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A B S T R A C T

The EYNR is the most important wetland in central Chile because it is protected as a RAMSAR site. It includes
coastal lagoons, estuaries and saltmarshes, sustaining an important biodiversity. The chemical complexity was
described using water and soil samples, which are characterized by high levels of alkalinity and soil cations. In
addition, high concentrations of Cu (0.01–0.080 mg L−1) and Pb (0.120–0.566 mg L−1) in water were measured.
Using a simplified index of water quality for oxygen demand, the ecological status of the wetland was classified
as bad quality due to the existing use of land. Multivariable analyses and heavy metal index classified this
wetland as having low to intermediate deterioration due to the combination of heavy metals. If this trend is
allowed to continue unabated, the food web complexes in this wetland are likely to be at the highest risk of
induced heavy metal contamination.

Wetlands are among the most productive and vulnerable ecosystems
in the world, sustaining an important biodiversity of flora and fauna,
including rare and threatened species (Mitsch and Gosselink, 2000; Van
den Broeck et al., 2015; Wu et al., 2018). Additionally, wetlands per-
form many important ecosystem services, including water storage,
mitigating floods and storms, controlling erosion and playing an im-
portant role in carbon sequestration by preventing long-term build-up
of organic carbon (i.e. blue carbon ecosystem) (Tockner and Stanford,
2002; Junk et al., 2006; Silva et al., 2007; Daniels and Cumming, 2008;
Kaur et al., 2014; Bassi et al., 2014; Fu et al., 2015; Mojica et al., 2018;
Román et al., 2018). Wetlands also are extremely sensitive environ-
ments with regard to climate change due to the impacts of sea level rise
(Gilman et al., 2008; Erwin, 2009; Mojica et al., 2018) or tsunami in-
undation (Morton et al., 2011). However, wetlands are negatively in-
fluenced by different types of environmental alterations, which may
include the continuing encroachment of urban development on wet
heaths and seasonal wetlands and wetland-associated habitats or land
reclamations, causing changes in the hydrological regimes, eu-
trophication, nutrient enrichment, salinization, and pollution with or-
ganic compounds, pesticides and heavy metals (e.g. Davis and Froend,
1999; Lee et al., 2006; Li et al., 2015; Tian et al., 2016; Wu et al., 2018).

Among the short-term anthropogenic impacts on coastal wetlands,
heavy metal pollution is one the most important due to potential

biomagnification in food webs. Heavy metals such as copper (Cu), lead
(Pb) and cadmium (Cd) are persistent and potentially toxic in aquatic
ecosystems, and most heavy metals are bioaccumulated in aquatic food
webs (Peters et al., 2013; Tang et al., 2014; Singh et al., 2017). Heavy
metals may enter aquatic ecosystems in different ways, including in-
dustrial or domestic sewage, storm runoff, leaching from landfills,
shipping and harbor activities and atmospheric deposits, thereby af-
fecting water quality and the trophic structure and functions of pelagic
and benthic communities (Nair et al., 2006; Peters et al., 2013; Tang
et al., 2014).

El Yali National Reserve (EYNR) is a wetland complex and one the
most important freshwater ecosystems in the semiarid region of Central
Chile, which includes coastal lagoons, estuaries, streams and salt-
marshes (Figueroa et al., 2009; Vidal-Abarca et al., 2011; Fariña et al.,
2012; Flores-Toro and Contreras-López, 2015). The EYNR is a euryha-
line ecosystem with eutrophic or hypertrophic status due to high levels
of nitrogen and organic phosphorus input from eucalyptus forests, li-
vestock farms and wastewater inputs (Vidal-Abarca et al., 2011). The
EYNR is a RAMSAR site of international significance (Möder et al.,
2002; Flores-Toro and Contreras-López, 2015). In fact, the EYNR is
protected by Chilean law as a national reserve and, since 1996, as a
RAMSAR site (RAMSAR, 2004). However, the main regulation for water
quality is related to physical, chemical and bacteriological properties
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for drinking water (NCh409/2005 norm) or for irrigation water quality
(NCh1333 norm), and there are not secondary environmental quality
standards, generating important problems in the water quality regula-
tion framework in the country (Valdés-Pineda et al., 2014). More than
110 migratory species have been recorded in this wetland, which is also
one of the most relevant sites for both Nearctic and Neotropical
shorebirds, but vulnerable to hydrological change (Vilina and Lopez-
Calleja, 1992; Vilina and López-Calleja, 1996; Dussaillant et al., 2009;
Fariña et al., 2012). The EYNR is also highly influenced by the hydro-
logical regimen, whose precipitation trends show high interannual
variations due to the periodic occurrence of the El Niño Southern Os-
cillation (ENSO) cycle, increasing rainfall and therefore affecting
coastal habitat irrigation (Fariña et al., 2009). Despite being an eco-
system of great cultural and ecological significance, important weak-
nesses can be identified in its conservation status (Flores-Toro and
Contreras-López, 2015). Henceforth, the purpose of this study was to
evaluate water quality and heavy metal concentrations using multi-
variable analyses to provide an insight into the current pollution status,
which may help to monitor the patterns of bioaccumulation and bio-
magnification of heavy metals in this ecosystem.

Soil and water sampling were carried out at twelve stations covering
four water bodies in the EYNR wetland complex (Fig. 1; Table 1). Water

samples were collected at Albufera Lagoon (W1 and W2), Yali River
(W3), Colejuda Lagoon (W4) and Matanzas Lagoon (W5, W6 and W7),
and soil samples were collected at five stations: Albufera Lagoon (S1),
Colejuda Lagoon (S2) and Matanzas Lagoon (S3, S4 and S5).

In this study, water samples (5 L) were collected just below the
surface water in the wetland using acid-cleaned polyethylene bottles in
summer (January 2013) and winter (August 2013), and they were
preserved at 4 °C before analysis. At all sampling stations, surface water
temperature, depth, pH, alkalinity, conductivity, salinity and water
hardness were measured (Table 2). For water quality, total suspended
solids (TSS), dissolved oxygen (DO), biochemical oxygen demand
(BOD5), nitrate (NO3

−), nitrite (NO2
−), ammonium (NH4

+), phosphate
(PO4

−3), nitrate/phosphate ratio (NO3
−/PO4

−3), total organic phos-
phorus (TOP), oil-fats, sodium (Na), potassium (K), F-ratio (Na/K),
copper (Cu) and lead (Pb) were measured. In addition, pH, salinity,
electrical conductivity, temperature and DO were measured in situ. All
water analyses described above were conducted according to Standard
Methods (APHA, 1985). DO was measured using in situ electrodes
(JENWAY Model 9070), which were calibrated with the Winkler
method (Williams and Jenkinson, 1982). To classify the water quality of
different water bodies in the study area, a simplified index of water
quality (IWQ) was used (Queralt, 1982). The IWQ was calculated using

Fig. 1. Locations of the sampling sites in the wetland complex of El Yali (Central Chile). Water samples (W) and soil samples (S).
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five environmental variables: water temperature, TSS, conductivity,
DO, and chemical oxygen demand (COD), which was estimated from
BOD5. For completely contaminated water, this index is close to 0,
while for excellent water quality the index is 100.

For the measurement of heavy metals such as cadmium (Cd), lead
(Pb), and copper (Cu) in the soil, nitric acid digestion with perchloric
acid and spectrophotometry by direct aspiration was used. Note that for
arsenic (As), nitric acid digestion with perchloric acid was used and
determined with a hydride generator, in accordance with the proce-
dures recommended. All chemical analyses of water and soil were
conducted in the Chemistry Faculty of the Universidad de Playa Ancha
(Chile). Additionally, we used a heavy metal index (HEI) in order to
estimate the overall quality of the water with respect to heavy metals
(Edet and Offiong, 2002). The HEI was computed as: HEI = ∑n=1

iHc/
Hmac, where Hc is the monitored value of the ith parameter and Hmac
the maximum admissible concentration of the ith parameter
(Cu = 0.02 mg L−1; Pb = 0.05 mg L−1; WHO standards).

Univariate and multivariate statistical methods were used to ana-
lyze data gathered. For univariate tests, normality was determined with
the Shapiro-Wilk test to determine parametric and non-parametric
treatments, with significance levels set at 5%; significant differences
between the sampling sites for water and soil variables were de-
termined with analysis of variance (ANOVA); the Kruskal-Wallis test
with a post-hoc Dunn's test (Zar, 1999) was used for nonparametric
information processing. For multivariate analyses, Principal Compo-
nent Analysis (PCA) was used to search for associations between the
sampling stations and geochemical variables and heavy metal con-
centrations (Jongman et al., 1987). We also correlated water quality
variables (i.e. temperature, alkalinity, conductivity, salinity, TSS and
hardness) with variables related to the organic matter content (nitrate,
nitrite, ammonium, phosphate, TOP and oil-fats), cations (sodium and
potassium), and heavy metals (Pb) using Spearman correlation analysis
after log10(x + 1) transforming environmental variables. The multi-
variable analyses were carried out using the statistical package Past
3.22 (Hammer et al., 2001).

The physical and chemical characteristics of the water bodies of the
EYNR are shown in Tables 1 and 2. The results showed that the water
bodies are shallow, ranging between 20 and 172 cm, the shallowest
being Colejuda Lagoon (W4). No significant differences in depth be-
tween summer and winter were observed (Kruskal-Wallis test;
p > 0.05). The ΔT° exhibited a maximum in winter at Albufera Lagoon
(13.0 ± 0.1 °C) and a minimum at Colejuda Lagoon (4.7 ± 0.1 °C). In
contrast, the Matanzas Lagoon showed higher differences during
summer (−6.3 ± 0.07 °C). pH, alkalinity, conductivity, salinity and
total hardness in the water column did not show significant differences
between summer and winter (Kruskall-Wallis test; p > 0.05). pH
varied between 8.3 and 9.5, with alkalinity values ranging between 160
and 610 mg L−1 (Table 2). It is important to note that total hardness
varied between 1540 and 13,000 mg L−1, exceeding 5.8 times the
normal concentrations for Chilean environmental regulations
(266–569 mg L−1). Albufera Lagoon (W1 and W2) exhibited higher
levels of salinity and conductivity in summer (from 37,000 mg L−1 to
67,800 μS cm−1) than in winter, varying from a mesohaline to a hy-
posaline system (Table 2). Yali River showed less variability in its
salinity (43,000–37,200 mg L−1) and conductivity
(44,400–56,500 μS cm−1), classifying it as a mesohaline system. In
terms of salinity and conductivity, for Colejuda Lagoon (W4) con-
centrations of 47,300–151,000 mg L−1 and 44,400–183,000 μS cm−1,
respectively were measured, and the lagoon exhibited significant sea-
sonal changes of these parameters, but was classified as a mesohaline
system (Table 2). In contrast, at Matanzas Lagoon (W5, W6 and W7),
salinity varied from 4200 to 5000 mg L−1 and conductivity varied from
1300 and 8990 μS cm−1, resulting in a wide range of variability of
salinity and classifying the lagoon as mesohaline to freshwater. Clarity
is related to the level of turbidity and chlorophyll concentration. Sig-
nificant seasonal differences in clarity levels were measured (Kruskal-Ta
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Wallis test; p < 0.05), particularly in Matanzas lagoon, where clarity
decreased to approximately 84.3% ± 2.52% (Table 2).

The ecological status of the all water bodies was classified as bad
quality (IWQ: 50.0–54.8) and unacceptable (IWQ: 48.3–48.9), with
exception of the Matanzas Lagoon (W7) in winter (IWQ: 74.0), which
was classified as utilizable (Table 2). It is important to note that con-
ductivities were similar to those reported by Vidal-Abarca et al. (2011),
although Albufera Lagoon (W5, W6 and W7) showed a less saline
condition (subhaline and mesohaline), probably related to increasing
levels of river discharges and rainfall in the Maipo river basin, char-
acterized by maximum values in August of 75.6 m3 s−1

( ± 13.8 m3 s−1) and 13.3 mm ( ± 6.7 mm), respectively. In contrast,
minimum values of river discharges and precipitation have been re-
corded in January with mean values of 52.4 m3 s−1 ( ± 15.2 m3 s−1)
and 0.76 mm ( ± 0.06 mm; Dirección de General de Aguas, Ministerio
de Obras Públicas de Chile; http://www.dga.cl).

Furthermore, nitrogenous (NO3
− and NH4

+) and phosphorous
compounds (phosphate and total organic phosphorus) in the study area
exhibited marked significant spatial differences, with higher con-
centrations in the Matanzas lagoon (PO4

−3: 310–756 mg L−1; NO3
−:

1.6–12.8 mg L−1; NO3
−/PO4

−3 > 32.99) and lower concentrations in
Albufera Lagoon and Yali River (0.03–4.37 mg L−1; NO3

−/
PO4

−3 < 1.14). Colejuda Lagoon registered higher concentrations of
nitrate and ammonium in January (NO3

−: 7–50 mg L−1; NH4
+:

37.5–75.5 mg L−1; Table 2). TOP varied between 0.04 mg L−1 (Jan-
uary) and 3.20 mg L−1 (August) in Albufera Lagoon. Albufera Lagoon,
Colejuda Lagoon and Yali River showed higher levels of ammonium,
ranging from 12.0 to 37.5 mg L−1, and lower NO3

−/PO4
−3 ratios

(Table 2). It is important to mention that nitrogen compounds and
phosphate concentrations exceeded 151 times the concentrations
measured previously at other sites in the EYNR (Vidal-Abarca et al.,
2011), which coincide with higher biochemical oxygen demand mea-
surements (BOD5 > 21 mg L−1), particularly in August (Table 2).
These concentrations of nitrogenous compounds (NO3

− and NH4
+),

phosphate and total organic phosphorous are associated with livestock
farms, eucalyptus forest and migratory birds, whose wastewater and
feces may affect negatively the water quality, contributing to the eu-
trophication of this ecosystem (Khadse et al., 2008; Noorhosseini et al.,
2017).

In soil, electrical conductivity (EC) ranged from 3.1 to 112 dS m−1

in Albufera Lagoon and Colejuda Lagoon, respectively (Table 3). Nitrate
varied between 7.8 mg Kg−1 (Matanzas Lagoon) and 85.1 mg Kg−1

(Albufera Lagoon), and phosphate varied between 12.2 mg Kg−1 (Co-
lejuda Lagoon) and 38.1 mg Kg−1 (Colejuda Lagoon). High concentra-
tions of iron (2.6 to 4.5 mg Kg−1) were measured, reaching > 90
mg Kg−1 in the Matanzas Lagoon (Table 3), coinciding with con-
centrations reported by Vergara (2014), which were associated with the
presence of magnetite (Fe3O4) deposits. In addition, higher concentra-
tions of different cations and heavy metals were associated with the loss
of soil structure and desiccation, which may affect the ability of soil of
maintain cations. EC also affects the nutritive characteristics of soil and,
in turn, is associated with salinity. In the study area, the concentrations
of Ca (3.6–22.6 cmol+ Kg−1), Mg (5.3–11 cmol+ Kg−1) and K
(76.3–1210 mg Kg−1) were slightly higher than mean values reported
and related to higher level of EC (Allaire et al., 2012; Cortés-D et al.,
2013).

In general, Cu and Pb concentrations ranged from 0.01 to 0.080mg L−1

and from 0.120 to 0.566mg L−1, respectively (Table 2). However, max-
imum mean concentrations of Cu (0.037mg L−1 ± 0.026mg L−1) and Pb
(0.308mg L−1 ± 0.171mg L−1) in January were observed. These con-
centrations are considered above the permissible limit according to Chilean
(CONAMA, 2005). It is important to note that higher concentrations of
heavy metals were registered in January, probably associated with the
desiccation of the lagoons in summer. Wetlands are sensitive to freshwater
input associated with the hydrologic water cycle (Gambrel, 1994). In ad-
dition, the EYNR is heavily influenced by lithology, urbanization, and local
agriculture activity, modifying the use of land (Soto et al., 2011; 2009;
Meza et al., 2015). In soil, higher concentrations of heavy metals were
measured for Colejuda Lagoon (Cu: 32.2mg Kg−1; Pb: 34.8mgKg−1; Cd:
2.4mgKg−1; As: 11.2mgKg−1) and Matanzas Lagoon (Cu: 17.9; Pb:
18.8mgKg−1; Cd: 1.1mgKg−1; As: 5.4mgKg−1; Table 3).

PCA ordination and Spearman correlation analyses were performed
based on twenty-three environmental variables (pH, alkalinity, con-
ductivity, water hardness, TSS, OD, BOD5, nitrate, nitrite, ammonium,
phosphate, TOP, oil-fats, Na, K, Cu, Pb) for January and August (Fig. 2).
The first two PCA axes accounted for 77.3% and 80.8% of the total
variance in January (Fig. 2a) and August (Fig. 2b), respectively. In
general, the environmental variables such as water ammonium, BOD5

conductivity, hardness and K were associated with Albufera Lagoon
(W1 and W2), whereas pH, phosphate, alkalinity and TOP exhibited a
stronger association with Matanzas Lagoon (W5, W6 and W7). How-
ever, Cu and Pb showed seasonal variations with high concentrations of
Pb in Matanzas Lagoon and Colejuda Lagoon in January, and high
concentrations of Cu for Albufera lagoon and Matanzas Lagoon in

Table 3
Soil sample sites and chemical and heavy metal concentrations measured in the study area.

Location Albufera Lagoon Colejuda Lagoon Matanzas Lagoon Matanzas Lagoon Matanzas Lagoon

Station S1 S2 S3 S4 S5

Date March 23, 2013 January 17, 2015 November 21, 2014 January 17, 2015 March 23, 2013
pH 7.37 7.7 7.9 7.6 8.1
Electrical conductivity (dS/m) 3.1 112.0 8.1 23.0 5.5
Organic matter (%) 3.9 4.2 1.0 0.5 4.0
N (mg/Kg) 85.1 11.5 7.8 9.5 20.0
P (mg/Kg) 17.4 38.1 12.3 27.9 27.1
KExchangeabled (mg/Kg) 190.0 1210.0 249.0 262.0 76.3
CaExchangeabled (cmol+/Kg) 3.6 22.6 17.0 20.1 15.4
MgExchangeabled(cmol+/Kg) 5.3 11.0 8.0 7.5 8.3
ZnAvailability (mg/Kg) n.d. 1.6 0.4 0.5 1.5
MnAvailability (mg/Kg) n.d. 8.5 12.4 8.7 27.7
FeAvailability (mg/Kg) n.d. 44.3 93.4 56.0 65.1
BAvailability (mg/Kg) n.d. 7.6 0.8 0.7 0.5
CuAvailability (mg/Kg) n.d. 4.7 2.1 2.5 2.0
CdTotal (mg/Kg) n.d. 2.4 n.d. 1.1 n.d.
PbTotal (mg/Kg) n.d. 34.8 n.d. 18.8 n.d.
CuTotal (mg/Kg) n.d. 32.2 n.d. 17.9 n.d.
AsTotal (mg(Kg) n.d. 11.2 n.d. 5.4 n.d.

n.d.: no data.
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August (Fig. 2a, b). This situation can be associated with the higher
freshwater input from rainfall and freshwater from tributaries, although
changes in salinity, biological processes and other physical phenomena
affect the cycling, mobility and fate of trace metals (Morabito et al.,
2017). The Spearman correlation analyses exhibited a positive corre-
lation between the alkalinity and phosphate levels, as well as between
water hardness and Cl− and K. Nitrogenous compounds such as nitrate
and ammonium appeared to be positively correlated with K/Na ratio
and conductivity (Table 4). There are many chemical processes that
directly or indirectly involve organic matter and heavy metal con-
centrations in the water, including both dissolved and colloidal forms
(Morabito et al., 2017). According to PCA analyses, higher concentra-
tions of Pb were associated with low concentrations of TOP and TSS,
suggesting that organic matter concentrations are not influencing the
heavy metal concentrations measured in the study area (Fig. 2a).

In general, heavy metals have been reported to be well concentrated
in the water column in wetlands (Everall et al., 1989; Brraich and

Jangu, 2015). These metals in trace amount may play important roles in
the biochemical life processes of aquatic organisms (Libes, 2009).
However, at high concentrations they become lethal to fish and other
aquatic organisms when the duration of exposure is prolonged. It is well
known that copper has a high bioaccumulation factor in water (ASTDR,
1990). In our study area, we used a heavy metal evaluation index (HEI)
for a better understanding of pollution. The mean value of HEI was 8.0
(ranging from 2.9 to 14.4) in January. The proposed HEI criteria for the
samples are as follows: low (HEI < 10), intermediate (HEI = 10–20)
and high (HEI > 20). Thus, the HEI shows that the water quality falls
within low and intermediate of heavy metal pollution. Heavy metals
may be transferred from the abiotic environment to living organisms,
accumulated in biota at different trophic levels (i.e. bioaccumulation),
and thus contaminate the food webs (i.e. biomagnification; Hazrat and
Khan, 2018). In the study area, heavy metal concentrations in organ-
isms were not measured. Further research in this area is badly needed.
However, higher heavy metal concentrations in plant and soil samples

Fig. 2. Principal component analysis of hydrological and chemical parameters in the water during January (a) and August (b).
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were detected in our study area (Meza et al., 2018). The biological
component in the EYNR is composed of commonly marine species,
which indicates a close relationship between the marine environment
and the wetland. The benthic communities are dominated by gastro-
pods (Lymnaeidae and Physidae), followed by Ostracoda, Trichoptera
and larvae of Chironomidae (Rudolf, 2004). In addition, Diptera (Or-
thorrapha and Ephidridae), Plecoptera and Coleoptera (Insecta), Co-
pepoda, Cladocera and Amphipoda (Crustacea) and Physidae (Mol-
lusca) are present but in lower abundances (Rudolf, 2004). High
concentrations of heavy metals in the surrounding environment can
also result in reduce relative abundance and diversity of organisms by
affecting the balance of the food web, resulting in a considerable po-
tential risk to the wetland ecosystem.

In summary, water and soil samples in the study area showed dif-
ferent levels of heavy metal concentrations, which varied from low to
intermediate heavy metal pollution, in comparison with other wetlands
in Chile (CONAMA, 2005; Meza et al., 2018). If this trend is allowed to
continue unabated, the food web complexes in this wetland are likely to
be at the highest risk of induced heavy metal contamination. In fact,
high levels of Cu and Pb in sediments (Cu: 11–48 μg g−1; Pb:
0.08–20 μg g−1) and in the nereidid polychaete Perinereis gualpensis (Cu:
13.6–112.4 μg g−1; Pb: 0.3–2.2 μg g−1) have been reported from sev-
eral estuaries in central Chile; these heavy metals provoke oxidative
stress in the organisms and potentially constitute a risk for the aquatic
organisms inhabiting coastal estuarine ecosystems (Chandía and
Salamanca, 2012; Gaete et al., 2017). In addition, approximately 56
locations of wastewater discharges, including point and non-point, have
been reported in the study area, mainly associated with livestock farms
and occasional agriculture farms, which are producing important en-
vironmental changes in the water reserves, affecting their water quality
(Castro and Aliaga, 2010; Meza, 2010; Meza et al., 2015). Hence, strict
management actions should be taken into consideration in order to
protect the ecological sustainability of this RAMSAR site.
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