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Abstract The Matanza Riachuelo Basin is one of the
most polluted watersheds in the world. We assessed
the relationships between land use, stream-water
quality, and the structure of the fish assemblages on
a subbasin scale from data obtained in 44 sampling
sites. A gradient of change from the rural upper sector
to the urbanized and industrialized lower basin in
conjunction with water-quality impoverishment was
recorded. Redundancy analysis revealed that dis-
solved oxygen concentration, heavy metals, deter-
gents, and Escherichia coli were the most explanatory
variables of that gradient. Fish assemblages mani-
fested the highest richness, abundance, and diversity
in the rural areas; in the urbanized and industrialized
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sectors, the fish community became severely modified,
represented only by tolerant species. Multivariate
analyses indicated that the fish assemblage structure
was highly impacted by water-quality deterioration.
The combined study of the impacts of land use on
water quality and fish assemblages enabled a detailed
diagnosis of the consequent effects on a subbasin
scale, thus substantiating the usefulness of fish
assemblages as a model for that purpose. Field studies
over large-scale gradients of environmental impact are
essential for understanding the mechanisms of eco-
logical deterioration and biotic responses as a first step
in developing remediation policies.

Keywords Water pollution - Anthropic
disturbances - Streams - Environmental gradient - Fish
assemblages - Land use

Introduction

The biodiversity of rivers and streams—the most
threatened ecosystems on Earth—is declining at a
much faster rate than any other ecosystem (Dudgeon
et al., 2006; Strayer & Dudgeon, 2010; McGarrigle,
2014; Albert et al., 2020). Land use has strong effects
on the ecological integrity of river ecosystems therein
(Roth et al., 1996; Allan, 2004). In urban areas, the
natural land cover is replaced by impervious surfaces
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and pluvial-drainage networks that discharge vast
quantities of untreated water into streams (Groffman
et al., 2003; Allan, 2004), while the channelization
modifies the hydrology of the system, disrupts
connectivity with groundwater and leads to a reduc-
tion in the complexity of the watercourses (Sliva &
Williams, 2001; Allan, 2004; Walsh et al., 2005;
Jacobson, 2011). In rural areas, inadequate agricul-
tural practices cause a diffuse entry of sediments,
nutrients, herbicides, or pesticides (Cooper, 1993;
Allan, 2004; Nessimian et al., 2008) thus affecting
stream morphology while cattle raising increases the
suspended matter, temperature, and bacterial popula-
tions (Kauffman & Krueger, 1984; McKergow et al.,
2003).

Fish assemblages in streams draining urbanized
basins often exhibit low richness and diversity
(Steedman, 1988; Gafny et al., 2000; Helms et al.,
2005), low biomass, and the absence of sensitive
species (Lenat & Crawford, 1994; Scott & Helfman,
2001), leading to a low biotic integrity (Karr, 1981;
Wang et al., 2000). Agricultural land use has been
related to the decrease in these biotic attributes in fish
assemblages (Roth et al., 1996; Casatti et al., 2009)
resulting from habitat loss associated with substrate
modification (Burcher & Benfield, 2006; Blann et al.,
2009), increases in water turbidity, and reductions in
macrophyte coverage (Jeppesen et al., 2000; Giorgi
et al., 2015). Indeed, fish assemblages are sensitive
indicators of land use effects on the basin scale
(Fitzpatrick et al., 2001).

The Matanza Riachuelo Basin (MRB), located in
the pampean region of Argentina is considered one of
the most polluted areas in Latin America and, in fact,
in the world (Olson et al., 1998; SAIJ, 2008; Kramarz,
2018). The land use in this basin ranges from rural to
urbanized and highly industrialized. Environmental
studies in the MRB revealed a gradient of serious
deterioration in water quality and bottom sediments
towards the lower sector (Magdaleno et al., 2001;
Rendina & Fabrizio de Iorio, 2012), where the
watercourses receive runoff and discharges from the
most urban and industrial conglomerate of the country,
around the Buenos Aires city (Fernandez et al., 2009;
Matteucci & Morello, 2009). Biological assessments
by means of diatoms, macroinvertebrates, and ripar-
ian-vegetation assemblages reported a degradation
pattern that followed a rural-to-urban gradient
(Gomez, 1998, 1999; Rodrigues Capitulo et al.,
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2004; Guida-Johnson & Zuleta, 2019). The status of
the ichthyofauna of the MRB, however, remains
poorly understood, with only a few technical reports
devoted to that question.

Since the studies on the fish assemblages of the
MRB could constitute a valuable tool for evaluating
the environmental status of the basin in long-term
monitoring, we undertook the investigation reported
here to assess how land use gradient from ruralization
to urbanization and industry affects the water quality
and fish assemblages in the hydrologic subbasins of
the MRB.

Materials and methods
Study area

The MRB is located in the pampean region in the
eastern-central sector of Argentina, covering an area
of 2,240 km? (Fig. 1). The watercourses from this
region are naturally characterized by the lack of a
forested riparian zone and run through low-sloping
grassy meadows. The bottom of these water bodies is
thus composed of fine sediments (Gémez et al., 2003;
Feijod & Lombardo, 2007; Rodrigues Capitulo et al.,
2010). These features were once consistent throughout
the region, but the natural land cover of the grassland
is being progressively replaced by crops and urban-
izations or areas modified by livestock (Soriano et al.,
1991). The MRB crosses 14 municipalities and the
Buenos Aires city, before flowing into the Rio de la
Plata estuary. Buenos Aires is considered one of the
megacities of the world, inhabited by more than 8
million people, of which more than a half are settled in
the MRB watershed (INDEC, 2010). Approximately
7,200 industries are located throughout the basin, of
which 220 were classified by the government entity
Matanza Riachuelo Basin Authority (Autoridad de
Cuenca Matanza Riachuelo, ACUMAR) as critical
industries (CI), owing to their harmful levels of
environmental pollution. This classification was deter-
mined on the basis of the mass load of pollutants in
each individual industrial discharge; according to the
flow volume and pollutant concentration (ACUMAR,
2018). The MRB can be divided into 14 subbasins
(Fig. 1) from the upper basin towards the mouth:
Cafiuelas (CANU), Rodriguez (RODZ), Cebey
(CBEY), Morales (MORA), Chacon (CHCN), De La
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Fig. 1 Geographic location of the Matanza Riachuelo Basin,
Buenos Aires, Argentina, subbasins, and sampling sites. The
abbreviations for the 14 subbasins are: AGUI: Aguirre, BARR:
Barreiro, CANU: Caiiuelas, CBEY: Cebey, CHCN: Chacon,

Canada Pantanosa (CPAN), Aguirre (AGUI), Ortega
(ORTG), Barreiro (BARR), Rio Matanza (RMAT),
Don Mario (DMAR), Del Rey (DREY), Santa
Catalina (SCAT), and Riachuelo (RICH). The sub-
basins Del Rey and Santa Catalina were not consid-
ered in this study because they are located within the
boundaries of social conflict areas and did not
guarantee the necessary levels of security for the field
team.

Data collection

Land use categories and the corresponding coverage
values (km?) were obtained by the geoprocessing of
three vectorial shapes by means of the software
Quantum-GIS v2.18.22. Files were collected from
two governmental databases (ACUMAR, 2018; IGN,
2018). The watershed land uses were divided into four
categories and their percent coverage calculated for
each subbasin as follows: rural areas covered by crop
cultivation and livestock (%RUR), artificial foresta-
tion (%FOR), urbanized areas (% URB), and other land
uses with scarce representation in the watershed—e.g.,

586 -58.4

CPAN: De La Caiiada Pantanosa, DMAR: Don Mario, MORA:
Morales, ORTG: Ortega, RMAT: Rio Matanza, RODZ:
Rodriguez, DREY: Del Rey, SCAT: Santa Catalina, and RICH:
Riachuelo

wetlands, stream floodplains, dunes—(%0Others). The
influence of the industries was quantified by dividing
the total number of Cl recorded in each subbasin by the
area of each one (nCI/kmz).

A total of 44 river and streams stretches were
selected as sampling sites, according to a water-quality
and biotic-monitoring program of ACUMAR (Online
Resource 1). The physical and chemical values of the
sampling sites were extracted from public technical
reports of bimonthly water-quality assessment carried
out by ACUMAR (2018). Sampling sites data from
2012 to 2014 period (18 measurements per variable)
were grouped by subbasin and averaged to obtain a
physical and chemical characterization. The following
environmental variables were considered in the sta-
tistical analysis: dissolved oxygen concentration
(DO), pH, temperature, conductivity, turbidity, bio-
chemical and chemical oxygen demand (BOD and
COD, respectively), nitrates (NOj3 "), nitrites (NO, ),
ammonium (NH41), total N; total P; total organic
carbon (TOC), total suspended solids (TSS), deter-
gents, Escherichia coli, fat and oils, hydrocarbons,
phenols, sulfides (S7), total chromium (Cr), total
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nickel (Ni), total copper (Cu), total cadmium (Cd),
lead (Pb), and cyanide (CN7).

The fish were collected in the autumn and spring of
2015. Three fishing gears were used along with the
same sampling effort in all the surveys: (a) a seine net
with a bag (length, 15 m; height, 1.1 m 10 mm; bag
width, 2 m; and mesh size, 5 mm between opposite
knots); (b) a D-shaped hand net (width, 0.36 m;
height, 0.46 m; mesh size, 1 x 1 mm; handle exten-
sion, 2 m); and c) a square frame drop net (frame
width 0.48 m and height, 0.48 m; mesh size, 1 x 1
mm; rope, 5 m). For seine net operation, at each
sampling site, the stream was closed with a block net
with a cod end (mesh size, 10 x 5 mm) and two
people hauled the seine net to traverse 20 m upstream
toward the block net, where both nets were recovered
together. D-shaped hand net and square frame drop net
were used in very shallow (< 0.3 m) or highly
vegetated areas where the seine net could not be used,
an effort of five fishing attempts at each site was made
with each type of net. The fish species were identified,
counted, weighed, and released. The nonidentifiable
species in the field were euthanized with an overdose
of anesthesia (benzocaine in excess), preserved with a
solution of 10% (v/v) aqueous formaldehyde that was
later replaced with 70% (v/v) aqueous ethanol for
routine laboratory determination.

The fish were identified following Ringuelet et al.
(1967), Azpelicueta & Braga (1991), Lopez &
Miquelarena (1991), Braga (1993, 1994), Aquino
(1997), Reis & Pereira (2000), Casciotta et al. (2005),
Miquelarena & Menni (2005), Ri¢an & Kullander
(2008), and Almirén et al. (2015). Updates in the
taxonomy were revised according to Mirande &
Koerber (2020), Rosso et al. (2018), and Teran et al.
(2020). Voucher specimens were stored at the ichthy-
ological collection of the Fundacion de Historia
Natural Félix de Azara (CFA-IC), Buenos Aires,
Argentina. For each sampling site, the number of
specimens collected and the total weight per species
were recorded by each type of fishing gear.

Data analysis

The captures of the fishing gears were standardized by
estimation of the abundance and biomass per m? (N/
m? and W/m?, respectively) and then averaged to give
a single value for each sampling site by season. This
procedure was carried out on the basis of the area
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covered efficiently by each type of fishing gear as the
main criterion. Since the D-shaped hand net and the
square frame drop net were employed to study
exclusively vegetated and shallow areas, their N/m”
and W/m? were corrected according to the percentage
of these areas in each stream stretch analyzed. The
species richness (S) and Shannon-Wiener diversity
index (H'; Shannon & Weaver, 1949) were calculated
for each sampling site. The values of N/m? W/m?, S,
and H were averaged for each subbasin (hereafter
referred to as the biotic attributes).

A CLUSTER analysis was performed to explore the
relationships among subbasins with respect to the land
use categories and nCI/km?. The Euclidean-distance
method was used to build the resemblance matrix. The
presence of statistically different groups was tested by
a similarity-profile analysis (SIMPROF test;
P < 0.05), used to determine the presence of groups
in a priori unstructured dendrograms from hierarchical
CLUSTER analyses (Clarke et al., 2008). The sub-
basin groupings obtained in this analysis were used as
a basis for the next analyses.

The physical and chemical variables and univariate
indices obtained for each group in the CLUSTER land
use analysis were tested by the Kruskal-Wallis
nonparametric analysis of variance. Pairwise multiple
comparison procedures between groups were carried
out according to the Dunn method (P < 0.05). In
addition, the CI were divided into four categories
according to their activity: food industry, chemical
industry, mixed industry, and others; and the percent-
age of each type of industry was calculated for the
groups obtained in the CLUSTER land use analysis.

A Redundancy Analysis (RDA) was carried out
through the use of the average values of biotic
attributes as response variables and the physical and
chemical parameters of the subbasins as explanatory
variables. Beforehand, a Detrended Correspondence
Analysis was performed to assess the gradient length
for the first axis and thereafter select a linear- or
unimodal- response model. Since the gradient was 1.1
standard deviation units, a linear response model
(RDA) was used (Ter Braak & Smilauer, 1998; Leps &
Smilauer, 2003). The biotic attributes of N/m?, W/m?,
and S were In(x + 1) transformed. The environmental
variables were selected by means of the forward
selection method and the Variance Inflation Factor
values (VIF < 20) to avoid biases due to multi-
collinearity (Ter Braak & Smilauer, 1998).
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A classification of the subbasins according to the
structure of the fish assemblages was performed by
CLUSTER analyses based on presence-absence and
abundance data (determined from Jaccard and Bray-
Curtis similarity indices, respectively). The abun-
dance data were previously logo(x + 1) transformed.
A one-way analysis of similarities (ANOSIM) was
carried out to test the significance of the grouping
(P < 0.05). An analysis of the percent similarity
(SIMPER) was performed to identify the qualitative
and quantitative contribution of species to the simi-
larity of each group of fish assemblages.

The Spearman rank-correlation method was per-
formed to evaluate the similarity between the subbasin
groups obtained in the three CLUSTER analyses by
comparing the distance matrix obtained from the land
use with the similarity matrices calculated from the
presence-absence and abundance data of the fish
assemblages.

The analyses of CLUSTER, SIMPROF, SIMPER,
ANOSIM, and the Spearman Rank Correlation were
performed with the software Primer-E v6.0 (Clarke &
Warwick, 2001) and the Kruskall-Wallis analysis and
pairwise multiple comparison with the software Sta-
tistica 7.0 (Stat-Soft, 2009).

Results
Land use

Distribution of each land use category throughout the
MRB is shown in Fig. 2a. The CLUSTER analysis
based on land use categories and nCI/km? revealed an
arrangement of subbasins in three statistically differ-
ent groups (Fig. 2b). Group 1 (Gl) consisted of
subbasins with a %RUR > 70 with small, scattered
urbanization patches (%URB < 10) and 0.01 nCI/km?
(Fig. 2a, b). In Group 2 (G2) the subbasins also
involved mainly rural land use (%RUR < 70), with a
%URB > 10 and a nCI/km” of 0.06 (Fig. 2a, b).
Group 3 (G3) evidenced the highest %URB (> 80%),
the lowest values of %RUR (< 10%), and a nCI/km?
of 0.44 (Fig. 2a, b).

An analysis of the percentages of each category of
industrial activity (Fig. 3) indicated a predominance
of food industries in G1 and the chemical industry in
G3. The G2 group contained similar percentage values

for both categories of industrial activity, thus repre-
senting an intermediate situation between G1 and G3.

Physical and chemical variables

The subbasins belonging to G1 evidenced the highest
values of DO, BOD, COD, TSS, and turbidity,
whereas heavy metals, detergents, E. coli, and nitrites
manifested significantly higher values in G3. In G2,
the lowest values of nitrites and highest values of total
P and N were registered, but G2 was similar to both G1
and G3 with respect to the rest of the variables,
constituting an intermediate situation between those
groups. Table 1 summarizes the parameters that
varied significantly between the groups, detailing the
average values and results of pairwise analysis.

Fish assemblages

A total of 19,516 fish specimens were collected,
representing 22 species, 12 families, and 5 orders
(Table 2). Characiformes and Siluriformes contained
the highest richness with 9 species each (37.5%),
followed by Cyprinodontiformes with 3 (12.5%),
Cichliformes with 2 (8.3%), and Synbranchiformes
with 1 (4.2%). The order Cyprinodontiformes con-
tributed the highest proportion of abundance (73.3%),
followed by Siluriformes (15.4%) and Characiformes
(10.5%). Siluriformes contributed the highest propor-
tion of biomass (51.4%), followed by Characiformes
(33.3%) and Cyprinodontiformes (11.6%).

Cnesterodon decemmaculatus (Jenyns 1842) was
the most frequently recorded species in the watershed
(11 subbasins), followed by Cheirodon interruptus
(Jenyns 1842), Corydoras paleatus (Jenyns 1842), and
Jenynsia lineata (Jenyns 1842) at 7 subbasins each.
Three species—Hyphessobrycon meridionalis Ring-
uelet, Miquelarena & Menni 1978, Callichthys cal-
lichthys (Linnaeus 1758), and Loricariichthys anus
(Valenciennes 1836)—were recorded in only one
subbasin.

According to Kruskal-Wallis test, the biotic
attributes were significantly higher (P < 0.01) in G1
than in G3, while G2 exhibited intermediate values
(Fig. 4). Note that in G3 only the species C. decem-
maculatus was recorded (Table 2).
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abbreviations: AGUI: Aguirre, BARR: Barreiro, CANU:
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Cafiada Pantanosa, DMAR: Don Mario, MORA: Morales,
ORTG: Ortega, RMAT: Rio Matanza, RODZ: Rodriguez,
RICH: Riachuelo
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Multivariate analysis

The RDA analysis (Fig. 5) revealed a significant
relationship between the environmental variables and
the attributes of the fish assemblages according to the
significance obtained for the first canonical axis

100

80

60

40

20

Categories of critical industries (%)

G1 G2 G3
Subbasins groups

[ Food industries Chemical industries
[ Mixed industries E Others

Fig. 3 Values of percentages of each category of critical
industry (food industry, chemical industry, mixed industry, and
others) for the rural subbasins (G1), the rural and/or urbanized
and industrialized subbasins (G2), and the urbanized and
industrialized subbasins (G3) in the Matanza Riachuelo Basin,
Buenos Aires, Argentina

(P =0.013) and all the canonical axes (P = 0.022).
The two first axes of the RDA explained 75.8% of the
relationship between biotic attributes and environ-
mental variables. The first axis was the more explana-
tory, accumulating 70.4% of the explained variance.
The variables E. coli (0.94), detergents (0.56), Cr
(0.57), and NH4 (0.24) were positively related to that
first axis; while DO (— 0.78) was negatively related.
For the second axis, DO (0.20) was positively related,
while detergents (— 0.68) and Cr (— 0.48) were
negatively related. The variables E. coli (0.02) and
NH,4™ (0.06) evidenced a weak relation to the second
axis (Fig. 5). The subbasin ordination was consistent
with the CLUSTER analysis of the land use grouping.
The rural subbasins (G1) were positively correlated
with high DO and biotic attributes values, whereas the
urbanized and industrialized subbasins (G3) were
positively correlated with high values of E. coli,
detergents, Cr, and NH,*, but negatively with biotic
attributes. The subbasins from G2 were located in an
intermediate position on the gradient (Fig. 5).

A CLUSTER analysis with presence-absence and
abundance data sorted the subbasins into three differ-
ent groups (FGI, FG2, and FG3): ANOSIM
(P =0.001) global R =0.62 and R = 0.69, respec-
tively (Fig. 6). The Spearman rank correlation
between the groups obtained from the land use and
fish assemblage presence-absence data evidenced a
high correlation (rho = 0.84; P = 0.001). Similarly,
the comparison of land use and the fish assemblage—

Table 1 Mean values and

<l Parameter Gl G2 G3 Global P
standard deviations of
physical and chemical DO (mg/l) 55+ 24° 38 £25° 23£27° < 0.001
variables responsible for BOD (mg0/l) 263+ 1203° 242+ 71.8° 724104 <0.001
significant differences b b
among rural subbasins (G1), COD (mgO2/1) 98.4 4 260.7° 90.6 & 184.7 41.1 + 188 < 0.001
rural and/or urbanized and Turbidity (NTU) 48 + 83.0° 29.7 & 37.5° 23.4 +249° < 0.001
industrialized subbasins NO; ™~ (mg/l) 41+47 48 +42° 46+33" <0001
(G2), and urbanized and _ a b .
industrialized subbasins NO,™ (mg/l) 05+ 13 04+12 11+£20 0.002
(G3) in Matanza Riachuelo Total N (mg/l) 15.7 & 27.3% 16.6 & 21.9° 121 £ 4.9° 0.024
Basin, _Buenos Aires, Total P (mg/l) 1.7 + 4.0° 2.4 4 42° 09 £ 0.6 < 0.001
Argentina TOC (mg/l) 243 4 96.4° 134 + 19.1° 75 +£1.9° < 0.001
TSS (mg/l) 57.5 4 81.8° 459 + 122.2° 182 +28.6° < 0.001
The global P indicates the Detergents (mg/l) 0.1 +0.2° 0.1 £ 0.1° 02 +02° 0.002
significance level obtained E. coli (MPN/100 ml) 12,739 + 30,159 28,001 + 38,055° 45,858 + 41,761° < 0.001
by the Kruskall-Wallis . . b
analysis. The alphabetical Cr (ug/l) 4.1+ 56° 39 +38 154 £+ 17.9 < 0.001
code denotes statistically Ni (pg/l) 41+ 114% 34+ 1.9° 5.6 +3.6° < 0.001
significant differences Cu (ng/l) 8.3 + 8.9 84 4+ 7.7° 10.5 + 10.1° 0.002

between groups
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abbreviations: AGUI:
Aguirre, BARR: Barreiro,
CANU: Caifuelas, CBEY:
Cebey, CHCN: Chacon,
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Subbasins
abundance grouping exhibited a rtho = 0.77 SIMPER analysis revealed a downstream decrease
(P < 0.001), thus revealing a clear agreement between in the contribution of species in the subbasin groups.
the subbasin groupings obtained from the land use and From the presence-absence data, FG1 registered the
fish data. highest number of species (Fig. 6). Nine species
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Fig. 5 Redundancy analysis. Triplot of biotic attributes,
environmental variables, and subbasins in the Matanza
Riachuelo Basin, Buenos Aires, Argentina. G1 (in white) rural
subbasins, G2 (in gray) rural and/or urbanized and industrialized
subbasins, and G3 (in black) urbanized and industrialized
subbasins. The numerical code indicates the following MRB
subbasins: 1: Aguirre, 2: Barreiro, 3: Canuelas, 4: Cebey, 5:
Chacon, 6: De La Caifiada Pantanosa, 7: Don Mario, 8: Morales,
9: Ortega, 10: Rio Matanza, 11: Rodriguez, 12: Riachuelo.
Abbreviations: S: specific richness, W: biomass, N: abundance,
H’: Shannon—Wiener diversity index, NH,*: ammonium, Cr:
chromium, DO: dissolved oxygen concentration

contributed to 93% of the similarity: C. paleatus,
Psalidodon eigenmanniorum (Cope 1894), C. decem-
maculatus, and C. interruptus accumulated 65%;
while Cyphocharax voga (Hensel 1870), Hoplias
argentinensis Rosso, Gonzalez-Castro, Bogan, Car-
doso, Mabragaiia, Delpiani & Diaz de Astarloa 2018,
Bryconamericus iheringii (Evermann & Kendall
1906), Hypostomus commersoni Valenciennes, 1836,
and Pimelodella laticeps Eigenmann 1917 were less
prevalent. FG2 evidenced a sharp cut in the contribu-
tion to similarity. Cnesterodon decemmaculatus and
C. paleatus attained 80% of the contribution, whereas
in FG3 C. decemmaculatus accumulated 100%.

From the abundance data, C. decemmaculatus
attained the 74% of the similarity in FG1, while in
FG2 and FG3 this species accounted for 100%.

Discussion

The land use in the MRB gradually changed from
rurality to an increased urbanization and industrial-
ization in the downstream direction. That pattern was
also evidenced by gradients in physical and chemical
water quality. Accordingly, DO concentrations were
significantly higher in rural areas, exhibiting values
above 6 mg/l, as has been recorded in other lowland
streams elsewhere, with the same land use (Wilcock
et al.,, 1998; Chalar et al., 2013; Paracampo et al.,
2020). In agreement with Gémez (1998) and Mag-
daleno et al. (2001), a decrease in the DO concentra-
tion was observed toward the downstream sector of the
MRB, even reaching anoxia in the lowermost urban-
ized sector. The variables BOD, COD, and TSS were
significantly higher in the rural areas, likely due to raw
effluents discharges from food industries, slaughter-
houses, and dairies, established in this area. The
wastewater from such industries has a high concen-
tration of organic matter (Marchaim & Klinger, 1987;
Shete & Shinkar, 2013; Singh et al., 2014). Similar
observations were made in the Carabassa Stream,
close to the MRB, where the highest values of BOD,
COD, and TSS were found in sampling sites located
downstream from a dairy industry (Padulles et al.,
2017). The decomposition of high organic matter
loads produces oxygen depletion in the water; but,
quite paradoxically, G1 nevertheless displayed the
highest concentrations of DO. This observation could
be explained upon considering that the points of
impact by the food industries are widely spaced apart
in rural areas; and though BOD could be very high at
certain sites, the oxygen depletion occurs in a local-
ized area and thus affects only limited stretches of
rural streams. Accordingly, these organic effluents can
be considered the most significant human impact
occurring within the upper MRB.

The E. coli, detergents, and heavy metals in the
water were significantly higher in the urbanized areas.
Studies have reported an increase in the levels of those
contaminants as the percent of urbanization rises.
According to Young & Thackston (1999), the number
of fecal bacteria is directly related to the percentage of
impervious surface and the density of the housing and
population. Furthermore, Sekabira et al. (2010a, b)
and Rimoldi et al. (2018) reported a high concentra-
tion of heavy metals such as Cu and Cr in the water of
streams with high degrees of urbanization and
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Similarity

Fig. 6 Results of CLUSTER, SIMPER, and ANOSIM analyses
from presence-absence (a) and abundance (b) data of the fish
assemblages in Matanza Riachuelo Basin, Buenos Aires,
Argentina. Key to the abbreviations: Bry ihe: Bryconamericus
iheringii, Che int: Cheirodon interruptus, Cne dec: Cnesterodon
decemmaculatus, Cor pal: Corydoras paleatus, Cyp voga:
Cyphocharax voga, Hop arg: Hoplias argentinensis, Hyp com:

industrialization in their basins. Moreover, we need to
emphasize that the concentrations of Cr and Cu
recorded in the most urbanized lower sectors of the
MRB were an order of magnitude above the guideline
levels for the protection of the aquatic biota indicated
in Argentina by Law N° 24.051 (National Decree
831/93: “http://www.ambiente.gob.ar/”). In agree-
ment with this pattern, the RDA analysis revealed that,

@ Springer

““““ \ Species Av. Contribution Cumulated
similarity % %o
FG1
- Cor pal 9.5 21.9 21.9
MORA '@  Psacig 8.7 20.1 42.1
Cne dec 5.4 12.6 54.7
Che int 44 10.3 65.0
Cyp vog 3.6 85 73.4
Hop arg 3.0 7.1 80.5
Bry ihe 22 5.1 85.6
- Hyp com 1.9 4.6 89.9
® Pim lat 1.2 2.8 92.8
» FG2
Cne dec 22.0 51.16 511
IIIiil Cor pal 12.3 28.7 79.7
: Jen lin 2.4 57 85.4
M Hyp com LS5 3.5 88.9
& Cheim 1.4 33 92.2
! FG3
"""" Cne dec 11.1 100 100
3 - Snecies Av. Contribution Cumulated
\Q P similarity % %
| FG1
i Cne dec 47.7 74.3 74.3
_______ H Cor pal 5.1 8.0 82.2
MORA Psa eig 4.2 6.5 88.7
' Che int 2.4 3.8 92.5
' FG2
E 8 Cne dec 64.3 90.4 90.4
| FG3
BARR | Cne dec 4.5 100 100
'
@)
16

Hypostomus commersoni, Jen lin: Jenynsia lineata, Pim lat:
Pimelodella laticeps, Psa eig: Psalidodon eigenmanniorum.
AGUI: Aguirre, BARR: Barreiro, CANU: Caiuelas, CBEY:
Cebey, CHCN: Chacon, CPAN: De La Cafnada Pantanosa,
DMAR: Don Mario, MORA: Morales, ORTG: Ortega, RMAT:
Rio Matanza, RODZ: Rodriguez, RICH: Riachuelo

as the DO decreased and the NH, ", Cr, detergent, and
E. coli increased, the fish assemblages clearly dimin-
ished their richness, diversity, abundance, and bio-
mass downstream. Even more, CLUSTER
arrangement obtained from the land use data were
consistent with corresponding data for fish assem-
blages, thus supporting the idea that the structure of
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the fish assemblages in the MRB is closely related to
land use.

Neotropical fish assemblages are known to be
dominated by species of the orders Characiformes and
Siluriformes (Lévéque et al., 2008; Reis et al., 2016).
The first taxon includes species with a large range of
trophic guilds, with most being water-column feeders,
sensitive to habitat destruction and persistent water-
quality degradation (Pinto & Araudjo, 2007; Gonino
et al., 2020). Siluriformes species are more closely
associated with the bottom and they have also been
characterized as sensitive to decreasing dissolved
oxygen along with toxic substances in the sediments
(Pinto & Araujo, 2007). Thus, under anthropically
impacted conditions, decreases in the richness and the
abundance of these orders and, at the same time, an
increase in the tolerant taxonomic groups can be
expected. In the present study, the dominance of the
tolerant Cyprinodontiformes reflected a clear modifi-
cation in the structure of the fish assemblages,
regardless of the group of subbasins. The qualitative
and quantitative analyses based on SIMPER enabled
an assessment of the specific differences among the
groups of assemblages detected by the CLUSTER
analyses. The presence-absence SIMPER results
demonstrated that the rural subbasins attained the
highest number of species (nine). The highest contri-
butions to the similarity within this group were
represented by two tolerant to anoxia and pollution
species (C. paleatus and C. decemmaculatus), and one
sensitive to such conditions (P. eigenmanniorum)
(Lewis, 1970; Kramer & Mehegan, 1981; Hued &
Bistoni, 2005; Plaul et al., 2016; Paracampo et al.,
2020). In addition, only in this group was detected a
secondary contribution of species that inhabited
different sectors of the streams and/or with diverse
trophic guilds (Menni, 2004; Hued & Bistoni, 2005;
Paracampo et al., 2020). The shared dominance among
two pollution tolerant and one sensitive species
together with the residual contribution of species
commonly recorded in low impacted pampean
streams, accordingly, reflected that fish assemblages
of the rural areas of MRB were being affected by
human activities. For urbanized subbasins, the qual-
itative SIMPER analysis indicated a simplified assem-
blage where the species contribution to intragroup
similarity was almost restricted to the two tolerant
species in FG2 and to only C. decemmaculatus in FG3.
The SIMPER analysis from abundance data was the

simplest, revealing that the Cyprinodontiformes C. de-
cemmaculatus had the most significant contributions
to the similarity in all three subbasin groups, as such
accounting for the total similarity in FG2 and FG3.
These findings supported the postulate that the fish
assemblages of the whole MRB were affected by
anthropic impacts and that the progressive reduction in
species number and abundance of Characiformes and
Siluriformes could be used as indicators of water-
quality deterioration.

When the results of the study are considered
together, the decrease in fish assemblage richness
can be explained largely by the progressive fall in DO
values as urbanization-industrialization increased.
Indeed, the clear dominance of species tolerant to
hypoxia, C. decemmaculatus and C. paleatus, and the
absence of sensitive species in FG2 and FG3, were
indicative of the strong influence of this variable on the
assemblage structure. Similar results had also been
registered in other urbanized and industrialized areas
of Argentina such as the Suquia River downstream
from Cordoba city (Hued & Bistoni, 2005) and the
Rodriguez stream, Buenos Aires (Paracampo et al.,
2020). Dissolved oxygen is a key control of habitat
quality, a measure of stream health, and one of the
major parameters affecting fish in polluted environ-
ments (Coble, 1982; Franklin, 2014). Under labora-
tory conditions, DO concentrations below 2.7 mg/l
have been reported to be lethal for many freshwater
fish species (Gomez, 1993; Smale & Rabeni, 1995;
Ostrand & Wilde, 2001). Critical values in nature,
however, could be higher because of the interaction
with other conditions, such as the presence of organic
matter in the water (Small et al., 2014). On the basis of
laboratory and field measurements, Franklin (2014)
proposed an abrupt threshold limit of 3.5 mg/I to avoid
acute effects on New Zealand lowland freshwater fish
communities. Moreover, Eklov et al. (1998) proved
that the improvement in the processing and treatment
of industrial and municipal sewage resulted in a
greater presence of common species due to a conse-
quent increase in the DO concentration above 5 mg/l.
Records of DO above this threshold were found in
only the rural subbasins, thus substantiating that this
variable is a major driver of the fish assemblages
structure in the MRB.

According to Marshall et al. (2010), a separation of
the relative influence of the different conditions
associated with wurbanization in the ecologic
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deterioration of streams is often difficult. In such
environments, the complex interaction of coexisting
anthropic variables has been called the “urban stream
syndrome” (Walsh et al., 2005). In addition to the DO
concentration, high values of anthropic pollutants such
as detergent, heavy metals, and E. coli were found to
be critical for the fish assemblage structure in urban
subbasins. Since sediments tend to concentrate pollu-
tants when permanently exposed to contaminants (Yi
etal., 2011, Morrissey & Edds, 1994), and the toxicity
of heavy metals increases with decreasing DO
concentration (de LG Solbé, 1979); a complex syner-
gistic effect could exert a negative impact on the fish
assemblage in G2 and especially in G3.

In temperate streams without geomorphologic
discontinuities, fish species richness tends to increase
from the headwaters to the mouth because of increased
water volume and habitat diversity (Matthews, 1998;
Roberts & Hitt, 2010). The confluences of the lower
reaches in mainstream rivers support a greater species
richness along with an abundance of riverine species
(Osborne & Wiley, 1992; Hitt & Angermeier, 2008;
Roberts & Hitt, 2010). In the present study, the drastic
decrease in the specific richness and abundance of fish
towards the lower sectors of the MRB follows a
pattern opposite to this natural one. The near absence
of fish in the urbanized subbasins of the MRB
indicates not only that they are clearly restricted from
inhabiting this area, but also that their access to it from
the Rio de la Plata estuary is diminished. Therefore,
such a situation represents a loss of relevant habitats
within the fish’s life cycles because the lower sectors
of pampean streams that flow into this estuary
represent nursery areas for a number of fish species
(Almirdn et al., 2000; Llompart et al., 2012; Para-
campo et al., 2015, 2020). In the MRB-subbasin
scenarios, the loss of river connectivity due to
anthropic impacts isolate populations (Soininen,
2014; Heino et al., 2017), restricting fish from the
habitats that comply with their environmental require-
ments (Heino et al., 2015) as well as limiting their
dispersion for feeding and reproductive purposes
(Henderson et al., 2017). Certain studies have demon-
strated that basin connectivity enables the preservation
of the fish assemblage structure to a certain level in
urban streams (Czeglédi et al., 2020) and facilitates a
recolonization in instances of total assemblage loss
(Albanese et al., 2009). Thus, the alteration in
connectivity within the MRB could also imply a

@ Springer

reduction in the resilience and elasticity of the fish
assemblages along with a loss of persistence in the
long term.

Conclusion

In this study, we have evidenced an anthropic impact
pattern in one of the most populated basins of the
world through the combined analysis of land use,
physical and chemical stream variables, and fish
assemblages on a subbasin scale. In addition, we have
identified and described the main environmental
variables that lead qualitatively and quantitatively
changes in fish assemblages along a rural-to-urban
gradient. Hence, this study not only provides relevant
clues for designing and managing the environmental
recovery of urbanized basins but also points to the
usefulness of fish assemblages as a model for
diagnosing environmental quality on a broad scale.
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