Environ Geochem Health (2013) 35:201-214
DOI 10.1007/s10653-012-9476-9

ORIGINAL PAPER

Concentration of arsenic in water, sediments and fish species
from naturally contaminated rivers

Juan José Rosso - Nahuel F. Schenone -
Alejo Pérez Carrera - Alicia Fernandez Cirelli

Received: 24 August 2011/ Accepted: 29 June 2012 /Published online: 23 November 2012

© Springer Science+Business Media B.V. 2012

Abstract Arsenic (As) may occur in surface fresh-
water ecosystems as a consequence of both natural
contamination and anthropogenic activities. In this
paper, As concentrations in muscle samples of 10 fish
species, sediments and surface water from three
naturally contaminated rivers in a central region of
Argentina are reported. The study area is one of the
largest regions in the world with high As concentrations
in groundwater. However, information of As in fresh-
water ecosystems and associated biota is scarce. An
extensive spatial variability of As concentrations in
water and sediments of sampled ecosystems was
observed. Geochemical indices indicated that sedi-
ments ranged from mostly unpolluted to strongly
polluted. The concentration of As in sediments aver-
aged 6.58 ng/g ranging from 0.23 to 59.53 pg/g.
Arsenic in sediments barely followed (r = 0.361;
p = 0.118) the level of contamination of water. All
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rivers showed high concentrations of As in surface
waters, ranging from 55 to 195 pg/L. The average
concentration of As in fish was 1.76 pg/g. The level of
contamination with As differed significantly between
species. Moreover, the level of bioaccumulation of As
in fish species related to the concentration of As in water
and sediments also differed between species. Whilst
some fish species seemed to be able to regulate the
uptake of this metalloid, the concentration of As in
the large catfish Rhamdia quelen mostly followed the
concentration of As in abiotic compartments. The
erratic pattern of As concentrations in fish and
sediments regardless of the invariable high levels in
surface waters suggests the existence of complex
biogeochemical processes behind the distribution pat-
terns of As in these naturally contaminated ecosystems.

Keywords Arsenic - Freshwater biota -
Biomonitoring - Rivers - Argentina

Introduction

Arsenic (As) is a highly ubiquitous and potentially
toxic element. It may occur in surface freshwater
ecosystems as a consequence of both natural contam-
ination and anthropogenic activities. Human exposure
to As can occur through a variety of routes, although
the consumption of groundwater is the main route of
exposure for most people. Health problems because of
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the presence of As in groundwater have been recog-
nised in many parts of the world, including Bangladesh,
West Bengal, Taiwan, Inner Mongolia, Mexico,
Hungary, Argentina and Chile, as well as more
localised occurrences related to mining activity and
geothermal sources (Smedley and Kinniburgh 2002).
Dietary intake may also be important. By the year 1993,
the US Food and Drug Administration indicated that
fish and other seafood accounted for 90 % of the total
food As exposure with all other foods accounting for
the remaining 10 %. Detrimental effects of arsenic on
human health are varied and well known. Arsenic has
been classified as a human carcinogen by the U.S.
Environmental and Protection Agency (USEPA 1997)
and the International Association for Research on
Cancer (IARC 1987). More recently, As was ranked
first on the Superfund List of Hazardous Substances
(ATSDR 2007). The long-term exposure to ingested
inorganic As has been found to induce blackfoot
disease, a unique peripheral vascular disease that ends
with dry gangrene and spontaneous amputation of
affected extremities (Chen et al. 2001). In Argentina,
people exposed to high level of As in drinking water
develop an endemic disease known as Regional
Endemic Chronic Hydroarsenism (HACRE) (Biagini
et al. 1978).

The Chaco-Pampa Plain is one of the largest
regions in the world (ca. one million km?) with the
presence of As in groundwater (Smedley and Kinniburg
2002). The geographic distribution of arsenic and
trace elements in lotic ecosystems of this region was
already evaluated (Rosso et al. 2011b). These authors
revealed that natural pollution by As is a regional
problem in surface drainages. Nevertheless, results
reporting the level of arsenic pollution in sediments
(Schenone et al. 2007) and biota of freshwater ecosys-
tems are scarce. Moreover, little is known about
whether this regional distribution of the As concentra-
tion in water is paralleled with As concentration in
sediments and freshwater biota. Several fish species of
this region support important recreational fisheries and
some of them are part of the dietary intake of many
people. Therefore, concentrations of As in edible
tissues of such species should be of public concern.
On the other hand, exposure of fish to high levels of As
may be relevant for fisheries and conservation man-
agement. Indeed, in vivo exposure of fish to As
disturbed testicular and ovarian development (Shukla
and Pandey 1984a, b).
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The main objective of this study was to determine
the concentration of As in water, sediments and fish
species in three rivers with different degree of natural
contamination by As. The level of As accumulation in
fish tissues in relation to contamination level of
sediments and water was also explored. The suitability
of fish species for biomonitoring programmes and the
risk of consuming fish according to the latest evalu-
ation of joint FAO/WHO committee are discussed.

Materials and methods
Study area

Three rivers of the Pampa Plain (Fig. 1) where the
level of As was reported to be high (Rosso et al.
2011b) were selected for this study. In these rivers, the
concentration of As in sediments, water and fish
species was evaluated. Sampled ecosystems are char-
acterised by alkaline waters (pH always above 8) and
high conductivities (Rosso et al. 2011b). One of these
rivers, the Sauce Grande, belongs to a zone that Rosso
et al. (2011a) described as a high-risk zone in relation
to the concentration of As (range 0.12—-1.13 mg/L) and
fluoride (range 0.57-1.64 mg/L) in surface waters.
This river heads at the Ventania Hills, enters the plain,
forms the Sauce Grande Lake and finally reaches the
Atlantic Ocean. Along this continuum, three sampling
stations were selected (Fig. 1): upstream (Las Oscu-
ras, LO) and downstream (Valle Hermoso, VH) to the
lake and in the Sauce Grande lake itself (SG). The
Salado River (RS), located in the low-risk zone (As
range 0.07-0.11 mg/L; F range 0.15-0.75 mg/L), and
the Quequén Salado River (QS), which flows through-
out the boundary between the high- and low-risk
zones, were also surveyed. Each river was visited four
times during the years 2008 and 2009: October 2008,
March 2009, May 2009 and November 2009.

Samples collection and treatment

Surface water samples for total dissolved As determi-
nation were collected manually at 0.5 m depth with
0.5-L polyethylene-tereftalate bottles. Samples were
immediately transported to the laboratory and filtered
through Acetate Plus Gamafil® filters (0.45 um) with
vacuum. A subsample of 100 mL filtered water was
acidified to pH < 2. These samples were stored in
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Fig. 1 Map of the study area showing locations of sampling
sites. Square: Salado River (RS); circle: Quequén Salado River
(QS); triangle: Sauce Grande River. Detail of sampling sites
along the continuum in the Sauce Grande River is also displayed
at the bottom of the figure. White arrow denotes river main flow
direction

darkness at 4 °C up to the analysis. Collection,
preservation, preparation, pretreatment and analyses
of water samples were conducted according to APHA
(1995). Physicochemical attributes of water, including
pH, temperature (°C), conductivity (uS/cm) and
turbidity (NTU), were measured in situ at each site
and date using a multi-parameter probe Horiba U-53G.
Sediment samples were collected manually using an
adaptation of the pedal corer described by Parada
(2008). Samples were properly labelled in the field and
transported to the laboratory at 4 °C. Water and
sediment samples were collected at three different
points within each site. These samples were separately
pooled to obtain one pooled sample of sediment and
one pooled sample of water (Keith 1991; Mudrock and
Macknight 1994). This procedure was repeated three
times in order to obtain water and sediment samples by
triplicate.

Fish were caught using different fishing gears with
complementary selectivity and at different times of the
day. This maximised the capture of different species.
For each species, individuals within similar size
(a reliable surrogate of age in fish of the same
population) range were selected for further analyses.
Only fish in good body and health conditions were
kept for analyses. Fish samples were first washed with
deionised water. Wet samples of white muscle of fish
and sediments were dried at 105 °C to constant
weight. Subsamples of 2 g were then digested with
concentrated (65 %) nitric acid (EPA, Method
3050B). Finally, samples were ashed at 500 °C. Ashes
were recovered using a known volume of ultra pure
Millipore water and acidified with concentrated nitric
acid to 10 %v/v. Arsenic was determined by ICP-OES
using a Perkin—Elmer Optima 2000 DV and wave-
length set at 193 nm. Perkin—Elmer Pure atomic
spectroscopy standard solution was used for calibra-
tion. Arsenic content in water samples was expressed
in pg/L (or ppb). Arsenic contents in sediment and fish
samples were expressed in pg/g (or ppm). The ICP-
OES detection limit for As was 10 pg/L.

Geochemical indices

The interpretation of data on accumulation of elements
in tissues of freshwater biota should be based on
natural concentrations, which compose the biogeo-
chemical background (Kuznetsova et al. 2002). For
that reason, the level of As in sediments was evaluated
with two different indices, the Hakanson’s (1980)
contamination factor (CF) and the Miiller’s (1979)
geoaccumulation index (Igeo). The CF is defined as
the relationship between the concentration of the
element in surface sediments and its average natural
background level (NBL). The NBL of an element in
the sediment is defined as the average global value of
this element in the Earth crust, as proposed by
Turekian and Wedephol (1961), considering different
types of sediments. According to Hakanson’s classi-
fication, contamination degrees can be delimited as:
low (CF < 1), moderate (1 < CF < 3), considerable
(3 < CF < 6) and high (CF > 6).

The Igeo index was calculated using the following
equation: Igeo = log2 Cn/1.5 Cb, where Cn is the
concentration of the element n determined in sedi-
ments, Cb is the average concentration at the NBL of
this element, and 1.5 is the factor used to minimise
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lithological variations of the NBL. According to Igeo
classification, pollution degrees can be delimitated as:
very strongly polluted (Igeo > 5), strongly to very
strongly polluted (Igeo = 4-5), strongly polluted
(Igeo = 3-4), moderately to strong polluted (Igeo =
2-3), moderately polluted (Igeo = 1-2), unpolluted to
moderately polluted (Igeo = 0-1) and unpolluted
(Igeo < 0).

Data analysis

Spearman rank correlation coefficients were applied to
explore the relationships between As concentrations in
fish species, water and sediment. The same coeffi-
cients were applied to explore relationships between
As and water chemistry. The Kruskal-Wallis one-way
ANOVA on ranks was used to test for differences in
As concentration in abiotic (water and sediments)
compartments and fishes between sampled rivers.
Each single fish species was analysed separately.
Then, the same test was performed on the entire set of
As determinations in fish tissues of each site. The
rationale behind this analysis was to use and interpret
the fish data as a third (biotic) compartment. This
approach aimed to characterise not only the level of As
contamination in single fish species but also improved
the characterisation of the pollution condition in
sampled ecosystems. If significant differences were
found with the ANOVA, multi-comparisons were
performed with the Kruskal-Wallis multiple-compar-
ison Z-value test (Daniel 1978). When a fish species
was caught only at two sites, comparisons were made
using the Mann—Whitney test.

Results
Physicochemical parameters of water

Sampled rivers were characterised by alkaline waters
(Table 1). The pH values fluctuated between 7.9 and
9.9. Water conductivity in surface water was found to be
in the range of 1,550-10,200 uS/cm. Water turbidity
also varied greatly from almost nil (1 NTU) to more than
500 NTU. Mean water temperature did not surpassed
20 °C ranging from 11 °C in autumn to 25.7 °C in
spring months. The pH (r = 0.62; p < 0.05) and
turbidity (r = 0.59; p < 0.05) of water were found to
be significantly correlated with the concentration of As.
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Arsenic in abiotic and biotic compartments

All rivers showed high (albeit variable) concentrations
of As in surface waters. Arsenic concentration in
surface waters of sampled ecosystems ranged from 55
to 195 pg/L, averaging 125.95 ng/L (Table 1). The
one-way ANOVA showed that the level of contamina-
tion varied significantly between sampling sites (df: 4;
¥* 15271 and p value: 0.00417). Particularly, the
concentration of As in the Sauce Grande Lake and
downstream to the lake (Valle Hermoso) was higher
than the value recorded in the Salado River and
upstream (Las Oscuras) to the lake (Table 2 and Fig. 2).

Arsenic in sediments barely followed (r = 0.361
and p = 0.118) the level of contamination of water.
For instance, the Quequén Salado, a river otherwise
highly enriched with As in surface waters, showed an
extremely low level of As contamination of sediments
(Table 1 and Fig. 2). It was remarkable the difference
between the concentration of As in sediments of the
Sauce Grande Lake when compared with other sites,
including those located in the same river, upstream
(Las Oscuras) and downstream (Valle Hermoso) to the
lake. Sediments in Salado River, Quequén Salado and
Las Oscuras were almost unpolluted. Conversely,
geochemical indices indicated that sediments in Sauce
Grande and Valle Hermoso were moderately to highly
polluted with As (Table 1). The average concentration
of As in edible tissues of fish from the Pampa Plain
was 1.76 ng/g (n = 74). Fish samples collected in
sites located in the more contaminated Sauce Grande
River displayed higher concentrations of As. Partic-
ularly, As concentrations in fishes from Las Oscuras
and Valle Hermoso were higher than samples from
Quequén Salado (Table 2 and Fig. 2).

Arsenic in fish species

Large differences in the concentration of As between
some species were observed. Moreover, two groups
may be clearly and significantly (;*> = 38.48 and
p = 0.000014) defined in relation to the level of As
concentration in fish species. A high-impacted group
conformed by Pimelodella laticeps, Cheirodon inter-
ruptus and Jenynsia multidentata and a low-impacted
group represented by Bryconamericus iheringii, Oli-
gosarcus jenynsii, Rhamdia quelen and Odontesthes
bonariensis (Fig. 3). Comparatively, even the low-
impacted group species of the Pampa Plain showed As
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Table 2 Results of the one-way ANOVA and Mann—Whitney U tests applied on mean arsenic concentrations in fish species, water

and sediments from different locations in the Pampa Plain

Species One-way ANOVA Among-site differences
> (Kruskal-Wallis Z-value test)
b4 p

Rhamdia quelen 6.25 0.043 SG, VH > QS
Odontesthes bonariensis 3.28 0.193 NS
Bryconamericus iheringii 2.57 0.276 NS
Oligosarcus jenynsii 7.92 0.094 NS
Jenynsia multidentata 8.11 0.087 NS
Cheirodon interruptus 3.75 0.153 NS
Fishes 10.961 0.027 LO, VH > QS
Water 15.271 0.004 SG, VH > RS, LO and QS > LO
Sediments 8.893 0.063 NS

Mann—Whitney U

Z-value p Site differences
Astyanax eigenmanniorum —1.964 0.024 VH > LO
Cyphocharax voga 1.732 0.041 SG > RS
Pimelodella laticeps —0.577 0.281 NS

Site codes as in Table 1. NS (no significant)

concentrations among the highest reported worldwide
(Table 3).

Statistical analysis significantly discriminated
between Pimelodella laticeps and Cheirodon interrup-
tus with higher concentration of As than Bryconamer-
icus theringii, Odontesthes bonariensis and Oligosarcus
jenynsii. In addition, the small Cyprinodontiformes
Jenynsia multidentata showed higher concentrations of
As than the inland silverside Odontesthes bonariensis.
The scaleless species collected in this study also differed
significantly regarding their level of contamination with
As. The level of natural contamination with As in the
small catfish Pimelodella laticeps was higher than the
concentration observed in the large Rhamdia quelen.
Interestingly, the pattern in As accumulation in these
species in relation with the concentration of As in water
and sediments also differed. The level of As in
Pimelodella laticeps was consistently high regardless
of the level of natural pollution of water and sediments
of the site in which it was collected. Indeed, As
concentration in Pimelodella laticeps was not related at
all with water and sediment concentrations (Table 4)
and did not show significant differences among sam-
pling sites (Table 2). Conversely, Rhamdia quelen
showed significant differences in As concentration
among sites with different degree of natural pollution

@ Springer

by As (Table 2). Accordingly, the As concentration in
this species was marginally related (p < 0.10) with As
concentrations in water and sediments (Table 4).

None of the species showed a significant relationship
between the concentration of As in muscle and in water.
On the other hand, two species showed significant
correlations (p < 0.05) between the concentration of As
in their tissues and the corresponding level in sediments.
One of these species, Cyphocharax voga, is a detritivore
which largely rely on bottom sediments for feeding.
This explanation did not seem to be as straightforward
for the small characid Astyanax eigenmanniorum which
actively prey upon small invertebrates and plant
remains. Nevertheless, in line with these relationships,
the level of As in Cyphocharax voga and Astyanax
eigenmanniorum was significantly higher (Table 2) in
those rivers where sediments showed higher concentra-
tions of this element (Table 1).

Discussion

Water chemistry and As

Streams of the Pampa Plain have a large range of
physical and chemical conditions. Regional differences
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Fig. 2 Concentrations of As in environmental (water and
sediments) and biological (fishes) compartments from river
ecosystems of the Pampa Plain. For each site, the mean (filled
circle) and one standard deviation (upper and lower lines) are
reported. Site codes: /RS Salado River, 20S Quequén Salado
River, 3LO Las Oscuras (upstream to the Sauce Grande Lake),
4SG Sauce Grande Lake, 5VH Valle Hermoso (downstream to
the Sauce Grande Lake)

may be due to variations in water availability, parent
material (Feijo6 and Lombardo 2007) and land use
practices (Rosso and Fernandez Cirelli 2012).

As (ug/g)
N
(o]
°

R
o T

0,5 T T T T T T T T T T
Ae Af Bi Ci Cv Jm Ob Oj Pl Rq

Fig. 3 Concentrations of As in muscle of fish species of the
Pampa Plain. For each species, the mean (filled circle) and one
standard deviation (upper and lower lines) are reported. Species
codes: Ae: Astyanax eigenmanniorum; Af: Australoheros
facetus; Bi: Bryconamericus iheringii; Ci: Cheirodon interrup-
tus; Cv: Cyphocharax voga; Jm: Jenynsia multidentata; Ob:
Odontesthes bonariensis; Oj: Oligosarcus jenynsii; Pl: Pime-
lodella laticeps; Rq: Rhamdia quelen

A common feature of Pampa Plain streams is the
invariable alkaline pH (almost constantly above 8) that
characterises their surface waters (Feijo6 and Lombardo
2007; Rosso et al. 2011a, b). Similarly, groundwaters
range from neutral (6.99) to alkaline (8.66) resulting
from silicate and carbonate reactions (Smedley et al.
2002). The high pHs, together with the presence of
young age As-rich loess sediments and slow ground-
water flow, have enabled the accumulation of the high
concentrations of As in solution without significant
opportunity for flushing of the aquifer to enable their
removal (Smedley et al. 2002; Blanco et al. 2006). This
explains why groundwater As commonly correlates
positively with pH. Interestingly, the same positive
correlation was observed in this survey between As in
surface waters and pH. An explanation behind the
observed relationship between As and water turbidity
does not seem to be as straightforward. The probable
role of surface run-off contributing to both sediment
(increasing turbidity) and As loads should be evaluated.
Soil As and As-charged agro-chemicals could be
participating in this process.

Pollution condition of sampled ecosystems

Arsenic concentrations in water samples were above
the World Health Organisation (WHO 2008) and
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Table 3 Species means of As concentrations in the Pampa Plain and comparative list of several freshwater fish species from the five
continents

Continent Country Species Units Mean As References
America Argentina Pimelodella laticeps ng/g dw 3.547 This study
Argentina Cheirodon interruptus ngl/g dw 2.762 This study
Argentina Jenynsia multidentata ngl/g dw 2.074 This study
Argentina Astyanax eigenmanniorum pg/g dw 1.906 This study
Argentina Rhamdia quelen pg/g dw 1.534 This study
Argentina Cyphocharax voga ng/g dw 1.528 This study
Argentina Australoheros facetus ng/g dw 1.307 This study
Argentina Oligosarcus jenynsii ng/g dw 1.267 This study
Argentina Bryconamericus iheringii ngl/g dw 1.056 This study
Argentina Odontesthes bonariensis ngl/g dw 1.041 This study
Peru Brycon melanopterus ng/g dw 0.057 Gautleb et al. (2002)
Peru Hoplias malabaricus ng/g dw 0.012 Gautleb et al. (2002)
Peru Pimelodus ornatus ng/g dw 0.086 Gautleb et al. (2002)
Peru Prochilodus nigricans ng/g dw 0.063 Gautleb et al. (2002)
Peru Pseudoplatystoma sp ng/g dw 0.055 Gutleb et al. (2002)
USA Oreochromis aurea ng/g ww 3.15 Mora et al. (2001)
USA Ictioobus bubalus ng/g ww 2.4 Mora et al. (2001)
USA Cichlasoma cyanoguttatum ng/g ww 1.8 Mora et al. (2001)
USA Lepisosteus osseus ug/g ww 0.9 Mora et al. (2001)
USA Pomoxis sp. ug/g ww 1.1 Mora et al. (2001)
USA Dorosoma cepedianum ng/g ww 0.6 Mora et al. (2001)
Europe Bosnia Cyprinus carpio ng/g ww 0.094 Has-Schon et al. (2008)
Bosnia Tinca tinca ng/g ww 0.079 Has-Schon et al. (2008)
Bosnia Lepomis gibosus ng/g ww 0.053 Has-Schon et al. (2008)
Bosnia Carassius auratus ug/g ww 0.01 Has-Schon et al. (2008)
Bosnia Salmo dentex ug/g ww 0.152 Has-Schon et al. (2008)
Bosnia Anguilla anguilla ng/g ww 0.088 Has-Schon et al. (2008)
France Salmo trutta® ng/g dw 1.45 Culioli et al. (2009a)
France Salmo trutta® ng/g dw 0.01 Culioli et al. (2009a)
Croacia Leuciscus svallizi ng/g ww 0.084 Has-Schon et al. (2006)
Croacia Mugil cephalus ng/g ww 0.309 Has-Schon et al. (2006)
Italy Cyprinus carpio ngl/g dw 0.354 Ciardullo et al. (2010)
Italy Leuciscus cephalus pg/g dw 1.091 Ciardullo et al. (2010)
Italy Anguilla anguilla pg/g dw 1.147 Ciardullo et al. (2010)
Italy Mugil cephalus ng/g dw 1.804 Ciardullo et al. (2010)
Slovenia Silurus glanis ng/g ww 0.806 Slejkovec et al. (2004)
Slovenia Lota lota ng/g ww 0.097 Slejkovec et al. (2004)
Slovenia Barbus barbus ng/g ww 0.093 Slejkovec et al. (2004)
Slovenia Rutilus pigus ng/g ww 0.104 §lejkovec et al. (2004)
Slovenia Chondrostoma nasus ug/g ww 0.161 élejkovec et al. (2004)
Asia China Aristichthys nobilis ug/g ww 1.112 Cheung et al. (2008)
China Oreochromis mossambicus ng/g ww 1.314 Cheung et al. (2008)
China Ctenopharyngodon idellus ng/g ww 1.768 Cheung et al. (2008)
China Siniperca chuatsi ng/g ww 2.22 Cheung et al. (2008)
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Table 3 continued

Continent Country Species Units Mean As References
Thailand Channa striata® pg/g dw 1.9 Jankong et al. (2007)
Thailand Channa striata® pg/g dw 13.1 Jankong et al. (2007)
Taiwan Oreochromis sp. ng/g ww 0.363 Ling et al. (2009)
Bangladesh Ophicephalus punctatus ng/g dw 0.03 Das et al. (2004)
Oceania Australia Mugil cephalus ng/g dw 4.7 Mabher et al. (1999)
Africa Egypt Oreochromis sp. ng/g dw BDL! Rashed (2001)

4 Reference site
® Contaminated natural site
¢ Contaminated fish pond

4 Below detection limit

Table 4 Spearman rank correlation coefficients between the
level of As concentration in fish species and environmental
compartments

Water Sediments

nor p r p
Rhamdia quelen 8 0.66 0.071 0.69 0.053
Cyphocharax voga 5 0.71 0.188 0.99 0.001
Odontesthes bonariensis 9 —0.17 0.668 —0.01 0.964
Bryconamericus 6 —043 039 —-0.5 0.312

iheringii

Oligosarcus jenynsii 13 —-0.26 0.394 0.13 0.658
Astyanax 6 071 0.110 0.84 0.036

eigenmanniorum
Jenynsia multidentata 13 —-0.11 0.734 -0.29 0.329
Pimelodella laticeps 5 0.71 0.188 —0.21 0.741
Cheirodon interruptus 7 0.39 0.383 0.65 0.110

p values for each pair of variables are reported

United State Environmental Protection Agency (USEPA)
guidelines for drinking water (10 pg/L) in all sites during
all collection campaigns. Guide levels for the protection of
the aquatic biota (15 pg/L) and drinking water (10 pg/L)
proposed by local authorities (SRH 2006) were also
surpassed in all samples. An extensive spatial variability
of As concentrations in water and sediments of sampled
ecosystems was observed. This closely resembles the
complex pattern in the geographic distribution of As
earlier recorded in surface drainages (Rosso et al. 2011b)
and groundwater (Paoloni et al. 2005; Paoloni et al. 2009)
of this region.

The Sauce Grande River was by far the most
naturally polluted ecosystem. Particularly, Sauce
Grande and Valle Hermoso sites showed consistently

high levels of As in water, sediment and fish samples.
A similar condition, but of lower magnitude, was
identified in the Salado River. Upstream to the Sauce
Grande Lake (Las Oscuras), sediments and water were
relatively unpolluted with As. These results suggested
that the altered river channel morphology driven by
the lake may influence the accumulation of As in
depositional zones of the ecosystem. Higher concen-
trations of As in sediments at depositional zones
within a river ecosystem were already reported
(Casper et al. 2004). The enriched sediments, in turn,
may behave as an important source of As for
downstream environments and their associated biota.
This was clearly reflected in our results (see the
continuum Las Oscuras, Sauce Grande and Valle
Hermoso in Table 1).

Among the freshwater biota, fish species usually
actively alternate between available habitats within a
river network. In the Sauce Grande River, this implies
that fish species would alternate between high- and
low-impacted sites. Accordingly, in spite of the low
concentrations of As upstream to the lake (Las
Oscuras), fish inhabiting this river reach showed high
concentrations of this metalloid in muscle, probably
previously accumulated in higher polluted reaches. On
the other hand, “local” uptake of As in Las Oscuras is
also possible since bioaccumulation can develop at
any metal concentration without minimum level
requirements (Amiard et al. 1987; Marcovecchio
2004). Nevertheless, many animals are able to detect
and avoid toxicants (Atchison et al. 1996). Therefore,
evaluating an organism’s behaviour is integral in
determining its degree of exposure (Weber 1997).

A particular situation was highlighted in the
Quequén Salado River. Water was highly enriched
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with As, but the level of this element in sediments and
fish samples was low. This is not an isolated and
fortuitous result. The content of a metal in water may
only reflect short-term events and does not necessarily
mean that biota and sediments are polluted with this
metal (Sager and Pucsko 1991). Moreover, metals in
sediments and in organisms with a long life cycle, as
fish, usually reflect trends of their content in whole
aquatic ecosystems and water catchment area of many
years and appear to be weakly related with their
content in water (Gladyshev et al. 2001). This has
strong implications for monitoring programmes (Ion
et al. 1997). In this respect, when planning monitoring
programmes for As, it is important to remind that
biomagnification does not occur; rather, As concen-
trations decrease as trophic level increases (Culioli
et al. 2009b).

Geochemical indices indicated that sediments of
sampled rivers ranged from mostly unpolluted to
strongly polluted. Particularly, the most naturally
polluted sediments reported in this study (27.8 pg/g
in SG) largely surpassed the level (10.4 pg/g) of As
contamination in sediments of a river draining a copper
processing industry in UK (Casper et al. 2004) and
almost paralleled (29.9 ng/g) the level of contamina-
tion of the highly impacted Yangtze River in China
(Yang et al. 2008). However, this pollution condition
must be considered only as preliminary. In sediments,
metals can be present in a number of chemical forms,
exhibiting different physical and chemical behaviours
with respect to chemical interactions, mobility, bio-
logical availability and potential toxicity (Singh et al.
2005). This explains why the suitability of using total
metal contents as a criterion for the classification of
sediments as polluted from a legal point of view has
been debated (Keller and Hammer 2004). An adequate
criterion for environmental risk assessment must
include both total metal content and bioavailable metal
fraction (Liu et al. 2009). In spite of all these caveats,
bioavailability of As from sediments of sampled rivers
did not seem to be impaired. There were low polluted
sediments with highly contaminated fish (Las Oscu-
ras), but the highly polluted sediments always showed
highly contaminated fish (Sauce Grande, Valle Hermoso
and Salado River).

As expected, concentrations of As in fish species of
the Pampa Plain were much higher than As concen-
trations found in fish (0.005-0.201 pg/g) inhabiting
pristine aquatic ecosystems (Gutleb et al. 2002). On
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average, a fish from the Pampa Plain showed higher
(1.76 pg/g; n = 74) As in muscle than the upper limit
suggested for several freshwater fish species (Donohue
and Abernathy 1999). These authors reported that the
total As in freshwater fish tissues ranged from 0.007 to
1.46 pg/g. Interestingly, the average concentration of
As in fish from the Pampa Plain was still higher than the
lower limit of the range (0.94-15.1 pg/g) reported for
cultured fish from blackfoot disease areas in Taiwan
(Liao and Ling 2003).

Pollution condition of sampled species

Some trace metals are naturally required in small
amounts by fish as constituents of enzymes and are
essential for healthy development. On the other hand,
many trace metals are acutely or chronically toxic to
fish and other organisms (Bryan 1971). Particularly,
Mclntyre and Linton (2011) suggested that effects
appear to occur when fish tissue concentrations of As
reach 2-5 pg/g. Following our results, three species
Jenynsia multidentata, Cheirodon interruptus and
Pimelodella laticeps should be at risk and conserva-
tion efforts as well as ecotoxicological studies should
be addressed.

Fish can be precise indicators in estimating the
status of pollution of water environments, and several
species have been widely used in monitoring pro-
grammes (Hakanson 1984; Chevreuil et al. 1995;
Andres et al. 2000; Szarek-Gwiazda and Amirowicz
2006). Nevertheless, not all fish species are useful
bioindicators for all the trace metals: species able to
regulate their body levels of any metal (at least partly)
should be rejected as bioindicators for this metal
(Bryan 1984). In the arsenic-rich ecosystems of the
Pampa Plain, Odontesthes bonariensis and Brycon-
americus iheringii showed low concentrations of As
and negative and low correlations coefficients with
abiotic compartments. These results suggested that
these species may be able to regulate the level of As in
muscle. Conversely, the concentration of As in the
scaleless silurid Rhamdia quelen closely followed
the level of As in water and sediments. Perhaps, the
intimate interaction between this large catfish and
sediments in addition to its intimate contact with water
(due to the lack of scales) may help to explain this
pattern. Irrespective of this, regulation of As acquisi-
tion seemed to be almost nil. This makes Rhamdia
quelen, which is a common species in freshwater
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ecosystems of the Pampa Plain, a good candidate for
biomonitoring programmes. A biomonitor species
should make it possible to determine the “quantity”
of the environment or its change (Markert et al. 1997).
The detritivore Cyphocharax voga and the small
characid Astyanax eigenmanniorum are promissory
candidates for biomonitoring programmes as well.
Both species showed significant correlation coeffi-
cients with As in sediments and accordingly showed
significant differences in their level of contamination
between sites with different degree of sediment
pollution by As. As Cyphocharax voga, other bot-
tom-dwelling fishes also intimately reflect the metal
concentrations in surface sediments (Marcovecchio
1988; Oyewale and Musa 20006). Pimelodella laticeps
showed consistently high levels of As in spite of the
variable level of natural contamination of sites in
which it was collected. This means that this species is
able to integrate concentrations of As through time,
and as a consequence, it should be considered a good
candidate for bioindicator analysis. A bioindicator
species should provide information on the “quality” of
the environment or its change (Markert et al. 1997).

When considering fish results, it is mandatory to
remark that only muscle samples were processed in
order to quantify total As concentrations. As known,
content of metals in other tissues and organs of fishes,
for instance, livers, kidneys and gills, can be substan-
tially higher and correlate better with the contents in
water and sediments (Moiseenko 1999). Similarly,
intrinsic factors such as growth size, mass, age,
gender, sexual maturity, physiology and stress have
shown to influence the accumulation of trace metals in
marine organisms (Phillips and Rainbow, 1993). The
role of these factors in trace metal accumulation has
not been deeply examined in fish outside marine
ecosystems. Particularly, Maher et al. (1999) reported
that As concentrations were found not to be related to
the gender of the fish. Maher et al. (1999) further
reported that As concentrations were found not to be
related to the age of fish, and where significant
correlations with mass were found, these were nega-
tive and did not explain much of the variability.

The inland silverside Odontesthes bonariensis is by
far the most consumed species among those sampled
in this study. Fortunately, the level of As in muscle of
this species was below the maximum suggested for
human consumption by several international author-
ities such as Hong Kong (2.3 pg/g; Hong Kong

Government Hong Kong Government. Food Adulte-
ration (Metallic Contamination) Regulations. Laws of
Hong Kong 2 1987), New Zealand and Australia
(2.0 ng/g; Australia New Zealand Food Authority
1999) and Croatia (2.0 pg/g; Has-Schon et al. 2008).
However, the level of As in Odontesthes bonariensis
of Quequén Salado was slightly over the limit
suggested by United States (1.2 pg/g; USEPA 2000).
Overall, As concentrations in most fish species were
higher than the maximum allowed concentration in
United States. Only three species showed mean As
concentrations over 2 pg/g, a maximum adopted by
most countries.

In a review of the latest scientific evidence from
epidemiological data, the lower limit on the bench-
mark dose of inorganic arsenic for a 0.5 % increased
incidence of lung cancer was determined to be
3.0 pg/kg body weight (210 pg in a 70-kg adult) per
day (FAO/WHO, 2010). Following the latest (period
2005-2010) estimation of fish consumption (13.9 g/day
of fish for a 70-kg adult) by local authorities, when
consuming the most polluted Odontesthes bonarien-
sis (1.23 pg/g), a person would receive around 17 pg
of As per day. This value is one order of magnitude
lower than the lower limit mentioned above. Nev-
ertheless, this value only reflects total As acquisition.
Interesting and diverse aspects relevant to arsenic
toxicity, arsenic biotransformations and the determi-
nation of arsenic species in freshwater fish were
already highlighted (Jankong et al. 2007). Approx-
imately 90 % of As in fish is organic As (Mandal
and Suzuki 2002) that is of low toxicity (IPCS,
2001). Arsenobetaine is the dominant species in
marine fish, but speciation in freshwater fish is much
more variable (Mclntyre and Linton 2011). Indeed,
Jankong et al. (2007) demonstrated that although
arsenate was the major extractable arsenical in
freshwater fish from uncontaminated waters, dime-
thylarsinate was by far the dominant arsenic species
in fish from contaminated sites. Moreover, some
results indicated that there is a correlation between
fish family and the arsenic speciation pattern
(Slejkovec et al. 2004).

The inland silverside, Odontesthes bonariensis, is
one of the few species of the family Atherinopsidae
inhabiting freshwater ecosystems. Most of its relatives
are marine species. Therefore, whether this species
behaves as a marine or freshwater species in relation to
biotransformation and accumulation of different
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arsenic species is an interesting task that deserves
further research.
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