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A B S T R A C T   

Coastal systems are highly productive areas for primary productivity and ecosystem services and host a large 
number of human activities. Since industrialization, metal micronutrients in these regions have increased. 
Phytoplankton use metals as micronutrients in metabolic processes, but in excess, had deleterious effects. In 
coastal systems, picoeukaryotes represent a diverse and abundant group with widespread distribution and 
fundamental roles in biogeochemical cycling. We combined different approaches to explore picoeukaryotes 
seasonal variability in a chronically metal polluted coastal area at the south-eastern Pacific Ocean. Through 
remote and field measurements to monitor environmental conditions and 18S rRNA gene sequencing for taxo-
nomic profiling, we determined metal chronic effect on picoeukaryote community’s structure. Our results 
revealed a stable richness and a variable distribution of the relative abundance, despite the physicochemical 
seasonal variations. These results suggest that chronic metal contamination influences temporal heterogeneity of 
picoeukaryote communities, with a decoupling between abiotic and biotic patterns.   

1. Introduction 

Coastal regions are highly valuable for both global primary pro-
ductivity and ecosystem services (Antoine et al., 1996; Paytan et al., 
2009). However, intensive land use by humans places high pressure on 
coastal ecosystem functions (Cloern et al., 2016). The concentration of 
metal micronutrients in coastal environments has increased due to 
anthropogenic activities, including the use of antifouling paints of ships, 
fertilizers for agriculture, and intensive mining (Kennish, 2002; Nogales 
et al., 2011). Metal micronutrients deposited in coastal areas often 
interact with other chemicals present in seawater and are then trans-
ported through ocean currents (Duce and Tindale, 1991; Paerl, 1997; 
Paytan et al., 2009; Jordi et al., 2012) spreading to surrounding areas. 
Some coastal regions have endured chronic disturbance due to increases 
in metal concentration concentrations. While chronic disturbances 
induce large variations in the abundance and composition of macro- 
organism communities (i.e. macroalgae and invertebrates; Castilla, 

1983; Correa et al., 1999; Medina et al., 2005), the effect and magnitude 
of these impacts on micro-organisms are still poorly understood. Metal 
micronutrients modify the structure and function of the bacterial com-
munities that inhabit these regions, leading to changes in primary pro-
ductivity (Morán et al., 2008; Nogales et al., 2011). 

Metals are persistent pollutants and receive specific attention due to 
their high dispersal capacity and toxic effects that can change the 
structure of microbial food webs (Sunda and Huntsman, 1995; Sunda 
and Huntsman, 1998; Nogales et al., 2011). Elevated concentrations of 
metal micronutrients in seawater decrease the abundance of different 
microbial groups, such as the cyanobacteria Synechococcus and the 
Prasinophyceae Prasinoderma and Pyramimonas (Debelius et al., 2009; 
Debelius et al., 2010; Henríquez-Castillo et al., 2015). Furthermore, 
changes in the structure of bacterial communities have also been re-
ported (Henríquez-Castillo et al., 2015; Coclet et al., 2017). 

Picoeukaryotes (PE) (eukaryotes <3 μm in cell diameter) are a highly 
diverse planktonic group, extremely important in open oceans (Shi et al., 
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2009) and also predominant in coastal zones (Collado-Fabbri et al., 
2011; Tragin and Vaulot, 2018). They have gained relevance due to their 
widespread distribution (Massana et al., 2004; Countway and Caron, 
2006; Vaulot et al., 2008; de Vargas et al., 2015), and critical impact on 
the carbon cycle and global geochemistry (Joint et al., 1986; Li, 1994; 
Marañón et al., 2003; Worden et al., 2004; Buitenhuis et al., 2012). In 
most oceanic areas, PE community is dominated by Dinophyceae or 
Bacillariophyta related taxa (de Vargas et al., 2015; Tragin and Vaulot, 
2018). On the other hand, coastal systems exhibit a high presence of 
Chlorophytes from the order Mamiellales and, in certain circumstances, 
a single Mamiellales specie can outnumber in some environments (Not 
et al., 2004; Countway and Caron, 2006; Shi et al., 2009; Collado-Fabbri 
et al., 2011; Balzano et al., 2012; Gérikas Ribeiro et al., 2018). PE stably 
respond to long-term environmental fluctuations and exhibit seasonal 
variations that indicate a strong coupling between abiotic conditions 
and the PE community composition (Acevedo-Trejos et al., 2014; 
Hernández-Ruiz et al., 2018; Giner et al., 2018; Lambert et al., 2018). 
However, the responses of this highly diverse group to anthropogenic 
environmental variations are unclear, and our understanding of such 
responses in environments with a high concentration of metal micro-
nutrients needs to be improved. 

In the south-eastern Pacific coast, several bays have been contami-
nated for the past decades with metal rich deposits from mining activ-
ities (Castilla, 1983; Medina et al., 2005). These bays are adjacent to the 
undisturbed bays within the same region that exhibit similar oceano-
graphic conditions (Correa et al., 1999; Henríquez-Castillo et al., 2015). 
Therefore, this is an excellent site for assessing the impact of chronic 
metal pollution, as a comparison between bays over time allows robust 
analysis of the variation of specific microbial groups, such as the PE. 

Our study aims to determine if chronic exposure to metals affects 
both the photosynthetic and the heterotrophic components of the PE 
communities, and how this effect influences the seasonal variability of 
these communities. We hypothesized that chronic exposure to metals 
will influence the seasonal variability of the coastal PE community 
structure, and we predict that, in chronically polluted coastal regions, 
the seasonal influence on the composition and structure of PE will be 
low, however, in less contaminated sites, the seasonal changes will 
exceed the effects of the disturbance. 

2. Materials and methods 

2.1. Sampling 

Sampling campaigns were conducted between January 2011 and 
March 2014 in two adjacent bays located 5 km apart in the Chañaral 
area of the northern coast of Chile (Fig. S1; Table S1). Playa Blanca (26◦

13′27′′ S, 70◦ 40′2′′ W) is a coastal site with low copper concentrations 
(LCS), while Playa La Lancha (26◦ 10′58′′S, 70◦ 39′45′′ W) has high 
copper concentrations (HCS) (Henríquez-Castillo et al., 2015). 
Measured metal concentration was 8.13 ± 5.97 mg/L and 
2.56 ± 1.74 mg/L (Mean ± SD) and maximum detected values were 
21.58 mg/L and 5.62 mg/L for HCS and LCS respectively (comparable 
values with previous studies in the area; Andrade et al., 2006). During 
each sampling campaign, seawater samples were collected at a depth of 
5 m using a 5-L Niskin bottle. The seawater samples were then filtered 
on land through 20 μm, 3 μm, and 0.2 μm pore-size polycarbonate filters 
(Millipore, Darmstadt, Germany) using a Cole Palmer filtration system. 
Further analyses were performed over 0.2 μm pore-size filters. 

Samples for determining trace metal (copper [Cu], iron [Fe], zinc 
[Zn], molybdenum [Mo], cobalt [Co], cadmium [Cd], lead [Pb]) and 
macronutrient (phosphorus [P], nitrogen [N], and silicic acid) concen-
trations were collected with 1-L metal-free Kemmerer bottles (maximum 
depth of 1 m) and acidify with bi-destiled nitric acid. The physico-
chemical parameters of seawater were measured in-situ using a con-
ductivity, temperature, depth, and oxygen (CTDO) profiler (SBE19, 
Seabird electronics, Bellevue, WA, USA). All raw data available from 

sampling campaigns are contained in Table S1. 

2.2. Satellite data analysis 

To determine the seasonal variations of environmental parameters in 
the Chañaral area, level-three AquaMODIS monthly data with a pixel 
resolution of 4 km were analyzed (available online at https://oceanc 
olor.gsfc.nasa.gov/). The data files were pre-processed using the Sea-
Das software (https://seadas.gsfc.nasa.gov/) and six NASA products 
were merged into one single file: chlorophyll-a (Chl-a), photoactive ra-
diation (PAR), superficial sea temperature (SST), particulate organic 
carbon (POC), particulate inorganic carbon (PIC), and the diffuse 
attenuation coefficient at 490 nm (Kd490). After merging, the region of 
interest was selected and processed to minimize the number of pixels 
without data, eliminate land pixels, and identify regional mesoscale 
processes. This produced a rectangular region of 13 × 19 pixels (in x, y 
coordinates). In total, 492 photographs were analyzed, corresponding to 
the six products at level three between January 2010 and October 2016 
(82 months). Mean monthly data were used to analyze the seasonal ef-
fects using Seasonal-Trend Decomposition Procedure Based on Loess 
(Cleveland et al., 1990). Additive (xt = Trend + Seasonal + Random) or 
multiplicative models (xt = Trend × Seasonal × Random) were selected 
by minimizing the sum of the squares of the autocorrelation factors for 
each satellite time series (the complete original time series data and 
three-component decompositions are available in Fig. S2). 

2.3. Chemical measurements 

Macronutrient and total Chl-a concentrations were measured 
following standard methods (Hansen and Grasshoff, 1983). Total dis-
solved divalent metals (Cu, Fe, Zn, Mo, Co, Cd, and Pb) were determined 
by inductively coupled plasma mass spectrometry (ICP-MS; Thermo 
Fisher Scientific, Waltham, MA, USA). All easily electro-reducible Cu 
species (labile copper) were measured by square-wave anodic stripping 
voltammetry (ASV) using a Metrohm 797 VA computrace system (Her-
isau, Switzerland), as described by Andrade et al. (2006) with a final 
amount of samples of N = 20 (Table S1). 

2.4. Molecular analysis 

Total DNA was extracted from the 0.2-μm filters following the 
phenol:chloroform protocol described by Fuhrman et al. (1988). The 
integrity and concentration were determined by 1% agarose gel elec-
trophoresis and a Qubit 2.0 fluorometer (Life Technologies, Carlsbad, 
CA, USA), respectively. The taxonomic composition of the PE present at 
each sampling site was obtained by 18S rRNA gene sequencing, at the 
Center for Genomics and Bioinformatics, University Mayor, Chile. The 
hypervariable region V9 of the 18S rRNA gene was amplified using the 
1391f and EukBr primer pair (Amaral-Zettler et al., 2009). The PCR 
reactions were conducted in a 35-μL solution of a Taq buffer with a final 
concentration of 1×, 2 nM of MgCl2, 0.3 nM of dNTPs, 0.3 of μM each 
primer, 2.5 units of GoTaq Flexi DNA Polymerase (Promega, Madison, 
WI. USA), and 1–5 ng of template DNA. Amplification conditions were 
as follows: 3 min of initial denaturation at 94 ◦C, 28 cycles at 94 ◦C for 
30 s, 60 ◦C for 1 min, and 72 ◦C for 1.5 min, followed by a final exten-
sion of 72 ◦C for 10 min. For each DNA sample, triplicate amplicons 
were generated and pooled for further sequencing. The combined 
amplicons were quantified by conducting a standard qPCR assay using 
an Illumina Library Quant Kit (KAPA Biosystems, Wilmington, MA USA) 
following the manufacturer instructions, and then equimolarly pooled 
and sequenced using an Illumina Miseq following the protocol described 
by Caporaso et al. (2010). The qPCR-quantified amplicon pool was 
sequenced with a 300 cycles Illumina Miseq kit (San Diego, CA USA). 
Raw sequence data were deposited in SRA under the BioProject 
PRJNA656766. 
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Fig. 1. Characteristics of the study sites. (a) Decomposed seasonal component from patterns between January 2010 and October 2016. AquaMODIS monthly data time series dataset for Photoactive radiation (PAR, 
m− 2d− 1), Surface sea temperature (SST, ◦C), Particulate inorganic carbon (PIC, mol m− 3), Diffuse attenuation coefficient (Kd490, m− 1), Surface chlorophyll-a (Chl-a, mg m− 3), Particulate organic carbon (POC, mg m− 3). 
The white and grey boxes represent the summer and winter data, respectively, and percentual contribution of original time series total variance is shown. (b) PCA of satellite data in the study period. The points represent 
one month of a 9 × 9-pixel grid within the Atacama grid and the arrows represent the eigenvectors of each parameter analyzed. (c) PCA of the metal micronutrient concentrations for each sampling site. 
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Fig. 2. Community description and similarity analysis. (a) Boxplot of the square root corrected relative abundance of all OTUs assigned at PR2 level 4 (Order). Taxonomical categories ranked by mean abundance of each 
category (small vertical line). The values of each sample are shown as grey dots. (b) Barplots of the relative abundance in each sample and cluster based on the Bray-Curtis dissimilarities, assessed by the SIMPROFF test. 
The red branches represent significant SIMPROFF groups. (c) Ten most abundant OTUs in HCS and LCS in winter and summer, assigned at species level (when possible) and depicted as autotrophic (green) and 
heterotrophic (red) taxa (standard errors are shown). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.5. Sequence data handling and statistical analysis 

Sequence reads were quality filtered and trimmed with minimum 
and maximum lengths of the reads of 100 and 120 bp. OTUs were picked 
following the UCLUST method (Edgar, 2010) and sequences were clus-
tered with threshold values of 97%. The consensus sequences were 
aligned against the eukaryotic sequences contained in Silva seed v. 123 
(Pruesse et al., 2007), and the taxonomy of the OTUs was assigned 
against the Protist Ribosomal Reference (PR2) v. 4.5_gb203 database 
(Guillou et al., 2013) maintaining the name of better assignment into 
nested categories. The OTU table was generated without considering the 
reads assigned to Metazoans and unassigned reads, which represented 
25% of the dataset. Also, taxas were classified considering PR2 database 
level 3, assigned as “Division”, as Autotrophic only all taxa that match 
the following categories: Chlorophyta, Haptophyta, Ochrophyta, Rho-
dophyta and Stramenopiles. Non matching taxa were classified as Het-
ero/Mixothrophic. All downstream analyses were conducted in R v. 
3.2.1 using the Vegan v. 2.4-1 package (https://www.r-project.org/; 
Oksanen et al., 2008). The samples were standardized by adjusting the 
OTU table at an abundance value of 0.03%, and rarefaction analysis, 
with a final amount of samples, equals to 11, was conducted using the 
vegan package. Clustering analysis was conducted using the Clustsig v. 
1.1 package in R (https://CRAN.R-project.org/package=clustsig), and 
Similarity profiles analysis (SIMPROF) was conducted to test the sto-
chasticity of the grouping patterns. The cluster analyses were conducted 
following the complete linkage clustering method and by using Bray- 
Curtis to compute the distances between samples. Redundancy anal-
ysis (RDA), was conducted with the vegan package using the assigned 
data at different taxonomic levels and PR2 database level 6, assign as 
“Family” was chosen after model optimization and selection approach 
by ordistep function in vegan package, which in turn, reduce the number 
of explanatory variables. To determine core and variable PE OTUs, Venn 
Diagrams were produced using the Venn Diagram package v. 1.6.17 for 
the different sampling sites (HCS and LCS), and seasons (Summer and 
Winter), where OTUs that were always presented at all sites/season 
were considered as core community, and the rest were considered var-
iable community. 

3. Results 

3.1. Environmental characterization 

Satellite data were used to describe the environmental conditions of 
the coast in the Chañaral area within the south-eastern Pacific upwelling 
system. PAR and SST oscillated seasonally, while Chl-a, PIC, and POC 
slightly increased during the summer (Fig. 1A). The Chl-a concentration 
and Kd490 were strongly correlated (Spearman coefficient: r = 0.92; 
P < 0.05). Principal component analysis (PCA) of all the determined 
parameters accounted for 79.4% of the variance (Fig. 1B) with a 
consistent seasonal pattern in which they increased during summer, 
excluding POC, which exhibited a noisy and almost constant pattern. 
Furthermore, the eigenvectors related to SST and PAR exhibited an 
almost perpendicular relationship with the Chl-a and Kd490. The same 
relation was observed for PIC and POC. Besides, a Spearman correlation 
analysis supports the tendencies observed in the PCA (Suplementari 
Fig. XX). Overall, the physicochemical and biological variables 
measured using satellite data exhibited a clear seasonal pattern, and 
cycles of twelve months occurred consistently throughout the study 
period (Fig. 1B). 

The metal micronutrient concentrations in seawater significantly 
differed between the HCS and LCS samples, and the total dissolved 
copper (Cu) and biologically available copper (Cu_ASV) were variables 
that differed most and significatively between sites (ANOVA, Cu 
P = 0.003; Cu_ASV P = 1 × 10− 5). Other metal micronutrients such as 
Fe, Mo, and Zn, also contributed to site differentiation (Fig. 1C). There 
were no significant variations in the macronutrient (nitrate, phosphate, 

and silicic acid) concentrations between sites (Table S1). 

3.2. Picoeukaryotes community analysis 

Following the pre-processing and filtering steps, 36,387 reads per 
sample were obtained, with 1516 OTUs (Fig. S3). The PE community 
present in Chañaral area was dominated by Bacillariophyta (46.5 ± 8%, 
mean ± SEM), Mamiellophyceae (30.7 ± 6.2%), Prymnesiophyceae 
(26.2 ± 3.8%), in the photosynthetic fraction, and Syndiniales 
(25.8 ± 1.8%), Marine stramenopiles -MAST- (22.1 ± 3%), Dinophy-
ceae (20.7 ± 2.7%), Spirotrichea (19.3 ± 4.7%), Basidiomycota 
(18 ± 4.4%), Chrysophyceae (16.4 ± 4.6%), and other unassigned 
Dinophyta (16.1 ± 5.5%), in the heterotrophic fraction (Fig. 2A). The 
cluster analysis conducted based on the Bray-Curtis coefficient exhibited 
no clear seasonal patterns. Samples from the same month grouped 
regardless of the sampling site (Fig. 2B). When the abundances were 
decomposed into the top 10 OTUs of the total dataset, per site, and per 
season, autotrophic organisms were predominant in the Chañaral area 
(Wilcoxon test, P < 0.005). Bacillariophyceae and Mamiellophyceae 
were the predominant classes and exhibited similar abundances through 
time. Within the Mamiellophyceae class, the dominant OTU was 
assigned as Micromonas. Dinoflagellates were the predominant hetero-
trophic taxa over time. Despite this dominance pattern, the diversity and 
evenness between samples exhibited no significant differences between 
seasons neither sampling sites (Shannon max entropy index and Pielou’s 
evenness index, data not shown). 

The OTUs that were constantly represented temporally were further 
analyzed, indicating that the core PE community in the Chañaral area 
was composed of 807 OTUs that represented 53.2% of all the OTUs in 
the dataset and 98.7% of the total number of reads, with a clear pre-
dominance of autotrophic OTUs assigned to Bacillariophyta (OTU1- 
Thalassiosira and OTU2-Chaetoceros, Fig. 3A and B). The variable com-
munity was mainly composed of heterotrophic or mixotrophic taxa, 
particularly the Syndiniales order and Dinophyceae class (Fig. 4C). 
Significant changes in the relative abundances of 6.1% of the OTUs in 
the dataset were detected between seasons and/or sites (93 OTUs). 
Among those, only 10 OTUs significantly differed between sites of which 
8 OTUs were assigned Dynophyta, 1 OTUs as Heliocetrozoa and 1 OTUs 
as Chrysophyceae related taxa (Table S2). 

The metal micronutrient concentrations influenced the OTUs distri-
bution within samples, according to RDA analysis considering OTUs 
abundances and in-situ environmental parameters, which explained 32% 
of the total variance (Fig. 4). The concentrations of Zn, Cu, and Cu_ASV 
had the highest contributions to the observed variance (45.5, 35.8 and 
19.2% respectively). In which summer samples showed higher values of 
Cu and Cu_ASV. 

4. Discussion 

In this work, PE community and environmental patterns in a coastal 
area affected by chronic metal disturbances were analyzed, aiming to 
determine if chronic exposure to these pollutants affects both the 
photosynthetic and the heterotrophic components of the PE commu-
nities, and how this effect influences the seasonal variability of the PE. 

Despite the limitations of using remote sensing in nearshore envi-
ronments, the proposed seasonal pattern for the Chañaral area of the 
northern coast of Chile is consistent with the in-situ reports and modeling 
approaches available for the northern part of the Humboldt Current 
System (Humboldt-CS), indicating that remote-sensing data can be used 
for the long-term monitoring of coastal environments (Penven et al., 
2005; Thiel et al., 2007). Moreover, the seasonal patterns described here 
are consistent with seasonal descriptions of coastal marine systems, such 
as temperature fluctuations and interactions with biological compo-
nents, like the Chl-a concentration. Thus, seasonal physic-chemical 
changes within these environments influence biological features like 
cellular abundances and primary productivity (Vargas et al., 2007; 
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Fig. 3. Compositional analysis. (a) Venn diagrams of the seasonal categories and sampling sites. The numbers represent the number of OTUs per category. (b, c) Boxplots of the corrected relative abundances of the top 
ten OTUs per categories generated in venn diagrams assigned at genre taxonomical level. The ranking relative to total dataset of the OTUs is also shown. 
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Calvo-Díaz et al., 2008; Echevin et al., 2008). 
The metal micronutrient concentrations reported in this study, 

particularly those of the different Cu forms, are within the range of 
previously reported values for the study area and measurements made 
several years ago (Andrade et al., 2006; Henríquez-Castillo et al., 2015). 
Therefore, this chronic disturbance is temporally stable. However, the 
concentrations of metal micronutrients differed consistently between 
sampling sites, regardless of the season. This suggests that the metal 
micronutrients were not transported by the coastal northward circula-
tion of the Humboldt-CS to the adjacent bays. Hence, the geo-
morphology of the enclosed bays, circulation patterns and 
sedimentation rate may prevent the transport of metals to nearby 
northern unpolluted areas. 

The PE community structure in the global ocean stands out for the 
dominance and diversity of the heterotrophic component of microbial 
assemblages. The contributions of the presumably parasitic MALV I-II 
and Dinophyceae to this functional group are important, as they are 
widespread in oceanic waters and coastal environments and their 
ecological relevance are increasingly recognized (Massana et al., 2004; 
Worden, 2006; Massana et al., 2015; Song et al., 2017; Hernández-Ruiz 
et al., 2018; Zouari et al., 2018). Nevertheless, the PE composition of the 
chronically disturbed area studied here shows that communities were 
dominated by autotrophic taxa in terms of abundances, although a large 
portion of the detected OTUs were assigned to heterotrophic taxa. The 
observed community configuration has unknown effects over elemental 
cycles nor ecological patterns in a local scale. 

Our results show that the photosynthetic PE in the Chañaral area is 
dominated by Bacilliarophyta, and the contributions of the Mamiello-
phyceae class are lower. This is in contrast to the trends observed in 
other Humbolt-CS sites, where Mamiellophyceae taxa are predominant 
in the PPE, and coastal waters worldwide (Collado-Fabbri et al., 2011; 
Balzano et al., 2012; Cabello et al., 2016; Wu et al., 2017; Tragin and 
Vaulot, 2018; Gérikas Ribeiro et al., 2018). Those changes could pro-
duce differential nutrient usage by not phylogenetically related taxa, 
therefore it might implicate major changes in ecosystem functioning. 
Nevertheless, those changes should be analyzed carefully due to the lack 
of other model bays with similar disturbance conditions to evaluate. The 
most striking finding here is that the composition of the PE community 
in the Chañaral area showed non-significant changes despite the con-
ditions, exhibiting little variation both between seasons and sites. This 
suggests that the PE assembly is decoupled from seasonal environmental 
forcing, which is likely due to the pressure exerted by the chronic copper 

exposure faced by the PE assembly that exceeds the pressure exerted by 
seasonal factors. As an alternative, transport of the species pool might 
influence surrounding areas related to unknown circulation patterns. It 
is imperative to evaluate the alternative hypothesis to elucidate the 
actual area affected by pollution effects and the potential changes in 
ecosystem structure and functioning at global and local scales. 

Overall, by combining remote sensing, and chemical and biological 
in-situ characterization through profiling the taxonomic structure PE 
communities, we suggest that chronic Cu disturbance in a coastal area 
could resulted in particular temporal community patterns that differ to 
those in previous reports (Massana et al., 2015; Cabello et al., 2016; Wu 
et al., 2017; Hernández-Ruiz et al., 2018). Moreover, these effects exert 
a pressure that can uncouple the community features from abiotic sea-
sonal variations, such as the abundance and composition of PE assem-
blies. Furthermore, the effect of metal pollution on the PE composition 
extended beyond the area where the metals were effectively detectable, 
here with no significant detectable differences in community structure 
and composition among both sample sites. This suggests that the area of 
influence of metal pollution could exceed the area within which the 
metal concentrations in the water column were higher. The spatiotem-
poral homogeneity of the PE community composition and structure 
suggest that these communities were decoupled from natural oscilla-
tions in environmental conditions. 

From the perspective of multiple alternative states in community 
ecology (Hollings, 1973; Scheffer and Carpenter, 2003), our results 
suggest that the studied PE communities exhibit a new and different 
stable state, where seasonal changes in the environmental conditions 
have imperceivably effects on the community structure (Shade et al., 
2012). This type of chronic effect should be studied in more detail and, if 
accurate, should be considered in predictive models of coastal edge 
usage. The decrease in the natural heterogeneity of communities renders 
them prone to large declines in abundance and diversity following 
catastrophic events, and local and regional extinctions tend to be equally 
high. That is, chronic contamination has shifted the community from its 
initial state to an alternative state, which has decreased the community’s 
spatial heterogeneity, and the effects of natural variations in environ-
mental conditions are surpassed by those of the chronic disturbance. 
Under the current scenario of global changes and the growth of the 
human population and economy, the change rate in coastal systems will 
increase (Cloern et al., 2016). This highlights the importance of under-
standing how anthropogenic pressures alter the structure and func-
tioning of the microbial communities that inhabit coastal environments. 

Fig. 4. Redundancy analysis conducted for OTUs assigned at 
PR2 level 6, capturing 32% of the total variance. The assigned 
OTUs are shown as green (autotrophic) and black (heterotro-
phic) dots and the centroids of the LCS and HCS samples are 
indicated by squares and triangles, respectively. Winter and 
summer samples are indicated in blue and red, respectively. 
The significant variables are shown as eigenvectors (Zn: 
P = 0.005, Cu: P = 0.03 and Cu_ASV: P = 0.055). (For inter-
pretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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