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Abstract

:

Desert areas in northern Chile are highly valuable ecosystems. While human activities are impacting the area in different ways, there are few environmental studies available. The current study analysed the ecological health status (water, sediment, biota) of a northern coastal area in the Atacama Region, including a national park (with a protected marine area), a tourist and benthic management area, and an industrial area. Results from the physical–chemical characterization and physiological state of organisms of ecological importance (macroalgae and microalgae) were integrated to determine pollution and toxic responses. The results identified high and moderate pollution levels for Bi, Ca, As, Ag and Cd in sediments. The As concentration in sediments is the leading environmental problem, with average values above the threshold effect level, associated with fine sediments. The stations showed increasing contamination and stress from north to south (national park > tourist and benthic management area > industrial area), associated with the proximity to the discharge of mining waste from the Salado River. The national park registered the poorest health status as demonstrated by high Cu bioaccumulation and high photosynthetic stress in the macroalgae and the lowest biomass concentration of the microalgae in water. The tourist and benthic management area demonstrated high As concentrations in sediments and Cd bioaccumulation. The industrial area was the least contaminated area, exhibiting lower photosynthetic stress and bioaccumulation.
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1. Introduction


Desert areas have a low level of environmental monitoring worldwide, as they are remote and spread out over a wide area and are therefore difficult to access. One such area is in northern Chile, including the Atacama Desert in the Atacama region, which occupies 10% of the national territory and is home to 1.6% of the national population. Here, the coastal waters are affected by human activities, such as industrial development, ports, desalination plants and tourism, among others [1]. One of the most important economic sectors in northern Chile is the mining of gold, silver, molybdenum, iron and lithium, and above all the extraction of copper (30% of global production). This region is also known for its vineyards as well as the cultivation of olives and other fruit crops. Other pressures on these coastal areas are intensive aquaculture, marine resource extraction and tourism. Vast amounts of water are needed due to these activities, which requires the installation of desalination plants. The largest desalinization plant in Latin America (1200 L s−1 treated water, [2]) will be installed in this region. Hence, human actions have a direct and indirect impact on the marine environment [3]. Despite these intensive human pressures in this desert area, [1] there is a considerable scientific knowledge gap about whether and how contaminants affect the health status of marine ecosystems.



One of the easiest ways to achieve environmental assessment is biomonitoring. For instance, the use of organisms to test an ecosystem’s health status is an appealing tool for assessing pollution in aquatic ecosystems [4]. The target organisms are usually (semi-)sessile and can reflect the effects of the environment through biochemical, morphological or physiological responses. Bivalves, gastropods, lugworms, fish and macrophytes are commonly used. In the current study, a kelp of the genus Lessonia was selected as a target species because it is a suitable model for describing ecosystems. Lessonia berteroana is widely distributed on hard bottoms in northern Chile [5]. It is an economic and social resource species, common in the intertidal and shallow subtidal zone [6], and has been previously used for biomonitoring through bioaccumulation [7], abundance and morphometric features, fertility and sporophyte formation [8], and ecophysiological traits [9,10]. Microalga biomass is one of the most commonly used attributes in water quality monitoring studies, as it consistently responds to stressors [11] but also serves as an early warning system [12].



Integrating the environmental status (presence and abundance of contaminants) and biological responses of biota is often carried out using statistical tools. In particular, factor analysis allows the generated data to be grouped into new variables. The methodology is used in numerous areas of the world to determine the contamination and toxicity caused by different sources, using different target species and endpoints [13,14,15,16,17]. It is the main statistical method of research in the life sciences [18].



An earlier study [1] found that there was a lack of environmental studies and much data were obsolete for an adequate environmental assessment; these studies are the basis for creating national environmental legislation. The aim of the current study is to assess a sector of the Atacama Region at 26° S along a stretch of 80 km with an expected pollution gradient, where an industrial area, a tourism/fishing area and a national park are located. We analysed and integrated different matrices (sediment, water, macroalga tissue and phytoplankton) to determine the pollution level and the health status of this coastal environment.




2. Materials and Methods


2.1. Sampling Sites


Sampling was carried out over three matrices (water, sediment and macroalgae) at three sites in the northern coastal area (26° S) of the Atacama Region (Figure 1). Pan de Azúcar (PA) National Park is located in the north of the Atacama Region, near a public access beach and campsite off Pan de Azúcar Island. It is a zone of marine and ecological interest, as well as an exclusive and preferential conservation zone, as this area is home to endemic species. Flamenco (PB) is a small fishing village, with a port for artisanal fishing and a benthos management area; it is considered an industrial zone but is also used for tourism. The last and most southern site is Punta Totoralillo (PC), where there is industrial area and an important port that exports mainly iron materials.



At each site, we measured the physical–chemical parameters (temperature—T, electrical conductivity—EC, redox potential—Eh, pH, and total dissolved solid—TDS) using a Hanna (HI98195) multi-parameter meter.



Water samples were collected (in triplicate) in sterile plastic bottles, filtered (0.22 µm), and acidified (pH < 2) for metal analyses. Water samples were collected in amber bottles for nutrient analysis. Some samples were collected for alkalinity analysis. An amount greater than one litre per site was used for chlorophyll determination. Sediment samples (triplicate) were collected from the upper layer (5 cm) from the intertidal area for grain size characterisation and multi-element analyses. Photosynthetic activity was determined in fronds of L. berteroana using a pulse-amplitude modulated fluorometer (Junior-PAM). Leaves of L. berteroana were sampled by hand at low tide for photosynthetic measurements. Additional fronds samples were preserved in the water from the collection site for transportation before further elemental analysis in the laboratory. All samples were refrigerated and transported to the laboratory in cold and dark conditions.




2.2. Chemical Analyses


The determination of carbonate and bicarbonate in the water was carried out with a titrimetric alkalinity test (MQUANT® Sigma-Aldrich, Schnelldorf, Germany). Grain size analysis was performed through sieve determination with Rotap instrumentation and following the standard classification [19]. Then, sediment samples were dried (40 ± 5 °C), sieved and homogenised. A subsample of 1 g was acid-digested (HNO3, H2O2, HCl) over a thermo-block (EPA 3051/3050). Fronds of L. berteroana were dried in an oven at 40 ± 5 °C and ground before acid digestion (HNO3conc, H2O2 and HClconc). Subsequently, the elemental analysis of water, sediment and alga extracts was carried out using atomic absorbance spectroscopy (AAS) and an inductively coupled plasma mass spectrometer (ICP-MS Agilent 7900) according to [20,21]. Certified reference standard materials were employed (SCL-22-598- Standard 2A Multi-element, and SCL-22-598- Standard 4 Multi-element) to certify the quality and accuracy of the analysis.




2.3. Photosynthetic Activity Determination


Photosynthetic measurements were taken with a pulse-amplitude modulated (PAM) chlorophyll fluorometer Junior-PAM (Walz GmbH, Effeltrich, Germany). After the samples were dark-adapted for 15 min, the maximum [Fv/Fm = (Fm − F0)/F0] quantum yields of photosystem II (PSII) were determined from the ground fluorescence (F0) in the presence of a weak measuring light (<1 µmol photons m−2 s−1) and maximum (Fm) fluorescence due to the application of a saturation light pulse (>9000 µmol photons m−2 s−1, 0.8 s). Samples were exposed to a series of increasing actinic light intensities (EAL) to determine the effective PSII-quantum yields [ΦPSII = (F’m − Ft)/F’m]. Every 30 s and before the intensity of the actinic light increased, a saturation pulse (>9000 µmol photons m−2 s−1, 0.8 s) was applied, and the corresponding terminal (Ft) and maximal (F’m) fluorescence yields were measured. The photosynthetic electron transport rates (ETR) were calculated as follows [22]:


ETR = ΦPSII × EAL × A × FII



(1)




where ΦPSII is the effective PSII-quantum yield, EAL is the actinic light intensity, A is the thallus absorptance and FII is the fraction of quanta absorbed by PSII (i.e., 0.8). The thallus absorptance A was measured using a cosine-corrected 2π PAR quantum sensor (Licor 192 SB; Li-COR Inc., Lincoln, Dearborn, MI, USA), and A was calculated as


A = 1 − (Et × E0−1) − R



(2)




where Et and E0 are the irradiances of the PAR-emitting light source used in the experiment, measured when the sensor was covered with one thallus of L. berteroana (transmitted light: Et) and remained uncovered (incident light: E0), respectively, and R is the reflectance (reflected fraction) of the thallus (i.e., 0.05). Values of ETR were plotted against the actinic light intensity (EAL), and the photosynthetic parameters (ETRmax, αETR, Ek) were determined by non-linear curve fitting of ETR-EAL curves after the model of [23]:


ETR = ETRmax × tanh (αETR × EAL ETRmax−1)



(3)




where ETRmax is the maximum ETR, tanh is the hyperbolic tangent function, EAL is the actinic light intensity and αETR is the initial slope of the ETR-EAL curve. The saturation irradiance for the photosynthetic electron transport (Ek) is the intercept between αETR and ETRmax (Ek = ETRmax αETR−1).




2.4. Chlorophyll Determination


The concentration of chlorophyll a (Chl-a) was determined in the collected water samples. Chl-a was extracted for 24 h in the dark in 90% acetone v/v, and data were calculated using the trichromatic equation of [24].




2.5. Data Treatment


The geoaccumulation index (Igeo; [25]) determined the degree of pollution in the collected sediments by comparison with the average of the upper crust concentrations [26].




2.6. Statistical Analyses


A one-way ANOVA (Kruskal–Wallis) followed by Dunn´s comparison test were applied to evaluate the differences in the concentrations of the elements in the sediments and algae, using the statistical program GraphPad Prism (version 5.03).



To determine the variable distribution of the environmental data (water n = 5, sediment n = 8) and algal responses (bioaccumulation n = 7, physiological responses n = 5), a multivariate factor analysis (FA) approach was applied following the methodology described in [14,27,28], with factor rotation using the varimax normalised procedure of the statistical package PAST3. A cut-off of 0.7 for the component loading was used to group the variables. The prevalence of the new factors per site was also calculated.





3. Results and Discussion


3.1. Water Chemistry


Samples from three matrices (water, sediment and biota) were collected in PA, PB and PC and analysed in the laboratory. The physical–chemical characterisation of water samples in the different stations is summarised in Table 1. Similar electrical conductivity (59 mS cm−1), salinity and total dissolved elements (29 ppt) were found in the water samples. The pH ranged between 7.53 and 7.68, and the redox potential was lower for PA (140 mV) than PB and PC (204 and 217 mV, respectively). The highest total alkalinity was found in PB (229 mg CaCO3), and the lowest in PC (185 mg CaCO3). The concentrations of a few elements (Fe, Ag, As, Pb, Mn) in water were below the detection limits (Supplementary Material Table S1) in the National Park (PA). The Cu concentration in water was highest in PA: 15 µg L−1 Cu, compared to 1.7 and 3.5 µg L−1 in PB and PC, respectively. The Cu concentration in PA was above the marine reference exposure limits of NOAA [29].




3.2. Sediment Characterisation


The grain size of sediment samples (SI, Figure S1) was predominantly coarse and very coarse sand (>60%). The least representative fractions were silt and mud (<0.23% for PA, <0.05% for PB and PC). The chemical composition of sediments in the different stations, plus average values and previous data collected, are summarised in Table 2. Cd concentration in sediments was below the detection limit for the northern stations, while 1.11 mg kg−1 was found in PC; this value was above the concentrations previously seen in the area (0.095 mg kg−1) (Table 2). Al concentration in sediments ranged between 1850 and 2247 mg kg−1; these concentrations were below values (4070 mg kg−1) previously reported in the area. Concentrations of Fe in sediments were similar to those found along the coast (3813 ± 271 mg kg−1). There was a significant accumulation of Cu in sediments from the National Park (PA, 9.31 mg kg−1), which surpassed the average concentration in the area (Table 2), although there is a massive accumulation in Chañaral from historical mining residue discharges (7.20–985 mg Cu kg−1) [30,31]. The Pb concentration in sediments varied in the study area, ranging between 7.67 and 27 mg kg−1: PA (21.30) > PC (17.17) > PB (10.66). Nevertheless, these are normal concentrations in the area; a previous study [30] found values from 1.57 to 51 mg Pb kg−1. The same tendency was found for As, where averaged concentrations (39.88 ± 18 mg kg−1) agreed with previous studies [32,33], who found concentrations between 38.10 and 117 mg kg−1. However, a significant difference (p < 0.05) was found between concentrations in sediments from PB (60.25 mg As kg−1) and PC (19.73 mg As kg−1). The concentrations of As surpassed the threshold effect levels (TEL), i.e., the concentrations had a certain probability of being toxic as tested through standard bioassays. The concentration of Zn in sediments from PC was significantly different (p < 0.05) for PA, but none of the concentrations surpassed the TEL values.



According to the calculated Igeo (Figure 2), the studied stations were classified from heavily to extremely polluted (Igeo > 4) by Bi and Ca, and moderately to heavily polluted (2 < Igeo< 4) by As, Ag and Cd. The study area was not polluted (Igeo < 1) for the rest of the studied elements (Mg, Na, Fe, Pb, Cu, Al, Li, Zn, Mn).




3.3. Algal Responses


The light curve and photosynthetic parameters of L. bertoreana showed latitudinal patterns for the study zone (Figure 3), with lower Fv/Fm values in PA and higher values towards PC. In contrast, ETRmax and EK presented the highest importance in PA and lower values in PB and PC. The PB and PC zones did not show significant differences in photosynthetic parameters with PC; however, their light curves were apparently different from that of PA.



The results of surface phytoplankton biomass measured as extractable Chl-a concentration (Table 3) showed an increase in chlorophyll concentration from the PA site to the PC site. The PA site showed the lowest average (p ≤ 0.05) surface chlorophyll relative to the PB and PC sites, which were not significantly different.




3.4. Bioaccumulation in Algal Tissue


Different bioaccumulation behaviour was observed in algae from the three stations. Some of the studied elements, such as Ag, Li and Mn, were found in low concentration in tissues of L. bertoreana. No significant differences were found in concentrations in tissues of most of the elements (Al, As, Bi, Ca, Mg, Pb and Zn) between the studied stations. Despite significant differences among As concentrations in sediments (Table 2), no significant difference was found in As concentration of algal tissue (Table 4). Significantly (p < 0.05) greater Cu, K and Na bioaccumulation were found in organisms from PA than from PC. Significant bioaccumulation of Fe was found in PB algae.




3.5. Multivariate Analysis Approach


Two principal factors were obtained from the FA (Table 5) run over the matrix of elements (Cu, Fe, Al, As, Pb, Zn) in water (W), sediments (S) and algae (A), percentage of fine sediments (fines) and the biological responses of the macroalga L. berteroana (ETR, Ek, α, Fv/Fm) and the microalga Chl-a. The relationship between the components and the factors is plotted as an estimated score per station in Figure 4.



Factor 1 accounted for 82.88% of the total variance, including environmental concentrations of As and its mobility in water, sediments and bioaccumulation, the effect over the microalga population, and the rest of the biological effects. It is also linked to contaminants associated with fine particulate matter of the sediment, As, Pb and Cd, and bioaccumulation of the elements (except Mn) with significant toxic effects. Therefore, Factor 1 is representative of PA and PB, and it is associated more with environmental degradation caused by As (Figure 4, Table 2), which is also reflected by As bioaccumulation in alga tissue and the biomass of microalgae (Table 4). The concentration of As in sediments from PB was eight times greater than the TEL value from the NOAA. However, the concentrations of other metals in alga tissues included in this factor, such as Fe, Cd, Mn and Zn, are also associated with the granulometry.



Factor 2, which accounted for 12.45% of the total variance, resulted in the combination of contamination by certain metals; only relations with the partition in the sediment of the Zn were included, as the rest had no influence (or minimum) with metal concentrations. There was a slight Cu accumulation, which is not appreciable compared to the bioaccumulation for the rest of the elements (except for Mn, which is not important from the point of view of contamination and the geochemical matrix). The biological effects were not significant in Factor 2. Therefore, Factor 2 is not associated with the toxicity of metals in water when there are negative values for PB and PC, and possibly also for PA, due to low values (Figure 4).



The PA site, at the northern border, is within the Pan de Azúcar National Park. Despite being a protected area, the results showed critical concentrations of Cu, Pb and Zn in sediments (Table 2), which might result from historical mining disposal in Chañaral Bay. The As concentration in sediments was also detected as dangerous in the area. These are responsible for most of the significant stress shown by the macroalgae, and contamination in the water is associated with the low chlorophyll activity of the phytoplankton (Table 3). PB is located in a tourism and fishing area, also influenced by components grouped in Factor 1; i.e., contamination of elements in sediments, such as As and Cu, reflects the specific stress on the physiology of L. bertoreana. Finally, PC is close to a factory; this site recorded low concentrations of toxic elements in water and sediments.



The superficial phytoplankton biomass measured as extractable chlorophyll-a in the three studied sites showed greater sensitivity to water contamination; thus, the biomass decreased with rising contamination. The PA biomass was significantly lower than PB and PC (Table 3). Although photosynthetic parameters of photoinhibition (Fv/Fm) of L. bertoreana showed the same pattern in terms of physiological responses, that is, the algae from PA appeared under higher stress than those from PB and PC, the ETRmax and the light saturation index were higher in PA and lower in PC. Due to their cell wall, these photosynthetic adaptations (Figure 3) and the high bioaccumulation capacity of these organisms (Table 4) allow them to survive in these conditions of environmental contamination without threshold. The stations serve as a pollution gradient from north to south; the possible pollution source is Chañaral Bay, due to the nature of the elemental contamination. This anthropogenic source was previously reported by [30]; the Cu tailing disposal in Chañaral, with an estimated mining discharge of 550 kg per year, is located at a beach between PA and PB [34]. Other previous studies detected Cu as responsible for chronic and sub-lethal effects and community distribution alterations [35], and different stress responses (antioxidant-induced) and bioaccumulation in molluscs promoted by Cu, As and Zn [36].



The consequences of contamination in marine environments, such as the physiological stress of algae or the distribution of phytoplankton, are just some environmental responses to the presence of harmful materials. Therefore, the need for a marine regulatory framework for coastal sediments in Chile [1] is also highlighted here. Furthermore, considering the different ecosystems in northern and southern Chile, the recommendation of international organizations to develop sediment quality guidelines for different regions is of utmost importance.





4. Conclusions


There is a large gap in available environmental data in the coastal area of the Atacama region. Even though the region serves as an excellent natural laboratory because of meteorological and oceanic dynamics (Humboldt Current, flooding, tsunamis, presence of wetlands and protected areas), historical and contemporary anthropogenic impacts have not yet been studied in detail. Waste discharges from mining activities for more than 50 years, through the Salado River, and the influence on the surrounding areas, such as Pan de Azucar National Park (PA) and, to a lesser extent, Flamenco Bay (PB), determines the contamination associated with each area studied. Thus, the results of the current study showed that the coastal sediments within a short stretch of 80 km are polluted by Bi, Ca, As, Ag and Cd. The average As concentration in the sediments (39.88 mg kg−1) was above the threshold effect level, with the highest concentrations found in PB (a tourist and benthic management area). The algal biomonitoring revealed a gradient of physiological stress from south to north, with PA (the national park), despite being an exclusive conservation zone, registering the poorest health status (greater Cu bioaccumulation in algae tissue, higher photosynthetic stress in macroalgae and lower biomass of microalgae). Although As concentrations were significantly higher in sediments from PB, an important amount of Cd was found in the leaves of L. bertoreana at this site. A significant concentration of toxic elements, such as As, Zn, Cu, Pb and Fe, were found in PC, but the results showed that these were not responsible for the toxicological effects in algal species. The current study highlights the need for further research, including more marine organisms and sites, as well as the application of national guidelines for the quality of marine sediments. Future research recommendations would also include oceanographic studies to determine marine currents´ influence.
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Figure 1. Location of the study area and the sampling stations along a coastal stretch of around 80 km: Pan de Azúcar National Park (PA), Flamenco (PB) and Punta Totoralillo (PC). 
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Figure 2. Geoaccumulation index (Igeo) calculated for Ag, Al, As, Cu, Fe, Mn, Pb and Zn for the studied stations (PA, PB, PC). 
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Figure 3. Changes in photosynthetic activity indicated by the maximum quantum yield (a) photosynthetic electron transport rate (b), light saturation index (c), and light curve (d). These Chl-a fluorescence parameters were calculated from the P-I light saturation curve in L. bertoreana of the different sampling areas. Data are presented as mean ± standard deviation (n = 5). Asterisks indicate significant differences (p ≤ 0.05). 
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Figure 4. Scores of each factor for the sampling stations. 
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Table 1. Physical–chemical parameters in the water at each sampled station (PA, PB, PC), average element concentration in seawater (N = 3) and marine reference exposure limits according to NOAA [29].
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PA

	
PB

	
PC

	
Marine Surface Water

(Acute/Chronic)






	
T

	
°C

	
15.66

	
16.43

	
15.02

	




	
pH

	

	
7.68 ± 0.01

	
7.65 ± 0.01

	
7.53 ± 0.005

	




	
S

	
psu

	
39.84 ± 0.03

	
39.60 ± 0.14

	
39.93 ± 0.001

	




	
EC

	
µS cm−1

	
59,431 ± 40

	
59,093 ± 194

	
59,580 ± 10

	




	
TDS

	
ppt

	
29.71

	
29.54

	
29.79

	




	
Eh

	
mV

	
140 ± 1.14

	
204 ± 2.21

	
217 ± 0.21

	




	
Alk

	
mgCaCO3 L−1

	
216 ± 32

	
229 ± 67

	
185 ± 17

	




	
Element concentrations




	
Ag

	
mg L−1

	
bdl

	
bdl

	
bdl

	




	
Al

	
µg L−1

	
106

	
670

	
713

	




	
As

	
µg L−1

	
bdl

	
1.60

	
1.75

	
69/36




	
Ca

	
mg L−1

	
377

	
326

	
371

	




	
Cd

	
µg L−1

	
0.22

	
0.37

	
0.21

	
40/8.8




	
Cu

	
µg L−1

	
15.1

	
1.7

	
3.5

	
4.8/3.1




	
K

	
mg L−1

	
359

	
310

	
355

	
-/100




	
Li

	
µg L−1

	
130

	
163

	
166

	




	
Mg

	
mg L−1

	
1207

	
1016

	
1241

	




	
Mn

	
µg L−1

	
bdl

	
bdl

	
3.40

	




	
Na

	
mg L−1

	
9946

	
8722

	
10,200

	




	
Pb

	
µg L−1

	
bdl

	
8.3

	
40

	
210/8.1




	
Zn

	
µg L−1

	
33.3

	
46.6

	
60.0

	
90/81








bdl: below detection limits.
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Table 2. Element concentrations in sediments collected in the sampled stations (PA, PB, PC), descriptive statistics and median values found in the study area by the Marine Sediment Quality Atacama project (MASEQATA) and the TEL (lower threshold levels) values for the NOAA [29].
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	PA
	PB
	PC
	av
	sd
	Min
	Max
	MASEQATA
	TEL





	Fines
	%
	0.23
	0.05
	0.05
	
	
	
	
	
	



	Al
	mg kg−1
	1887
	2043
	2151
	2027
	152
	1850
	2247
	4070
	730



	Ag
	mg kg−1
	bdl
	1.09
	1.46
	1.24
	0.62
	0.70
	1.95
	0.59
	



	As
	mg kg−1
	46.43 ab
	60.25 a
	19.73 b
	39.88
	18.67
	12.10
	66.70
	1.37
	7.24



	Bi
	mg kg−1
	18.13
	12.77
	18.67
	16.52
	8.80
	3.71
	26.30
	0.01
	



	Ca
	g kg−1
	279
	194
	199
	224
	42
	186
	288
	14.60
	



	Cd
	mg kg−1
	bdl
	bdl
	1.11
	1.11
	
	
	
	0.095
	680



	Cu
	mg kg−1
	9.31
	6.24
	5.59
	7.05
	1.95
	4.74
	10.30
	9.14
	18.7



	Fe
	mg kg−1
	3887
	3705
	3848
	3813
	271
	3517
	4408
	4686
	



	K
	mg kg−1
	1135
	1172
	1252
	1186
	86
	1034
	1362
	
	



	Li
	mg kg−1
	2.74
	2.12
	2.38
	2.37
	0.38
	2.02
	3.11
	
	



	Mg
	mg kg−1
	4150
	3436
	3634
	3740
	353
	3302
	4238
	3811
	



	Mn
	mg kg−1
	43.57
	43.33
	44.37
	43.76
	2.09
	40.00
	46.00
	55.11
	



	Na
	mg kg−1
	4755
	4544
	4795
	4698
	196
	4402
	4982
	
	



	Pb
	mg kg−1
	21.30
	10.66
	17.17
	15.76
	6.16
	7.68
	27.10
	1.27
	30.24



	Zn
	mg kg−1
	11.53 a
	8.18 ab
	7.58 b
	9.10
	2.03
	7.14
	13.00
	7.78
	124







bdl: below detection limits. Different letters indicate significant differences (p < 0.05) by Dunn´s multiple comparison test. The absence of a letter means no significant difference.













[image: Table] 





Table 3. Chlorophyll a concentration of the upper stratum of the water column of three study sites (Asterisk indicates significant difference (p ≤ 0.05)).
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	Station
	Chlorophyll a (µg mL−1)





	PA
	0.006675 ± 0.0017 *



	PB
	0.013502 ± 0.0047



	PC
	0.016339 ± 0.0001
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Table 4. Concentration of elements in the tissues of Lessonia berteroana in sampling stations PA, PB and PC.
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	PA
	PB
	PC





	Ag
	mg kg−1
	0.10
	bdl
	0.20



	Al
	mg kg−1
	3.33
	3.67
	3.00



	As
	mg kg−1
	12.10
	15.92
	6.32



	Bi
	mg kg−1
	3.31
	2.53
	2.75



	Ca
	mg kg−1
	3087
	2952
	2086



	Cd
	mg kg−1
	1.90 ab
	3.94 a
	1.68 b



	Cu
	mg kg−1
	2.28 a
	1.28 ab
	0.69 b



	Fe
	mg kg−1
	6.10 ab
	7.47 b
	3.03 a



	K
	mg kg−1
	14,787 a
	11,430 ab
	10,777 b



	Li
	mg kg−1
	bdl
	bdl
	bdl



	Mg
	mg kg−1
	2389
	2189
	1588



	Mn
	mg kg−1
	0.80
	0.80
	0.35



	Na
	mg kg−1
	8271 a
	7106 ab
	6209 b



	Pb
	mg kg−1
	1.80
	1.45
	6.25



	Zn
	mg kg−1
	2.47
	1.83
	0.55







bdl: below detection limits. Different letters mean significant differences (p < 0.05) with Dunn´s multiple comparison test. Absence of letter means no significant difference.
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Table 5. Sorted rotated factor loading (varimax normalised) of 25 variables on the two main factors. For interpretation, the loading cut-off < 0.7.
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	Factor 1
	Factor 2





	%variance
	82.88
	12.45



	Fines
	0.735
	



	AsW
	0.817
	



	PbW
	
	−0.977



	ZnW
	
	−0.754



	CuS
	
	−0.986



	FeS
	
	−0.713



	AsS
	0.904
	



	PbS
	0.833
	



	CdS
	0.957
	



	MnS
	0.807
	



	ZnS
	
	−0.981



	CuA
	0.830
	



	FeA
	0.894
	



	AsA
	0.956
	



	PbA
	0.950
	



	CdA
	0.944
	



	MnA
	
	−0.915



	ZnA
	0.869
	



	Fv/Fm
	0.963
	



	ETR
	0.987
	



	Ek
	0.812
	



	α
	0.882
	



	Chl-a
	0.894
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