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Abstract: Aim: To investigate the influence of nutrients input from Mucugê city on the structure of diatom 
community from naturally acidic low-order, dystrophic creeks. Methods: From three naturally acidic low-order, 
dystrophic creeks in Chapada Diamantina, Northeast Brazil, we sampled six sites in each river in which we randomly 
selected rocks to collect epilithic diatoms. Simultaneously, we measured water temperature, conductivity, pH, oxygen 
saturation, total nitrogen, total phosphorus, dissolved organic carbon and silicate. We used a Principal Component 
Analysis to determine the ordination patterns of these environmental variables. We also assessed the relationships 
between the epilithic diatom communities and the environmental variables via a Canonical Correspondence 
Analysis. Results: In two of these creeks, sewage inputs led to higher concentrations of phosphorus, nitrogen, and 
higher pH, which exerted a strong influence on the community structure of diatoms. Three species were shown to 
be highly tolerant to heavy organic pollution and eutrophication and even dominated the community in several 
sample sites influenced by sewage: (Gomphonema parvulum, Nitzschia palea var. debilis and Nitzschia palea var. palea). 
Conclusions: We conclude that sewage discharges determined strong effects on diatom community structure. Our 
results underscore the need for studies on tropical creeks’ epilithic diatoms, magnifying the autecological knowledge 
of them and amplifying their usage as ecological integrity index in tropical regions.
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Resumo: Objetivo: Investigar a influência do aporte de nutrientes oriundos da cidade de Mucugê sobre a estrutura 
da comunidade de diatomáceas de riachos distróficos de baixa ordem naturalmente ácidos. Métodos: De cada um 
desses riachos, amostramos seis locais, nos quais coletamos rochas aleatoriamente para amostrar diatomáceas epilíticas. 
Simultaneamente, medimos a temperatura da água, condutividade, pH, saturação de oxigênio, nitrogênio total, fósforo 
total, carbono orgânico dissolvido e silicato. Utilizamos uma Análise de Componentes Principais para determinar os 
padrões de ordenação dessas variáveis ambientais. Também avaliamos as relações entre as comunidades epilíticas de 
diatomáceas e as variáveis ambientais através de uma Análise de Correspondência Canônica. Resultados: Em dois desses 
riachos, as entradas de esgoto levaram a maiores concentrações de fósforo, nitrogênio e pH mais elevado, o que exerceu 
forte influência na estrutura da comunidade de diatomáceas. Três espécies demonstraram ser altamente tolerantes à 
poluição orgânica e à eutrofização e até dominaram a comunidade em vários locais de amostragem influenciados por 
esgoto: (Gomphonema parvulum, Nitzschia palea var. debilis e Nitzschia palea var. palea). Conclusões: As descargas de 
esgoto determinaram fortes efeitos na estrutura da comunidade de diatomáceas. Nossos resultados ressaltam a necessidade 
de aumentar os estudos sobre as diatomáceas epilíticas dos riachos tropicais, ampliando o conhecimento da autoecologia 
das espécies de diatomáceas e amplificando sua utilização como índice de integridade ecológica em regiões tropicais.
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considered cosmopolitan are now considered 
species complexes, representing two or more species 
(Mann  et  al., 2004). The direct application of 
indices developed in high-latitude environments 
ignores the high diversity of tropical environments, 
as well as functional characteristics (high metabolic 
rates, for example). Although indices have already 
been developed for Brazil (Lobo  et  al., 2002; 
Lobo et al., 2004b; Silva-Lehmkuhl et al., 2022), 
considering the vast geographical area of the 
country and the environmental gradients present, 
regional adaptation of indices is necessary due to 
the differences in flora between regions responding 
to these gradients. Therefore, understanding the 
autecology – the study of interactions between 
an individual, a population, or a species and its 
environment - of the main species in the lotic 
systems are one step to develop regionalized indices.

In Brazil, most studies evaluating the relationship 
between diatom communities and water quality 
have focused on streams from subtropical region 
(Oliveira  et  al., 2001; Lobo  et  al., 2002, 2004a, 
b; Hermany  et  al., 2006; Salomoni  et  al., 2006; 
Lobo et al., 2010; Heinrich et al., 2014; Lobo et al., 
2015; Salomoni  et  al., 2017), while ecosystems 
in Brazilian tropical regions remain relatively 
understudied (Lobo  et  al., 2020). In particular, 
naturally acidic low-order streams, such as those 
found in certain tropical highland regions, present 
unique environmental conditions – including low 
temperature, pH, and nutrient concentration. 
Understand how these communities respond to 
eutrophication is an important task since these kinds 
of ecosystems have been threatened by a new wave 
of diverse economic interests in these highlands, 
which in turn lead to increase of problems related 
to anthropogenic activities, as occurs in Chapada 
Diamantina.

1. Introduction

Freshwater ecosystems are increasingly threatened 
by untreated industrial and domestic wastewater, 
one of major environmental challenges faced 
globally by lotic ecosystems (Schwarzenbach et al., 
2006). Among the most pervasive effects of this 
problem is eutrophication – the enrichment of water 
bodies with phosphorus and nitrogen – which can 
lead to alterations in aquatic structure and function 
of aquatic ecosystems (Miltner & Rankin, 1998; 
Dodds, 2006).

A traditional and important approach to 
monitoring these environmental impacts involves 
the use of bioindicators, particularly microalgae 
like diatoms (Lobo  et  al., 2016). Diatoms are 
microscopic, unicellular photosynthetic protists 
(microalgae) with silica cell walls, commonly found 
attached to submerged substrates (Round  et  al., 
1990). Epilithic diatom communities form the 
base of aquatic food webs and are known for their 
sensitivity to physical and chemical changes in water 
(Pandey et al., 2018; Mbao et al., 2020). Due to 
their predictable ecological responses, diatoms are 
widely recognized as reliable indicators of water 
quality (Winter & Duthie, 2000; Cosgrove et al., 
2004; Moravcová  et  al., 2013; Jakovljević  et  al., 
2016; Caglar et al., 2017).

Although several indices have been developed 
for different regions of the world, it is always 
recommended that these indices be adapted to the 
ecological conditions of the region under study 
(Hürlimann & Niederhauser, 2007). Studies have 
demonstrated a great diversity of diatom species in 
aquatic environments of tropical regions (Metzeltin 
& Lange-Bertalot, 1998, 2007; Vyverman  et  al., 
2007; Pierella Karlusich  et  al., 2025). With the 
advent and spread of SEM, species that were 
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Understanding how epil i thic diatoms 
communities respond structurally to sewage 
pollution in naturally acidic streams is essential for 
the development of effective biomonitoring tools 
in tropical regions, especially in ecological sensitive 
and protected areas. Such knowledge can inform 
local conservation efforts and guide public policy 
regarding wastewater management.

Our objective was to compare the community 
structure of epilithic diatoms in naturally acidic and 
low-order streams in stretches with and without 
the influence of domestic sewage discharge in the 
same micro-basin. Considering the autoecology 
of diatoms, we expected that: i) increasing the 
abundance and dominance of species that are 
resistant to polluted environments (from high 
nutrients loading, which correspond to species 
member of the pollution spectrum of eutrophic 
systems) and ii) decreasing the dominance of 
acidophilous diatoms (species with an optimum 
pH between 5.5 and less than 7 – Mertens et al., 
2025) in polluted sites.

2. Materials and Methods

2.1. Study area

We studied three low-order creeks (Piabinha, 
Mucugê, and Cumbuca), located in the Chapada 
Diamantina (CD) region, which is in the Western 
part of the central region of Bahia State (Brazil) 
(Figure 1). The CD area comprises the Northern 
region of the Espinhaço mountain ridge, with 
altitudes ranging from 900 m to 1,700 m (CPRM, 
1994). The study area constitutes the Chapada 
Diamantina National Park and the Mucugê 
Municipal Park, which are both protected under 
Brazilian environmental legislation.

The creeks are in the high elevation areas 
(>900 m) of the Espinhaço Mountain ridge, 
which is part of the Sincorá Range. This Range 
is characterized as an orographic system, with a 
North-South orientation. Its constituting vegetation 
types include rocky mountain grassland, riparian 
forest, savannas, caatinga and forests (Harley, 1995; 
Giulietti,  et  al. 1996). The upstream sections of 
the Piabinha, Mucugê and Cumbuca creeks are in 
the same micro-basin, which is characterized by 
a geomorphology, geology, pedology, vegetation 
and water characteristics that are typical of the 
broader CD region (Jesus  et  al., 1985; CPRM, 
1994; Harley, 1995; Giulietti et al., 1996). High 
altitude savannas and table mountains constitute the 
dominant phytophysionomic vegetation domains of 
CD (Giulietti et al., 1997).

Piabinha and Mucugê creeks are tributaries of 
the Cumbuca Creek, which is itself a sub-basin 
of Upper Paraguaçu River. These creeks are acidic 
(i.e, pH = 4.0-5.0) because of the surrounding 
soil’s low pH soil CPRM (1994). Both the 
Piabinha and the Mucugê are second-order creeks, 
while the Cumbuca is a third-order creek. Their 
respective length is 2.0, 3.3, and 4.8 km. Non-
treated wastewater from the town of Mucugê 
(approximately 16,000 inhabitants in 2006; 
IBGE, 2020) is released in a section of Mucugê 
Creek (Figure 1). By contrast, the Piabinha and 
Cumbuca Creeks have not been subjected to 
this direct anthropogenic pressure. However, 
given the Mucugê Creek is a tributary of the 
Cumbuca Creek, two sites in this creek (C5 and 
C6) are exposed to these effluents of wastewater. 
These three creeks are composed of similar-type 
substrates, namely boulders and submerged rocks.

In the CD region, the annual rainfall reaches 
approximately 1000 mm, which is more intense 
during the summer (wet) than the winter (dry) 
seasons. The rain gauge stations 30JPR911 e 
30JPR908, located in Mucugê city area, provided 
the following regional rainfall patterns: from 
October to April, the region experiences drier 
and cooler conditions; from May to September, 
it is characterized by wetter and warmer weather– 
INMET (2025). Over the bedrock structure that 
forms the Sincorá Range geology, the heavy rainfall 
typically yields high water surface runoffs that far 
exceeds the basal creek flow.

2.2. Sampling design

We sampled six sites along a longitudinal 
gradient (Figure  1) in each creek. Sampling in 
the Cumbuca and Piabinha Creeks involved 
the following sites: C1 to C6 and P1 to P6, 
respectively. The sites C5 and C6 were located 
after the confluence of the Mucugê and Piabinha 
Creeks. In Mucugê Creek, sampling sites were 
located where non-treated domestic sewage 
discharge is released (M1 and M2), but also near, 
and downstream from this point of discharge 
(M3, M4 and M5, M6, respectively). The sites 
C5 and C6 were located after the confluence of 
the Mucugê and Piabinha Creeks. In all these 
sites, we collected epilithic diatoms and water 
samples every three months, namely in August 
and November of 2005 and February and May 
of 2006. However, given a high discharge and 
water level (stage), we did not sample the M1 
site in May of 2006.
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2.3. Environmental variables

At each site, we measured water temperature 
(Temp), conductivity (Cond), pH and dissolved 
oxygen (DO), using a WTW Multi-Parameter probe 
340i/SET ST41-3. We also took water samples to 
determine nutrients concentration specifically, total 
nitrogen (TN), total phosphorus (TP), silicates 
(Si), and dissolved organic carbon (DOC). We 
analyzed dissolved oxygen by Winkler method 
APHA (1995); total nitrogen and phosphorus 
according Koroleff (1976); silicate according 
Grasshoff  et  al. (1999); dissolved organic carbon 
according Embrapa (1979).

2.4. Diatom community

To sample diatoms, our protocol followed 
previous work (Whittier  et  al., 2007). Precisely, 
we randomly collected five submerged rounded 
or elliptical cobbles/boulders/pebbles, which 
corresponded to typical subsets of the local mineral 
benthic environment. By scraping off a 64 cm2 area 
of each stone (using a single toothbrush per sampling 
site), we sampled epilithic diatoms. To reduce the 
influence of microhabitat flow or sunlight incidence 
(sensu Kelly  et  al., 1998), we randomly sampled 
cobbles/boulders from different channels sequences 

of each creek. Pool habitats were characterized by 
sand/mud bottom, with few rocks and pebbles, while 
riffle chiefly included rocks and pebbles. In total, we 
sampled 320 cm2 of submerged rock surface from each 
site, which we preserved using formaldehyde (4%). 
In the laboratory, water samples were treated with 
distilled H2O2, then mounted on permanent slides 
with Naphrax® (Refractive index = 1.73), according 
to Battarbee (1986) and ECS (2003). To conduct 
the taxonomic identification of diatom, we used an 
optical binocular microscope (Olympus CX31) with 
a photomicrography system (EvolutionTM LC Color 
Image-Pro Express® version 4.5.1.3), equipped with a 
100x oil immersion objective (1000x magnification). 
Specific and infraspecific levels identifications were 
based on the following taxonomic keys: Schmidt 
(1874), Hustedt (1930), Huber-Pestalozzi (1942), 
Cleve-Euler (1955), Schmidt (1959), Hendey 
(1964), Patrick & Reimer (1975), Germain (1981), 
Krammer & Lange-Bertalot (1986, 1988, 1991), 
Metzeltin & Lange-Bertalot (1998), Rumrich et al. 
(2000), Metzeltin  et  al. (2005), and Metzeltin & 
Lange-Bertalot (2007). Diatom taxa were counted 
following transects across the slides, until reaching 
at least 500 valves. We counted only intact valves, 
or those with more than half the valve intact within 
the field of view Battarbee et al. (2001).

Figure 1. Sampling sites in Cumbuca (C1 to C6), Piabinha (P1 to P6) and Mucugê (M1 to M6) Creeks. The sampling 
sites M3 (the closest to the city of Mucugê), M4, M5, M6, C5 e C6 are influenced by domestic sewage from Mucugê 
City. A. South America with Bahia’s state geographical boundaries.
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2.5. Statistical analysis

Prior to the analysis, we transformed the biological 
data (detailed below) by taken their fourth root. 
For the environmental data, given a zero-inflated 
distribution of the biological matrix, and because 
different units were used (i.e., physicochemical data) 
we standardized this data following Legendre & 
Legendre (1998). The biological data was composed 
by the relative abundance (%) of species from 
‘common taxa’, specifically, those with a relative 
abundance of ≥2% in at least three samples or ≥5% in 
one of the samples. When the relative abundance of 
a taxon exceeded 50%, it was considered ‘dominant’, 
whereas it was considered ‘abundant’ when exceeding 
the average density of another taxon of the sample 
(Lobo & Leighton, 1986).

To understand the role each physicochemical 
variable (dissolved oxygen, pH, conductivity, total 
phosphorus, total nitrogen, silicate, dissolved organic 
carbon, and the ratio N/P, N/Si, and, Si/P) may 
have on the community structure, we performed 
a principal component analysis (PCA), which 
included all the environmental variables, and the 
influence of the sewage discharge as a binomial 
(i.e., present vs. absent) grouping factor. To detect 
potential dissimilarities among diatom communities, 
we performed an analysis of similarity (ANOSIM), 
based on Bray-Curtis dissimilarities matrix, which 
gives more importance to abundant species. This 
classification considered the influence of sewage 
discharge as a grouping factor, and the rivers as strata 
for permutation. The significance level was established 
as 5% (p=0.05). To identify the relative contributions 
of each taxon to the between-groups dissimilarity, 

we performed a similarity percentage (SIMPER) test, 
using the relative abundance of all taxa and grouping 
the samples according to the presence (i.e., presence 
vs. absence) of the sewage discharges.

To reveal whether the epilithic diatom communities 
varied as a function of the water quality (i.e., 
the influence of sewage), we used a Canonical 
Correspondence Analysis (CCA), following (Dela-
Cruz  et  al., 2006). We evaluated the statistical 
significance of potential relationships between epilithic 
diatom community data and the environmental 
variables with a Monte Carlo analysis, with 999 
unrestricted permutations. Variables were considered 
significant when p ≤ 0.05. All transformations, analysis 
and ordinations were performed with R v. 3.5.3 for 
Linux (R Core Team, 2019), with the packages vegan 
(Oksanen et al., 2019), and FactoMineR (Le et al., 
2008) to ordinations and factoextra (Kassambara & 
Mundt, 2017) to visualize the data.

3. Results

3.1. Limnological data

The three creeks studied herein were characterized 
as naturally distrophic. In Mucugê, Cumbuca and 
Piabinha creeks, the average pH was 4.04 (± 0.22), 
3.99 (± 0.18) and 3.98 (± 0.09), respectively. When 
considering all sites together, the pH ranged from 
3.46 to 6.15. The 24 observations influenced by 
sewage discharges had increased nutrients loading 
and were less acidic than the 47 observations that 
were not under that influence (average pH of 4.38 
[± 0.65] vs.4.10 [±0. 21], respectively; see Figure 2 
and  at https://doi.org/10.48331/SCIELODATA.

Figure 2. Limnological parameters at Cumbuca, Mucugê, and Piabinha creeks. A = With sewage; B = No sewage; 
C = With sewage; D = No sewage; E = No sewage.

https://doi.org/10.48331/SCIELODATA.QXXCQO
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QXXCQO). The sites that were under the influence 
of sewage discharges were characterized by higher 
conductivity (average of influenced vs. not 
influenced sites: 42.38 [± 18.61] μS/cm vs. 33.36 
[± 7.65] μS/cm, respectively), higher temperature 
(average of 24.27 °C [± 3.05] vs. 23.82 °C [± 3.49]) 
201 but lower percentage of dissolved oxygen 
(average of 86.57% [±15.37] vs. 89.7% [±15.31]; 
see Figure 2 and table at https://doi.org/10.48331/
SCIELODATA.QXXCQO).

The average nutrient concentrations were 
also higher at sites exposed to sewage discharge; 
total phosphorus: (TP) 3.69 (± 4.56) vs. 
0.87 (± 1.07) μM; nitrogen; (TN) 71.20 (± 60.94) 
vs. 30.92 (± 8.14) μM; silicates (Si): 2.55 (± 3.18) 
vs. 1.78 (± 1.95) μM, between sewage and sewage-
free sites, respectively. By contrast, the mean 
concentration of dissolved organic carbon (DOC) 
was lower at the sites exposed to sewage discharge 
than in sewage-free sites: 14.48 (± 3.00) vs. 16.02 
(± 5.07) μM. Together, the first two axes of the PCA 
explained 71.00% of the total variation of nutrient 
concentrations. The most important variables on 
these two axes were TP, TN and pH. These variables 
were the only ones to play a role beyond the 
expected average contribution (i.e., which is equal 
to 1/number of variables = 1/8 or 12.5%), Figure 3.

Variables with a larger contribution than this 
cutoff may be considered important contributors 

to the PC; Figure 3). PCA plots revealed that some 
samples influenced by sewage outputs were strikingly 
dissimilar from those not influenced by sewage.

This spread between sites mostly occurred on 
the first axis of the PCA. Nutrients and pH show 
positive relationships in areas exposed to sewage 
discharges. However, the samples not influenced 
by sewage discharges are mostly spread along the 
PCA’s second axis (near the center region) and 
the variables DOC, DO and Temp were the most 
important grouping factors.

3.2. Biological data

In total, we identified 128 taxa. From these, 
we registered 100 species in Cumbuca creek, 96 in 
Mucugê, and 94 in Piabinha Creek. Considering 
all samples, four species accounted for more 
than 5% of the total relative abundance. These 
species included Eunotia intermedia (16.83%); 
Achnanthidium affine (9.14%); Nupela cf. lapidosa 
(7.61%); Frustulia saxonica (5.24%), and Eunotia 
rhomboidea (5.21%). The most important species 
are indicated at Plates 1 to 4 (see at https://doi.
org/10.48331/SCIELODATA.QXXCQO).

Significant dissimilarities in community 
composition were found among sampling sites 
(ANOSIM, R = 0.3682, p = 0.001). Permutations 
analysis also underscored the influence of sewage 
discharge as a significant structuring factor community 
composition. In fact, the diatom community 

Figure 3. PCA ordination diagram of samples in the space of environmental variables. (A) Environmental variables 
of axes 1 and 2; (B) Samples: white circles represent samples not influenced by sewage discharge, while black triangles 
represent samples under influence of sewage; (C) The contribution of each variable to the variation of the first two 
axis is shown by the bar height; the dashed line represents the expected average contribution. TN = total nitrogen; 
TP = total phosphorus; DOC = dissolved organic carbon; Si = silicate; Temp = temperature; Cond = conductivity; 
DO = dissolved oxygen.

https://doi.org/10.48331/SCIELODATA.QXXCQO
https://doi.org/10.48331/SCIELODATA.QXXCQO
https://doi.org/10.48331/SCIELODATA.QXXCQO
https://doi.org/10.48331/SCIELODATA.QXXCQO
https://doi.org/10.48331/SCIELODATA.QXXCQO
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structure measured herein diverged significantly 
as a function of exposure to sewage discharge. 
In fact, 54 taxa are responsible for the among-group 
divergence in community structure that occurred as 
a result of sewage discharge. These taxa responded 
strongly to this factor, with 90.43% of the between-
group dissimilarity, derived from SIMPER tests (see 
table at https://doi.org/10.48331/SCIELODATA.
QXXCQO).

3.3. The canonical correspondence analysis

Fifty taxa were considered abundant and 
were chosen to form the biological data matrix 
(Table S3 - Supplementary Material) used for the 
CCA. Relative to variations of epilithic diatom 
communities, the importance of each of the first four 
axes of the CCA (i.e., representing the cumulative 
proportion of variation explained by the data and 
the Monte Carlo permutation test) are presented 
in Table S4 (see table at https://doi.org/10.48331/
SCIELODATA.QXXCQO). The low eigenvalues 
indicate low variation in taxa composition explained 
by the environmental variables. The constrained 
components explained 17.14% of the total variation 
of the community. From this constrained variation, 
12.96% occurred on the first two axes. Only the 
first axis was considered significant by the Monte 
Carlo permutation test (after 999 permutations).

On the CCA’s first axis, the factors most 
responsible for variations in structure of the 
epilithic diatom communities (relative abundance) 
included the following: pH, total phosphorus and 
total nitrogen. However, of the variable tested, the 
Monte Carlo

Permutation test revealed that dissolved oxygen, pH 
and dissolved organic carbon yielded a significant effect 
(see table at https://doi.org/10.48331/SCIELODATA.
QXXCQO).

The CCA diagram revealed the role sewage 
discharges had in the creating two groups of 
epilithic diatoms. Specifically, one group of samples 
was influenced by sewage while the other was not. 
Overall, five subgroups were encompassed (Figure 4).

3.3.1. Group 1: Sampling sites exposed to sewage 
discharge

The ordination analysis suggests that the second 
and third quadrants of the CCA plot aggregate 
samples under the influence of sewage discharge. 
These samples are positively correlated with the 
variables’ total phosphorus, pH, conductivity, 
temperature and silicate, but negatively correlated 

with dissolved oxygen and dissolved organic carbon 
(Figure 4 A).

The group of samples influenced by sewage 
can be divided in three subgroups: one composed 
of the closest sampling sites, relative to the sewage 
outlet (subgroup 1A: M3N, M3F, M4N and M4F. 
These samples were collected in November 2005 
and February 2006 and correspond to the most 
impacted sites. Yet, another group of sites were 
sampled monthly and further away from that outlet 
(subgroup 1B: M3M, M4M, M4A, M5N, M5F, 
M5M, M5A, M6N, M6F, M6M, M6A, C5N, 
C5F, C5M, C5A, C6N, C6F, C6M and C6A). 
Given the greater distance to the outlet, these sites 
were less impacted by sewage discharges. Finally, 
a single sample, M3A, forms the lone subgroup 
1C, which is detached from the other samples and 
occurs in the third quadrant. Samples from the three 
subgroups were mostly scattered along the first axis, 
following a gradient of influence of sewage discharge 
(Figure 4 C; Figure 1).

The CCA analysis conducted on species plot 
(Figure 4 B) revealed a strong correlation between 
three taxa with the sites exposed to sewage 
discharge: N. palea var. palea, N. palea var. debilis 
and G. parvulum.

The subgroup 1A is the most distinct from 
the other subgroups (Figure  4 C), which can be 
explained by the relatively high abundances of N. 
palea var. palea and G. parvulum. The species N. 
palea var. palea only occurred at the sites influenced 
by sewage, namely, in all but four of the samples 
(C6A, C5N, C6N, C5F, C6F, C6M, M3A, M4A, 
M5A, M3N, M4N, M5N, M6N, M3F, M4F, M5F, 
M6F, M3M, M4M and M5M). While the mean 
relative abundance of this species in the entire 
group was only 5.36%, in M3F it reached 80.60% 
(February of 2006).

In November of 2005, the relatively high 
abundance of G. parvulum at sites M3 and M4 
contrasted with that of other sampling sites. For 
instance, considering all samples together, this 
species’ average relative abundance was 1.38%. 
However, in samples exposed to sewage discharge; 
its average relative abundance reached 4.08%. 
This occurred in 13 of the 24 samples exposed to 
sewage discharge (M3A and M6A [August 2005]; 
C5N, M3N, M4N, M5N and M6N [November 
2005]; C6F, M3F and M4F [February 2006]; 
C5M, C6M and M5M [May 2006]), but also in 
one sample not influenced by sewage (M2M [May 
2006] with 0.40%). In most of these samples, the 

see table at https://doi.org/10.48331/SCIELODATA.QXXCQO
see table at https://doi.org/10.48331/SCIELODATA.QXXCQO
https://doi.org/10.48331/SCIELODATA.QXXCQO
https://doi.org/10.48331/SCIELODATA.QXXCQO
https://doi.org/10.48331/SCIELODATA.QXXCQO
https://doi.org/10.48331/SCIELODATA.QXXCQO
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relative abundances of G. parvulum ranged from 
0.20 to 1.80%.

However, in the samples M4N and M3N 
(November 2005, subgroup 1A), its relative 
abundance reached 37.00% and 53.40%, 
respectively. The sample M3A (August of 2005), 
which comprises the subgroup 1C, is the most 
peculiar sample. This sample was under influence 
of sewage discharge and negatively correlates with 
dissolved organic carbon and dissolved oxygen. 
In the CCA, its distance from the other groups is 
probably caused by the high relative abundance 
of N. palea var. debilis (96.60%). Such high 
relative abundance only occurred in two samples 
not influenced by sewage (i.e., C2A and M2M, 
with 0.20% and 0.40% of relative abundance, 
respectively) and in four other samples influenced 

by sewage, all of which were collected in August of 
2005 (C5A, C6A, M4A and M5A, with 0.20%, 
0.20%, 1.00% and 0.20%, respectively).

The SIMPER test pointed to Psamothidium 
levanderi as the most influential species in most of 
the samples (i.e., 56 of 71), with an average overall 
relative abundance of 3.32%. This species was 
mostly associated with the sampling sites exposed 
to sewage discharge, under which its relative 
abundances peaked at 9.05%, against 0.39% for 
the samples not influenced by sewage. Yet another 
species, Eunotia sudetica, mostly occurred in 
samples influenced by sewage discharge, which 
were collected in Cumbuca and Mucugê Creeks. Its 
average relative abundances were 3.08% and 1.66% 
in samples influenced and not influenced by sewage 
discharge, respectively.

Figure 4. Ordination diagram of the CCA. All but four of the taxa codes can be found in Table S2 - Supplementary 
Material. Those that are not listed in Table S2 are: Abl (Achnanthidium blancheanum), Bnl (Brachysira cf. neoxilis), Eu16 
(Eunotia sp. 16) and Nls (Nupela lesothensis). The first letter of each site represents the creek sampled (M, Mucugê; 
C, Cumbuca; P, Piabinha), while the number indicates the sampling sites, and the last letter represents the month 
of sampling (A, August 2005; N, November 2005; F, February 2006; M, May 2006). The thin dashed ellipse form 
groups composed of most impacted samples (subgroup 1A); the smooth circle indicates the lone impacted sample of 
M3A (subgroup 1C); the dotted ellipse represent groups composed by lesser impacted samples (subgroup 1B); the 
bold dashed ellipse groups samples of Mucugê and Cumbuca creeks not affected by sewage discharge (subgroup 2A); 
the smooth ellipse groups samples of Piabinha creeks the not affected by sewage discharge (subgroup 2B). See text 
for environmental variables codes and Tables S6, S7, and S8 (Supplementary Material, https://doi.org/10.48331/
SCIELODATA.QXXCQO) for taxa CCA codes.
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3.3.2. Group 2: Sampling sites not exposed by 
sewage discharge

The results of our PCA shows that samples 
obtained from sites not exposed sewage discharge are 
mostly scattered along the second axis. The samples 
of group 2 may be divided in two subgroups. 
The first (subgroup 2A) is composed of samples 
from Cumbuca and Mucugê Creeks. Given their 
similarity in environmental characteristics, their 
biological communities are closely tied along the first 
axis, which contrast with samples of subgroup 1B. 
The other subgroup from this sampling (subgroup 2B) 
is composed by samples obtained from Piabinha 
Creek. In the first quadrant of the CCA diagram, 
these samples are clearly detached from the 
subgroup 2A and seem positively correlated with 
the variables dissolved organic carbon and dissolved 
oxygen (Figure  4  C). During the entire study, 
E. intermedia was a conspicuous member of the 
community

in all sampling sites. Overall, this taxon was the 
most abundant in this study with a mean relative 
abundance of 16.72%. Given its dominance, this 
species played a significant role in the relative 
dissimilarity between communities that was exerted 
by the selective influence of sewage discharge 
(SIMPER test; Table S2 - Supplementary Material).

The second most abundant taxa in this study 
(A. affine) occurred in 61 sites, with an average site-
specific relative abundance of 9.17%. This taxon 
also exerted a strong effect on the between-group 
dissimilarity (Table S3 - Supplementary Material). 
For instance, in sites not influenced by sewage, its 
average abundance was relatively high (i.e., mean 
of 13.41%), which contrasts with sites under the 
influence of this factor (mean of 11.19%). However, 
in the CCA plot, this species appears near the centre 
region, most likely because of its relatively low average 
abundance in all the sampling sites of Piabinha Creek 
(3.10%), which were not influenced by sewage.

Yet another conspicuous species of sites free 
from the influence of sewage involves N. lapidosa, 
with 8.7% of the average abundance. Although this 
species was mostly sampled at sites not influenced 
by sewage discharge, it was also found in sewage-
impacted sites but in lower relative abundance 
(5.6%). Its highest abundance was measured in 
Piabinha Creek (11.43%). Other species of lesser 
importance in terms of relative abundance were also 
more present in the sampling sites not influenced 
by sewage, including F. saxonica, Nupela neotropica, 
Nupela giluwensis, and Nupela zikae.

4. Discussion

Our analyses of environmental and diatom 
communities’ data provide indications that the 
sampling sites downstream from the sewage outlet 
are undergoing an eutrophication process. Sites closer 
to the outlet (M3 and M4) were characterized by 
higher levels of total phosphorus, nitrogen, and pH, 
which were the most important structuring variables 
between the two groups of samples (i.e., influenced 
and not influenced by sewage; Figure 2 C). The effect 
of sewage inputs was particularly evident during 
the summer season (February), when water level 
is low. The greater nutrients concentration at sites 
M3 and M4 increased the metabolic rates of the 
periphytic communities, including diatoms. This 
resulted in increasing the ambient pH during the 
illuminated hours of the day, because of lowering CO2 
concentration. The high concentrations of nutrients 
of these sites have a clear effect on the community 
composition of epilithic diatoms, particularly when 
compared to the sampling site unexposed to sewage 
(Figure 4). The species N. palea var. palea, N. palea var. 
debilis and G. parvulum were dominant at the most 
eutrophic sampling sites (M3 and M4). Many studies 
have demonstrated how these species readily flower 
under eutrophic conditions, including those typically 
associated with sewage discharge (Dam et al., 1994; 
Duong et al., 2007; Kivrak & Uygun, 2012; Moro & 
Furstenberger, 1997; Ndiritu et al., 2006; Raschke, 
1993; Solak et al., 2012; Watanabe et al., 1990).

A pattern identified in the samples of CD is 
the decreasing abundance in species of the genus 
Eunotia at sites influenced by sewage discharges. 
This genus is typically recorded in dystrophic 
environments, characterized by acidic waters, low 
nutrient concentrations, and brownish waters, as is 
typical of CD region (Spaulding et al., 2021). Sewage-
free conditions are in fact prevalent in many parts of 
the Chapada Diamantina region. At high-altitude 
streams characterized by dystrophic conditions the 
periphytic communities are dominated by species 
such as E. intermedia and N. lapidosa (Costa et al., 
2017; Leira  et  al., 2017; Ortiz-Lerín & Cambra, 
2007; Potapova, 2010a; Wojtal, 2009). Other species 
are nonetheless abundant but in lesser concentration 
such as F. saxonica and N. neotropica, which are typical 
of oligotrophic, non-polluted waters (Kociolek & 
Graeff, 2011; Wojtal, 2009). We also found other 
acidophile species, namely N. giluwensis and N. zikae 
(Wojtal, 2009).

The inventory of diatoms communities in creeks 
not under the selective influence of sewage presented 
some surprises. Indeed, we found species under 
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environment conditions for which they should be 
ill-adapted, based on previously published papers. 
For example, two species typical of oligotrophic 
conditions (P. levanderi and E. sudetica) were found 
in sites exposed to sewage discharge (Bahls, 2013; 
Blanco et al., 2017; Potapova, 2010b; Wojtal, 2004). 
Another example was A. affine, which is considered 
typical of alkaliphile and beta mesosaprobic waters 
(Solak et al., 2012), which was more abundant in 
sampling sites that are not influenced by sewage 
discharge. These potential contradictions underscore 
the need for further studies on the ecological 
tolerance and preferences of epilithic diatoms.

5. Conclusions

The use of epilithic diatoms as bioindicators to 
determine the potential effects of pollution by excess 
nutrient inputs is an effective approach to characterize 
the state of naturally acidic low-order creeks. We 
concluded that sewage discharges strongly influenced 
these creeks diatom communities, chiefly related 
to changes of dissolved nutrients concentration 
(nitrogen, and phosphorus) and pH. Downstream 
samples became dominated by species adapted to 
eutrophic and alkaline environments (e.g. N. palea 
var. debilis, N. palea var. palea and G. parvulum). 
These species are considered effective bioindicators 
of environments that are influenced by nutritional 
enrichments. In these samples, we also registered a 
decline in species adapted to oligotrophic and acidic 
environments (namely E. intermedia), which are 
naturally dominant under more pristine/reference 
conditions. These community changes confirm our 
basic hypotheses that the epilithic diatom community 
structure would be determined by sewage inputs. 
Nonetheless, we found some unexpected results, 
such as the high abundance oligotrophic conditions 
adapted species, such as P. levanderi and E. sudetica in 
eutrophic conditions. The autecology of many species 
from tropical regions are still in its infancy, which 
points for the necessity to further study the niche of 
these species. In turn, this will allow more precise use 
of epilithic diatoms as a bioindicator.
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