,9,10
Nitzschia sp. 2 sp.48 0.17 6,9
Nitzschia sp. 3 sp.49 0.20 3,5
Pinnularia acrosphaeria (Smith) sp.50 0.17 1,7
Pinnularia gibba (Ehrenberg) Ehrenberg sp.51 0.13 7,10
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Table 2. Continued...
s 8
k] G~ £
Taxa § =R 2

I
Placoneis uruguayensis (Metzeltin, Lange-Bertalot & Garcia Rodriguez)  sp.52 0.07 6,10
Placoneis sp. 1 sp.53 0.40 1,2,6,9
Placoneis sp. 2 sp.54 0.03 6
Placoneis sp. 3 sp.55 0.07 6,10
Placoneis sp. 4 sp.56 0.03 5
Placoneis sp. 5 sp.57 0.03 3
Planothidium delicatulum (Kiitzing) Round & Bukhtivarova sp.58 1.50 2,4,6,7,9,10
Planothidium sp. 1 sp.59 0.03 2
Psammothidium subatomoides (Hustedt) Bukhtivarova & Round sp.60 0.57 1,2,3,5,9
Pseudostaurosira brevistriata (Grunow) D.M Williams & Round sp.61 0.27 23,7
Pseudostaurosira trainorii (Morales) sp.62 1.50 3,4,10
Pseudostaurosira sp. 1 sp.63 0.10 3,4
Pseudostaurosira sp. 2 sp.64 0.13 4,10
Rhopalodia gibberula (Ehrenberg) Otto Muller sp.65 0.57 2,3,5,7,9,10
Sellaphora pupula (Kutzing) Mereschkovsky sp.66 0.37 1,2,4,5,7,9,10
Sellaphora sp. 1 sp.67 0.17 1,6
Staurophora sp. 1 sp.68 0.03 8
Staurosira construens (Ehrenberg) sp.69 0.30 3,4
Staurosirella pinnata (Ehrenberg) D.M. Williams & Round sp.70 1.27 4
Ulnaria ulna (Nizsch) sp.71 4.50 1,2,3,4,5,6,7,9,10
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Figure 3. (a) Periphytic biomass represented by chlorophyll-2
and (b) species richness of diatoms in relation to the
concentrations of total phosphorus in the sampled coastal
streams.

Acta Limnologica Brasiliensia, 2022, vol. 34, e14

PERMANOVA analyses showed that differences in
species composition among streams are explained
by salinity (presence-absence: R?=0.17, P = 0.013;
abundance: R* = 0.16, P = 0.025), pH (presence-
absence: R? = 0.20, P = 0.001; abundance:
R? = 0.20, P = 0.002) and total phosphorus
(presence-absence: R?= 0.16, P = 0.014; abundance:
R®=0.15, P = 0.021).

4. Discussion

In adequate concentrations, nitrogen and
phosphorus are essential for the health of
aquatic ecosystems (Sendergaard et al., 2017).
However, at high levels, these nutrients can have
negative effects on water quality, resulting in a
eutrophication process (Sendergaard et al., 2017).
Eutrophication is among the main causes of species
losses and changes in the composition of aquatic
communities worldwide (Allan & Flecker, 1993;
Strayer & Dudgeon, 2010). Those changes affect
ecosystem functioning by changing, for example,
the quality and quantity of primary consumer
food sources and the decomposition of detritus
(Dodds & Smith, 2016). Our results showed that
eutrophication increased benthic algal biomass
in the studied marine-freshwater ecotones, but
reduced diatom species richness and changed
community composition by selectively removing
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1

Figure 4. Nestedness order of the composition of diatom communities among the 10 coastal streams in southernmost

Brazil. Black lines indicate species occurrence, line numbers indicate the streams, column numbers indicate species

(respective species names are in Table 2).
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Figure 5. NMDS of benthic diatom communities
using (a) presence-absence data and (b) abundance
data. The numbers represent the 10 sampled streams;
DO = dissolved oxygen; TN = total nitrogen; TP = total
phosphorus; pH = potential of hydrogen; Sal = salinity.

less tolerant species, as indicated by the observed
nested distribution.

Studies in urban freshwater ecosystems have
increased in the last decades (Grimm et al., 2000),
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mainly after the elaboration of the urban stream
syndrome concept (Walsh et al., 2005). Our results
are in accordance with this concept since we found
that streams within urban areas are more prone to
eutrophication, which leads to lower species richness
than in streams less influenced by urbanization. The
excessive increase of nutrients due to urbanization
has already been shown to occur in other Brazilian
regions (Tromboni & Dodds, 2017), as well as
the negative impacts generated by sewage from
urban areas for the biodiversity in several regions
of the world (Barnum et al., 2017; Cunningham
& Gharipour, 2018).

In flowing waters, both phosphorus and
nitrogen are recognized as playing important roles
in the eutrophication process (Dodds & Smith,
2016), despite phosphorus being usually considered
the most important limiting nutrient in freshwater
environments and thus, the main responsible for
eutrophication (Hecky & Kilham, 1988; Schindler,
2012). Empirical evidence shows that stream
benthic algal communities strongly respond to both
nitrogen and phosphorus (Dodds & Smith, 2016).
However, in our study, only total phosphorus (in
addition to pH and salinity) explained the observed
changes.

The observed decrease in species richness
contradicts part of the literature on nutrient
enrichment. For instance, in a meta-analysis,
Hillebrand et al. (2007) found that species
richness of primary producers increases with
nutrient enrichment in freshwater ecosystems,
results corroborated by Schneider et al. (2013)
and Soininen et al. (2016) for stream benthic
diatoms. However, our study sites presented high
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levels of nutrient concentrations, such that the
minimum total phosphorus values we found equal
the maximum values from Schneider et al. (2013),
which, in turn, are 6-fold smaller than the maximum
phosphorus concentration found in our study. Thus,
the reduction in diatom species richness and the
nested distribution of communities related to the
gradient of phosphorus concentrations among
the studied streams suggest that the high levels of
eutrophication resulted in harsh environmental
conditions in which only a subset of generalist and
eutrophic-tolerant species from the regional species
pool were able to persist (Goldenberg Vilar et al.,
2014). On the other hand, the less eutrophic
streams harbored both sensitive and generalist/
tolerant species, resulting in higher species
richness than in eutrophic streams. For example,
Gomphonema parvulum and different species of the
genus Nitzschia are widely known to be tolerant to
and indicators of anthropogenic eutrophication in
lotic environments (Bere & Tundisi, 2010; Bere &
Tundisi, 2011; Moresco et al., 2015). These species
occurred in all streams, but were more abundant
in those streams with the highest concentrations
of phosphorus. In contrast, species such as
Capartogramma crucicola and Cocconeis placentula,
considered to have a low tolerance to eutrophication
(e.g., Silva-Benavides, 1996; Lobo et al., 2004;
Salomoni et al., 2006), occurred more frequently
in the streams with low nutrient concentrations
in our study. Moreover, we identified one species
of the genus Nupela in streams 1 and 2 (with the
lowest phosphorus concentrations) and several
authors emphasize the preference of this genus of
oligotrophic environments (Wojtal, 2009) or with
moderated nutrient concentrations (Potapova et al.,
2003).

Further, the observed changes in the species
composition of benthic diatom communities along
the eutrophication gradient is an expected result,
since this group is known for rapidly responding
to changes in physical and chemical characteristics
of water (Hering et al., 2006; Jyrkinkallio-
Mikkola et al., 2017). In addition to phosphorus,
pH and salinity also affected the organization
of communities in the studied streams. These
two variables were probably important because
of the characteristics of the studied ecosystems.
Many of the coastal streams in the study region
are formed in lakes and wetlands located behind
the foredunes (Figueiredo & Calliari, 2005), thus
being responsible for the drainage of these systems
and of pluvial waters towards the sea, carrying
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a considerable amount of organic matter and
sediment (Figueiredo & Calliari, 2005, 20006).
Moreover, these streams are constantly affected by
seawater, increasing their salinity.

One main caveat of our study is that it was based
on only one sampling at each coastal stream. This
snapshot sampling did not capture seasonal changes
in the nutrient loads of the streams, related either to
variation in rainfall or to variation on the discharge
of sewage. The latter is mostly related to the
increased population during austral summer since
this neighborhood attracts thousands of tourists
every year (Silva, 2012). Further, during summer,
the high evaporation rates reduce the volume and
the number of these streams (Figueiredo & Calliari,
2006). Thus, despite the snapshot sampling and the
reduced dataset, our sampling at the beginning of
March was able to capture the synergistic effects of
reduced water volume and increased nutrient inputs
in the streams.

It is known that the science of eutrophication
in lotic environments is not as advanced as in lentic
environments (Dodds & Smith, 2016), especially
when considering these coastal freshwater-marine
ecotones. Therefore, we showed in this study the
importance of such environments to biological
diversity, as shown by the elevated number of diatom
species found. We also found that modifications in
water quality caused by eutrophication due to the
urbanization process are leading to the local loss of
species and changes in the composition of biological
communities. It is fundamental that more studies
on these coastal ecotones evaluate their biodiversity
and how anthropogenic impacts are affecting their
functioning.
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