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1.  Abstract 
 
Long-term exposure to heavy metals may reduce natural diversity and change the ecological 
function of aquatic organisms. These alterations may end up affecting population fitness and 
making impacted aquatic organisms more sensitive to new and future stressors. Usually, 
environmental risk assessment frameworks for heavy metals are based on metal-by-metal 
assessment, but metals are most often found as complex mixtures in the environment. Chile has 
the largest copper mining activities in the world and the River Aconcagua is one of the most 
important rivers in the central area of the country supporting mining and agricultural activities. 
Extensive heavy metal data is available for this basin; however, little is known about metal mixture 
toxicity and the effects that this may have on local aquatic populations. This study addressed these 
knowledge gaps, with the main objective to investigate whether complex metal mixtures affect the 
biodiversity patterns of freshwater organisms along the River Aconcagua. For this purpose, the 
metal status of the Aconcagua freshwater ecosystem was described in detail and the biological 
status of macroinvertebrates along the river was defined using taxonomic classification. 
Furthermore, an environmental risk evaluation of metal mixtures was performed using Chilean 
environmental quality standards, ecotoxicological available information and concentration addition 
approaches. The main results of this study showed high risk in the River Aconcagua using both ten 
years of monitoring data and measure environmental concentrations conducted in this study. 
Furthermore, the risk was consistent using both single and mixture metal toxicity assessment. The 
metals that contributed the most to the toxicity were aluminium and copper. Moreover, the 
ecotoxicological analysis indicated that algae were the most sensitive trophic level. Finally, this 
study suggests the implementation of enhanced environmental quality standards in concordance 
with the naturally occurring concentrations of metals in the River Aconcagua ecosystem. 
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2. Introduction 
 

2.1. Metals in freshwater ecosystems 
 
Metals are naturally occurring compounds in the environment found all around the earth crust. They 
are neither created nor destroyed by chemical or biological processes but undergo biogeochemical 
cycling that changes them from one species to another (EC, 2018; US EPA, 2007). In the 
freshwater compartment, metals can be found in a wide range of concentrations depending on the 
specific geological characteristics of a region (EC, 2011; Environment Agency England, 2008; Nys 
et al., 2018; US EPA, 2007). Some metals play a key role as essential nutrients in the live cycle of 
organisms and a deficient can have negative consequences on a healthy aquatic ecosystem. 
Indeed, because of the ubiquitously of metals, organisms have developed different mechanisms of 
coexistence in order to regulate their accumulation and storage. However, heavy metals can 
become toxic when found in excess amount including essential nutrients like copper (Corcoll et al., 
2018). Even though metals can sometimes be naturally found at high levels, most environmental 
contamination results from human activities such as mining, smelting operations, industrial 
production, and domestic and agricultural use of metals, and metal-containing compounds (Kar et 
al., 2008). In many cases, metals find their way into the aquatic ecosystems by runoff, atmospheric 
deposition or industrial, and domestic wastewaters. This contamination can be diffuse or punctual 
depending on the source and may bear different ecological effects (Serra et al., 2009; US EPA, 
2007). In the aquatic environment, metals have been described to cause different harmful effects 
such as oxidative stress, damage at the cellular level (Drost et al., 2007), inhibition of 
photosynthesis in primary organisms (Guasch et al., 2002; Serra et al., 2009), inhibition of 
enzymes, and reduction of respiration in heterotrophic organism (Tlili et al., 2011) among others. 
 

2.2. Metal speciation 
 
The total analytical concentration of metals is the sum of the metals that are in the dissolved 
phase (fraction passing through a 0.45 μm filter) and the particulate or suspended phase 
(retained by a 0.45 μm filter). It is important to take into account, when studying the toxic effect of 
metals, that the total concentration of metals cannot be directly related to their toxicity. In fact, 
many abiotic and biotic factors can modify their bioavailable fraction, and this can comprise a very 
small part of the total concentration (Centro EULA, 2015; EC, 2018; Nys et al., 2018; US EPA, 
2007). Dissolved metals in water can exist in different forms, also called species, which can vary 
from free to complex forms or associations. This process is illustrated in Fig. 1. 
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Fig.1 Schematic diagram of metal speciation. Note that in a natural water, all the reactions are subject to 
competition by other metal cations and H+ 
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The bioavailability and bioaccumulation of metals are also related to the form of the metal. That is 
why separating dissolved metals from particulates is in most cases the first step towards defining 
the bioavailable concentration of metals in water (EC, 2018; US EPA, 2007). Metals will have a 
different type of toxicity depending on the speciation form, being for many its ionic stage the most 
toxic species (Kinniburgh et al., 1999; Tipping, 1994). For this reason, many bioavailability models 
such as the free ion activity model or biotic ligand model (BLM) assume that the ionic form of the 
metal is more biologically active and is a better indicator of bioavailability (Di Toro et al., 2001). 
From this point, the key parameters for metal toxicity will be the factors that affect its speciation 
such as pH, dissolved organic carbon (DOC), and water hardness among others. The most 
important factors that affect metal speciation are reviewed down bellow, but first a quick definition 
of the concept of ‘metal ligands’, which are organic or inorganic ions or molecules that bind to a 
central metal atom or ion. 
 
Factors affecting metal speciation and bioavailability: 
 

• pH: The solubility and mobility of many metals increase under acidic conditions because 
the surface sites of dissolved ligands (e.g., phosphate, sulfate, carbonate, humic 
substances) are protonated and the sorption of cationic metals decreases. On the other 
hand, in alkaline conditions, the solubility of metals decreases (US EPA, 2007). 

• Temperature: At higher temperatures, the toxicity of metals usually increases due to higher 
metabolic activity in organisms and higher chemical activity (US EPA, 2007). 

• DOC: Dissolved organic carbon is a way of quantifying dissolved organic matter and is 
simply the mass of carbon present in the mixture of organic compounds. It can form organic 
complexes with metals and therefore competes with the binding sites of organisms 
decreasing the fraction of bioavailable metal ions (Tipping, 1994; US EPA, 2007). 

• Water hardness: Water hardness can be described as the sum between Ca2+ and Mg2+. In 
1976, Zitko and Carson established that Ca2+ and Mg2+ (hardness cations) were in 
competition with metals at the binding sites of the metals in a ligand.  

• Competing cations: Cation like Na+, K+ or Ca+ can compete with the metal for the binding 
site of the organism (e.g., gills in the case of fish). This decreases the amount of metal ions 
that bind to the body's binding sites (Di Toro et al., 2001). 

• Other dissolved ligands: E.g., phosphate, sulfate, carbonate, and humic substances. 
They form complexes with the metal cations and therefore reduce their toxicity at the 
biological binding site (Tipping, 1994; US EPA, 2007). 
 

 

2.3. Types of bioavailability models 
 
There are several types of methods to adjust the concentration of metals in aquatic ecosystems to 
their relative bioavailability. Each of them contains strengths and limitations. The following is a brief 
description of some of these methods: 
 
Water hardness adjustment: Takes into account the protective role of water hardness in metal 
toxicity. This was among the first types of methods to illustrate bioavailability differences between 
metals at different hardness concentrations and is still used in different national regulations 
(COMANA; EC, 2018; Environment Agency England, 2008; EULA, 2010; US EPA, 2007). However, 
this approach does not include other physicochemical factors that affect metal speciation and 
bioavailability like pH and DOC. Moreover, it requires empirical data to establish the relationship 
between metal toxicity and water hardness (US EPA, 2007). 
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Free ion model: This tool produces speciation profiles of a metal in an aquatic system and provides 
insight into the relative bioavailability of the different forms of metal as well as the importance of 
complexation. Different types of speciation models predict the effects of water chemistry on metal 
speciation e.g., WHAM (Tipping, 1994), MINTEQA2, NICCA (Kinniburgh et al., 1999). The use and 
development of these models are complex and require different calibrations and input data. 
Moreover, there must be a clear link between metal speciation and its availability/toxicity (US EPA, 
2007). 
 
 
Biotic ligand model (BLM):  Is a combination of the factors that influence metals speciation (e.g. 
DOC and pH) and cationic competition (e.g., K+, Na+, Ca+, and Mg+2) at a toxicity site (see Fig. 2). 
Metal cations have a high affinity for negative charge binding sites. This is the reason why for most 
metals, the primary target tissues are the respiratory organs (gills or gill-like structures) or the 
interface between the organism and the waterbody (e.g., algae). BLM model is calibrated per metal 
and organism; therefore, bioavailability correction is only possible if the BLM models have been 
developed and validated for at least one species in every three trophic levels, including algae, an 
invertebrate, and a fish species (EC, 2018). Comprehensive chronic BLMs are currently available 
for copper (De Schamphelaere et al., 2003; De Schamphelaere & Janssen, 2004), nickel (Nys, et 
al., 2016), zinc (De Schamphelaere et al., 2005; Van Sprang et al., 2009), and now for lead (De 
Schamphelaere et al., 2014; A. Van Sprang et al., 2016). Nevertheless, this model is very data 
demanding and at least pH, water hardness, and DOC have to be provided in order to apply the 
bioavailability correction. Another drawback is that the model has validation domains, i.e. the water 
chemistry conditions over which it has been shown to work. However, environmental conditions 
can be sometimes not between those boundaries (EC, 2018; Environment Agency England, 2008). 
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Fig 2. Overview of the Biotic Ligand Model. To the left, the interaction of the metal ion with different ligands in surface water 
and the formation of metal complexes. To the right, the bound of the metal ion to the biotic ligand (in this case represented 
by fish gills) and the competition for the binding site with other cations. 
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2.4. Effect of metals on aquatic organisms 
 
Heavy metals in the aquatic environment lead to various harmful effects on organisms, such as 
oxidative stress and inhibition of enzymes among others. Long-term exposure to this type of 
stresses can reduce natural diversities and change the genetic variability of aquatic communities, 
a process known as genetic erosion (Giska et al., 2015). This may reduce population fitness and 
make impacted organisms more sensitive to new and future stressors (Dallinger et al., 2002). 
Moreover, relevant ecological functions may be affected by altering ecosystems services and 
ultimately affecting human wellness (Brown et al., 2009). 
 
Among the freshwater community, macroinvertebrate organisms play an essential role in the proper 
functioning of aquatic ecosystems (Covich et al., 1999). Between its main functions are the 
decomposition of organic matter and the following contribution to the nutrients cycle in the aquatic 
environment (Palmer et al., 1997). It has been suggested that altering the diversity of these 
communities can dramatically affect ecological processes (Covich et al., 1999). Moreover, the 
different tolerances to different environmental and human stresses of the families composing the 
macroinvertebrate community have been extensible study. The outcome of these studies has 
helped to develop different bioavailability guidelines and water quality index for different countries. 
An example would be the ChSIGNAL index, an adaptation of the SIGNAL index to Chilean waters, 
(Figueroa et al., 2007; Figueroa et al., 2003) and the River Invertebrate Prediction and 
Classification System (RIVPACS) (Clarke et al., 2003) in the United Kingdom. 
 
However, exposure to metals is not the only stress to which these communities are exposed, other 
contaminants and environmental parameters, such as pH or deficit of an essential nutrient can 
affect aquatic populations. In addition, sometimes the stress can also be physical, such as a human 
barrier. This causes fragmentation of communities, can stop the genetic flow and promotes genetic 
bottleneck, which ultimately will reduce the capacity of response of the population to new stresses 
(Ward, 1983). Therefore, finding the link of the causality between metal toxicity and 
macroinvertebrate responses is not always easy. Indeed, any disturbance in the river ecosystem 
might be buffered or enhanced by complex biological interactions (Geiszinger et al., 2009). 
 
 
 

2.5. Metals on a regulatory context 
 
 
Different countries have different management tools and strategies to assess the state of the 
environment. The main goal of those strategies is to protect the environment, however, the 
interpretation of which are the limits of stress that an environment can take and what a “healthy” 
environment is, is relative and full of complex questions and unknowns. When it comes to metal 
toxicity the United States Environmental Protection Agency (US EPA), in its Risk Assessment 
Framework 2007, points out 5 special qualities of these compounds that policymakers and risk 
assessors need to take into account before establishing quality standards or assessing risk for 
those substances. These characteristics are the followings: 
 

1. Metals are ubiquitous elements that occur naturally in the environment and vary in 
concentrations across geographic regions. 

2. All environmental media have naturally occurring mixtures of metals and metals are often 
introduced into the environment as mixtures. 
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3. Some metals are essential for maintaining proper health of humans, animals, plants, and 
microorganisms. 

4. The environmental chemistry of metals strongly influences their fate and effects on human 
and ecological receptors. 

5. The toxicokinetics and toxicodynamics of metals depend on the metal, the form of the metal 
or metal compound, and the organism’s ability to regulate and/or store the metal. 

 
These 5 points involve different challenges, such as how to deal and how to define background 
concentrations, to analyse the toxicity of a metal individually or use mixture approaches instead, 
and how to define the mechanisms that affect metal bioavailability and introduce them on a 
regulatory context. Moreover, is important to take into account that rivers are dynamic ecosystems 
and the chemical composition changes over a timescale (Environment Agency England, 2008). 
 
One of the tools derived from the different strategies to assess the impact of chemicals in the 
environment is the use of Environmental Quality Standard (EQS). This is a tool used as 
benchmarks to guide regulatory bodies to assess the state of the environment and control 
substances that could suppose a risk if those boundaries are exceeded. Below, it will summarize 
three different strategies for three different regulations (EU, USA, and Chile) to manage metal 
potential toxicity and define environmental thresholds.  
 
 
 
European Union (EU): 
 
 
In the EU, the Council Regulation (EEC) no. 793/93 set the guidelines for the evaluation and control 
of the risks of existing substances to humans and the environment and also requires the 
assessment of certain Priority Substances. The risk assessment principles are laid down under the 
Commission Regulation no. 1488/94 (risk assessment of existing substances) and the framework 
for carrying it out can be found in the Technical Guidance Document (TGD) (European 
Commission, 1996) published in 1996. The assessment entails a series of actions including: 
 

1. Determination of the adverse effects that a substance can cause 
2. Derivation of a Predicted No Effect Concentration (PNEC)  
3. Exposure assessment and derivation of a Predicted Environmental Concentration (PEC). 

 
The TGD lays guidelines for the derivation of PNEC that are used for the derivation of Quality 
Standards under the provisions of the EU Water Framework Directive (EU WFD). These 
concentrations are derived from the analysis of single species toxicity tests (preferable EC10 and 
NOEC) and the use of safety extrapolation factors to assess the uncertainties between species 
variability and laboratory and field. The use of species sensitivity distributions (SSD) to derive HC5 
values is also recommended for metals with a high amount of toxicity data. The EQS values need 
to be always expressed as dissolved concentrations. If it is possible, the TGD document advices 
to use the BLM model as a mechanism of correction of bioavailability. However, this tool should be 
only used if the result obtained decreases the interspecies variability in the EC10 and NOEC toxicity 
data, or if it can explain the observed differences in toxicity as a function of water chemistry 
conditions. For this reason, if bioavailability corrections are used, a generic EQS with no 
bioavailability consideration needs to be calculated in parallel. The calculated EQS value should 
be protected for 95% of the water of the country that is been calculated. 
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US EPA (USA) 
 
The United States Environmental Protection Agency (US EPA) provides recommended Water 
Quality Criteria (WQCs) following the Clean Water Act. Moreover, guidance has to be provided to 
the States and Tribes for the implementation of the WQCs and the protection of freshwater 
ecosystems. The WQCs are expressed as two different values, Criterion Maximum Concentration 
(CMC) derived from acute toxicity data that represents the final acute value, and the Criterion 
Continuous Concentration (CCC), that represents a final chronic value. This last one is analogous 
to the PNEC value of the EU. The WQCs for Ni, Zn, Cd, and Pb are expressed as a harness 
function, and recently, the use of BLM has been introduced in the calculation for Cu values for the 
different States.     
 

National Commission for the Environment (Chile) 
 
In Chile, the thresholds for the quality of waters at the national level are described in the CONAMA 
Guide. This guide has been designed by the Department for the Control of Contamination of the 
National Commission for the Environment (CONAMA) and its main objective is to serve as a guide 
for the establishment of secondary norms that protect the aquatic bodies of the country. The guide 
establishes five different types of water quality classes defined by four different concentration 
thresholds. The metal section has benchmark values for total metal concentration and dissolved 
metal concentrations. 
 
Type of water quality classes: 
 
• Exceptional: Indicates water that due to its extraordinary purity and scarcity, is a unique part of 

the country's environmental heritage. It is suitable for the conservation of aquatic communities. 
• Class 1: Very good quality. Indicates adequate water for the protection and conservation of 

aquatic communities, for unrestricted irrigation and the uses included in Classes 2 and 3. 
• Class 2: Good quality. Indicates adequate water for the development of aquaculture, sport and 

recreational fishing, and uses included in Class 3. 
• Class 3: Regular quality. Indicates adequate water for animal drinking and restricted irrigation. 
• Class 4: Poor quality. Waters that exceed the limits of quality 3. 
 
 
 

2.6. Metal mixture assessment 
 
All environmental compartments have metal mixtures, either naturally occurring, or released by 
human activities (Kar et al., 2008; US EPA, 2007). In some cases, metals in a mixture act 
independently from each other, but they can also act additively, antagonistic or synergistic (US 
EPA, 2007). Most environmental risk assessment frameworks are based on metal-by-metal 
assessment, but metals are most often found as mixtures. The combined toxicity of all the metals 
in a mixture can be greater than the one of the individual metals (Nys et al., 2018). For example, 
toxicity has been observed for mixtures of metals occurring at non-toxic levels (Enserink et al., 
1991). However, assessing the risk of metal mixtures has been proven to be rather challenging (US 
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EPA, 2007). Commonly two simplify models are used to assess chemical mixtures: Concentration 
Addition (CA) and Independent Action (IA) models. CA is the most conservative approach; this 
model assumes that all the components of a mixture have the same toxic mechanism and they just 
differ in the toxic potential. In this way, the combined toxic effect of a mixture is related to the sum 
of the weighted concentration of the mixture constituents, or Toxic Units (TU) (Loewe, 1926). The 
concept can be mathematically expressed as: 
 
 
 

 

Equation 1. 

 
Where ci is the concentration of the constituent mixtures, ECxi is the concentration in which i causes 
an x effect, and TU is the ratio between ci and ECxi or toxic unit. On the other hand, in the IA 
approach, the mixture constituents do not share a similar toxic mechanism but act independently 
of each other’s (Bliss, 1939). In this case, the response of a mixture (yMix) is calculated based on 
the product of the responses of every given substance (yci) (equation 2). yMix can range from 1 
(no inhibition) to 0 (full inhibition). 
 
 

 
Equation 2. 

 
 
In addition, metal toxicity and bioavailability are influenced by physicochemical parameters, but 
these factors can affect different metals and organisms in different ways (Nys et al., 2018; US EPA, 
2007). Often, metal mixtures are not included in a regulatory context. The exception is the Australia 
New Zealand risk assessment framework, where the metal mixture is calculated by summing the 
ratios of the metals environmental concentrations and their corresponding trigger value. In Europe, 
researches are working on metal mixtures combining the BLM model approach for correcting the 
factors affecting bioavailability and the mixtures toxicity approaches (Nys et al., 2017, 2018; Van 
Regenmortel et al., 2017). This way of assessing mixture toxicity for metals is however very 
complex and data demanding and needs a specific BLM calibration for every metal. So far, mixtures 
are mainly focused on five different metals (Cu, Ni, Zn, Pb, and Cd). 
 

2.7. Chilean case 
 
Mining activities can be an important source of toxicity by releasing heavy metals into the 
environment and is a major concern in several aquatic ecosystems around the planet. Chile is a 
country with the largest copper activities in the world and its aquatic ecosystems are vulnerable to 
adverse effects due to such operations (CENMA, 2015). One of the most important rivers in the 
central zone of Chile is the River Aconcagua, located in the Valparaiso Region. Its drained surface 
is 7.163 km2 (45% of Valparaiso Region) and hosts prominent agricultural, industrial, and mining 
activities for the Chilean economy and besides provides drinking water to the local population 
(Martinez et al., 2012). The high-water demand together with the pollution produced by the intense 
anthropogenic activities can jeopardize organisms and ecosystems in the river and ultimately affect 
human populations (CENMA, 2015; Martinez et al., 2012). 
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The River Aconcagua rises in the mountain range and travels 142 km east to west direction until it 
reaches the Pacific Ocean. The climate of the region is semi-arid Mediterranean, with seasonal 
influence. The periods of the lower flow of the river are summer and autumn, which in the case of 
Chile correspond to December to March and March to June, respectively (Dirección General de 
Aguas (DGA), 2004). In the upper part of the river, the geology is marked by rocks rich in metal 
sulphides and the existence of copper deposits of considerable size (Centro EULA, 2015; 
CONAMA, 2010). This implies specific water conditions, with waters rich in sulphates and metals, 
especially copper, iron, manganese, molybdenum, zinc, and aluminium (Centro EULA, 2015). In 
the middle part of the river, around the city San Felipe, there is an influence of acid rocks and in 
the sector near the mouth of the river, there is a mixed influence of sulphur rocks and limestone 
(Centro Nacional del Medio Ambiente). 
 
In the region of Valparaíso, where the River Aconcagua is located, mining has been a common 
historical activity. This, added to the geology of the area, has led to the detection of high 
concentrations of metals in the surface waters of this river (CENMA, 2015). At present, mining 
activities occupy a total area of 1,037 Ha, which is equivalent to 0.1% of the total surface of the 
basin (Cade Idepe, 2004). The sectors with the greatest mining activity correspond to Los Andes 
and Catemu and the main activity here is the extraction of copper. The company Codelco División 
Andina has the largest mining deposit in the region (Andina and Sur-Sur mines) where copper and 
molybdenum are extracted. Other major mining operations belong to the company Compañía 
Minera Disputada de las Condes, which is responsible for the extraction of copper in the mines 
Fundición Chagres, Planta El Soldado, Planta El Cobre and Mina Los Bronces (Cade Idepe, 2004). 
The geographical distribution of the mining activities and the potentially affected areas by such 
activities can be found in Fig. 3. 

 
 
Fig 3. Map with the geographical distribution of active mines along the river Aconcagua basins and its tributaries. The 
largest mining activities correspond to the ones close to the River Blanco at the right side of the map. The first two risk 
areas to the left had a considerable number of inactive mines and can be also affected by historical contamination. 
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2.8. Aim objective and hypothesis: 
 

The main objective of this thesis is to investigate whether complex metal mixtures affect biodiversity 
patterns of freshwater organisms along the River Aconcagua in Chile. Furthermore, environmental 
risk evaluation of metal mixtures using ecotoxicological available information will be performed. 
The specific objectives of this thesis are: 
 

1. Identification and quantification of heavy metals along the River Aconcagua. 
2. Assessment of the chemical status of metal mixtures using both retrieved and field 

information along the River Aconcagua. 
3. Assessment of biodiversity patterns of macroinvertebrate communities along the River 

Aconcagua. 

 

3. Materials and Methods: 
 
 

3.1. Location and description of the sampling areas  
 
Sampling took place between October 9th and 22nd, 2018 on nine sites along the River Aconcagua 
basin and some of its main tributaries in the Valparaíso region. In Chile, the month of October 
coincides with spring and therefore the data obtained will be marked by the influence of the 
beginning of thaw and the rise of the river flow. In order to have a representative sampling, 
reference, tributary, and river sites were selected. An overview of the sampling locations in the 
study area can be found in Fig. 4. Each of them consists of three different sampling sites: 
 
1. River (R): sampling sites in the River Aconcagua. 
2. Tributaries (TR): sampling sites in stream/rivers that discharge their water into the River 

Aconcagua. 
3. Referents (RS): undisturbed places that serve as an example of a healthy ecosystem, used to 

compare with possibly disturbed places.  

  
 
Fig 4. Samplings sites: RS1, RS2, RS3 correspond to 3 reference sampling sites; R1, R2, R3 correspond to the river 
sampling sites; TR1, TR2, TR3 correspond to the tributaries sampling sites. 

RS1 

RS2 

RS3 R1 
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TR3 
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3.2. Metal sampling and physicochemical parameters 
 
For each sampling site, two water samples were collected into previously autoclaved glass 
containers. One of the samples was used to determine the total metal concentration and the other 
was used to determine the dissolved. The volume of water collected was 2 L and in the case of the 
sample for dissolved metals, 5 ml of nitric acid were added to facilitate subsequent filtration. Once 
collected, the samples were wrapped in aluminium foil in order to be protected from sunlight, kept 
in refrigerators at a temperature no higher than 4 degrees and transferred to the laboratory in a 
period not longer than 48h to prevent possible biochemical processes that could alter the original 
metal concentration. Furthermore, all metals analyses were carried out by the National Agricultural 
Research Institute (INIA) at La Platina Regional Centre using the standardize method EPA 3010A 
ICP. The target metals were: Aluminium (Al), Arsenic (As), Cadmium (Cd), Copper (Cu), Chromium 
(Cr), Iron (Fe), Manganese (Mn), Nickel (Ni), Lead (Pb), and Zinc (Zn). The limits of detection (LOD) 
used in order to quantify the metal concentration can be found on table S1 of the Annex. In addition 
to the metal measurements, temperature, conductivity, dissolved oxygen, and pH were determined 
using an in situ multi-probe sampler (Hanna Instrument). 
 
 

3.3. Macroinvertebrates community sampling 
 
The macroinvertebrate community was sampled using a kick-net sampling method. This method 
requires a standard 500 μm mesh size pond net to collect the organisms. The pond net is placed 
at the riverbed (Fig. 5a) facing flow direction and the surrounding area is moved by kicking with the 
foot. The flow will carry the organisms into the net. This process is repeated 5 times choosing 
always different habitats along a defined section of the stream in order to have a better 
representation of different habitat in the sampling site. Afterward, the content of the net is emptied 
into a white tray with some water, where big stones and vegetation are removed manually (Fig. 5b). 
Finally, each sample was preserved in ethanol (ca. 96% vol.) for later sorting and classification at 
the Department of Oceanography at the University of Concepcion (Chile). 
 
 

  
Fig 5.         a) Kick-net sampling technique                              b) Cleaning the sample from stones and sticks. 
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3.4. Metal monitoring data 
 

The Chilean water authority (Dirección General de Aguas (DGA)) monitors the water quality in river 
basins along Chile. The River Aconcagua basin is one of the basins under seasonal monitoring, 
thus metal concentrations and physicochemical parameters can be retrieved from its website 
(http://snia.dga.cl/BNAConsultas/reportes). For this study, data were retrieved from the last 10 
years specifically from 01.01.2007 until 30.12.2017. Information was compiled for 10 metals (Al, 
As, Cd, Cu, Cr, Fe, Pb, Ni, and Zn), pH as well as for other compounds that can affect metal 
bioavailability (Na+, Mg+, K+, Ca+, Cl-, and SO4). The location of the monitoring sampling sites can 
be found in Fig. 6. Moreover, information about the LOD used by the DGA can be found on table 
S1 of the Annex. 
 
 
 

 
Fig 6. Overview of the monitoring sampling. In red, the sites by the river Aconcagua basis name from AC1 till AC5. 
In blue, the sites by the tributary rivers name from T1 till T13 

 
 

3.5. Metal data analysis 
 
All metal concentrations reported as total concentrations were transformed to their dissolved forms 
using the partitioning coefficient theory. This step is necessary because it is recommended the use 
of dissolved concentrations in order to assess the risk of metal toxicity. All transformation was 
conducted using the following formula: 
 

𝑀"#$$%&'(" =
𝑀*%*+&

(1 + 𝐾" × 𝐶$ × 1034)
 Equation 3. 

 
 
Where [Mdissolved] and [Mtotal] are the dissolved and the total concentrations of the metal M 
respectively, Kd is the equilibrium partitioning coefficient between water and particulate matter 
express in L/kg and Cs is the concentration of suspended solids expressed in mg/L. A value of 25 
mg/L for Cs was extracted from DGA, 2003 and was used as the mean of Cs values of different 
location from the River Aconcagua  area. In the case of Kd, Table 1 summarizes the different values 
for each of the metals and the source they were retrieved from. 



13 
 

                                                Table 1. Kd values for the specific metals 
 

Source Metal Kd values L/kg 
Allison and Allison, 2005 Cr 1.26E+05 
Allison and Allison, 2005 Ni 3.98E+04 
Allison and Allison, 2005 Pb 3.98E+05 
Allison and Allison, 2005 Zn 1.26E+05 
Allison and Allison, 2005 Cu 5.01E+04 
Allison and Allison, 2005 Cd 5.01E+04 
Allison and Allison, 2005 As 1.00E+04 
Turner et al., 1992 Fe 1.26E+07 
Turner et al., 1992 Mn 1.41E+06 
Upadhyay et al., 2002 Al 1.74E+06 

 
A considerable amount of data was below the limit of detection (LOD) in both the monitoring and 
the case study. Data below LOD can comprise a value between zero and the detection limit of the 
instrument used for the measurement. Excluding arbitrarily those values could underestimate the 
risk, but to treat them as the detection limit values could overestimate the risk. There are different 
options to deal with these uncertainties and in this study the following criteria were considered: 
 

• The limit of detection (LOD) was also transformed into dissolved concentration as 
described in the previous section. 

• Values below LOD were divided by two. 
• Metals for which all or most of the values were below detection limits were only included 

for a worst-case scenario risk evaluation. In the case of Pb and Cd, the values were 
completely excluded from the risk evaluation as the value of LOD/2 were higher than the 
regulatory benchmarks and including them could give a wrong risk interpretation.  

• Metals with few measurements below LOD were considered in the risk evaluation 
analysis. Nevertheless, metals with all measurement below LOD were excluded from the 
analysis and considered as a worst-case scenario. 
 

 

3.6. Compilation of toxicity data and water quality standards 
 
Ecotoxicity data was retrieved from the ECOTOX EPA (https://cfpub.epa.gov/ecotox/search.cfm) 
database for algae, crustaceans, and fish respectively. The following filtering criteria were used: 
 

• Only EC50, DL50, IC50, LC50 values 
• Only studies of exposure between 1-4 days 
• Only total and dissolved concentrations 
• Endpoint population growth, biomass and reproduction for algae 
• Endpoint mortality and immobilization for crustacean 
• Endpoint mortality for fish 
• Toxicity studies using soluble salts were included 

 
The data was organised in dissolved and total concentrations. If several values were available for 
the same species, the mean was calculated. Moreover, geometric means were calculated for each 
of the trophic levels. 
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In the case of Water Quality Standards (WQS), national values from Chile, EU and USA were used 
to compare the different environmental standards criteria between the countries. However, only the 
Chilean WQS for Class 1 values were considered as the threshold when the risk assessment was 
performed. The reason for this selection was the followings: 
 

1. Chilean WQS values are available for all the target metal. 
2. It is assumed that those values consider the specific qualities of the country’s water bodies 

and includes protective assessment factor that accounts for species variability and 
laboratory to field differences. 

3. Class 1 is a WQS that according to the CONAMA guide is also protective for the aquatic 
communities. 
 

 

3.7. Environmental risk evaluation 
 

All data were analysed using the statistical software R studio and Microsoft Excel. The risk 
evaluation was conducted using the toxic unit (TU) approach for each of the trophic levels, where 
the quotient between the Measured Environmental Concentration (MEC) and the corresponding 
effect concentrations (EC) was used. For the mixture toxicity analysis, a Risk Quotient (RQ) was 
calculated, following de Concentration Addition (CA) approach as express in the following equation. 
 
 

 

Equation 4. 

 
Where RQCA is the risk quotient using the concentration addition approach, Ci is the concentration 
of the metal i in the mixture, and ECxi is the corresponding effect concentration. The same principle 
was applied with the WQS for total and dissolved concentrations in Chile, but WQSs were used 
instead of effect concentration. This quotient was defined as Ecosystem approach and was 
expressed in the following formula. 
 
 

 

Equation 5. 

 
3.8. Community characterization 

 
For community characterisation, classical metrics such as abundance, richness, and diversity were 
calculated. Principal corresponding analysis (PCA) was used to assess the spatial distribution, 
clustering, and relation of the communities with other environmental parameters. Moreover, the 
biological quality index ChSIGNAL was used to classify the water quality of the different sampling 
sites regarding the pollution tolerance of the taxon. The non-parametric Spearman correlation was 
also used in order to find a possible relationship between the RQ for metals and the biodiversity 
patterns. 

RQ89: 
WQS= 
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4. Results 
 

4.1. Measured environmental concentrations and water quality 
standards 

 
 
Monitoring data: 
 
The information extracted from the DGA database on monitoring sampling in the River Aconcagua 
area was analysed and transformed from total into dissolved concentrations. The means of the 
concentrations and the standard deviation are summarized in Table 2. The highest concentrations 
were Cu and Al, especially in the monitoring sites T1, AC1, AC2 for Cu and AC2, AC3 for Al. The 
monitoring site T1 was the site with the highest metal concentrations (e.g. mainly Cu, Zn, and Mn). 
In general, sites located in the upper part of the basin (i.e. the mountain range) showed higher 
concentration of metals than the areas near the river mouth (e.g., AC5, T11-13). Finally, is important 
to point out the high variability of the data reflected by the standard deviations. 
 
 
Table 2.  Mean and standard deviations of metals in dissolved concentration. All concentrations in ug/L.  
 

Site Al  SD As SD Cu SD Fe  SD Mn  SD Zn  SD 
AC1 97.07 93.07 5.92 2.41 138.44 219.00 11.72 9.89 8.23 6.04 12.31 7.73 
AC2 140.38 270.51 5.27 2.16 130.67 291.18 17.01 24.53 6.84 5.35 8.16 7.00 
AC3 129.21 293.39 5.05 4.01 126.71 269.85 19.94 27.99 8.68 9.04 10.32 9.14 
AC4 10.72 7.22 2.69 1.44 14.91 12.79 3.19 4.32 1.88 2.09 2.62 1.65 
AC5 15.61 14.19 2.65 0.85 9.81 7.54 3.22 2.96 3.09 2.11 2.70 3.24 
T1 30.37 30.08 3.04 1.50 499.84 722.24 4.85 4.98 19.01 18.42 47.33 57.39 
T2 77.12 102.61 4.95 2.55 11.06 16.43 9.70 15.09 5.75 10.55 4.11 4.88 
T3 10.12 8.89 6.00 3.03 80.02 144.31 1.99 1.77 3.51 5.04 5.15 9.26 
T5 100.78 43.62 5.59 4.55 8.81 9.97 15.01 33.73 3.57 5.49 3.01 3.47 
T4 115.29 109.54 7.48 4.66 43.71 20.12 18.27 16.15 10.34 15.42 16.30 9.22 
T6 8.54 6.29 9.14 4.58 28.71 25.47 10.78 18.83 5.15 8.87 7.60 6.50 
T7 90.97 163.79 5.619 2.53 10.13 12.33 14.03 28.96 6.67 14.22 4.10 5.11 
T8 82.39 156.44 6.10 3.11 108.49 146.03 14.56 1011.31 7.48 5.21 10.81 8.83 
T9 4.35 3.23 0.61 0.45 4.98 2.93 0.76 0.62 0.57 0.45 2.00 1.38 
T10 20.05 21.84 3.53 0.78 14.07 11.34 4.11 2.83 3.00 1.32 3.05 2.67 
T11 6.62 4.5 0.52 0.28 6.23 4.62 0.14 0.27 0.26 0.19 1.58 0.85 
T12 13.09 11.15 2.35 1.04 17.52 30.01 2.00 1.51 5.36 7.19 3.00 3.01 
T13 9.30 5.88 0.87 0.63 5.04 3.78 1.07 1.40 2.17 1.44 2.20 3.30 

 
 
This study did not find any major significant trend in metal concentrations in the River Aconcagua 
during the monitoring period (i.e. ten years). However, when the monitoring data was monthly 
analysed April showed the lowest concentrations for most of the metals. Moreover, October and 
November were the months exhibiting high concentration of metals in the River 
Aconcagua.   Information regarding annually and seasonal variability can be found on the Fig. S2 
of the annex. 
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The results obtained from the monitoring analysis were compared with establish environmental 
quality thresholds (EQT) from Chile. The Chilean threshold concentrations corresponded to Class1 
water quality values according to the CONAMA guide. Table 3 summarizes the different threshold 
values used as EQT. In addition, in order to understand whether the monitoring concentrations 
were within international EQTs, the EU and USA values were considered. The EU sets define 
concentrations for metals found under the priority substance list and gives technical guidance 
documents (TGD) for the Member Countries to follow in order to create their own EQS for the rest 
of the metals. In the case of Table 3, the EQS from metals not included in the list of priority 
substances belong to the United Kingdom, this values where chosen because of the accessibility 
of the data and the complete amount of EQS that the UK has for metal. However, because all 
member states should follow the same TGD in order to set EQS, it is assumed that the EQS from 
other countries are similar. 
 
Table 3.  Environmental quality threshold of metals from three different regulations. aValues have been calculated to the 
River Aconcagua based on hardness correction; bThe values depend on the water hardness; C Priority substances EU. 
d Values are calculated based of pH, harness and DOC. 
 

 Chile EU/UK USA 
Metal Dissolved 

μg/L 
Total 
μg/L 

Dissolved 
μg/L 

Total 
μg/L 

Dissolved 
μg/L 

Total 
μg/L 

Al 90.0 90.0    d 

As 50.0 50.0 50   150.0 
Cu 11.0a 9.0 1-28b    
Fe 1000.0 1000.0 1000   1000.0 
Mn 50.0 50.0 30    
Ni 52.0 52.0 20c    
Zn 149.0a 122.0  8-125b 97.0  
Cr 10.0 40.0 4.7 Cr(III) 

3.4 Cr(VI) 
   

Pb 2.5 3.2 7.2c    
Cd 2 2.2 0.08-

0.25Cb 
   

 
 
Metals with monitoring concentrations exceeding the EQTs are shown in Fig. 7. Information 
regarding metals not exceeding EQTs can be found on Fig. S2 of the annex. From all the monitored 
metals, only Al, Cu, Fe, and Mn showed total concentrations above the Chilean EQTs. For Al and 
Cu, all monitoring sites were above the EQT for the completely monitoring period (see the median 
concentrations above the dashed line in Fig. 7A and 7B, respectively). Similar pattern was observed 
for Fe and Mn, however few monitoring sites showed median total concentrations below the defined 
EQT for the respective metal (Fig. 7C and 7D). Interestingly, almost all the monitoring sites located 
at the river were above the EQT, with the exception of the sites AC4 and AC5 for the metal Fe (Fig. 
7C). 
 
Regarding the dissolved monitoring concentrations, which were calculated using equilibrium 
partitioning theory, only Al and Cu showed media dissolved values above the established EQT (Fig. 
8A and 8B respectively). For Al, most of the monitoring sites were under the Chilean EQT. 
Conversely, several monitoring sites were above the EQT for Cu. In particular, four of the river 
monitoring sites were over the threshold with the exception of the river site close to the mouth of 
the river (AC5 in Fig. 6). The highest dissolved concentrations were calculated at the monitoring 
site tributary 1 (T1 in Fig. 8B). 
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It was observed clear differences when total and dissolved concentrations were used for the 
assessment of metal pollution using the monitoring data. As previously mentioned, the use of either 
total or dissolved metals could lead to different assessment scenarios. An example could be Fe. 
This metal did not exceed the water quality standards when dissolved concentrations are used but 
passed the Chilean EQT when total concentrations were used (Fig. 7C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Total concentrations for A) Al, B) Cu, C) Fe, and D) Mn along the River Aconcagua. Boxplots AC1-AC5 represent 
the monitoring sites located at the river and T1-T13 the sites in tributaries. The blue line represents the Chilean EQT 
Class 1 for each metal respectively. 
 
A) 

 

B)  

 
Fig. 8. Dissolved concentrations for A) Al and B) Cu in µg/L along the River Aconcagua. Boxplots AC1-AC5 represent 
the monitoring sites located at the river and T1-T13 the sites in tributaries. The blue line represents the Chilean EQT 
Class 1 for Al and Cu respectively. 
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Case study: 
 
 
The concentrations measured in this study were compared with the monitoring data to see if the 
concentrations were laying on a similar range. Information regarding the relationship between the 
monitoring sites and the case study sites can be found on Table 4 of the annex. 
 
In general, metals were within the same concentration range of the monitoring data however, there 
were some exceptions: Zn values, especially at the TR2 site (corresponding to the monitoring range 
1.21-11.57 μg/L), were higher than the monitoring concentrations for most of the sites of the case 
study (Fig. 9). In the case of Cr, this study measured concentrations above the LOD, however all 
the monitoring concentrations were below the LOD. 
 
 

 
Fig. 9. Dissolved concentrations for Zn comparing monitoring and case study concentrations. Red dots represent the 
case study measurements. 

 
The next step was to compare the measurements obtained in the study with the regulatory 
benchmarks of Class 1 water quality set by the CONAMA guide (Table 4).  
 
Table 4.  Dissolved metal concentrations for the sampling sites of the case study. The bold and italic values corresponded 
to the detection limit value divided by two. Orange cell correspond to values over the threshold. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Site Cu μg/L Zn μg/L Al μg/L As μg/L Fe μg/L Mn μg/L Cr μg/L 

R1 8.88 20.01 5.62 7.44 1.10 0.55 20.01 
R2 8.88 9.16 5.62 1.60 0.58 0.55 20.74 

R3 29.74 25.32 5.62 1.60 0.70 0.55 21.94 
RS1 8.88 6.75 5.62 1.60 0.16 0.55 19.05 

RS2 8.88 16.40 49.27 6.59 5.37 1.40 21.94 

RS3 8.88 15.91 5.62 1.60 0.32 0.55 20.98 
TR1 26.19 13.02 14.85 3.61 8.99 3.30 7.23 
TR2 13.76 44.12 5.62 3.51 0.88 0.55 19.05 
TR3 8.88 13.50 5.62 1.60 0.66 6.94 18.33 



19 
 

The values in bold and italic correspond to values below the LOD that have been divided by two 
and the orange coloured cells are values over the environmental thresholds. The number of 
samples that were below the LOD is striking (ca 41% of the total data).  
 
Finally, two metals showed dissolved concentrations above the limit marked by Class 1 for the case 
study. Cu exceeded the environmental EQT in the last river sampling site R3 and in two tributaries 
(TR1 and TR2). Chromium had a very similar value of around 30 μg/L in nearly all sampling sites 
except TR1 (where the value was below the detection limit) and, excluding this last site, was always 
above the water quality threshold. 
 
 

4.2. Risk quotients of the metal mixture 
 

In table 5, it can be found the geomean EC50 values for each trophic level based on the retrieved 
US EPA ecotoxicological data. There was a void of ecotoxicological data for four of the seven 
metals when using dissolved concentrations. Conversely, ecotoxicological information was 
successfully retrieve for all metals in their total forms. Therefore, in order to get a better insight of 
the metal mixture toxicity both total and dissolved ecotoxicological information were assessed. This 
was conducted for both the trophic level assessment (RQCA) and also applied in the Ecosystem 
approach (RQWQS) 
 
 
 
Table 5.  Summary of the geomean values per taxonomical groups divided in results found for total concentration of 
metal and dissolved concentration of metal. NA stands for not available information. 
 

 EC50 Total concentration μg/L EC50 Dissolved concentration μg/L 

Metal Algae Crustacean Fish Algae Crustacean Fish 

Al 6.38 45.31 7.32 0.35 2.31 2.26 

As 3.35 16.22 35.60 NA 15.40 NA 

Cu 0.18 1.43 0.89 0.09 0.44 0.23 

Cr 1.62 15.13 82.90 NA NA 4.40 

Fe 3.70 67.94 7.38 NA NA NA 

Mn 12.83 15.47 12.85 NA NA NA 

Zn 1.31 6.88 31.77 0.38 3.48 0.94 
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Monitoring data: 
 
The concentration addition (CA) approach was applied in order to calculate a risk quotient (RQCA) 
for the three major trophic levels (e.g., algae, crustacean, and fish). The results are based on the 
average metal concentration per monitoring sites and were expressed as dissolved and total 
concentrations (Fig. 10). Algae had a higher sensitivity towards metal mixtures than fish and 
crustaceans. Indeed, crustaceans were the most tolerant trophic level. Interestingly, the highest 
risk was found in the monitoring site T1 for all the trophic levels, the only exception was in the total 
form of the metals and for the fish trophic, where AC3 showed the highest risk. In general, the river 
monitoring sites (AC1-AC5) showed higher risk than tributaries (T1-T13) both for the dissolved and 
total forms. Moreover, the second highest risk in tributaries was found T8 for also the dissolved and 
the total form of the metals in the River Aconcagua. 
 

 
Fig. 10. RQCA results per sampling sites of the monitoring data for the main trophic levels (algae, crustacean, and fish) 
for dissolved (upper charts) and total concentrations (bottom charts). 
 
One of the objectives of this study was to identify which metals contributed the most to the mixture 
toxicity. In order to tackle this aim, specific TU contributions per monitoring site were assessed. For 
the algae trophic level, the results showed up to three metals contributing the most to the mixture 
toxicity (Fig. 11). When only dissolved concentrations were considered, copper and then aluminium 
were the metals responsible of the risk. On the other hand, when total concentrations were taken 
into account copper reduced its contribution and iron enhanced drastically its risk (Fig. 11B). 
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Algae metal contribution dissolved         Algae metal contribution total 
A) 

 
 

B) 

 

Fig. 11. Metal contribution for the trophic level algae per monitoring site at the River Aconcagua. A) TUs from 
dissolved concentrations and B) Tus from total concentrations. 

 
Similar contributing pattern was observed for the crustacean trophic level when the dissolved forms 
were plotted (Fig. 12A). Where copper contributed the most to the mixture toxicity followed by 
aluminium. For the total concentration forms (Fig. 12B), the contribution pattern was also similar to 
the algae. Nevertheless, magnesium showed up affecting the crustacean trophic level (Fig. 12B). 
 

Crustacean metal contribution dissolved        Crustacean metal contribution total 

A) 

 

B) 

 
Fig. 12. Metal contribution for the trophic level crustacean per monitoring site at the River Aconcagua. 
A) TUs from dissolved concentrations and B) Tus from total concentrations. 

 
For the fish trophic level, the dissolved form showed for third time a similar mixture toxicity pattern 
(Fig. 13A). Conversely, the total contributing pattern is different than the dissolved with higher 
contribution of iron along the River Aconcagua. 

Fish metal contribution dissolved         Fish metal contribution total 
A) 

 

B) 

 
Fig. 13. Metal contribution for the trophic level fish per monitoring site at the River Aconcagua. A) 
TUs from dissolved concentrations and B) Tus from total concentrations. 
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When Chilean WQSs were used as thresholds for mixture toxicity assessment the ecosystem-wide 
assessment was conducted (RQWQS). Fig. 14A and 14B show the RQWQS distribution along all the 
monitoring sites for total and dissolved concentration respectively. The red line marks the threshold 
value where the sum of MEC/WQS exceeded the national water quality standards, therefore 
indicating risk. When total concentrations were considered all the monitoring sites were under risk 
(Fig. 14B). On the other hand, for dissolved concentrations similar ecosystem risk was found with 
few monitoring sites under no risk (e.g., AC5, T5, T7, T9, T11, and T13) (Fig. 14A). 
 
 
 

RQWQS dissolved RQWQS total 
A) 

 

B) 

 
Fig. 14. Ecosystem risk approach (RQWQS) based on metal quality standards for A) dissolved 
and B) total concentrations. The red line marks the limit where risk is exceeded. 

 
 
In particular, when the specific metal contribution was evaluated, Al, Cu, and Mn were the main 
contributors to the mixture toxicity for total concentration (Fig. 15B). Nevertheless, a completely 
different picture was observed when dissolved concentrations were used, with copper and then 
aluminium contributing the most to the mixture toxicity in the River Aconcagua (Fig. 15A). 
 
 

RQWQS metal contribution dissolved RQWQS metal contribution total 
A) 

 

B) 

 
Fig. 15. Metal contribution for the ecosystem-wide assessment per monitoring site at the River 
Aconcagua. A) TUs from total concentrations and B) TUs from dissolved concentrations. 
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Case study: 
 
The most sensitive trophic level was algae and the most tolerant one was crustacean. The two 
highest risk were found in R3 and TR1 for dissolved concentration and RS2 and TR1 for total in 
the trophic level algae (Fig. 16). There was no clear trend for the crustacean and fish trophic levels. 
In general, the results did not highlight any specific sampling site with the highest risk for all the 
trophic levels. Distinct patterns can be observed for either the dissolved and total forms. 
 

 
Fig. 16. RQCA results per sampling sites of the case study for the main trophic levels (algae, 
crustacean, and fish) for dissolved (upper charts) and total concentrations (bottom charts). 

  
When it comes to the metal contribution, the results were influenced by the metals below LOD, 
which did not contribute and therefore only few, even in some cases only one metal, contribute to 
the metal mixture toxicity assessment (see Table 4 for the values below LOD). Because the trophic 
level algae was the most sensitive level, this study highlights the metals contributing the most in 
this case (Fig. 17). Clearly, a distinct contribution pattern can be observed for the case study data 
in the River Aconcagua. When dissolved concentrations were analysed zinc and copper were the 
metals contributing the most to the algae trophic level (Fig. 17A). On the other hand, a much more 
complex scenario can be recognised when total concentrations were used in the assessment. Zinc 
remained as a relevant actor but iron, chromium and copper contributed as well along the River 
Aconcagua (Fig. 17B).  
 
Finally, the RQWQS approach for dissolved concentration showed that all the sites were over the risk 
threshold, especially R3, TR2 and RS2 (Fig 18). The metal that contributed the most to the mixture 
toxicity was Cr, however it was not measured in the sampling site TR1.  
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Algae metal contribution dissolved       Algae metal contribution total 
A)  B) 

Fig. 17. Metal contribution for the trophic level assessment per sampling site at the River 
Aconcagua. A) TUs from dissolved concentrations and B) TUs from total concentrations. 

 
 

 
Fig. 18. RQWQS based on metal quality standards for dissolved concentration. The red line marks 
the limit where risk is exceeded. 

 
 

4.3. Macroinvertebrates community characterization 
 
The macroinvertebrate samples where identify until family level with 32 taxas (Table 7). Only the 
family Chriromidae was observed in all the sampling sites along the River Aconcagua. Moreover, 
the sampling site RS1 showed the highest number of families along the River Aconcagua and 
families with the highest biological indicator indexes (i.e., Helicophidae and Blephariceridae 
families). Biodiversity metrics (richness, abundance, Shannon index, and Pielou evenness) were 
summarised in Table 6. RS1 had the highest richness of families and the highest Shannon value. 
However, the site with the higher abundance was RS2 and the one with the most even populations 
was site T1. 
 
Because a high diversity or a high number or species is not always an indicator of a healthy 
ecosystem, the water quality index ChSIGNAL based on biological indicators was apply. This 
method was adapted to Chilean organisms and was based on the assignment of a score to the 
specific families in relation to their tolerance and sensitivity to environmental stressors. After 
assigning scores to the families found in a sampling site (Table 7), the sum of the scores was then 
divided by the richness. The result assigned a water quality status depending on the value obtained. 
Based on this index, RS1 and RS2 had a good water quality but were still moderate disturbed. The 



25 
 

sampling sites RS3, R1, R2, and TR2 had a bad water quality and R3, TR1, and TR3 had a very 
bad water quality with high disturbances. 
        
Table 6. Shannon, richness, abundance and Pielou indexes 

 
 
 

 
 
 
 
 
 
 
 
Table 7.  Family scoring per sampling site and ChSIGNAL calculation. * Ind. Nematoda is not included 
as is not a family. 
 

Family RS1 RS2 RS3 R1 R2 R3 TR1 TR2 TR3 
Ind. Oligochaeta 1  1  1 1 1 1 1 
Ind. Acari    4      
Ind. Turbellaria    5 5  5 5 
Ind. Hirudinea       3  
Ind. Nematoda*    *    *  *    
Elmidae  6 6 6 6     
Dytiscidae    3    3  
Hydroptilidae     6 6  6 6 
Helicophidae 10         
Hydrobiosidae 7 7        
Leptoceridae   7       
Limnephilidae  9       
Hydropsychidae 5   5     
Leptophlebiidae 9 9   9     
Baetidae 5 5  5 5  5 5 5 
Gripopterygiidae 7         
Chironomidae 2 2 2 2 2 2 2 2 2 
Ceratopogonidae 6   6      
Athericidae 9 9  9      
Stratiomyidae   4      
Simuliidae 5 5 5       
Tipulidae   5       
Limoniidae 4  4       
Dolichopodidae   4  4     
Blephariceridae 10         
Coenagrionidae       7  
Aeshnidae        6  
Corydalidae 5         
Physidae    3  3 3 3 3 
Ancylidae 6         
Corixidae     3 3   3 
Hyalellidae 6     6  6  

Sum 92 48 43 42 46 26 11 47 25 
Num. Families 15 8 9 9 10 7 4 11 7 
ChSIGNAL 6,13 6,00 4,78 4,67 4,60 3,71 2,75 4,27 3,57 

 
 
 

Site Richness Abundance Shannon index Pielou evenness 
RS1 15 149 2.23 0.32 
RS2 8 426 1.3 0.33 
RS3 10 118 1.71 0.33 
R1 9 252 1.24 0.28 
R2 10 390 1.29 0.29 
R3 8 316 1.4 0.3 
TR1 11 225 1.29 0.43 
TR2 8 290 1.71 0.31 
TR3 9 231 1.1 0.28 

 
>7 = very good, no disturbance: Green; 6-6.99 = good, little disturbances = Blue; 5-5.99 = regular 
disturbed area: Yellow; 4-4.99 = bad, very disturbed: Orange; <4 = very bad, highly disturbed: Red  
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The principal component analysis showed clear clusters based on the abundance of each family. 
All tributaries and the last river sampling site (R3) clustered together, as well as the reference sites 
RS1 and RS3, and the third cluster was characterised by two river sites (e.g., R1 and R2) and the 
reference site RS2 (Fig. 19). 
 
 

 
 
Finally, a Spearman correlation analysis was conducted for different scenarios in order to find 
correlations between the TUs, metal concentrations, and crustacean biodiversity. There was no 
correlation between the TU with abundance, Shannon, and the biological indicators. However, 
there was a significant negative correlation between the TU for total concentration and the richness 
of species (p-value<0.014) and a nearly significant concentration (p-value=0.055) in the case of TU 
for dissolved concentrations. Correlations with metal concentrations were difficult to apply due the 
high number of samples below the LOD. However, there was a negative correlation between the 
Fe concentration and the loss of richness (p-value=0.039). 
 

5. Discussion 
 

5.1. Total and dissolved concentrations: 
 
In this study, all the concentrations of both the DGA database and the case study had been reported 
in a total and not dissolved form. As a general rule and as indicated in the technical report for 
delivering EQS, the total concentrations of metals cannot be directly related to the ecotoxicological 
effects, since many biotic and abiotic factors affect their bioavailability (EC, 2018). Therefore, the 
fraction that causes a toxic effect on organisms can be only a small fraction of the total 
concentration. This is especially important in the case of the River Aconcagua and its tributaries, 
where the combination of the geology of the area and the rain-water regime imply an important 
entry of suspended solids from rocks rich in metals. However, the metals associated with particles 
are considered mostly inert, so the use of total concentrations may overestimate the risk and the 
use of dissolved concentrations is more advisable (Centro EULA, 2015). 

 
Fig. 19. PCA describing a 61% of the variation of the data. The oval circles joint the sampling sites  
of the same category (reference, river and tributary). 
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Total to dissolved transformation was conducted using water-particulate matter partitioning 
coefficients (Kd), on the basis of which the fraction of the total metals that were not bound to solids 
in suspension can be calculated. However, different TGD of the EU (EC, 2018; EC, 1996) 
discourage the use of this technique since the Kd values can vary in different orders of magnitude 
depending on environmental factors. Although our calculated concentrations of dissolved metals 
were similar to results obtained in other studies (Centro EULA, 2015; CENMA, 2015), it should not 
be forgotten that the values of Kd and Cs were extracted from the literature and therefore the 
calculated dissolved concentrations cannot be taken as real dissolved measurements but rather as 
an approximation. It would be highly recommendable in future studies in the area to measure 
dissolved metals to have a better understanding of the bioavailable fraction and to apply further 
speciation techniques, such as the free ionic model and BML modelling. 
 
 
 

5.2. The below detection limit issue: underestimation of the 
metal exposure 

 
Another challenge when describing the state of metals in the River Aconcagua basin was the low 
resolution of the analytical measurements, mainly due to high detection limits. The concentration 
of four (Cd, Ni, Pb, and Cr) of the ten metals in the monitoring database and three (Cd, Ni, and Pb) 
of the case study could not be properly described for the study area due to lack of values above 
LOD for all the sampling sites. Besides, for the case study, other metals were also in some sampling 
sites below LOD, which resulted in 59% of the total samples below the LOD. Finally, the study did 
not include a worst-case scenario since the difference of including or not metals, whose LOD/2 did 
not exceed the Chilean EQTs, did not make a big difference in the estimation of the RQCA. However, 
it is recommended to improve the analytical resolution for at least Cr, Cu and Fe to reach the same 
value of the Class 1 quality standard from the CONAMA guide. Pb, Ni, and Cd are known for their 
high toxicity and are listed in the EU as priority substances (Directive 2008/105/EC), for this reason, 
it would be recommended to use the limits set by the EU commission over the EQT of Chile. 
 
 
 

5.3. What are the most contaminated sites for monitoring and 
case study? 

 
As it was described in the results, the retrieved data for the last 10 years showed no annual trend 
on metals. Two plausible explanations can be elaborate to depict this lack of trend. i) no major input 
of either natural or anthropogenic metals occurred in the last decade or ii) the high variability of the 
measurements in each of the monitoring sites masked any likely trend. However, the results 
highlighted April as the month with the lowest mean metal concentrations. April is the beginning of 
fall and a likely hypothesis is related to lack of precipitations and thus minor leaching. This is 
supported by the lowest discharges observed along the River Aconcagua (CONAMA, 2010). 
 
In the monitoring data, Cu was the metal that showed the highest concentrations, specifically the 
sampling site T1 located on the tributary River Blanco. This site was located downstream of the 
largest copper mining surface of the area, and therefore it is hypothesized that these high 
concentrations were related to anthropogenic activities rather than natural background 
concentrations. Three more sites with high copper concentration were also located on the proximity 
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of this mining operation. The second copper peak concentrations were found in the middle part of 
the basin. Interestingly, the second largest mining operations are currently conducted in that area. 
Therefore, this second peak is hypothesised to be related, as well as the first, to anthropogenic 
activities. All these stations were also above the Chilean EQTs for dissolved copper. The 
concentrations of this metal were generally lower in the lower part of the basin, which coincides 
with the results obtained in other studies such as Centro EULA, 2015. However, on the case study 
R3, the site closest to the river mouth, was the one with the highest copper concentrations. 
Interestingly, around that are smelting operations are taking place. 
 
Sampling sites considered as reference sites showed concentrations above the EQTs. Compared 
with copper values registered in other countries, those found in the River Aconcagua basin were 
considerable high, e.g. 4.9-91 µg/L in the Danube (Bird et al., 2010), 0.2-9.4 µg/L in UK rivers 
(Environment Agency England, 2008), and even high compared with other rivers in Chile such as 
the River Bio Bio (0.63 µg/L) (Villavicencio et al., 2005). This is largely due to the high mining 
activities developed in the study area, but also due to the geographic conditions and the rocks rich 
in metals of the zone that derive in high natural environmental concentrations for this metal mainly 
in the area of the mountain range (CENMA, 2015; Centro EULA, 2015). This is of major 
environmental concern in a country with low regulatory laws for this sector that promotes low-cost 
and non-selective mass mining such as open-pit mines (Centro EULA, 2015),  
 
The second metal with the highest concentrations in the study area was aluminium. This metal is 
known to have high natural background concentrations in this study area, especially by mountain 
range (Centro EULA, 2015). However, other factors of anthropogenic origin such as the extraction 
of aggregates that take place in the area can have an influence too, especially in the vicinity of the 
town of San Felipe (Centro EULA, 2015). Aluminium is a metal that, as a rule, is found in association 
with clays and sediments, in rocks, in colloidal and particulate forms or forming complex (e.g., with 
oxygen, silicate, other ions, humic acids) but is rarely found in the elemental state and its 
bioavailability is highly dependent on environmental factors like pH (US EPA, 2018).  
 
Cu and Al were the only two metals that showed an environmental risk when the standards for 
dissolved metals were applied, but when metal concentrations were compared with EQT for total 
metals Fe and Mn also presented a risk, especially in areas located in the upper part of the river. 
Fe values covered a range of 0.14-19.94 µg/L in a dissolved form which is not as high compared 
to background concentrations from other countries such as England and Wales where 
concentrations vary from 0.5-59 µg/L, with many regions above 20 µg/L (WFD-UKTAG, 2012). As 
for Mn, the range of dissolved concentration was 0.26 to 19.01 µg/L, which was also not very 
different from the UK (WFD-UKTAG, 2012). Moreover, the current EQS used for this metal is 30 
µg/L Mn dissolved for the UK (WFD-UKTAG 2015). 
 
Regarding the case study, two metals clearly differed with the monitoring data, because their 
concentrations were not within the range of their homologous stations. The first one was Zn, 
especially the station TR2 that has a dissolved concentration of 44.12 µg/L only comparable to the 
values of T1. As a reminder, T1 is the monitoring station most influenced by mining activity and is 
probably because of this reason that has the highest values of zinc in all the monitoring data. The 
other metal was Cr, for which no values were recorded above the limit of detection during the 10 
years of monitoring data but have all its concentrations (except for TR1) over LOD for the case 
study. A likely explanation for this outcome could be that the DGA, Chilean national agency 
responsible for the metal monitoring, was only measuring Cr (IV) and the Cr concentrations of this 
study corresponded to Cr (III). EULA (2015) reported total concentrations of Cr for the River 
Aconcagua between> 5-33 µg/L which were three times lower than those reported in this study 
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ranging from>60-91 µg/L It would therefore interesting to re-measure concentrations of Cr in these 
areas to be able to assess whether any problems could have happened during the measurements 
of this metal. Finally, it should be mentioned that the limits of detection used for copper in the case 
study were high (40 µg/L) and therefore only results for its total concentration could be obtained for 
3 of the 9 sampling sites. It would be crucial to be able to use more sensitive analytical techniques 
in the future to be able to describe with higher resolution the metal status of the River Aconcagua. 
 
 

5.4. How to use WQS for metals? 
 
The assessment of the status of metals in the River Aconcagua basin opens debate on how to use 
and interpret EQS. These standards have been designed to protect the health of aquatic 
ecosystems and therefore, considering that many metals are essential elements, it is expected that 
they protect their deficiency as well. Besides, metals are substances that are naturally found in the 
environment, which often collides with the methodology used to derive PNECs as the technical 
guidelines mainly focused on organic pollutants without biological functions that are not found in 
the natural environment. The limitations of these techniques for metals cause that in some cases, 
the concentrations determined as safe are greater than background concentrations of the area that 
wants to be protected. An example of this would be the PNEC estimation for Mn. By following the 
TGD recommendations provided by the WFD in the UK, PNEC value of 7 µg/L Mn was proposed 
(Environmental Agency England, 2007a). However, this is higher than background concentrations 
for this country that varies from 0.5-59 µg/L Mn (WFD-UKTAG, 2012), another case would Fe in 
the UK, where a PNEC of 0.016 µg/L (Environmental Agency England, 2007b) was proposed, that 
was however much lower than many of the concentrations found in these countries. 
 
It is for this reason that the use of bioavailability methods such as BLM are increasingly popular. 
BLM can calculate the bioavailable fraction of a metal ECx to the physicochemical conditions (at 
least DOC, pH and harness) measured in a study area. However, this method requires calibration, 
expert knowledge and very complete ecotoxicological databases, so its use is complex and has 
only been validated for certain metals. Another option is to define which are the 'natural' background 
concentrations of an area. There are several techniques for doing this, and all are described by the 
TGD for the establishment of EQS. Once the background concentrations are known there are two 
options that can be carried out when making a risk assessment for an area; the added risk approach 
where only anthropogenic sources are taken into account and background concentrations are 
excluded or the total risk approach where background and anthropogenic sources are taken into 
account. The added risk approach, proposed in TGD, is sometimes difficult to apply as defining the 
concentrations that account just from the human impact is rather difficult and it also demands to 
know what metal concentrations were present in the culture media of the ecotoxicological data. The 
total risk approach considers that both natural and anthropogenic concentrations add to the total 
toxicity and that the issues that high background concentration can suppose, can be deal with in 
further risk management steps (Van Sprang et al., 2009). The River Aconcagua offers a very 
interesting and complex study area where high background concentrations and extensive human’s 
activities like mining and smelting take place. It would be therefore crucial to achieve a better 
understanding of the metal speciation in this river and to be able to separate background 
concentrations from human pollution with the final aim to understand if the contribution of metals 
produced by anthropogenic activities to the natural metal pool of this river is jeopardizing the 
freshwater ecosystem. 
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5.5. Metal mixture toxicity 
 
The results of RQCA and RQWQS agreed that Cu and Al were the metals that contribute the most to 
the total mixture toxicity. The results of the RQWQS Ecosystem Risk Quotient show that 4 of the 5 
sampling points in the river were at risk and that, as described in the previous section, the areas 
near the mountain range and the mining areas were the most affected. The RQCA showed that the 
most sensitive trophic level to the toxicity mixtures were the algae and the most tolerant were the 
crustaceans. It also showed a similar pattern as RQWQS concerning which were the areas with the 
highest risk quotient. There were, however, differences between the two RQs when total 
concentrations were considered. In RQCA, Fe was an important contributor to the mixture toxicity 
together with Al and Cu. On the other hand, in the case of RQWQS, Mn seemed to be more toxic than 
Fe. Although the use of total concentrations for the RQCA can include more metals, state-of-art 
approaches advise that it is better to use dissolved concentrations, even if you lose resolution in 
your mixture toxicity. Total metals increase the uncertainty of which fraction of metals was causing 
toxicity and created larger variability between studies. The contributions of each metal could also 
be more accurate if bioavailability methods such as BLM were also used. As for the RQWQS, a great 
difference can again be seen between the use of EQTs for total and dissolved concentrations. 
Compared to the quality standards of other countries it seems that the EQTs of total concentrations 
were overestimating the risk for most metals. Also, as mentioned above different TGDs advise 
against the use of total concentrations to derive EQS. Finally, the high LOD used for the 
quantification of metal concentration, difficult to include Cd, Ni and Pb to the mixture toxicity 
analysis. These three metals are well known metals that are known for their potential toxic effects 
and have extensive ecotoxicological information available. It would be interesting to know in the 
future what is the state of these metals in this river and how much they are contributing to the 
mixture toxicity effect. 
 
 

5.6. Macroinvertebrates 
 
The PCA analysis supported that the 4 sampling sites with the worst environmental index (TR1, 
TR2, TR3, and R3) were characterized close to agricultural areas and had often algal bloom, 
however only TR1 was located in the upper part of the river and in an area thought to be affected 
by metals according to the analysis of monitoring data. Even so, copper concentrations were 
registered in all these four stations except for TR3. In terms of water quality, TR1 was the sampling 
site with the lowest number of families and the worst quality index, while RS1 had the highest 
number of families and the best quality index, in addition to the highest Shannon of diversity. 
Regarding the type of taxa that were forming the community, only RS1 had families such as 
Helicophidae that are characterized by preferring very clean and little disturbed waters and have a 
value of 10 in the ChSIGNAL index. Families with a value 9 such as Leptophlebiidae could only be 
found in the reference zones and R2. On the other hand, the sites with the worst aquatic status 
presented had a high representation of taxa characterized by being tolerant of living in areas with 
high organic pollution such as Oligochaete species, Physa sp. and the diptera Chironomidae 
(EULA, 2015). 
 
These results could indicate that the contamination of metals, although it could also be adding to 
the stress pool, does not seem to be the main factor that determines the composition of the 
communities of macroinvertebrates in the sampling sites. In this study area, there were other 
anthropogenic sources such as agriculture, water treatment plants, and other industries that also 
contributed to the pool of chemicals discharged into the aquatic environment. Finally, other studies 
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in the basin of this river, such as EULA (2015), reported that the main stress factor that these 
communities were exposed to, was the marked flow fluctuations associated with the hydroelectric 
energy production in the upper area of the basin and the irrigation of agricultural areas in the middle 
and lower parts of the river. The process of extraction of aggregates also contributed to promote 
this stress, by diverting the flow of the river. 
 
To separate all these cofactors and be able to define more precisely what was the effect that metals 
had on these communities it would be interesting to choose for future studies, areas with known 
metal impact but low impact of other anthropogenic co-factors such as agriculture. It should also 
be mentioned that the correlation between effects on communities and metal concentrations were 
difficult to establish due to the high number of metals that did not exceed the LOD and for this 
reason other multivariate statistics like RDA were not included in this study. Finally, the RQCA 
showed that crustaceans were the most resistant taxonomic group. This supports the idea that this 
could also be the case of the rest of the macroinvertebrate community and therefore, it would be 
also important to include the most sensitive trophic level that according to RQCA was algae to be 
able to characterize the biological risk of metals on the River Aconcagua in a more comprehensible 
way. 
 

6. Conclusion 
 
The Aconcagua is a river with high levels of metals, mainly Cu and Al. In general, concentrations 
were higher on the locations close to the mountain range and the mines. In the case study, the 
highest concentrations of Cu were measured in the lower part of the river, which can be associated 
with the mining smelting operations. Even though anthropogenic activities like mining operations 
and arid extraction played an important role in the release of metal into the aquatic ecosystems, 
the lithology of the area is rich in metals and promotes elevate natural background concentrations. 
The mixture toxicity assessment conducted with RQWQS on the monitoring data showed four of the 
five samplings by the river under risk. Moreover, algae was identified as the most sensitive 
taxonomic group when the RQCA approach was used. Furthermore, the description of the effect of 
metals on biological community’s composition and patterns was not conclusive due to the high level 
of metal concentrations below LOD and a possible effect of other cofactors. This study found metal 
risk on the river, but in order to get a better understanding, a better dissolved metal campaign is 
suggested which would allow a better environmental risk assessment. Furthermore, bioavailability 
models like BLM could be used. 
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Annex  
 
Table S1. Limit of detection used for the metal case study (LOD INIA) and in the monitoring data (LOD DGA) 
 

Metal LOD INIA (μg/L) LOD DGA (μg/L) 
Zn 10 10 
Cu 40 10 
Pb 50 20 
Mn 40 10 
Ni 50 30 
Cr 60 30 
Al 500 600 
As 4 1 
Fe 100 20 
Cd 5 10 

 
 

 
Fig S1 Dissolved concentrations monitoring sites compared to EQS 
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Fig S2 Time trend by years and months 
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Table 4. Sites from the monitoring database used to compare with the case study results. The sites where 
selected by nearerest location. *RS3 does not have any analogue site on the monitoring data. **AC2 was 
used to compare with TR1 because it was the closest one; however, AC2 is laying on the Aconcagua river 
and not on the tributary river where TR1 was set. 
 

Case study site Monitoring site 
RS1 T4 
RS2 T6 
RS3 NA* 
R1 AC1 
R2 AC3 
R3 AC5 
TR1 AC2** 
TR2 T11 or T12 
TR3 T13 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 


