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Abstract: In this review, we present information about the presence of trace elements on streams
and the consequences related to the increase of these chemical elements on aquatic systems. Although
several studies on trace elements contamination in aquatic environments are conducted on point
sources, non-point sources also have a high potential to contaminate water bodies. Some trace
elements are important for the development of an organism. However, even essential elements, in
high concentrations, may be toxic to aquatic organisms. In some cases, trace elements may accumulate
and be transferred along food webs, generating changes in the structure and functioning of terrestrial
ecosystems. The phytoremediation techniques could be an important tool in reducing the problems
generated by trace elements. Thus, understanding the effects generated by the increase of trace elements
concentrations on aquatic ecosystems becomes important to help public managers to apply solutions
for the mitigation of this chemical pollution on natural resources.
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Resumo: Nesta revisao apresentamos algumas informagoes sobre a presenca dos elementos trago
em riachos e os problemas que o aumento destas concentracoes podem causar para estes ambientes.
Apesar de grande parte dos estudos sobre contaminagio de elementos traco em ambientes aqudticos
serem realizados em fontes pontuais de contaminagio, as fontes nio-pontuais também tem um
elevado potencial para contaminar os corpos hidricos. Alguns elementos trago sio importantes para
o desenvolvimento dos organismos. No entanto, mesmo elementos essenciais, em altas concentragoes,
podem ser téxicos para os organismos aqudticos. Em alguns casos os elementos trago podem acumular
e ser transferidos ao longo das redes alimentares, gerando alteragoes na estrutura e funcionamento
destes ambientes. As técnicas de fitorremediagio podem se tornar importantes ferramentas na redugio
dos problemas gerados por estes elementos. Assim, compreender os efeitos gerados pelo aumento
nas concentragdes de elementos trago nos ecossistemas aqudticos se torna importante para auxiliar
os gestores publicos a buscar solugées para a mitigagao desta polui¢do quimica aos recursos naturais.
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1. Introduction

The agriculture modernization, with the
aim of improving productivity, has considerably
increased the replacement of native vegetation
for cultivated areas and the use of agrochemicals
is also growing (Foley et al., 2011). In 2015, in
Brazil, approximately 899 million liters of pesticides
were used in 71.2 million hectares of crops and
soybeans represent the crop with the largest planted
area, averaging 17.7 1/ha (Pignati et al., 2017).
The removal of native vegetation by agriculture
practices is responsible for changes in terrestrial
environments (Molina et al., 2017), such as
soil erosion, changes in biogeochemical cycles
(Lemaire et al., 2014) and soil contamination
(Atafar et al., 2010). Fertilizers and pesticides
used in crops contain high concentrations of trace
elements, such as lead (Pb), nickel (Ni), chromium
(Cr), cadmium (Cd), arsenic (As), copper (Cu),
zinc (Zn), and others (Nziguheba & Smolders,
2008; Atafar et al., 2010). Initially, trace elements
are responsible for soil contamination of cultivable
areas (Yang et al., 2013), and later can easily be
carried to water bodies, increasing sediment and
water concentrations (Corbi et al., 2008).

Soybeans are the fastest growing crop in the
world and Brazil is the second-largest producer
in the world (Martins et al., 2018). The use of
phosphate fertilizers is one of the main strategies for
the best crop yield (Caires et al., 2017). Threfore,
the use of phosphate fertilizers in soybean crops has
become a source of accumulation of trace elements
for agricultural land use. Phosphate rocks used in
the formulation of phosphate fertilizers may have
trace elements such as Cu, Cd and As (He et al.,,
2005). In addition, the presence of trace elements
in agricultural practices may be associated with the
edaphic characteristics (Marrugo-Negrete et al.,
2017) and other fertilizers and pesticides used in
crops (Kelepertzis, 2014).

The increase in trace element concentrations has
been considered a severe problem of environmental
pollution in aquatic environments, especially in
rivers and streams (Stankovic et al., 2014). These
problems focus on their toxicity and capacity
of incorporation by the organisms (Rogel et al.,
2004; Teng et al., 2015). In view of this problem,
strategies for the removal of trace elements from
the environment have been used to mitigate
effects on the environment (Lee, 2013). Different
techniques for remediation have been used i7 situ to
immobilize trace elements in the environment, such
as amendments, sand cap and phytoremediation
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(Peng et al., 2009). The phytoremediation consists
of a natural ability of plants to remove, reduce
and/or degrade toxic elements in the environment
(Peng et al., 2009). The phytoremediation has
been considered a great approach in reducing
trace element concentrations (Pratas et al., 2014;
Demarco et al., 2018), because of its low cost and
it is an ecologically correct approach (Lee, 2013).
In this sense, the increasing knowledge about
the effects of agriculture on aquatic environments
is essential for decision-makers leading water
resources management. In this work, we showed
information from studies and researches on trace
elements toxicity on aquatic organisms, considering
the different incorporation forms into the aquatic
trophic chain and eventual transference to the
terrestrial environment. In addition, we will present
comments about possible approaches for aquatic
environments remediation as a way to mitigate
these effects and guide public managers. Our focus
will be on small streams since about 2/3 of the
river basin is drained by them (Allan & Castillo,
2007). Moreover, we will consider areas of extreme
agricultural activity, where the upper river basins
become susceptible to this type of impact.

2. Trace Elements on Aquatic Environments

Trace elements mean elements present at
low concentrations in the ecosystems. The trace
elements may be present in aquatic environments
in a natural and/or anthropogenic way (Rainbow,
2002). In natural environments, trace element
concentrations are controlled by geological factors,
such as rock weathering (Magalhaes et al., 2015),
and generally, do not affect the environment as they
are present in low concentrations. On the other
hand, in environments impacted by anthropic
activities, the main sources of contamination
of trace elements are mining, industrialization,
urbanization, and agriculture (Xu et al., 2014).

The streams contamination influenced by
agricultural activities has been investigated in
recent years (Szocs et al., 2017; Krofli¢ et al., 2018;
Loureiro et al., 2018). The formulation of fertilizers
and pesticides is associated with a large variety
of trace elements (Atafar et al., 2010). Thus, the
concentrations of the compounds responsible for
environmental contamination may vary according
to soil type, crop and forms of management used
(He et al., 2005).

In the aquatic environment, the trace elements
distribution is associated with the physical properties
and chemical speciation of each element. In general,
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trace elements may be associated with fractions
of different sizes, such as the dissolved fraction
(1 < kDa), colloidal (1 kDa - 0.45 pm) and
particulate (> 0.45 pm) (Nystrand et al. 2012).
The partition of trace elements under different
forms depends mainly on temperature, pH and
redox potential (Aguilar-Hinojosa et al., 2016).
The limnic sediment is an important reservoir
of trace elements, where changes in the physical
and chemical characteristics of water can mobilize
and release trace elements to the water column
(Montalvo et al., 2014), making them available to
the organisms.

The chemical speciation of the trace elements
is the conditions in which the elements are in the
environment. The trace elements are found in
the environment in a variety of forms, including
organic and inorganic complexes and hydrated free
ions (Slaveykova & Wilkinson, 2005). The trace
element forms derived from the speciation processes
determine their availability and toxicity to the
aquatic biota. Arsenic, for example, is mainly found
on the trivalent (AslII) and pentavalent forms (AsV),
although the two forms are considered toxic, the
trivalent form can be more toxic (Singh et al., 2015).

3. Incorporation And Mobility Of Trace
Elements By Aquatic Invertebrates

When related to aquatic biota, trace elements are
classified into two categories. The first group consists
of the essential elements (e.g., Cu, Zn, and Mn).
These elements play an important role in the

metabolism of the organisms (Lebrun et al., 2014).
However, they can also produce toxic effects
when absorbed and/or adsorbed in excess by
organisms (Tiizen, 2009). Zinc, for example,
is an essential component for some enzymes
(e.g., metalloproteinases, peptidases and carbonic
anhydrase). The copper is present mainly in the
respiratory protein hemocyanin (Rainbow, 2002).
The second group is the non-essential elements
(e.g., As, Cd, Pb, Hg, Ni). These elements do not
exert a well-defined function for aquatic biota
and may be toxic even at low concentrations
(Torres et al., 2008). Non-essential elements when
accumulated may affect growth and reproduction
rates of aquatic organisms (Adams et al., 2011).
Aquatic invertebrates include different zaxa of
aquatic and semi-aquatic organisms that play an
important role in the food chain, transforming
organic matter in fine particles and serving as a food
resource for other vertebrate organisms. For aquatic
invertebrates, exposure to metal may occur from
adsorption by their exoskeleton and/or by feed
(Magalhies et al., 2015). The incorporation of the
trace element by adsorption occurs in direct contact
with the environment (e.g., stream water). This
incorporation form is common when organisms
live in environments with higher concentrations of
trace elements, or when they remain for a long time
exposed to the element (Hepp et al., 2017). On the
other hand, incorporation by food consumption
is the most common form, since invertebrates are

Transfer to
Terrestrial
Ecosvstemsl

Figure 1. Route of contamination in streams/riparian zone by trace elements from agricultural practices and their

transfer to the terrestrial ecosystems.
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effectively in the aquatic food chain (Figure 1;
Loureiro et al., 2018).

When incorporated by the organism, the
destiny of the trace element is associated with
processes of metabolism and/or excretion (Rainbow,
2002). Essential or non-essential trace elements
accumulated can be transferred to a biologically
inactive compartment and need to be excreted
to avoid toxic effects on the organism (Rainbow,
2002). The exoskeleton storage of trace elements
may be a strategy for their regulation and later
elimination, from the ecdysis process (Keteles &
Fleeger, 2001; Mogren et al., 2012).

The ability to incorporate and excrete
trace elements can determine the potential for
bioaccumulation of each element in organisms.
The bioaccumulation occurs when the rates of
incorporation are stored faster than they are
metabolized or excreted (Luoma & Rainbow, 2005).
In turn, bioaccumulation may vary according to
the organism feed strategy (Rodriguez et al., 2018).
For example, trace element concentrations in the
biofilm may reflect the anthropization degree of
the surrounding streams (Ancion et al., 2013).
The biofilm is a significant source of food for
primary consumers (e.g., scrapers; Collins et al.,
2016), and maybe an important source of trace
element incorporation in the trophic chain
(Loureiro et al., 2018).

In addition to the ability of trace elements
to accumulate in organisms, biomagnification is
another important mechanism for incorporating
contaminants into the aquatic food chain. While
bioaccumulation is associated with the body’s ability
to accumulate trace elements by absorption/ingestion
over time, biomagnification refers to trace element
transference to higher levels of the trophic chain.
Because trace elements have different chemical
characteristics, they show different behaviors
when incorporated into the food chain. In general,
organisms develop physiological strategies for the
elements excretion, so they are hardly biomagnified,
as is the case of arsenic, for example (Hepp et al.,
2017). On the other hand, there are trace elements
that are biomagnified, because the organisms do
not have clear excretion strategies (e.g., mercury;
Schmitt et al., 2011). In general, bioaccumulation
occurs similarly in impacted environments and is
independent of the trace element. On the other
hand, biomagnification is exclusively dependent
on the chemical characteristics of the trace element
and is highlighted because it is a real form of human
contamination (Mann et al., 2011).

The aquatic invertebrates can be an important
source of contamination for terrestrial environments
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through food routes (Alberts et al., 2013). Food
routes link terrestrial and aquatic environments
through the movement of the organisms (Schindler
& Smits, 2017). Aquatic invertebrates are important
sources of resources for aquatic (e.g., fish) and
terrestrial (e.g., birds) vertebrates (Alberts et al.,
2013), which can subsidize both terrestrial and
aquatic networks (Kraus et al., 2014).

Most of the aquatic insects have an immature
phase on the aquatic environment and the adult
phase on the terrestrial environment (Jonsson &
Stenroth, 2016). Thus, the emergency process is
a common step in the development of numerous
insect species. In this way, considering the insects’
ability to incorporate trace elements in their
immature phases, the emergence of these organisms
may be a real source of contamination to the
terrestrial environment (Figure 1; Hepp et al,,
2017). An example is the larvae of Leptocerus
americanus (Banks, 1899) that, when emerged
from streams, was able to transfer about 160 mg
of lead to the terrestrial environment in a year
(Ryan et al., 2019). In addition, emerging insects
correspond to the main source of energy for birds,
spiders, and raccoons in riparian zones (Kautza &
Sullivan, 2016) which means that they are quickly
incorporated into the terrestrial trophic chain.

4. Phytoremediation Of Streams Trace
Elements

Strategies for the remediation of aquatic
environments contaminated by trace elements
have been discussed in recent years (Lee, 2013;
Favas etal., 2014). The phytoremediation has been
considered an ecologically efficient alternative for the
reduction of trace elements in the environment (Lee,
2013). In addition, the phytoremediation process
consists of the use of organisms with high capacity
for compounds accumulation (e.g., fungi, mosses,
aquatic macrophytes; see the reviews Peng et al.,
2009; Wasi et al., 2013; Akcil et al., 2015).
The selected species must be hyperaccumulating
and are involved in the absorption, translocation,
sequestration, and degradation of trace elements
available on the environment (Favas et al., 2014).

The use of phytoremediation in the recovery
of aquatic environments can be classified in
different approaches, which vary according to
how the phytoremediative species incorporates
the chemical elements: (1) Phyroextraction consists
in the trace elements absorption by the root,
being later translocated and accumulated in the
aerial parts (Favas et al., 2014). This approach is
the best procedure to remove contaminants from
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the water bodies sediment (Singh et al., 2012 ).
(2) Rhizofiltration is defined as the ability of plants to
absorb and accumulate trace elements in their roots
(Singh et al., 2012). This procedure can be used in
environments with low trace element concentrations
(Lee, 2013). (3) Phytostabilization is the process that
decreases the bioavailability and mobility of trace
elements in the environment (Singh et al., 2012).
Phytostabilization can be used in contaminated
soils near streams, where vegetation can reduce
erosion and leach contaminants to the groundwater
(Lee, 2013). This process does not degrade the trace
element, but reduces the compound ability to migrate
to soil and water (Lee, 2013). (4) Phytovolatization
consists in the ability of certain plants to absorb
the trace elements by the root transforming into
non-toxic forms and dispersing to the atmosphere
from the volatilization (Favas et al., 2014).

The use of phytoremediation plants is a recent
approach and the literature lacks information about
which species have the best efficiency in trace elements
removal (Lee, 2013). However, these approaches
have presented some advantages and disadvantages
(Table 1), depending on the plants’ efficiency to absorb
the elements under certain conditions. In an ex-situ
study testing the phytofiltration potential of three
species of aquatic macrophytes (Callitriche stagnalis
Scop., Potamogeton natans L. and P pectinatus L.),
Pratas et al. (2014) found an approximately 85%
of reduction in uranium concentrations in water.
Demarco et al. (2018) observed that the aquatic
macrophyte Hydrocotyle ranunculoides L.£. presented
high potential for bioremediation for several trace
elements (mainly iron and aluminum) from the
rizofiltration method.

5. Final Remarks

Increasing concentrations of trace elements in
aquatic environments have been considered a severe
environmental problem. Although most studies
involving this type of pollution are associated with
point sources of pollution, agricultural expansion
and economic development is an eminent activity

nowadays. However, the pressure that this activity
generates on natural resources, especially water
bodies, needs to be better understood. In this brief
review, we sought to gather information about the
main characteristics of trace elements, their effects
on aquatic organisms and ways of remediation
of these impacts. However, the effectiveness of
the application of mitigation and remediation
approaches and technologies will only be effective
with (1) the formation of a solid conceptual basis
regarding the effects that the trace elements can
cause to the aquatic fauna and flora and human
health; (2) a real interest of the public managers,
in the different government spheres, to foment
the improvement of these mitigating mechanisms
and human resources qualification and, finally;
(3) to have a clear dialogue between managers and
science researchers, once that these two groups
have a fundamental role in the process. On one
side, the researchers with the knowledge and, on
the other side, the managers with the possibility
of action. However, a more participative society
can collaborate with the effectiveness of this
cooperation, supervising the actions that must be
done with responsibility and commitment, for
the conservation and recovery of natural resources

(Figure 2).

Agricultural Deforestation | LowauauTy
Activities | OE > Water
Trace elements Resources
Academy Society
HIGH QUALITY
Water
Rublle Resources
Managers

Figure 2. Schematic representation of shared actions
among academia, managers and society in favor of
improving the quality of water resources.

Table 1. Advantages and disadvantages of using of the phytoremediation approaches to remove trace elements in

aquatic environments.

Advantages

Disadvantages

Low maintenance cost and considered environmentally The concentrations of trace elements in the environment

friendly
Easy acceptance of the general public

must be within the tolerance limits of the selected species
Some plants hyperaccumulate only a few trace elements

Contaminated plants are easy to remove from the Biomagnification can occur from the plants used

environment
Can be used in situ and ex situ

Care of the use of non-native species in contaminated
environments

Adapted from Lee (2013), Favas et al. (2014) and Singh et al. (2012).
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