
Vol.: (0123456789)
1 3

Hydrobiologia (2023) 850:607–625 
https://doi.org/10.1007/s10750-022-05110-5

PRIMARY RESEARCH PAPER

Structural parameters of biofilm and bacterioplankton 
are better indicators of urbanization than photosynthetic 
functional parameters in low‑order streams

Rocío Gorbarán · Carolina Vilches  · María Carolina Rodríguez Castro · 
Adonis Giorgi · Ana Torremorell 

Received: 23 March 2022 / Revised: 1 December 2022 / Accepted: 2 December 2022 / Published online: 15 December 2022 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract The aim of this study was to assess 
urbanization effects on microbial communities from 
low-order streams. Artificial substrata were placed 
upstream (control) and downstream (urban) of the 
cities of the selected streams. Photosynthetic param-
eters derived from chlorophyll-a fluorescence were 
measured using a Pulse of Amplitude Modulated 
Fluorometer, and the bacterial biofilm and bacte-
rioplankton were counted by microscopy after stain-
ing with 4′,6-diamidino-2-phenylindole. We found 
higher bacterial biofilm biomass together with higher 

concentration of nutrients in urban reaches. The bio-
film total density of bacteria was negatively correlated 
with the humic acid concentration, while the bacteri-
oplankton total density was positively correlated with 
soluble reactive phosphorus and nitrite concentration. 
Autotrophic Index reflected the predominance of het-
erotrophs in the three streams. The concentration of 
chlorophyll-a, the minimum fluorescence, and the 
other photosynthetic parameters showed variations 
between the streams. These would respond to envi-
ronmental factors at local scale not included in this 
study and may be influenced by the low development 
of autotrophic biomass at least in two of the streams 
studied. The bacterial morphotypes Small rod, Large 
rod, and Vibrio shaped (large) allowed the differentia-
tion of urban reaches and would be useful as indica-
tors of urbanization effects in both biofilm and bacte-
rioplankton of lowland streams.

Keywords Biofilm · Bacterioplankton · Stream · 
Urban impact · Indicators

Introduction

The urbanization of landscapes causes substantial 
alterations to watershed processes and subsequent 
stream function. Understanding the ecology of urban 
streams is increasingly important as more watersheds 
are impacted by human activities (Epstein et  al., 
2016). Urbanization affects the natural landscape 
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causing the elimination of habitats, fragmentation, 
and isolation in the riparian zone. In this sense, the 
most significant changes are the input of toxic sub-
stances associated with domestic and industrial waste 
and the increase in impervious surfaces (Schueler, 
1987). Changes introduced by anthropogenic activ-
ity alter the physical and chemical characteristics 
of the basin’s channels and its waters, influencing 
the biota and the functioning of these ecosystems 
(Pozo & Elosegui, 2009). Consequently, a reduc-
tion in the ecological integrity of river ecosystems 
and the capacity to provide environmental services 
is observed (Sweeney et al., 2004; Domínguez et al., 
2020). The processes of population growth and 
urbanization in Argentina have occurred since the 
end of the nineteenth century and were accentuated 
during the first decades after the Second World War 
(Ainstein, 2012). Compared to other Latin American 
countries, Argentina showed an incipient and accel-
erated urbanization process, with a trend toward the 
concentration of activities in the Pampean Region. 
This raised a process of inequality in the distribution 
of the population and economic activities (Velázquez, 
2000). The Pampean Region is an area of 426,000 
 km2 and has the highest population density in the 
country (Morello et  al., 2000), with approximately 
18 million inhabitants that represent 46% of the total 
population (INDEC, 2010) but the integrity of their 
aquatic ecosystems remains poorly evaluated.

The urban streams of the Pampean region charac-
terized by naturally high concentrations of nutrients 
and humic acids (Feijoó & Lombardo, 2007) receive 
domestic and industrial effluents, in many cases with 
little or no treatment (Frau et  al., 2019). Tagliaferro 
et  al. (2019) found that urbanization in Pampean 
streams has a negative effect on the decomposi-
tion of organic matter and that it generates a change 
in the taxonomic structure of macroinvertebrate 
communities.

In Pampean streams characterized by high avail-
ability of nutrients, biofilms have shown to respond 
to slight variations in water quality related to the 
effects of urbanization, like developing a higher bio-
mass with a higher metabolic activity (Cochero et al., 
2018, 2021; Vilches et al., 2014). Biofilms are com-
munities of microorganisms embedded in a muco-
polysaccharides matrix that develop on different types 
of substrates in aquatic environments (Sabater et al., 
2007). These are complex communities with great 

taxonomic and functional biodiversity, as they are 
made up of algae, bacteria, archaea, fungi, protozoa, 
and viruses (Besemer, 2016). In streams, biofilms 
are key communities where metabolic and enzymatic 
activity determine fundamental ecosystem processes, 
such as primary production and respiration (Battin 
et al., 2016).

In addition, biofilm integrates the effects of envi-
ronmental conditions, which is why it has been 
widely used as a bioindicator in monitoring river eco-
systems. (Biggs, 1989; Pizarro & Alemanni, 2005; 
Sabater et  al., 2007; Montuelle et  al., 2010; Monti 
et al., 2020). Therefore, multiple structural and func-
tional biofilm endpoints are employed in laboratory 
and field studies for direct and indirect assessment 
of environmental impacts (Proia et  al., 2012). For 
example, degradation of water quality given by high 
levels of nutrients and chemical oxygen demand can 
lead to increased algal biomass and bacterial growth, 
respectively (Tien et  al., 2009). Findlay (2010) sus-
tained that microbial processes need to be considered 
for stream management, restoration, and response to 
possible future scenarios of climate change. The het-
erotrophic microbial biomass is recognized as a key 
portion of trophic transfer, so its quantification is 
important (Findlay, 2010). The main role of hetero-
trophic microbes is crucial since they participate in 
the cycling and reuse of organic material that comes 
from primary production and from terrestrial vegeta-
tion (Sabater et al., 2009).

Monitoring of ecological status of aquatic sys-
tems has traditionally been based on the determi-
nation of water quality through the determination 
of physical and chemical characteristics and / or 
the analysis of community structure and biological 
indicators (Pu et al., 2019). Functional parameters 
arise from the measurement of changes in differ-
ent ecological processes (e.g., primary production) 
and their inclusion in the environmental monitor-
ing protocols allows assessing functional altera-
tions of the systems as a consequence of anthropic 
activities (Gessner & Chauvet, 2002; Young et al., 
2008). In recent decades, the use of parameters 
derived from the fluorescence emitted by chloro-
phyll-a to study structural and functional indica-
tors of autotrophic communities has increased 
(Schmitt-Jansen et  al., 2008). This type of study 
allows fast and precise in vivo detection of physio-
logical and structural changes of all photosynthetic 
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organisms in the sample at once (Schmitt-Jansen & 
Altenburger, 2008). This tool has been used in eco-
toxicology as an endpoint in tolerance tests (Tlili 
et al.. 2011) and to study the effect of metals (Serra 
et  al., 2009; Corcoll et  al., 2011), emerging pol-
lutants (Ricart et  al., 2010), and herbicides on the 
biofilm (Pesce et  al., 2010; Feckler et  al., 2018). 
Also, Ponsatí et al., 2016 used this tool as indicator 
of biofilm function to analyze relative importance 
of land uses and chemical pollutants in Mediter-
ranean river basins during contrasting hydrologi-
cal periods. In the Pampas region, this method has 
been used to evaluate the water quality of streams 
affected by diffuse contamination with phosphorus 
in the chronic presence of arsenic (Rodríguez Cas-
tro, 2015).

Previous studies in fluvial environments of the 
Pampean region have determined bacterial biomass 
in the biofilm (Cochero et  al., 2013; Sierra et  al., 
2013), but no studies have used Pulse of Amplitude 
Modulated Fluorometer (PAM) fluorometry as a 
tool to determine structural and functional parame-
ters of the community, nor the analysis of bacterial 
morphotypes as bioindicators.

The aim of this study was to assess urbaniza-
tion effects on microbial communities in low-order 
streams. For this purpose, we measured the auto-
trophic and bacterial biofilm biomass, the bacte-
rioplankton biomass and functional parameters of 
autotrophic biofilm in three Pampean streams run-
ning through urban zones. Also, water quality was 
estimated by means of physical and chemical vari-
ables and the relation between those and the bio-
logical parameters was evaluated. The urbanization 
effects were analyzed at each stream by comparing 
the parameters measured upstream from the city 
(control reach) with those measured downstream 
from the city (urban reach). We hypothesized that i) 
the microbial communities are negatively affected 
by nutrient enrichment resulting from urbanization. 
We predicted that in urban reaches (i) the biofilm 
and bacterioplankton biomass would be higher as a 
consequence of the increase in nutrient concentra-
tion; (ii) the autotrophic biofilm functional param-
eters would reflect a lower physiological state as a 
consequence of environmental stress; and (iii) the 
bacterial morphotypes structure would be affected 
by the environmental conditions related with nutri-
ent enrichment.

Materials and methods

Study area

The Pampean region is warm temperate and fully 
humid, according to Köppen’s climate classifica-
tion, with mean temperature of 14 and 20 °C during 
winter and summer, respectively, and mean annual 
precipitation of 939  mm, with the maximum rain-
fall occurring in late summer (Matteucci, 2012). 
Pampean streams are characterized by mild slopes 
(0.1–1  km/m) throughout their course, resulting in 
slow current velocities (Rodrígues Capítulo et  al., 
2010). Stream beds are formed by an homogeneous 
and hard substratum with fine sediments (silt and 
clay). Humic substances in Pampean streams are 
naturally high, as well as alkalinity, conductivity, 
dissolved oxygen, and nutrient concentration (Amu-
chastegui et  al., 2016). The landscape is character-
ized by the absence of forested riverbanks, where the 
dominant vegetation is herbaceous and there are only 
a few isolated native trees, such as Salix humboldti-
ana or Celtis tala (Feijoó & Lombardo, 2007). Most 
streams present a diverse community of macrophytes, 
which play a very important role as the main primary 
producers and provide habitat heterogeneity to the 
system (Giorgi et al., 2005). Instead of native vegeta-
tion, urban streams present introduced vegetation in 
its riverbank.

The study was carried out in three Pampean 
streams: La Choza, Giles, and Salgado, which cross 
the cities of General Rodríguez, San Andrés de Giles, 
and Lobos located in the Northeast area of Buenos 
Aires, Argentina (Fig.  1). The criteria for the selec-
tion of streams, previously described by Tagliaferro 
et  al. (2019), were (1) Streams in association with 
small cities (< 100,000 people), (2) streams having 
similar hydrological characteristics, and (3) refer-
ence sites without cities on the riversides, nor close-
by (at least 20 km distant from the riverside). At each 
stream, a “control reach,” upstream from the city, and 
an “urban reach,” downstream from the city, were 
selected. La Choza stream (34° 40′ S; 59° 09′ W) rises 
in an agricultural area south to Plomer Town and runs 
through an urban area where it receives wastewater 
from a chicken slaughterhouse and from residential 
neighborhoods (partially treated wastewaters and 
diffuse contamination). The Giles stream (34° 27′ S; 
59°  27′  W) rises west to San Andrés de Giles city 



610 Hydrobiologia (2023) 850:607–625

1 3
Vol:. (1234567890)

and runs through a natural area surrounded by native 
riparian vegetation with agricultural land use. Along 
the urban reach, the Giles stream receives partially 
treated wastewaters from a paper‐mill and residential 
diffuse contamination. This reach undergoes recurrent 
dredging on its channel margins. The Salgado stream 
(35°  08′  S; 59°  05′  W) belongs to the Salado river 
basin and delimits Lobos City in the western region. 
This stream was channelized at both control and 
urban reaches more than 15 years ago, and the chan-
nel has not received any additional management since 
then. However, the urban reach receives both partially 
treated wastewater from a part of the urban area and 
from a cattle slaughterhouse.

Environmental characterization

Samplings were carried out monthly between 
April and June of 2015. At each sampling site, a 
100-m-long reach was selected in which wet width 
and depth were measured using a meter and water 
velocity with a propeller flowmeter (GM MFG co 
NYC). Discharge was calculated from these data by 
the area–velocity method (Elosegui et  al., 2009). 
The percentage of coverage and the functional 

types of macrophytes present in each reach were 
also determined. At each sampling date (April, May 
and June) temperature, conductivity, pH, and dis-
solved oxygen concentration were measured using 
a probe (Thermo Scientific Orion Star A329) and 
water samples in triplicate were collected for nutri-
ent analysis in polyethylene bottles (see Appendix 
S1). Water samples were stored at 4  °C and trans-
ported to the laboratory, where they were filtered 
within 2  h of collection using glass fiber filters 
(pore size = 0.7  mm). Analyses were conducted 
according to APHA (2005) and performed within 
24 h from the sampling time. Soluble reactive phos-
phorus (SRP, mg P-PO4

−3  l−1) was measured using 
the ascorbic acid method, nitrite (mg N-NO2

−  l−1) 
and nitrate (mg N-NO3

−  l−1) by reaction with sul-
fanilamide (with prior Cd reduction in the case of 
nitrate), and ammonium (µg N-NH4

+  l−1) using the 
phenol-hypochlorite method. In addition, total sus-
pended solids (TSS, mg  l−1) were estimated by 
drying the glass fiber filters-previously weighed-to 
constant weight at 103–105  °C. The humic acids 
were estimated according to Lavado et  al. (1982). 
All colorimetric determinations were analyzed with 
a Hitachi U-2001 spectrophotometer (Hitachi Ltd., 
Tokyo, Japan).

Fig.1  Location of the three streams studied in province of Buenos Aires, Argentina. The streams were shown in black lines. CABA: 
Ciudad Autónoma de Buenos Aires, Buenos Aires City
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Biofilm and bacterioplankton

Artificial substrata were placed in each sampling site 
to evaluate the effect of urbanization on the commu-
nities of microorganisms. Forty substrata of etched 
glass (1  cm2) were adhered to the middle of both 
sides of concrete blocks. At the first sampling date the 
blocks were placed in the stream bed with the sub-
strata parallel to the direction of the flow and thus 
the sediment could not cover them. The depth of the 
blocks was between 10 and 15 cm, so the light levels 
were sufficient to allow the development of an auto-
trophic community. The blocks were extracted from 
the sampling sites once the communities had devel-
oped, after 43 days of colonization. According to Tien 
et al. (2009), a one-month period of biofilm coloniza-
tion is adequate for biomonitoring of water quality. At 
that point, the substrata were carefully peeled off the 
block, avoiding detachment of the biofilm layer. The 
colonized glasses were placed in compartmentalized 
containers with freshwater from the stream to avoid 
excessive movement, where they were transported to 
the laboratory (Stevenson & Bahls, 1999).

Once in the laboratory, photosynthetic parameters 
derived from chlorophyll fluorescence were measured 
using a Pulse of Amplitude Modulated Fluorometer 
(PAM) (FMS 1, Hansatech, England): minimum fluo-
rescence yield  (F0), maximum quantum yield (Fv/
Fm), and effective quantum yield (ΦPSII). According 
to Rysgaard et al. (2001), F0 of dark-adapted cells at 
665  nm is proportional to the chlorophyll-a concen-
tration. F0 can be used as a structural parameter of the 
community, as it relates to algal biomass. The Fv/Fm 
parameter represents the maximum photosynthetic 
capacity and the ΦPSII represents the photosynthetic 
efficiency at a steady-state electron transport. These 
parameters are considered functional attributes of 
the autotrophic community since they arise from the 
measurement of the rates of different ecological pro-
cesses and reflect their functioning (Maxwell & John-
son, 2000; Tambussi & Graciano, 2010). In this study 
we will refer to F0 parameter as minimum fluores-
cence, to Fv/Fm parameter as the maximal photosyn-
thetic capacity, and to ΦPSII parameter as the photo-
synthetic efficiency of biofilm.

As PAM fluorometry is a fast and non-destruc-
tive technique, colonized glasses were also used to 
determine biofilm biomass after fluorescence meas-
urements. Chlorophyll-a concentration (chl-a) was 

estimated by the Lorenzen method (Aminot, 1983) 
and the ash-free dry weight (AFDW) according to 
Aloi 1990. The Autotrophic Index (AI) which repre-
sents the ratio between AFDW (mg  m−2) and chl-a 
values (mg  m−2) (APHA, 2005) was calculated for 
each site.

For the analysis of the microbial structure of the 
bacterioplankton and the biofilm, samples were taken 
from the water column on each sampling occasion 
and from the artificial substrates at the end of the 
colonization. The samples were fixed with forma-
lin (4%) and kept cold at 4ºC until analysis. Samples 
were filtered through 0.2-µm black polycarbonate 
filters, stained with 50  µl of 4′,6-diamidino-2-phe-
nylindole (DAPI) (0.5 mg  ml−1) for 10 min (Porter & 
Feig, 1980), and then mounted on a microscope slide 
with a drop of immersion oil for fluorescence. The 
inspection of samples was made at ×1000 magnifica-
tion using Zeiss Axioplan microscope equipped with 
HBO 50 W lamp and a filter set for blue light, green 
light, and UV excitation. Bacteria were counted under 
UV light excitation and morphotypes were identified 
as bacterial cells that appeared at least once in each 
of the 25 fields observed per sample. The observed 
morphotypes were named according to their shape 
and size (Posh et al., 2009) (Fig. 2). The approximate 
size of each morphotype was estimated through pho-
tographs taken with a Canon Power Shot G10 camera 
and AxioVision software version 4.8 (Massana et al., 
1997; Posch et al., 2009) (Appendix S2).

Data analysis

Differences in nutrients concentration (SRP, N-NO2
−, 

N-NO3
− and N-NH4

+), humic acids, TSS, algal bio-
film metrics (chl-a, AFDW,  F0, Fv/Fm, and ΦPSII), 
and bacterial metrics (total and morphotype densi-
ties) among reaches in each stream were analyzed by 
means of a one-way analysis of variance (ANOVA). 
Normality was tested with the Shapiro–Wilk’s good-
ness‐of‐fit test and transformed variables when nec-
essary. Homogeneity of variance was tested by Lev-
ene’s test (Zar, 1999).

The association between the physical and chemi-
cal variables (SRP, N-NO2

−, N-NO3
− and N-NH4

+, 
TSS, humic acids, conductivity, pH, dissolved 
oxygen, and temperature) and the reaches was per-
formed using principal component analysis (PCA). 
The standardized mean values for each sampling 
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occasion were used. Pearson correlations were per-
formed to evaluate the relationship between the bio-
logical parameters (chl-a, AFDW, F0, Fv/Fm and 
ΦPSII, bacterial biofilm, and bacterioplankton total 
densities) and physical and chemical parameters, 
discharge, and macrophyte coverage. The mean val-
ues for each reach were used. The matrix of Pear-
son correlations can be found in the Supplementary 
Material (Appendix S3). All the analyses were con-
ducted using R (3.6.0) in RStudio (1.4.1106) with 
the packages stats (R CoreTeam, 2019) car (Fox & 
Weisberg, 2019), vegan (Oksanen et al., 2020), and 
factoextra (Kassambara & Mundt, 2020).

Results

Environmental characterization

The pH and temperature were similar in all streams 
during the study. In Giles stream the conductivity was 
low and similar in both control and urban reaches, 
while in La Choza and Salgado streams, higher val-
ues were recorded in the control reaches (Table  1). 
These variables were correlated (R = 0.82. P < 0.05). 
The percentage of macrophyte coverage per section 
was low and similar between the La Choza reaches, 
while higher coverages were recorded in urban reach 
of Giles and control reach of Salgado. The Sub-
merged and Emerging functional groups were present 

Fig. 2  Length and sche-
matic shape of the bacterial 
morphotypes found in the 
studied streams

Table 1  Mean values and standard deviation of physical and chemical variables, macrophyte coverage, and functional type in con-
trol (C) and urban (U) reaches

Reach pH Temperature 
(°C)

Conductivity 
(µS  cm−1)

Dissolved 
Oxygen (mg 
 l−1)

Dis-
charge 
 (m3  s−1)

Macrophyte 
coverage 
(%)

Functional type

Floating Submerged Emergent

Choza C 8.51 ± 0.16 18.0 ± 3.6 2056 ± 852.1 12.23 ± 1.79 0.016 3.92 x
Choza U 8.43 ± 0.36 16.7 ± 2.2 1335 ± 56.3 2.02 ± 0.14 0.036 0.74 x
Giles C 8.36 ± 0.27 18.8 ± 2.5 1029.5 ± 81.8 8.85 ± 1.19 7E-04 3.5 x x
Giles U 8.15 ± 0.24 20.0 ± 2.6 1300.8 ± 179.7 10.55 ± 1.03 0.009 20.3 x x
Salgado C 8.54 ± 0.31 15.3 ± 1.2 3617.5 ± 600.5 6.98 ± 2.47 4E-04 95.2 x x
Salgado U 8.24 ± 0.23 22.2 ± 2.8 2597.5 ± 172.6 5.79 ± 1.48 0.035 0.85 x x
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in the three streams in at least one of the sites, and the 
Floating group was only recorded in the urban reach 
of Salgado stream. (Table 1).

Nutrient concentrations were higher in urban 
reaches with the exception of nitrate in La Choza 
and Giles streams. For SRP and N-NO2

− significant 
differences were found between reaches of the three 
streams (P < 0.05, n = 9). For N-NH4

+ and N-NO3
−, 

only significant differences were found between 
the La Choza and Salgado reaches (P < 0.05, n = 9). 
The N-NO2

− was positively correlated with SRP 
(R = 0.95, P < 0.05), N-NH4

+(R = 0.86, P < 0.005), 
and discharge (R = 0.87, P < 0.05). The N-NO3

− was 
correlated with temperature (R = 0.83, P < 0.05) and 
N-NH4

+ was negatively correlated with dissolved 
oxygen (R = -0.83, P < 0.05). Humic acids and TSS 
presented a different trend from the previous param-
eters, with higher average values in the control 
reaches and significant differences (P < 0.05, n = 9) 
only in Giles and Salgado streams (Table 2). Humic 
acids were positively correlated with pH (R = 0.87, 
P < 0.05) (see Appendix S3).

The ordination of the reaches based on the physi-
cal and chemical variables was carried out using a 
principal component analysis (PCA). The first two 
components of the PCA accumulated 63.73% of the 
total variance. The first component (percentage of 
variance explained: 37.1%) showed a positive correla-
tion with N-NO2

− (coefficient 0.84), SRP (0.78), and 
N-NH4

+ (0.77) and a negative correlation with humic 
acids (-0.67) and TSS (-0.63). The second component 
(percentage of variance explained: 26.6%) showed 
a positive correlation with N-NO3

− (0.79) and dis-
solved oxygen (0.76) and a negative correlation with 
conductivity (− 0.61) (Fig. 3). The urban reaches of 

La Choza and Salgado streams were associated with 
greater concentration of N-NO2

−, SRP, and N-NH4
+, 

while the control reaches of the three streams were 
associated with greater concentration of humic acids, 
TSS, and pH. The urban reaches of Giles stream were 
associated with greater concentration of N-NO3

− and 
dissolved oxygen (Fig. 3).

Biofilm and bacterioplankton

Biofilm biomass was estimated using Minimum Fluo-
rescence  (F0), chlorophyll-a concentration (chl-a), 
and ash-free dry weight (AFDW). Despite the great 
variability observed, the trend reflected by these three 
parameters is higher biomass in the control reaches 
compared to the urban ones in the three streams, 
with the exception of chl-a in the Giles and Salgado 
streams. Significant differences were found between 
reaches in La Choza and Salgado for chl-a (P < 0.05, 
n = 18, La Choza and Giles for  F0 (P < 0.05, n = 40), 
and Salgado for the AFDW (P < 0.05, n = 18) 
(Table 3). The AFDW was positively correlated with 
TSS (R = 0.83, P < 0.05) and the macrophyte cov-
erage (R = 0.87, P < 0.05). Significant correlations 
between  F0 and chl-a concentration and the physical 
and chemical variables, discharge, and macrophyte 
coverage were not found.

Values of Autotrophic Index (AI) greater than 200 
indicate a predominantly heterotrophic community 
with non-photosynthetic organisms and with organic 
debris. The results reflect the predominance of het-
erotrophs in the three streams (Table 3).

Maximal photosynthetic capacity (Fv/Fm) was 
higher in the control reaches compared to the urban 
ones of the La Choza and Salgado streams, while in 

Table 2  Mean values and standard deviation of nutrients, humic acids, and total suspended solids (TSS) in control (C) and urban 
(U) reaches

The symbols * and ** represent significant differences between urban and control reaches, where * indicates P < 0.05 and ** 
P < 0.001

Reach PRS Ammonium Nitrite Nitrate Humic Acids TSS
P-PO4

3−(mg/l) N-NH4
+(µg/l) N-NO2

−(mg/l) N-NO3
−(mg/l) (Abs) (mg/l)

Choza C 0.22 ± 0.05 31.0 ± 40.9 0.040 ± 0.003 1.70 ± 0.22 0.081 ± 0.032 31.65 ± 11.40
Choza U 0.72 ± 0.12** 775.5 ± 473.5** 0.211 ± 0.148** 0.65 ± 0.30** 0.057 ± 0.023 28.96 ± 4.54
Giles C 0.11 ± 0.06 117.9 ± 103.5 0.021 ± 0.006 2.49 ± 0.94 0.067 ± 0.026 49.92 ± 30.27
Giles U 0.18 ± 0.07* 159.3 ± 105.4 0.118 ± 0.062** 2.26 ± 0.47 0.029 ± 0.009** 16.7 ± 2.84**
Salgado C 0.23 ± 0.09 79.6 ± 27.8 0.022 ± 0.021 0.18 ± 0.15 0.062 ± 0.018 76.17 ± 51.85
Salgado U 1.56 ± 0.09** 703.7 ± 576.1** 0.344 ± 0.051** 2.17 ± 0.76** 0.035 ± 0.007** 19.23 ± 4.93**
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the Giles stream, the situation was opposite (Fig. 4 
A). For Fv/Fm, significant differences were found 
(P < 0.05, n = 40) between reaches of the three 
streams. A positive correlation was found between 
Fv/Fm, macrophyte coverage (R = 0.86, P < 0.05), 
and ɸPSII (R = 0.89, P < 0.05) (see Appendix S3). 
The ɸPSII was higher in the control reach than in 
the urban reach of the La Choza (P < 0.05, n = 9). 
Despite the same trend was observed in Salgado 
stream, significant differences were not found 
between reaches. In the Giles stream, ɸPSII was 
higher in the urban reach than in the control reach 
(P < 0.05, n = 9) (Fig. 4 B). Significant correlations 

between ɸPSII and the physical and chemical vari-
ables were not found.

The total density of bacteria in the biofilm (cells 
 cm−2) was significantly higher in the urban reaches 
than the controls for the three streams (P < 0.05, 
n = 6) (Fig. 5 A). A higher density of bacterioplankton 
was also recorded in urban reaches (Table 4), but sig-
nificant differences were only found in the La Choza 
stream (P < 0.05, n = 18). The maximum total density 
recorded was 8.89.106 cells  ml−1 and corresponds to 
the urban reach of Salgado, in which great variability 
can be observed (Fig. 5 B). The biofilm total density 
of bacteria was negatively correlated with the humic 

Fig. 3  Biplot of principal 
component 1 and 2 (Dim 
1 and Dim 2, respectively) 
with the percentage of 
explained variance between 
parenthesis. The physical 
and chemical variables 
were represented by arrows. 
The sampling reaches were 
represented by different 
forms: circles, squares, and 
triangles correspond to La 
Choza, Giles, and Salgado 
streams, respectively. Green 
indicates control reach and 
red indicates urban reach, 
whereas the numbers 1 to 3 
indicate the sampling occa-
sion; temp: temperature, 
do: dissolved oxygen, nh4: 
ammonium, no2: nitrite, 
no3: nitrate, SRP: soluble 
reactive phosphorus, cond: 
conductivity, tss: total 
suspended solids, humic: 
humic acids

Table 3  Average and standard deviation for minimum fluorescence (F0), Chlorophyll-a concentration (chl-a), ash-free dry weight 
(AFDW), and autotrophic index (AI) in C: control and U: urban reaches

The symbols * and ** represent significant differences between urban and control reaches, where * indicates P < 0.05 and ** 
P < 0.001

Reach F0 (R.U.) Chl-a (mg  m−2) AFDW (g  m−2) AI

La Choza U 240.95 ± 241.54** 183.48 ± 155.26** 398.78 ± 151.96 2173.42
Giles C 656.35 ± 347.37 609.68 ± 221.63 543.18 ± 187.96 890.93
Giles U 263.68 ± 107.54** 704.56 ± 209.34 488.63 ± 139.76 693.53
Salgado C 121.16 ± 73.47 143.81 ± 95.42 755.96 ± 326.26 5256.66
Salgado U 118.63 ± 90.35 210.25 ± 86.54* 517.55 ± 152.63** 2461.59
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acid concentration (R = -0.84, P < 0.05). A positive 
and highly significant correlation between bacterio-
plankton total density and SRP was found (R = 0.98, 
P < 0.01) also with N-NO2

− (R = 0.95, P < 0.01) (See 
Appendix S3).

Significant differences (P < 0.05; n = 6) between 
reaches were found for all bacterial morphotypes 
present in the biofilm, between stream reaches. In all 
cases, except for the Cocci morphotype in the Sal-
gado stream and the Filament morphotype in the La 
Choza stream, the number of cells  cm−2 was higher 
in the urban reach. The Vibrio shape (large) morpho-
type was recorded at the control reach of La Choza 
stream and at all urban sites (Fig.  6 A). In the bac-
terioplankton, all the morphotypes registered higher 
average values in the urban reaches compared to the 

controls, except for the Cocci morphotype in Giles 
and Salgado streams and the Filament morphotype in 
Salgado stream (Table  4). In La Choza stream, sig-
nificant differences were found for the morphotypes 
Small rod and Large rod, in Giles stream for Vibrio 
shaped (small), Small rod, Large rod, and Filament, 
and in Salgado stream for all morphotypes (P < 0.05, 
n = 18). The Vibrio-shaped (large) morphotype was 
only registered in the urban reaches of the streams 
(Fig. 6 B).

Discussion

The present study aimed to assess the effects of 
urbanization on the microbial communities from 

Fig. 4  A Maximum photo-
synthetic capacity (Fv/Fm, 
R.U.: random units) from 
biofilm samples in control 
(C) and urban (U) reaches. 
B: Photosynthetic efficiency 
(ɸPSII, R.U.: random 
units) from biofilm samples 
in control (C) and urban 
(U) reaches. The symbol 
** represents significant 
differences between urban 
and control reaches, where 
P < 0.001
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low-order streams. We hypothesized that the micro-
bial communities were negatively affected by nutri-
ent enrichment resulting from urbanization. Our 
predictions were partially met: i) the bacterial bio-
film biomass was higher in the three urban reaches 
in agreement with an increase of nutrient concentra-
tion (SRP, N-NO2

−, and N-NH4
+), while the auto-

trophic biofilm and bacterioplankton biomass were 
more variable between streams suggesting that other 
environmental variables could have influence in the 
structure of these communities; ii) the autotrophic 
biofilm functional parameters did not reflect a lower 
physiological state in urban reaches, they showed 
a variable trend according to the autotrophic bio-
mass; and iii) the bacterial morphotypes structure 
were affected by nutrient enrichment in both biofilm 
and bacterioplankton communities, with a signifi-
cantly higher biomass of the Small rod, Large rod, 

and Vibrio-shaped (large) morphotypes in the three 
urban reaches.

In urban reaches, the concentrations of SRP and 
most of the inorganic nitrogen compounds exceed 
the reference values   for Pampean streams with 
low disturbance (Feijoó & Lombardo, 2007). This 
could be explained by the nutrient inputs from point 
sources related to the urban area nearby (industrial 
and municipal effluents, sewage treatment plants) 
and runoff and infiltration processes from areas with 
accumulation of domestic waste which are cited as 
the main anthropogenic sources of inorganic nitro-
gen in aquatic ecosystems (Camargo & Alonso, 
2006). Our results are consistent with those of Tag-
liaferro et  al., 2019 in a previous study carried out 
in these same streams, in which it was considered 
that eutrophication due to the high concentrations 
of SRP, nitrites, and ammonia was the main stressor 

Fig. 5  A Biofilm total den-
sity (cell  cm−2) in control 
and urban reaches. B Bac-
terioplankton total density 
(cell ml −1) in control and 
urban reaches. The symbols 
* and ** represent sig-
nificant differences between 
urban and control reaches, 
where * indicates P < 0.05 
and **P < 0.001
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associated with urban reaches. Also, Cochero et  al., 
2021 found a higher concentration of SRP in urban 
reaches of three Pampean streams and higher levels of 
nitrites, nitrates, and ammonium in the most strongly 
impacted site by urbanization. On the other hand, the 
higher concentrations of humic acids and TSS in con-
trol reaches could be related to the loss of riparian 
vegetation with the urban use of the surrounding land.

Biofilm is a key community in the functioning of 
river systems (Battin et al., 2016) and has been widely 
used to monitor its ecological status (Sabater et  al., 
2007; Serra et al., 2009; Montuelle et al., 2010; Monti 
et  al., 2020). Structural parameters such as  F0, chl-a 
concentration, and AFDW are of great importance 
for the analysis of the ecological integration of the 
Pampean streams affected by urbanization. In streams 
with urban influence, mainly as a consequence of a 
higher nutrient load, increases in the biomass of the 
biofilm were recorded (Taylor et  al., 2004; Catford 

et  al., 2007; O’Brien & Wehr, 2010). In the Pam-
pas Region, higher concentrations of nutrients and 
chlorophyll-a were observed in the most urban-
ized streams (Sierra et  al., 2013). However, Walsh 
et  al. 2005 indicate that, in systems without nutri-
ent limitation, in the absence of urban impact, such 
an increase is less likely. Our results show a higher 
bacterial biofilm biomass in urban reaches, mainly 
as a consequence of a higher nutrient load. The 
lower development of autotrophic biofilm in urban 
reaches could be attributed to other environmental 
variables related to urban influence. This difference 
in colonization is frequent in water courses polluted 
by wastewater discharges, where toxicity generated 
from substances released from sediments or directly 
from effluents with scarce or without water treatment 
(Ricart et al., 2010) explain a higher proliferation of 
the heterotrophic component of the biofilm, compet-
ing for substrata colonization (Masseret et al., 1998; 

Fig. 6  A Biofilm bacterial 
morphotypes (cell  cm−2) in 
control (C) and urban (U) 
reaches. B Bacterioplankton 
morphotypes (cell  ml−1) in 
control (C) and urban (U) 
reaches
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Valdés et al., 2021). The presence of a higher density 
of bacterial biofilm and the heterotrophic condition 
suggested by the AI supports this idea.

The parameter  F0 reflected a higher biomass of 
the autotrophic fraction in the control reaches of La 
Choza and Giles streams. This parameter is consistent 
with the concentrations of chl-a in La Choza and Sal-
gado streams, while in Giles stream  F0 of the urban 
reach underestimates the high concentration of chl-
a. This indicates that it is not always possible to use 
 F0 as an indicator of algal biomass because excessive 
development of the biofilm alters the linear relation-
ship between  F0 and chl-a concentration (Schmitt-
Jansen & Altenburger, 2008; Corcoll et al., 2012).

The measurement of the fluorescence emitted by 
chlorophyll-a allows determining functional param-
eters of the community linked to the photosynthetic 
process and in particular to the primary reactions 
that take place in the PSII (Maxwell &Johnson 
2000; Tambussi & Graciano, 2010). Different physi-
cal or chemical factors of environmental stress such 
as changes in light intensity, nutritional deficiencies, 
presence of heavy metals, and detergents, among oth-
ers affect the photosynthesis and modify the emission 
of fluorescence (Moreno et  al., 2008). Thus, these 
changes can be used to reveal response mechanisms, 
quantify responses to stress, and identify pollutants 
and their sources (Maxwell & Johnson, 2000). The 
maximum photosynthetic capacity (Fv/Fm) for the 
control reaches of the three streams is similar to those 
found by Corcoll et  al. (2011) in biofilm of a non-
polluted river. These results would reflect a greater 
integrity of the photosynthetic apparatus of the bio-
film in the reaches that do not receive the impact of 
urbanization (Bilger et al., 1995; Maxwell & Johnson, 
2000), except for Giles stream. In the Giles stream, 
the use of this parameter could be rejected, since the 
 F0 value intervenes for its estimation, which indi-
cated an underestimation of the biomass of the bio-
film. It should be noted that the Giles urban reach was 
dredged prior to samplings, so the development of the 
autotrophic biomass could have been affected due to 
the higher concentration of available nutrients and the 
existence of new niches (Licursi & Gómez, 2009). 
The Photosynthetic Efficiency (ɸPSII) was higher in 
the control reach of La Choza stream, reflecting like 
Fv/Fm a better physiological state of the community 
in the reach that does not receive the influence of 
urbanization. While, in Giles stream it was higher in 

the urban reach, which would indicate that the com-
munity on this site is not affected in its photosyn-
thetic functioning. In the Salgado stream, ɸPSII was 
not significantly different between control and urban 
reaches. Thus, this parameter could be less sensitive 
to detect the effects on algae of toxic compounds 
depending on the time of exposure of the toxicant 
substances (Corcoll et al., 2012). One of most impor-
tant environmental factors that influence the photo-
synthesis of the autotrophic communities is the irradi-
ance that reaches the streambed (Hill, 1996; Hill & 
Dimick, 2002). The Pampean low-order streams has 
a natural riparian vegetation mainly herbaceous (Fei-
joó & Lombardo, 2007). Without riverine shaded the 
solar radiation easily reaches the streambed allowing 
a high primary gross production given by the epiphy-
ton and the bottom algae (Vilches & Giorgi, 2010). 
The light intensity it would not be a limiting factor 
for the photosynthesis in the studied streams. The 
variability of the results could be related to differ-
ences at local scale between streams and to the low 
development of the autotrophic biomass at least in 
Salgado stream. The use of parameters derived from 
chlorophyll-a fluorescence to detect changes in the 
structure and functioning of the biofilm and to evalu-
ate the effect of a stressor such as urbanization in 
lowland Pampean streams has no precedents. Corcoll 
et al. (2012) recommend the implementation of these 
bioindicators in the study of river ecosystems due to 
their ability to provide warning signals to the effects 
of toxicity. Nevertheless, these parameters were vari-
able between the streams suggesting the influence 
of others factors not included in our study so further 
studies will be necessary to explain the variability.

In low-order streams, microbial biomass in sedi-
ments or attached to surfaces is usually greater than 
planktonic biomass and is the main responsible 
for the processing of organic matter (Pusch et  al., 
1998; Findlay et  al., 2002). However, in rivers with 
low current velocity, the development of the bacte-
rial planktonic community can be important (Freese 
et  al., 2006), establishing an intimate relationship 
with the particles transported by the system (Romani 
et al., 2009). The diversity of these communities and 
the variety of their metabolic capacities give them a 
key role in river ecological processes. For this rea-
son, their study is of interest for determining the eco-
logical status of fluvial courses, since they are con-
sidered indicators of their health, and of importance 
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in systems that have suffered disturbances. (Burns 
& Ryder, 2001; Freese et  al., 2006; Findlay, 2010). 
Bacterioplankton density exhibited a similar trend 
in the three streams, with higher values in the urban 
reaches. Schumann et  al. (2003) determined bacte-
rial densities between 4.0 and 10.9.106 cell.ml−1 in a 
shallow river with low current velocity and eutrophic. 
According to these authors, this range would be 
typical of several freshwater systems with different 
trophic degrees. Our results were within this range 
of densities. In urban reaches, the registered values 
were similar to those found by Freese et  al. (2006) 
during the fall in an eutrophic river characterized by 
a low current speed. These authors found a correla-
tion between bacterial density and water temperature, 
which explained the lower density recorded in cold 
seasons. In the present study, the temperatures at both 
sites of each stream were similar, so the differences 
observed were not due to temperature differences.

The bacterial density of the biofilm allowed the 
differentiation of the three reaches of streams, with 
higher values in the urban reaches. The estimated 
densities were comparable with those registered by 
Cochero et al. (2021) in the epipelic biofilm of urban-
ized Pampean streams. These authors also found 
higher bacterial densities in urban reaches compared 
with peri-urban sites at each stream studied. Cochero 
et al. (2013) recorded a positive correlation between 
biofilm bacterial density and soluble reactive phos-
phorus (SRP) concentration. In the present study, we 
found a positive correlation between SRP concen-
tration and density of bacterioplankton but not with 
biofilm bacterial density. The urban sites of the three 
streams were characterized by presenting higher con-
centrations of PRS and some or all of the inorganic 
forms of nitrogen as a consequence of urbanization, 
which could be responsible for the increase in the 
bacterial density of the biofilm. Carr et  al. (2005) 
found a positive correlation between bacterial abun-
dance and the biomass and algal production of the 
biofilm, suggesting that algae and bacteria coexist in 
an association that offers the space and resources to 
sustain the production of both groups of organisms. 
Both Cochero et al. (2013) as Sierra et al. (2013) reg-
istered an increase in algal biomass associated with 
an increase in bacterial density. In this study, the 
algal biomass indicator parameters of the reaches 
impacted by urbanization were not greater than those 
not impacted. The higher bacterial density was not 

accompanied by a higher algal biomass, possibly due 
to the influence of factors that limit the development 
of the primary producers, but not of the bacterial bio-
film, such as the presence of substances that are toxic 
to the algae from urban and industrial waste, as previ-
ously mentioned (Masseret et al., 1998; Valdés et al., 
2021). From the results obtained, we consider that the 
bacterial density of the biofilm is an adequate param-
eter to detect the effect of urbanization in Pampean 
streams.

Bacterial abundance, size, and biomass are impor-
tant variables in aquatic ecosystems (Cole et  al., 
1993). Size determines aspects of the metabolism of 
organisms and in the case of prokaryotes it is an eas-
ier parameter to determine than genetic identity and 
can provide important ecological information (Mas-
sana et al., 1997). The bacterial morphotypes can be 
distinguished by its shape and size. The dominant 
morphotypes in the bacterioplankton samples from 
the three streams were the smallest in size (Cocci 
and Small rod). In all cases, the density of the larg-
est morphotypes (Filament, Large rod, and Vibrio 
shaped (large)) was much lower than the density of 
the dominant morphotype. These results are simi-
lar to those obtained by Quiroga et al. (2017) in the 
bacterioplankton of bog lagoons and those of Velimi-
rov et  al. (2011) in this same community along the 
Danube River. These authors found a dominance 
of small morphotypes with little representation of 
larger shapes. In general, the phenotypic structure 
of bacterioplankton is strongly influenced by selec-
tive size predation (Jürgens & Matz, 2002) by plank-
tonic flagellates and bacterial ciliates, which prefer-
entially consume bacterial cells with a size between 
1 and 3  µm (Pernthaler, 2005). The morphotypes 
that made it possible to differentiate the reaches 
of the three streams were Small rod and Large rod, 
with higher densities in urban sites. In addition, the 
Vibrio-shaped (large) morphotype, characterized by 
presenting an intermediate size (3.2–4.8  µm), was 
only registered in the urban reach of the streams. The 
conditions for its development would only be given 
in the sites with urban influence and could be related 
both to the concentration of nutrients in these sites, 
since the abundance and biomass of the microorgan-
isms increase with the increase in the availability of 
nutrients (Sommaruga & Psenner, 1995). In the bio-
film samples from the three streams, the dominant 
morphotype was Small rod. In this case, the pressure 
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exerted by selective predation that could have been 
responsible for the dominance of the Cocci mor-
photype in bacterioplankton would not be evident. 
But as in this one, the density of the larger morpho-
types was much lower than the density of the smaller 
ones. These results are similar to those obtained by 
Romaní & Sabater (1999) in the epilithic biofilm of 
a Mediterranean river with high concentrations of 
nutrients, in which they registered the dominance of 
small morphotypes during an annual period. All the 
morphotypes found in the biofilm allowed the differ-
entiation of stream reaches, with higher densities in 
urban reaches, with the exception of the Cocci mor-
photype in Salgado stream. The Vibrio-shaped (large) 
morphotype was not exclusively registered in the 
reaches with urban influence since it was observed in 
the control reach of the La Choza stream, although its 
density was very low. Although there is no history of 
studying the density of bacterial morphotypes as pos-
sible indicators of the effect of urbanization in aquatic 
systems, Quiroga et al. (2017) affirm that planktonic 
bacteria from peatlands and other wetlands respond 
rapidly to anthropogenic disturbances and can be con-
sidered as useful bioindicators of changes in these 
systems, since monitoring the structure and function 
of this community has management and conservation 
implications. The results of the present work indicate 
that the bacterial morphotypes, Small rod, Large rod, 
and Vibrio shaped (large), would be useful as indica-
tors of urbanization effects in both biofilm and bacte-
rioplankton of Pampean streams.

Conclusion

In conclusion, the ecological integrity of the streams 
was affected by urbanization, which can be observed 
trough studying biological indicators. The main 
change observed was the increase in the concentra-
tion of nutrients, in particular SRP and inorganic 
forms of nitrogen. Stream biofilm was predominantly 
heterotrophic, so autotrophic biomass estimators and 
functional parameters would not be the most appro-
priate parameters to evaluate the effects of urbaniza-
tion. However, the bacterial density of biofilm and the 
structure of morphotypes in both biofilm and bacte-
rioplankton reflected the urban influence and would 
be adequate to evaluate the effects of urbanization in 
the Pampean streams. Given that the Pampean Region 

supports a high demographic density (INDEC, 2010) 
and that worldwide the advance of urbanization is an 
accelerated phenomenon (Niemelä et al., 2010), these 
results could be used as base information for the reali-
zation of future studies in the zone.
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