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Abstract
Metallothionein-like protein concentrations (MT) and three functionally de�ned fractions of cholinesterase activity (ChE: total, eserine-
sensitive, eserine-resistant) were quanti�ed in gill and digestive gland homogenates of tropical cup oysters from 5 nearshore locations in the
Colombian Caribbean and correlated with sediment and tissue metal (9 metals) and pesticide (22 organophosphates, OPs, and 20
organochlorines- OCPs), as well as water physical-chemical parameters (salinity, pH, temperature and dissolved oxygen). Tissue and
sediment pesticide concentrations were below detection limits in all samples, whereas sediment and tissue metal concentrations exceeded
environmental thresholds at several locations. Tissue MT and ChE biomarkers varied by a factor of 5-6 between locations and correlated with
tissue and sediment concentrations. However, statistically signi�cant covariance between biomarkers and water chemistry parameters was
also observed, indicating that both, metal concentrations and physical-chemical variables, are likely to be responsible for generating the
observed spatial-temporal variations in biomarker patterns.

Introduction
Tropical near shore ecosystems throughout the Caribbean have experienced signi�cant modi�cations in recent decades, as consequence of
human settlement and industrial and agricultural expansion. In addition to global climate change, coastal ecosystems are threatened at the
regional scale by habitat destruction, fragmentation and resource over-extraction, as well as by a plethora of biological, chemical, and
physical contaminants derived from household, industrial, roadside, and agricultural runoff (Spaliding and Kramer, 2004). Notwithstanding
these ever-increasing human in�uences, efforts to monitor their environmental impact have generally lagged developments, with much of
previous monitoring activity having focused on determining concentrations of chemical contaminants in different environmental matrices
(e.g., water, sediment, tissues, e.g., Fernandez-Maestre et al. 2018). While chemical contamination monitoring is valuable for benchmarking
the status and trends of coastal pollution, it is not su�cient by itself for gauging the severity of contamination, nor the likelihood of
occurrence of adverse biological effects, and even less, the possible implications that these might entail for human populations that rely on
ecosystem goods and services directly or indirectly (Lewis et al., 1995; Gold-Bouchot and Zapata-Pérez, 2004, Olivero-Verbel et al. 2008,
Carranza-Lopez et al. 2020). Consequently, recent environmental monitoring efforts have focused on combining, or integrating, diverse
indicators of exposure to chemical contamination with measures of biological effects, with the objective to detect adverse effects of
contamination in organisms or communities, as well as to identify the likely causal agents (Tejeda-Benitez et al. 2016). The employed
methods span the gamut from analyses of speci�c metabolites to molecular, biochemical and histological techniques to detect exposure or
effect at the cellular level, to biological population and community-scale health assessments, including reproduction, growth and species
composition (Bernal et al., 2010; Dondero et al., 2010; Aceto et al., 2011; Cravo et al., 2012; Luo et al. 2014; De Marchi et al., 2017).

In the Colombian Caribbean, environmental quality and pollution monitoring have been infrequent in the past (Alonso et al., 2000; Olivero-
Verbel et al., 2008; Franco and León-Luna 2010; Cordy et al., 2011) and essentially limited to determining water and, more recently, sediment
concentrations of primary pollutants, such as PAHs, second-generation pesticides (organochlorines and organophosphates) and metals
(Vivas-Aguas et al., 2012; 2015; Garcés- Ordoñez et al., 2016; INVEMAR, 2017). Studies of biological responses in organisms have been even
fewer, and have focused primarily on bivalves (Rasmussen et al., 1983; Gold-Bouchot and Zapata-Perez, 2004; Bebianno et al., 2009; El-
Shenawy et al., 2009; Hédouin et al., 2011; Al- Subiai et al., 2011; Benali et al., 2017). The dearth of baseline information on the presence and
levels of these pollutants in the southern Caribbean or their potential effects upon the different biological hierarchies (gene, protein, tissue,
individual or population) is worrisome and impedes reliable estimates of previous, current, and future status and trends of contamination in
this rapidly developing region. In light of this situation, in 2012, a pilot-scale biological exposure & effects monitoring program (named
“Proyecto Caribiopol”), was initiated as a collaboration between three universities, using bivalves as indicator organisms, akin to the landmark
NOAA “Mussel Watch” (Kimbrough et al. 2008), for the purpose of comparing contamination levels in tissues between locations, but
expanded to include a suite of biomarkers of exposure and effects as well (Aguirre-Rubi et al 2017, 2018).

Among environmental contaminants, two classes are ubiquitous in tropical regions: metals, derived from municipal runoff or
mining/industrial activities (Olivero-Verbel et al., 2008), and pesticides, from agriculture (Menzies et al. 2013, Carvalho, 2017). Neuroactive
pesticides, such as organophosphates (OPs), carbamates and neonicotinoids (NNs), are known for their neurotoxicity at the synapses, where
they can inhibit the enzyme function of cholinesterases (ChE) such as acetylcholinesterase (AChE), as is the case for the OPs and
carbamates, or by irreversibly blocking the nicotinic acetylcholine receptor, as is the case for NNs (Bocquene et al., 1997; Barata et al., 2004;
Hernández-Moreno et al., 2010). The second common class of pollutants in the Caribbean are metals such as mercury, cadmium and lead,
often associated with urban storm water industrial discharges, such as the production of chlor-alkali and fertilizers, whose presence at
su�ciently high concentrations has been linked to neurological, metabolic, immunological and carcinogenic disorders in both humans and
other marine and aquatic organisms (Prato et al., 2006; Ramakritinan et al., 2012; Thevenod and Lee 2013, Olivero-Verbel et al. 2008,
Carranza-Lopez et al. 2020).
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As indicators of exposure to pesticides and metals, biomarker-based techniques have become common in environmental pollution studies
worldwide (Bebianno and Barreira 2009; Lüchmann et al., 2011; Choi et al., 2011; Cravo et al., 2012; Ramdine et al., 2012; Sera�m et al., 2012)
and represent a valuable component in an integrated environmental assessment of chemical contamination effects. At the biochemical level,
the measurement of the enzymatic activity of selected key enzymes has become a widely accepted technique for the evaluation of the effects
of pesticides on ecosystem health. Among these, acetylcholinesterase (AChE) activity has been used as a marker of exposure to OP
pesticides and carbamates, due to its inhibition of cholinesterase enzymes in the synapses of the nervous system (Monserrat et al., 2002;
Monserrat et al., 2007; Bernal- Hernández et al., 2010). On the other hand, metallothionein-like proteins (MT) have been widely used as
biomarkers of exposure to metals, (Montaudouin et al., 2010 and David et al., 2012), thanks to their inducibility by certain divalent non-
essential metals (such as Cd, Hg and Pb), in contrast to essential metals such as Zn and Cu (Amiard et al., 2006). The aim of this study was
to compare the variability of MT concentrations and ChEs activity in cup oysters as indicator organisms along a presumed contamination
gradient of metals and pesticides along the Colombian Caribbean, to assess their merit as a monitoring technique to evaluate the
environmental health of coastal ecosystems in the Colombian Caribbean.

Material And Methods

2.1. Sample Collection
Field sampling was carried out on October 2012, March 2013 and October 2013 at 5 locations along the Colombian Caribbean coastline:
Taganga Bay (11º 15' 56.61" N; 74º 11' 37.97" W), Santa Marta marina (11º 14' 37.87" N; 74º 13' 00.58" W), both in the department of
Magdalena, Barbacoas Bay (Barú Peninsula- Mohan mangrove swamp, 10 ° 12' 15.79" N; 75 ° 36' 01.11" W), and in two locations in
Cartagena Bay, one in the Maparadita island- Ctg-1 (10º 22' 21.52" N; 75º 30' 46.45"W) and another in Brujas island- Ctg-2 (10º 19' 59.07 N;
75º 30' 47.24" W), with the three latter stations all being characterized by extensive mangrove habitat and located in the department of Bolivar
(Fig. 10, also see Aguirre-Rubi et al. 2018 a,b).

At each station and on each sampling occasion, 15 live cup oysters (principally Crassostrea rhizophorae, with some individuals of the recently
established and morphologically similar Saccostrea sp. interspersed in Taganga Bay and Santa Marta in 2013) were collected intertidally
from docks and/or red mangrove roots (Rhizophora mangle). Oysters were transferred live to the laboratory in chilly bins, where tissues
(digestive gland and gills) were dissected within a few hours of collection and frozen in 2 mL polypropylene tubes at -80°C, according to
tissue type, until further processing. For biomarker analyses, digestive gland and gill tissue samples were thawed sequentially in three pools
of 5 individuals and homogenized at a proportion of 0.5 g wet tissue per 2 mL phosphate buffer (50 mM) using a blender (Ultra-Turrax T8, IKA
Labortechnik, Germany). Tissue homogenates were then aliquoted in sub-volumes of 200 µL and re-frozen at -80°C until �nal analysis.

Oyster collection was accompanied by the measurement of four surface water physical-chemical parameters: salinity (psu), pH, temperature
(ºC) and dissolved oxygen (mg/L), using a multiparameter probe (Hach HQ40d).

2.2. Metal and pesticide analyses in sediments and bivalve tissue
To relate tissue biomarker levels to xenobiotic contaminant exposure, samples of sediments and bivalve tissue were analyzed. For this, 200 g
of surface sediment (< 10 cm sediment depth) were collected at each station, using a cylindrical corer to maintain sample integrity and frozen
at -20°C in sealed polyethylene bags until processing. Sediments were dried whole at 60°C until constant weight, digested with a mixture of
nitric/hydrochloric acid, followed by ICP-MS analysis for metals (As, Cd, Cr, Cu, Hg, Pb, Ni, Sn and Zn), carried out at a commercial laboratory
(Hills Laboratory, Hamilton, New Zealand). Pesticides in sediments were analyzed at Invemar Institute, Santa Marta, Colombia: dry sediments
were Soxhlet-extracted using dichloromethane, fractionated on a hexane �orisil column, and analyzed for 22 organophosphates (OPs) and 20
organochlorine pesticides (OCPs) using GCMS in SIM mode (UNEP, 2008). For tissue contaminant analysis, also reported by Aguirre-Rubi et
al. (2017), a composite of 30 individuals per sampling station was collected and frozen at -20°C. For tissue metals, 100 mg of freeze-dried
tissue homogenate was digested in a microwave oven (Multi-wave 3000, Anton Paar, Austria). The extract was �ltered and subsequently
analyzed for metals using an ICP-MS (NexION 300, Perkin Elmer, USA) at the Research Centre for Experimental Marine Biology and
Biotechnology, University of Basque Country, Plentzia, Spain (PiE-UPV/EHU), as described in Aguirre-Rubi et al. (2017). Results for metals in
sediments and tissues were obtained only for October 2012 and March 2013 (not for Oct 2013). Furthermore, no sediment metal data are
available for Ctg-1 (October 2012), due to loss of sample during transport. All metal concentrations (sediment and tissue) are reported on a
dry weight basis (µg/g dw).

2.2. Biomarker Analysis
Metallothionein-like proteins (MT) were analyzed according to Viarengo et al. (1997), with modi�cations as described by Moncaleano et al.
(2017), in digestive gland and gills, homogenized in phosphate buffer (0.1 M, pH 8.0) at a ratio 1:3 (w:w) and then adjusted with a sucrose-
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Tris buffer to a �nal concentration of 0.5 M sucrose and 20 mM Tris-HCl (pH 8.6). Final tissue MT concentrations are presented as µg MT/mg
total protein. Cholinesterase activity (ChE) was measured according to Moncaleano et al. (2018), quantifying three fractions of cholinesterase
activity: total cholinesterase (T-ChE), eserine resistant cholinesterase (Er-ChE) and eserine sensitive cholinesterase activity (Es-ChE). Activity of
cholinesterases was determined according to Ellman et al. (1961), adapted for microplate readers by Sandahl and Jenkins (2002), and using
the carbamate eserine (physostigmine) as an inhibitor. Final units of enzyme activity were nmol/min/mg protein. MT concentrations and
cholinesterase activity were normalized to total protein concentration following the method of Bradford (1976), using bovine serum albumin
as a standard (1% BSA, or 10 mg/mL).

2.3 Statistical analysis
Normality of data was tested (and con�rmed) by the Shapiro Wilks test; and homogeneity of variance was con�rmed by the Levene test.
Biota-Sediment Accumulation Factors (BSAFs) were calculated according to Thomann et al. (1995) by dividing tissue metal concentrations
by sediment metal concentrations (all on dry weight basis). The degree of correlation between metal concentrations in sediments and metal
concentration in tissues was analyzed by Pearson correlation. Additionally, Principal Component Analysis (PCA) was performed to reduce
inter-correlation between environmental parameters and to explore statistical associations between metal concentrations in sediments and
tissues with the physical-chemical variables (temperature, salinity, DO and pH) measured in �eld. For analyzing variance in biomarker
measurements, a three-way ANOVA was performed (with tissue type, location, and sampling date as �xed treatments), followed by a two-way
ANOVA and a post hoc analysis (Tukey HSD), to test for differences between biomarker responses in the two tissues (gills and digestive
gland), the �ve different sampling stations (Taganga, Santa Marta Marina, Ctg-1, Ctg-2 and Barú) and the three different sampling occasions
(October 2012; March 2013 and October 2013). For an integrated analysis, PCA was performed on the entire biomarker and environmental
parameter dataset, to decompose the variance contributions of metal concentrations (in tissues and sediments), water physical-chemical
parameters and tissue biomarkers among four of the �ve sampling stations (Taganga, Marina, Barú, and Ctg-2, excluding Ctg-1) and two
sampling dates (October of 2012 and March 2013, excluding October 2013), combined with a Pearson correlation analysis to quantify the
degree of correlation between biomarkers an metals concentrations in tissues and sediments. Furthermore, to explore the relative variance
contributions of physical-chemical water parameters, on the one hand, and tissue and sediment concentrations, on the other hand, a second
set of PCAs was performed to consolidate individual physical-chemical variables and metal variables among separate principal component
axes, to relate with biomarker responses. Stepwise multiple (linear) regression analysis (SWMR) was used to de�ne a subset of signi�cant
predictor variables (Xi) from the pool of physical-chemical parameters and tissue metal concentrations, to estimate respective biomarker
responses as criterion variables (Yi, Sokal and Rohlf, 1995; Zar, 2010). For multivariate statistical analysis we used the Stat Graphics
Centurion XVI and XLSTAT packages.

Results

3.1 Physical-chemical parameters and contaminant analysis
Table 7 summarizes the physical-chemical water parameters analyzed. Salinity �uctuated between 23.9 and 37.0 psu, with lowest salinity for
Barú, while Taganga and Marina (both near the city of Santa Marta) had the highest salinity (37.0 psu). Water pH ranged between pH 7.8–8.4
and did not �uctuate signi�cantly between stations and sampling dates, with Ctg-2 in March 2013 presenting the lowest pH (7.8) and Barú
and Taganga the highest pH (8.4). Water temperature �uctuated signi�cantly between stations and sampling dates, with lower temperatures
prevailing in March 2013, except for Santa Marta-Marina where temperature was similar for both sampling dates. Dissolved oxygen varied
between 2.5–7.2 mg/L, with lowest concentrations for Ctg-2 (on both sampling dates) and highest concentrations in Santa Marta-Taganga
Bay.
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Table 7
Physical-chemical parameters (salinity, pH, temperature [Temp]

and dissolved oxygen [DO]) in surface water at 5 stations
(Taganga, Santa Marta- Marina, Barú, Ctg-1 and Ctg-2) in
October 2012 and March 2013. Monthly surface salinity

averages were extrapolated from Vivas- Aguas et al. (2012,
2015).

STATIONS DATES PHYSICAL-CHEMICAL PARAMETERS

Salinity

(psu)

pH Temp

(ºC)

DO

(mg/L)

TAGANGA Oct-12 36.0 8.4 30.3 7.2

Mar-13 37.0 8.1 27.3 7.0

MARINA Oct-12 35.5 8.3 29.4 5.3

Mar-13 37.0 8.0 29.0 4.4

BARÚ Oct-12 30.0 8.4 31.7 5.8

Mar-13 33.0 8.4 27.5 5.5

CTG-1 Oct-12 28.0 8.2 31.5 5.0

Mar-13 33.0 8.2 27.8 5.0

CTG-2 Oct-12 25.0 8.2 31.0 2.5

Mar-13 30.0 7.8 28.7 2.5

Organophosphate and organochlorine pesticide concentrations in sediments were below detection limits for all 42 compounds analyzed (see
Tables 13 and 14 in Supplemental Data), except for pp-DDE in Santa Marta-Marina Oct 2012 (2 ng/g), Ctg-2 Oct 2012 (5 ng/g) and Barú
March 2013 (2 ng/g). Likewise, OP and OCP (DDTs and HCHs) concentrations in tissues were below detection limits (2–50 ng/g for OCPs
and 2 ng/g for chlorpyrifos). Metal concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb, Sn and Zn in sediments and oyster tissues collected in Oct
2012 and Mar 2013 are reported in Table 8 (note: no sediment metal data available for Oct 2013 due to loss of sample).
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Table 8
Metal concentrations (Sn, Hg, Pb, Cr, Cu, Zn, As, Cd and Ni) in sediments and oyster tissue from 5 stations (Taganga, Santa Marta-Marina,

Barú, Ctg-1 and Ctg-2) in October 2012 and March 2013. Tissue metal concentrations from Aguirre-Rubi et al. (2017). TEL = toxic effects level,
PEL = probable effects level for marine sediments, as proposed by Buchman (2008), based on MacDonald et al. (1996), MWP-L (low), M

(medium) and H (high) = envelope of tissue metal concentrations for C. virginica from NOAA Mussel Watch Program (Kimbrough et al. 2008).
n. a. = no data available.

STATIONS DATES METALS (µg/g dw)

Sn 120 Hg 202 Pb 208 Cr 52 Cu 63

Tissue Sediment Tissue Sediment Tissue Sediment Tissue Sediment Tissue Sediment

TAGANGA Oct-12 0.09 1.06 0.18 0.01 0.90 4.10 8.64 50 209.90 30.00

Mar-
13

0.06 0.19 0.11 0.01 0.79 2.90 6.39 55 113.04 26.00

MARINA Oct-12 1.24 1.14 0.17 0.04 0.49 9.80 0.95 31 343.16 30.00

Mar-
13

1.63 1.14 0.13 0.04 0.64 10.10 1.22 31 465.80 60.00

BARÚ Oct-12 0.02 1.00 0.10 0.05 0.34 6.10 1.07 15 58.30 25.00

Mar-
13

0.07 0.29 0.04 0.05 0.37 6.20 2.11 14.6 66.45 25.00

CTG-1 Oct-12 0.22 n. a. 0.09 n. a. 0.59 n. a. 9.14 n. a. 143.42 n. a.

Mar-
13

0.00 0.31 0.07 0.17 0.15 4.10 0.23 8.7 54.89 16.90

CTG-2 Oct-12 1.05 0.53 0.07 0.07 0.75 6.40 2.58 18.7 296.68 65.00

Mar-
13

0.11 0.20 0.04 0.02 0.22 2.70 0.28 5.1 38.72 6.80

TEL (sediment)   0.048   0.13   30.24   52.3   18.7

PEL (sediment)   n. a.   0.7   112   160   108

MWP-L (tissue) 0.0-0.2   0.0-
0.07

  0.1–
0.5

  n. a.   7-211  

MWP-M (tissue) 0.3–0.6   0.08–
0.15

  0-6-
0.9

  n. a.   212–
636

 

MWP-H (tissue) 0.7–1.9   0.16–
0.33

  1.0-
2.2

  n. a.   637–
1660

 

STATIONS DATES METALS (µg/g dw)

Zn 66 As 75 Cd 111 Ni 60  

Tissue Sediment Tissue Sediment Tissue Sediment Tissue Sediment

TAGANGA Oct-12 4178.18 41.00 15.67 3.00 2.15 0.06 3.20 34.00

Mar-
13

1900.18 23.00 33.03 4.90 1.14 0.05 2.34 28.00

MARINA Oct-12 4053.83 91.00 9.80 2.20 0.73 0.10 0.61 13.10

Mar-
13

3541.70 99.00 10.60 2.20 0.76 0.09 0.64 13.30

BARÚ Oct-12 478.37 32.00 6.89 11.00 22.86 0.72 0.98 15.00

Mar-
13

1271.46 36.00 6.87 8.90 2.54 0.97 0.41 13.90

CTG-1 Oct-12 2663.11 n. a. 7.62 n. a. 9.31 n. a. 0.91 n. a.

Mar-
13

488.58 34.00 7.04 4.00 15.88 0.55 0.43 11.30

CTG-2 Oct-12 3390.19 34.00 5.96 8.50 10.72 0.13 1.61 7.60
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STATIONS DATES METALS (µg/g dw)

Sn 120 Hg 202 Pb 208 Cr 52 Cu 63

Tissue Sediment Tissue Sediment Tissue Sediment Tissue Sediment Tissue Sediment

Mar-
13

718.69 28.00 6.48 2.00 3.43 0.37 0.49 3.90

TEL (sediment)   124   7.24   0.68   15.9

PEL (sediment)   271   41.6   4.21   42.8

MWP-L (tissue) 99-3260   3–11   0–3   0.7–
1.6

 

MWP-M (tissue) 3261–
9165

  12–22   4–6   1,7 − 
2,5

 

MWP-H (tissue) 9166–
18950

  23–57   7–15   2,6 − 
4,9

 

To compare measured sediment metal concentrations with sediment quality guidelines (SQG), the Probable Effect Level (PEL) and the
Threshold Effect Level (TEL) values proposed by Buchman (2008) were used for guidance. Sediment concentrations of all 9 metals analyzed
were below their respective PEL (Table 8). For Pb and Zn, sediment concentrations for all locations and sampling occasions were also below
the respective TEL (30.2 µg/g for Pb and 124 µg/g for Zn). The TEL for Hg was exceeded in Ctg-1, in March 2013 and Cr in Taganga, in March
2013. Sediment Ni followed a pattern like Cr, with concentrations close to the TEL (15.9 µg/g) for most stations, but with two exceedances
(Taganga, Oct 2012 and Mar 2013). Sediment As exceeded the TEL (7.2 µg/g) on three occasions (Barú, 2012 and 2013, and Ctg-2, Oct 2012),
showing a similar pattern to Cd, which exceeded TEL (0.68 µg/g) in two instances (Barú 2012 and Barú 2013). In marked contrast, sediment
Sn exceeded the TEL of 0.048 µg/g in all locations and on all sampling occasions, with highest concentrations (1.14 µg/g) in Santa Marta
Marina (Oct 2012 and Mar 2013), Taganga Bay (1.06 µg/g, Oct 2016) and Barú (1.00 µg/g, in Oct 2016). Showing a similar spatial- temporal
pattern to Sn, sediment Cu concentrations regularly exceeded the TEL of 18.7 µg/g, except, on two occasions: Ctg-2 (March 2013) and Ctg-1
in March 2013 (no data for Oct 2012), with maximum concentrations of approximately 60 µg/g in Ctg-2 (Oct 2012) and Santa Marta Marina
(Mar 2013). Pearson correlation analysis revealed signi�cant positive correlation between sediment metal concentrations for Pb, Sn, Zn, Ni
and Cr (p < 0.05), speci�cally between Sn and Pb and Zn (rPearson = 0.71, p = 0.031; rPearson = 0.72, p = 0.028, respectively), Zn and Pb (rPearson

= 0.89, p = 0.001) and Ni and Cr (rPearson = 0.87, p = 0.002).

Metal and organic contaminants concentrations in bivalve tissues have been reported in a previous publication by us (Aguirre-Rubi et al.,
2017), but will be brie�y summarized here. To compare metal levels in oyster tissues, whole-tissue concentrations of the US NOAA Mussel
Watch Program (MWP, Kimbrough et al., 2008) for the Eastern oyster (Crassostrea virginica) were used, excluding Cr, for which no reference
concentrations were available. Seven of the 8 metals used for this comparison had tissue concentrations well below the respective MWP-H
(“high”) range, except for Cd, which exceeded the threshold concentration for “high” (15 µg/g) on two occasions (Barú- Oct 2013, 22.86 µg/g
dw) and Ctg-1- Mar 2013, (15.88 µg/g dw) and MWP-M (“medium”) for two other occasions (Ctg-1- Dec 2012 and Cgt-2- Oct 2012). Tissue
concentrations for all other metals were generally below the MWP-L (“low”) range (Cu, Pb, Zn for all stations), with the exception of Sn for
Marina (Dec 2012 and Mar 2013) and Ctg-2(Oct 2012), As (Taganga Oct 2012), Ni (Taganga-Oct 2012) and Hg (Taganga Oct 2012, Marina
Oct 2012), for which tissue concentrations were in the “medium” range. Furthermore, tissue concentrations of Cd, Hg, Pb were compared to
the national guideline of the Colombian Ministry of Health and Social Protection (Resolution 122 of January 26, 2012), which establishes the
maximum limit for metals in bivalves for human consumption in Colombia. For Hg and Pb, tissue concentrations were below the limits
established by the Resolution on all occasions (0.5 µg/g for Hg and 1.5 µg/g for Pb). In contrast, Cd tissue concentrations were above the
limit (1.0 µg/g) for all stations except for Santa Marta Marina (both years). No permissible tissue levels in bivalves have been de�ned for Sn,
Cr, Cu, Zn, As and Ni in Colombia.

To estimate the bioaccumulation of metals in oyster tissue in relation to surrounding sediments, we calculated the Biota-Sediment
Accumulation Factor (BSAF, sensu Thomann et al. 1995), by dividing the tissue concentration for a given metal by its corresponding sediment
concentration (Table 9). BSAF values greater than 1 indicate bioaccumulation in tissues with respect to sediment, whereas values less than 1
indicate no apparent bioaccumulation.
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Table 9
Biota-Sediment Accumulation Factor (BSAFs) for Sn, Hg, Pb, Cr, Cu, Zn, As, Cd and Ni in oyster tissues versus surface sediments from 5

stations (Taganga, Santa Marta-Marina, Barú, Ctg-1 and Ctg-2), collected during October 2012 and March 2013. BSAF values greater
than 1 are marked in boldface.

STATION DATE BSAF Sn BSAF Hg BSAF Pb BSAF Cr BSAF Cu BSAF Zn BSAF As BSAF Cd BSAF Ni

Taganga Oct 2012 0.08 18.07 0.22 0.17 7.00 101.91 5.22 33.58 0.09

Mar 2013 0.30 10.81 0.27 0.12 4.35 82.62 6.74 21.53 0.08

Marina Oct 2012 1.09 3.95 0.05 0.03 11.44 44.55 4.46 7.23 0.05

Mar 2013 1.43 3.05 0.06 0.04 7.76 35.77 4.82 8.47 0.05

Barú Oct 2012 0.02 1.94 0.06 0.07 2.33 14.95 0.63 31.75 0.07

Mar 2013 0.24 0.85 0.06 0.14 2.66 35.32 0.77 2.62 0.03

CTG-1 Mar 2013 0.00 0.40 0.04 0.03 3.25 14.37 1.76 28.88 0.04

CTG-2 Oct 2012 1.98 0.98 0.12 0.14 4.56 99.71 0.70 81.83 0.21

Mar 2013 0.55 1.68 0.08 0.06 5.69 25.67 3.24 9.27 0.13

Highest BSAFs, approaching or exceeding 100, were observed for Zn and Cd. In contrast, Cu As, and Hg had intermediate accumulation
factors of 1–10, whereas Sn, Pb, Cr and Ni, had BSAFs around or less than 1, indicating negligible bioaccumulation in oyster tissues. Pearson
correlation analysis gave positive correlations between tissue metals for Cr and Pb (rPearson = 0.82, p = 0.007), Cu and Sn (rPearson = 0.94, p = 
0.000), and Zn vs. Sn, Hg, Pb and Cu (rPearson = 0.68, p = 0.042; rPearson = 0.75, p = 0.019; rPearson = 0.77, p = 0.015 and rPearson = 0.84, p = 0.004,
respectively), As and Cr (rPearson = 0.69, p = 0.036) and Ni vs. Pb and Cr (rPearson = 0.83, p = 0.005 and rPearson = 0.95, p = 0.000, respectively).
Pearson correlation analysis revealed signi�cant positive correlations between the concentration of Cr, Cu and Ni in tissues with the
corresponding concentration in sediments (rPearson = 0.84, p = 0.004; rPearson = 0.81, p = 0.008; rPearson = 0.83, p = 0.005 respectively), whereas
no signi�cant correlation between tissue metals and sediment metals was evident for Hg, As and Cd (p > 0.05, see Supplemental data, Table
15).

3.2 Biomarkers
Average metallothionein-like protein concentrations and cholinesterase activity in oyster digestive gland and gill tissue (arithmetic mean of 3
replicates per tissue, per site, or per date, respectively) are presented in Table 10.
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Table 10
Mean biomarker levels (mean ± 1 SE) in oyster digestive gland and gill tissue, for �ve stations (Taganga, Marina, Barú, Ctg-1 and Ctg-2), for

three sampling occasions (October 2012, March 2013, and October 2013)
Biomarker Tissue Date Stations

Marina Taganga Ctg-1 Ctg-2 Barú

Metallothionein-like protein
concentration,

MT

(µg MT/mg protein)

Digestive
Gland

Oct-
12

6.8 +/- 0.7 9.9 +/- 3.9 5.3 +/- 0.4 6.5 +/- 0.4 6.8 +/- 1.5

Mar-
13

3.6 +/- 0.6 6.4 +/- 1.0 5.9 +/- 0.9 3.4 +/-0.8 5.4 +/- 0.9

Oct-
13

15.7 +/-
2.8

9.6 +/- 1.4 14.0 +/- 3.4 13.6 +/-
1.0

8.5 +/- 1.5

Gills Oct-
12

3.1 +/- 0.3 4.0 +/- 1.1 5.5 +/- 1.6 6.5 +/- 2.5 8.8 +/- 0.5

Mar-
13

1.7 +/- 0.2 3.7 +/- 0.6 5.6 +/- 0.3 2.3 +/- 0.3 5.8 +/- 1.6

Oct-
13

5.3 +/- 1.8 4.4 +/- 0.9 2.8 +/-1.4 9.0 +/- 0.5 9.3 +/- 0.3

Total Cholinesterase activity,

T-ChE

(nmol/min/mg protein)

Digestive
Gland

Oct-
12

23.7 +/-
5.1

49.2 +/- 9.8 26.9 +/- 3.3 58.1 +/-
9.9

21.1 +/-
2.8

Mar-
13

16.4 +/-
3.5

22.0 +/- 3.1 72.4 +/- 4.3 18.2 +/-
2.1

15.1 +/-
2.2

Oct-
13

24.3 +/-
2.9

23.2 +/- 2.5 26.2 +/- 8.7 17.5 +/-
4.8

19.7 +/-
3.3

Gills Oct-
12

52.4 +/-
0.3

61.6 +/-
10.5

44.3 +/- 6.9 45.4 +/-
5.1

32.2 +/-
4.4

Mar-
13

38.9 +/-
6.4

14.5 +/- 1.8 69.2 +/- 8.5 16.5 +/-
2.9

20.5 +/-
2.7

Oct-
13

51.6 +/-
1.5

28.7 +/- 5.2 68.6 +/-
12.3

44.8 +/-
3.2

23.2 +/-
8.5

Eserine resistant Cholinesterase
activity,

Er-ChE

(nmol/min/mg protein)

Digestive
Gland

Oct-
12

11.1 +/-
4.2

19.5 +/- 7.9 3.6 +/-1.4 6.4 +/- 9.6 5.8 +/- 1.8

Mar-
13

10.1 +/-
2.9

8.2 +/- 1.1 13.7 +/- 2.9 5.7 +/- 1.5 8.5 +/- 2.4

Oct-
13

9.9 +/- 3.7 7.2 +/- 3.1 13.8 +/- 6.6 5.6 +/- 4.6 11.5 +/-
2.8

Gills Oct-
12

41.1 +/-
0.6

43.2 +/- 7.9 26.4 +/- 3.9 19.3 +/-
3.4

21.1 +/-
5.2

Mar-
13

22.0 +/-
3.3

6.7 +/- 2.1 29.2 +/- 5.0 9.4 +/- 2.0 16.2 +/-
1.2

Oct-
13

35.4 +/-
2.0

21.3 +/- 2.0 46.8 +/- 4.2 25.1 +/-
2.2

13.8 +/-
4.8

Eserine sensitive Cholinesterase
activity,

Es-ChE

(nmol/min/mg protein)

Digestive
Gland

Oct-
12

12.6
+/-0.9

29.7 +/- 2.6 23.2 +/- 1.8 51.7 +/-
1.4

15.3 +/-
1.3

Mar-
13

6.2 +/- 1.3 13.8 +/- 2.0 58.7 +/- 1.4 12.5 +/-
0.8

6.6 +/- 0.7

Oct-
13

14.3 +/-
1.7

16.0 +/- 1.0 12.4 +/- 3.3 12.0 +/-
0.6

8.2 +/- 2.0

Gills Oct-
12

11.3 +/-
0.6

18.5 +/- 5.6 18.0 +/- 3.1 26.1 +/-
3.2

11.0 +/-
3.3

Mar-
13

17.0 +/-
3.1

7.9 +/- 0.3 40.0 +/- 5.6 7.1 +/- 1.3 4.3 +/- 1.5

Oct-
13

16.2 +/-
0.8

7.4 +/- 3.7 21.8 +/- 8.2 19.7 +/-
1.2

9.8 +/- 3.4
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Average MT concentrations were higher in digestive gland than in gills on any given sampling occasion. For digestive gland, the highest MT
concentration was 15.7 µg MT/mg protein (Santa Marta Marina, October 2013), and the lowest 3.4 µg MT/mg protein (Ctg-2, March 2013).
For gills, the highest MT concentration was 9.3 µg MT/mg protein (Barú, October 2013) and the lowest 1.7 µg MT/mg protein (Santa Marta
Marina, March 2013).

Activities of total cholinesterase (T-ChE) and eserine-sensitive cholinesterase (Es-ChE) were highest for Ctg-1 station (March 2013), both, in
digestive gland (72.4 and 58.7 nmol/min/mg protein, respectively) as well as in gills (69.2 and 40.0 nmol/min/mg protein, respectively). In
contrast, highest eserine resistant cholinesterase (Er-ChE) activity was found for Ctg-1, Oct 2013 in gills (46.8 nmol/min/mg protein) and was
considerably lower in digestive gland, with a maximum of 19.5 nmol/min/mg protein, for Taganga, Oct 2012. The lowest T-ChE activity was
15.1 nmol/min/mg protein, for digestive gland (Barú, Mar 2013) and 14.5 nmol/min/mg protein for gill (Taganga, Mar 2013), while lowest Es-
ChE activity was 6.2 nmol/min/mg protein for digestive gland at Santa Marta Marina, Mar 2013 and 4.3 nmol/min/mg protein and gill (Barú,
Mar 2013), respectively. The lowest Er-ChE activity was 3.6 nmol/min/mg protein for digestive gland from Ctg-1, Oct 2012, and 6.7
nmol/min/mg protein for gill from Taganga, Oct 2013.

A three-way ANOVA showed signi�cant interaction among factors: tissues, station, and sampling date for metallothionein-like proteins (MT),
total cholinesterase (T-ChE), eserine-resistant cholinesterase (Er-ChE) and eserine-sensitive cholinesterase (Es-ChE, p < 0.05, see Supplemental
Data Table 16). Consequently, it was decided to analyze biomarker data separately for each of the two tissues: A two-way ANOVA, conducted
separately for digestive gland biomarker results (with station and date as treatments) revealed signi�cant differences for digestive gland ChE
activity between the two factors station and date (p < 0.05), except for Er-ChE activity, which was non-signi�cant between dates (p = 0.94). For
all ChE biomarkers, strong station-date interaction was noted. On the other hand, differences in MT levels between stations for a given
sampling date were not strong enough to be considered signi�cant (p = 0.07), even though higher average MT concentrations were noted for
the third sampling date (Oct 2013, Fig. 11). For gills, two-way ANOVA con�rmed signi�cant differences between stations as well as dates for
all four biomarkers (p < 0.05, see Supplemental Data, Tables 17 and 18). Strong station-date interaction was noted in all cases.

For MT in digestive gland, post hoc pairwise comparisons (Tukey HSD) did not reveal any signi�cant differences between stations for any of
the three sampling dates (while holding date constant, p > 0.05, Fig. 11). On the other hand, MT concentrations in digestive gland varied
temporally, being signi�cantly higher in October 2013 than in March 2013 for Santa Marta Marina (p = 0.002) and Ctg-2 (p = 0.017), whereas
for the other three stations, the somewhat higher MT levels in October 2013 were not statistically signi�cant. For MT in gills, signi�cant
spatial differences were evident during October of 2013 between Ctg-1 vs. Barú and Ctg-2 (p < 0.05). Signi�cant differences in gill MT levels
between dates were observed only for Ctg-2 station, namely, between March 2013 and October 2013 (p = 0.016).

For T-ChE activity in digestive gland, post hoc analysis (Tukey HSD) showed signi�cant differences for October 2012 between Ctg-2 vs. Santa
Marta Marina, Ctg-1 and Barú; and between Taganga and Barú (p < 0.05, Fig. 12). For March 2013, signi�cant differences were found between
Ctg-1 vs. Santa Marta Marina, Taganga, Ctg-2 and Barú (p < 0.05), for which the same signi�cant difference in T-ChE activity was also evident
for gill tissue. Gill T-ChE activity was also signi�cantly different between Ctg-1 vs. Taganga and Barú in October 2013 (p < 0.05). Furthermore,
signi�cant temporal differences for digestive gland T-ChE activity were evident for Ctg-1 when comparing October 2012 vs. March 2013 and
March 2013 vs. October 2013 (p = 0.0002 and 0.0001, respectively), for Ctg-2 when comparing October 2012 vs. March 2013 and October
2013 (p = 0.0007 and 0.0006, respectively) as well as Taganga (October 2012 vs. March 2013 and October 2012 vs. October 2013, p = 0.0009
and 0.049, respectively). No statistical differences in digestive gland T-ChE activity between dates were observed for the other two sites
(Santa Marta Marina and Barú).

For Er-ChE activity in digestive gland, post hoc analysis (Tukey HSD) con�rmed spatial differences between Taganga vs. Ctg-1, Ctg-2, and
Barú for October 2012 (p < 0.05, Fig. 13), while no signi�cant differences between stations were evident for March 2013 and October 2013 (p 
> 0.05). For Er-ChE activity in gills, signi�cant differences were con�rmed between Santa Marta Marina vs. Ctg-2 and Barú; and Taganga vs.
Ctg-2 and Barú for October 2012; between Ctg-1 vs. Taganga and Ctg-2 for March 2013, and between Santa Marta Marina vs. Barú, and
between Ctg-1 vs. Taganga, Ctg-2 and Barú for October 2013 (p < 0.05). Signi�cant temporal differences in digestive gland Er-ChE activity
were only found for Taganga and Ctg-1 when comparing October 2012 with March 2013 and October 2013 (p < 0.05). Gill Er-ChE activity
varied signi�cantly between October 2012 and March 2013 for Santa Marta Marina (p = 0.0482), between October 2012 and March 2013 and
between October 2012 and October 2013 for Taganga (p = 0.0001 and 0.013, respectively) and between October 2012 and October 2013 for
Taganga (p = 0.262). No temporal signi�cant differences in Er-ChE activity were evident for Ctg-2and Barú (p > 0.05).

Finally, for Es-ChE activity, post hoc analysis (Tukey HSD) showed signi�cant spatial differences during Oct 2012 (p < 0.05) between Ctg-2vs.
Santa Marta Marina, Ctg-1 and Barú for digestive gland, whereas no differences between stations were evident for gills during 2012 (Fig. 14).
For March 2013, both digestive gland and gills showed signi�cant differences in Es-ChE activity between Ctg-1 and the other four stations (p 
< 0.05). Signi�cant differences in digestive gland Es-ChE activity between sampling dates were con�rmed only for Ctg-1, for October 2012 vs.
March 2013, and for March 2013 vs. October 2013 (p = 0.0004 and p = 0.0001, respectively) as well as for Ctg-2 (October 2012 vs. March



Page 11/32

2013 and October 2012 vs. October 2013; p = 0.0001 for both), whereas no signi�cant differences in Es-ChE activity between sampling dates
were evident for Santa Marta Marina, Taganga and Barú (p > 0.05). No signi�cant spatial differences in ES-ChE activity were evident for Oct
2013 for either of the two tissues.

3.3 Integrated analysis of biomarker patterns and environmental variables
For an integrated analysis of biomarker patterns and environmental parameters, Ctg-1 station was excluded (on all sampling occasions) due
to the lack of sediment metal data for October 2012 and, furthermore, because T-ChE activity for this station was exceptionally high
compared with the other stations, which signi�cantly skewed the correlations with potential environmental predictor variables. By excluding
the Ctg-1 biomarker data and limiting the integrated analysis to the four remaining stations (and only two sampling occasions, Oct 2012, and
March 2013) the multivariate relationships between biomarkers, metals and physical-chemical parameters became more robust and
generalizable. As an unconstrained exploratory analysis, a principal component analysis (PCA) was carried out using the complete dataset
(biomarkers, tissue metals, sediment metals and water physical-chemical parameters), to study the variance contributions of biomarkers and
environmental variables (Fig. 15, for eigenvectors, factor loadings, factor scores and correlations between variables vs. factors refer to
Supplemental Data, Tables 19, 20 and 21).

The PCA resulted in �ve principal components with eigenvalues > 1, explaining 93.2% of the variation of the data (PC1: 34.8%, PC2: 23.7%
PC3: 19.8%, PC4: 11.5%, and PC5: 5.6%, Fig. 15). For component PC1, high loadings (and high squared cosine values) were observed for 4
biomarker variables (MT in digestive gland, T-ChE in gills and Er- ChE in digestive gland and gills), 5 tissues metals (Hg, Pb, Cr, Zn and Ni), and
4 sediment metals (Sn, Cr, Cd and Ni), together contributing 73% of the eigenvalue of PC1. Cd in sediments presented a high negative factor
loading, whereas none of the four physical-chemical parameters (T, S pH, DO) presented high loadings for PC1. For component PC2, high
factor loadings were observed for the biomarker Es- ChE in gills, 3 tissues metals (Sn, Cu and As), 2 sediment metals (Hg, Pb and Cu), and DO,
together contributing 49% of the eigenvalue of PC2. For component PC3, high factor loadings were observed for the biomarker Es-ChE in
digestive gland, tissue Cd, sediment Zn and sediment As, as well as 2 physical-chemical parameters (S and T), together contributing 65% of
the eigenvalue of PC3. Components PC4 and PC5 did not contain any signi�cant loadings of biomarker or metal variables, and only
component PC4 had a representative contribution of pH.

Stations with high factor loadings for component PC1 were Taganga (Oct 2012), Barú (Mar 2013) and Ctg-2 (Mar 2013), characterized by
high variance contributions of MT in digestive gland, T-ChE activity in gills and Er-ChE activity in digestive gland and gills. Taganga (Mar
2013) and Ctg-2 (Oct 2012) had elevated factor loadings for factor PC2, where biomarker variables were represented by Es-ChE activity in
gills. Santa Marta Marina, on both sampling occasions (Oct 2012 and March 2013), had high factor loadings for PC3, as did Barú (Oct 2012),
where MT in gills, and T- ChE and Es- ChE activity in digestive gland were the biomarker variables with a sizable contribution.

Pearson correlation analysis between biomarkers and physical-chemical parameters showed signi�cant positive correlation only between MT
in digestive gland with pH (rPearson = 0.75, p = 0.03, see Tables 22 and 23 in Supplemental Data). Pearson correlation analysis between
biomarkers and sediment metals showed signi�cant positive correlation between MT in digestive gland with sediment Ni (rPearson = 0.73, p = 
0.03); and for MT in gills with sediment As (rPearson = 0.95, p < 0.01. Signi�cant positive correlation was observed between T-ChE activity in
gills and sediment Sn concentrations (rPearson = 0.79, p = 0.02), whereas no signi�cant correlation with sediment metals was evident for T-ChE
activity in digestive gland. Er-ChE activity in digestive gland correlated positively with sediment Ni (rPearson = 0.74, p = 0.03) whereas Er-ChE
activity in gills correlated with sediment Sn (rPearson = 0.80, p = 0.015). Lastly, Es-ChE activity in gills correlated with sediment Cu (rPearson =
0.81, p = 0.014). No signi�cant correlation with sediment metals was evident for Es-ChE activity in digestive gland (see Supplemental Data,
Table 22).

Pearson correlation analysis between biomarkers and tissue metals showed signi�cant positive correlation between MT in digestive gland
with tissue Cr (rPearson = 0.73, p = 0.03) as well as tissue Ni (rPearson = 0.77, p = 0.02); and for MT in gills with Cd (rPearson = 0.85, p = 0.007). T-
ChE activity in gills, correlated signi�cantly and positively with tissue Hg (rPearson = 0.76, p = 0.02) and Zn (rPearson = 0.83, p = 0.011). Likewise,
Er-ChE activity in gills also correlated with tissue Hg (rPearson = 0.82, p = 0.012) and tissue Zn (rPearson = 0.72, p = 0.04), and Er-ChE activity in
digestive gland also correlated signi�cantly with tissue Hg (rPearson = 0.76, p = 0.027) as well as with tissue Cr (rPearson = 0.70, p = 0.05). No
signi�cant correlation with sediment metals was evident for T-ChE activity in digestive gland nor for Es-ChE activity in both tissues (see
Supplemental Data, Table 23).

Step-Wise Multiple Regression (SWMR) was performed to determine the best set of predictor variables (Xi, in this case: water physical-
chemical parameters and metal concentrations in sediments and tissues) for the observed biomarker patterns (Yi = “criterion variables”). Two
sets of SWMRs were carried out: one set (termed “Regression A”) using sediment metal concentrations and water physical-chemical
parameters as predictor variables, whereas a second set (termed “Regression B”) used tissue metal concentrations and the same water
physical-chemical parameters used in Regression A (i.e., pH and DO). SWMR results are shown in Table 11.
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Table 11
Step-Wise Multiple Regression (SWMR) for biomarkers vs. water physical-chemical parameters and metal concentrations in sediment

(Regression A) and physical-chemical parameters and metals in tissue (Regression B). Only best model (and overall signi�cance level, p) and
best predictor variables are presented. Data in bold indicate signi�cant partial regression slopes (p < 0.05) of respective predictor variable;
Probability for entry: p < 0.15, probability for removal: p = 0.16 for all models). For T-ChE in Regression A, no signi�cant predictor variables

were found.
Regression A: Environmental parameters: physical-chemical data and sediment metal concentrations

Biomarker
(Yi )

Tissue Best Model Predictor
Variables (Xi)
in �nal model

Standard partial
regression coe�cient

p-value for partial
regression coe�cient

Adjusted
r2

Overall
Signi�cance
of Model

(Pr > F)

MT Dig.
Gland

pH + Cd + 
Pb + Sn

pH 0.95 0.001 0.49 0.002

Cd -0.52 0.005 0.74

Pb -0.54 0.007 0.95

Sn 0.22 0.107 0.97

Gills As + Temp 
+ Cu + pH 
+ Cd + DO

As 0.92 0.001 0.89 0.002

Temp 0.21 0.004 0.94

Cu -0.22 0.004 0.96

pH 0.19 0.007 0.98

Cd -0.18 0.007 0.99

DO -0.06 0.019 1.00

T-ChE Dig.
Gland

No variable
found

- - - - -

Gills Sn Sn 0.79 0.018 0.63 0.018

Er- ChE Dig.
Gland

Ni Ni 0.74 0.035 0.47 0.035

Gills Sn Sn 0.80 0.015 0.59 0.015

Es- ChE Dig.
Gland

Salinity + 
Cr

Salinity -1.32 0.002 0.29 0.005

Cr 0.98 0.007 0.82

Gills Cu + Temp 
+ Cd

Cu 0.54 0.033 0.60 0.014

Temp 0.45 0.044 0.76

Cd -0.31 0.124 0.84

Regression B: Environmental parameters: physical-chemical data and tissue metal concentrations

Biomarker
(Yi )

Tissue Best Model Predictor Variables (Xi) in
�nal model

Standard partial
regression coe�cient

p-value for
partial
regression
coe�cient

Adjusted
r2

Overall
Signi�cance
of Model

(Pr > F)

MT Dig.
Gland

Ni + pH Ni 0.61 0.005 0.53 0.002

pH 0.58 0.006 0.89

Gills Cd + pH + 
Hg + Pb

Cd 0.63 0.003 0.69 0.003

pH 0.57 0.005 0.84

Hg -0.40 0.016 0.94

Pb 0.16 0.13 0.97

T-ChE Dig.
Gland

Pb + 
Salinity

Pb 0.86 0.004 0.33 0.007

Salinity -0.69 0.010 0.81
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Regression A: Environmental parameters: physical-chemical data and sediment metal concentrations

Gills Zn + Temp Zn 0.75 0.002 0.64 0.002

Temp 0.48 0.012 0.89

Er- ChE Dig.
Gland

Hg + Cr + 
As + Temp

Hg 0.73 0.006 0.51 0.007

Cr 0.90 0.005 0.64

As -0.83 0.010 0.76

Temp -0.46 0.026 0.95

Gills Hg + As + 
Cr

Hg 0.89 0.002 0.62 0.004

As -0.69 0.010 0.86

Cr 0.32 0.116 0.91

Es- ChE Dig.
Gland

Salinity + 
Pb + Hg + 
Cd + Sn + 
pH

Salinity -1.19 0.00 0.29 0.001

Pb 0.61 0.00 0.92

Hg 0.39 0.001 0.95

Cd -0.23 0.002 0.97

Sn -0.11 0.003 1.00

pH -0.008 0.038 1.00

Gills Zn + 
Salinity

Zn 0.86 0.011 0.34 0.022

Salinity -0.62 0.036 0.69

As shown in Table 11, the best predictor variables for MT in digestive gland were pH, sediment Cd, Pb and Sn (Regression A, p = 0.002), and
tissue Ni (Regression B, p = 0.002), whereas for MT in gills, the best environmental predictor variables were temperature, pH and DO, and
sediment As, Cu and Cd (Regression A, p = 0.0012) and tissue Cd, Hg and Pb (Regression B, p = 0.003).

In the SWMR of the three ChE components, T-ChE activity in digestive gland was best predicted by tissue Pb and salinity (Regression B, p = 
0.007), while no suitable environmental predictor variables relating T-ChE activity in digestive gland with physical-chemical and sediment
metals were observed (Regression A). For T-ChE activity in gills, sediment Sn (Regression A, p = 0.018), and temperature and tissue Zn
(Regression B, p = 0.002) were the best predictor variables. Best predictor variables for Er- ChE activity in digestive gland were sediment Ni
(Regression A, p = 0.035) and tissue Hg, Cr, As and temperature (Regression B, p = 0.007), whereas for Er-ChE activity in gills they were
sediment Sn (Regression A, p = 0.015) and tissue Hg, As and Cr (Regression B, p = 0.004). For Es- ChE activity in digestive gland, the best
predictor variables were salinity and sediment Cr (Regression A, p = 0.005) and salinity, pH, and tissue Pb, Hg, Cd and Sn (Regression B, p = 
0.001). Es-ChE activity in gills was best predicted by temperature and sediment Cu and Cd (Regression A, p = 0.014), and salinity and tissue
Zn (Regression B, p = 0.022), respectively.

To distinguish the differential relationship between oyster biomarkers at the four study sites and the underlying physical-chemical gradient on
the one hand, and the suspected metal pollution gradient on the other hand, environmental variables were re-grouped using two sets of PCAs.
These served to partition the variance of the environmental parameters along a reduced number of orthogonal axes, thereby greatly reducing
the explanatory dimensions while not excluding inter-correlated variables (as is the case in stepwise multiple regression). The �rst PCA was
carried-out using the four physical-chemical parameters of salinity, temperature, pH and DO (Fig. 16). As before, station Ctg-1 was excluded,
for reasons described earlier (for eigenvectors, factor loadings, factor scores and correlations between variables and factors refer to
Supplemental Data, Tables 24, 25 and 26).

The PCA of the physical-chemical variables rendered two components with eigenvalues > 1, explaining 88.5% of the variation of the data
(FQ1: 50.6% and FQ2: 37.9%, Fig. 16). For FQ1, high loadings (and high squared cosine values) were due to salinity and DO, together
contributing 80% of its eigenvalue. For FQ2, high factor loadings were observed for pH and temperature, together contributing 87% of its
eigenvalue. The PCA, thus, successfully consolidated the four physical-chemical variables among two principal component axes. Stations
with high factor loadings for axis FQ1 were Taganga (Oct 2012 and Mar 2013), Santa Marta Marina (Oct 2012) and Ctg-2 (Oct 2012 and Mar
2013), characterized by high variance contributions of salinity and DO, and Ctg-2 station on both occasions presenting high negative factor
loadings. Axis FQ2 received high factor loadings from Santa Marta Marina (Mar 2013) and Barú (Oct 2012), with high variance contributions
of pH and temperature. For the station Barú (Mar 2013), the highest factor loading was from component FQ3 (eigenvalue of 0.36 and a 9.0%
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of contribution to total variance), being the temperature the environmental variable that contributed mostly to the eigenvalue. However, due to
its negligible variance contribution, component FQ3 was excluded in subsequent analyses.

Analogously, a second PCA was performed for the combined sediment and tissue metal dataset (Fig. 17, for eigenvectors, factor loadings,
factor scores and correlations between variables vs. factors, refer to Supplemental Data, Tables 27, 28 and 29).

The PCA of the metals data showed the conformation of four components with eigenvalues > 1, explaining 92.6% of the variation of the data
(M1: 40.0%, M2: 32.8%, M3: 12.1%, M4: 7.7%, Fig. 26). For component M1, high loadings (and high squared cosine values) were observed for
sediment Cr, Ni and Cd (with negative factor loading) and tissue Hg, Pb, Zn and Ni, together contributing 62.5% of the eigenvalue of M1. For
component M2, high factor loadings were observed for sediment Hg, Pb, Cu, Zn and tissue Sn, Cu, Cr and As (the latter two tissue metals with
negative factor loadings), together contributing 76% of the eigenvalue of M2. For Component M3, high factor loadings were observed for
sediment As and tissue Cd, together contributing 50.6% of the eigenvalue of M3. Finally, for component M4, only sediment Sn presented high
factor loading, contributing 27% of its eigenvalue.

Stations with high factor loadings (as well as high squared cosine values) for component M1 were Taganga (Oct 2012) and Barú (Oct 2012
and Mar 2013), as well as Ctg-2 (Mar 2013), with the Barú and Ctg-2 stations characterized by negative factor loadings, signifying relatively
low concentrations of the contributing metal species (i.e., sediment Cd, Cr, and Ni, and tissue Hg, Pb, Ni and Zn). Santa Marta Marina also had
high factor loadings for M1, but was better represented by the axis M2. Component M2 had high factor loadings from Santa Marta Marina
stations (both with positive factor loadings) and from both Taganga stations (both with negative factor loadings), on both sampling
occasions (Oct 2012 and Mar 2013), evidenced by relatively high sediment Cu, Hg, Pb and Zn and high tissue Cu and Sn concentrations in
Santa Marta Marina. Component M3 was not representative of any particular station (with low squared cosine values), even though Barú and
Ctg-2 (October 2012) had relatively high factor scores, due to elevated sediment As and tissue Cd, whereas the Santa Marta Marina and
Taganga had relatively low factor scores. Component M4, represented by sediment Sn, had a high signi�cant negative factor loading only
from Ctg-2 (Oct 2012) and positive factor loadings from Barú (Oct 2012).

Using each station’s factor scores with respect to the two physical-chemical PCA axes (FQ1 and FQ2) and the four metal PCA axes (M1, M2,
M3, M4), a series of step-wise multiple regressions (SWMR) was performed, in order to determine which of the consolidated environmental
gradients (represented by the six environmental principal component axes) best explained the observed pattern of the four biomarkers (MT, T-
ChE, Er- ChE and Es- ChE) in digestive gland and gills among the four stations. SWMR results are shown in Table 12.
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Table 12
Step-Wise Multiple Regression (SWMR) for biomarkers vs. environmental gradients represented by six principal components (FQ1, FQ2, M1,
M2, M3, M4). Only best model (and overall signi�cance level, p) and best predictor variables shown. Data in bold indicate signi�cant partial
regression slopes (p < 0.05) of respective predictor variable. Probability for entry: p < 0.15, probability for removal: p = 0.16 for all models. For

Er-ChE activity in gills, no signi�cant predictor variables were found.
Biomarker
(Yi )

Tissue Best
Model

Predictor Variables
(Xi) in �nal model

Standard partial
regression coe�cient

p-value for partial
regression coe�cient

Adjusted
r2

Overall
Signi�cance
of Model

(Pr > F)

MT Dig.
Gland

FQ2 + 
M1 + M2

FQ2 0.75 0.003 0.47 0.006

M1 0.48 0.014 0.70

M2 -0.39 0.028 0.90

Gills M3 + M1 M3 0.83 0.001 0.64 0.002

M1 -0.47 0.014 0.88

T-ChE Dig.
Gland

M3 M3 0.56 0.145 0.20 0.145

Gills M1 + 
FQ2 + 
M2

M1 0.61 0.037 0.27 0.044

FQ2 0.56 0.047 0.59

M2 0.36 0.143 0.72

Er- ChE Dig.
Gland

M1 M1 0.76 0.029 0.50 0.029

Gills no
variable
found

- - - - -

Es- ChE Dig.
Gland

M3 M3 0.60 0.113 0.25 0.113

Gills M3 + M1 
+ FQ1

M3 0.45 0.007 0.18 0.002

M1 0.87 0.001 0.32

FQ1 -0.79 0.001 0.95

The best consolidated predictor variables for MT in digestive gland were FQ2, M1 and M2 (adjusted r2 = 0.90, overall p = 0.006); whereas for
MT in gills, the best components were M3 and M1 (adjusted r2 = 0.88, overall p = 0.002). For the three ChE enzyme fractions, T-ChE activity in
digestive gland was best predicted by M3 (adjusted r2 = 0.20, overall p = 0.145), whereas for gills it was the combination of M1, FQ2 and M2
(adjusted r2 = 0.72, overall p = 0.044). For Er-ChE activity in digestive gland, the best model included only M1 (adjusted r2 = 0.50, p = 0.029). For
Es-ChE in digestive gland, the best predictor variable was M3 (adjusted r2 = 0.25, p = 0.113), whereas it was M3, M1 and FQ1 for Es-ChE in gills
(adjusted r2 = 0.95, p = 0.002). No signi�cant predictor variables were found for Er-ChE activity in gills.

Discussion
The results of the present study represent the �rst �eld measurements of metallothionein-like proteins (MT) and cholinesterase activity (ChE)
in oysters from the Colombian Caribbean coast as biomarkers of environmental health. Furthermore, the simultaneous measurement of 22
environmental co-variables (4 physical-chemical water parameters and concentrations of 9 metals in tissue and sediments), at 5 stations
along a gradient of approximately 250 km of coastline, during three time points, permitted the estimation of the relationship between
biomarkers (as criterion variables) and environmental co-variables, to identify relevant “predictor” variables and to test the hypothesis that MT
concentrations and ChE activity in oyster tissues are sensitive and informative indicators of contaminant exposure and/or effect at the
different sampling locations.

This study initially set out to compare environmental contamination patterns and biomarker responses in shell�sh along a presumed two-
dimensional contamination gradient, de�ned by organophosphates (OP), on the one hand, and metals on the other hand. However, whereas
we expected to encounter high pesticide concentrations in Barú (Barbacoas Bay), due to presumed agricultural inputs via the Dique Channel,
the sediment and tissue analyses, surprisingly, returned concentrations below detection limits for virtually all organochlorine (OCP = DDTs and
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HCHs) and OP compounds, for all �ve sampling stations (Aguirre-Rubi et al., 2017). Although these pesticide species used to be common
contaminants in environmental matrices in the past, their non-detection in the present study is in line with recent national trends indicating a
marked recent reduction of pesticide presence in coastal waters of Colombia, with current detection rates of 16% (Vivas-Aguas et al., 2012;
2015; Garcés-Ordoñez et al., 2016; INVEMAR, 2017). Nevertheless, low tissue concentrations of OPs, whose use is still permitted, might not as
much indicate diminished or discontinued use of these pesticides, but rather, low accumulation in tissues and sediments, due to their
inherently short environmental half-lives. Lastly, it cannot be ruled out that OCPs and OPs are still present in traces in the coastal environment,
but below current limits of detection (which ranged between 2–50 ng/kg for individual compounds).

The results of the metal analyses in oyster tissues (previously reported by Aguirre-Rubi et al., 2017) and in sediments (current study) indicate
ubiquity of metal contamination above background at every one of the �ve sampling stations and underline the disconcerting conclusion that
there are no “pristine” (i.e., low metal-concentration) regions in the Colombian Caribbean. The combinations of metals detected at different
stations and for sampling dates suggest diverse and variable natural and anthropogenic sources, including industry, domestic discharges,
and agriculture (Alonso et al., 2000; Morillo et al., 2004; Fernandez et al., 2007; UNEP; 2008; Olivero-Verbel et al. 2008). The measured
sediment concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb, Sn and Zn are consistent with other studies from Colombia and the greater Caribbean
that document locally-variable, elevated concentrations of these metals in �uvial, estuarine and coastal sediments, su�ciently high to
potentially cause toxic effects in macroinvertebrates and �shes in some cases (Alonso et al., 2000; Vallejo Toro et al., 2016; Barros- Barrios et
al., 2016; Tejeda- Benitez et al., 2016; Moncaleano et al., 2017 and 2018, Fernandez-Maestre et al. 2018; Carranza-Lopez et al. 2020). Metals
in the present study that had sediment concentrations above the TEL, as de�ned by Buchman (2008), were As, Cd, Cr, Cu, Hg and Ni.

In contrast to sediments, tissue metal concentrations were typically in the “low” range reported for the sentinel oyster Crassostrea virginica of
the US NOAA Mussel Watch Program (MWP, Kimbrough et al., 2008). This was the case for Cu, Pb, Zn (all stations), Sn (exception: Santa
Marta Marina Dec 2012 and Mar 2013, and Ctg-2 Oct 2012), As (exception: Taganga Oct 2012), Ni (exception: Taganga-Oct 2012) and Hg
(exception: Taganga Oct 2012 and Santa Marta Marina Oct 2012), with noted exceptions having tissue concentrations in the “medium” range.
The notable exception was tissue Cd, which exceeded the MWP “high” concentration threshold (15 µg/g) on two occasions (Barú-Oct 2013,
Ctg-1-March 2013) and the “medium” threshold on two other occasions (Ctg-1-Dec 2012 and Ctg-2-Oct 2012). Cd tissue concentrations also
exceeded the Colombian guideline for human consumption (1 µg/g) of National Resolution 122 of January 26, 2012.

The pattern of apparent metal accumulation in tissues with respect to surrounding sediments is consistent with the biota-sediment
accumulation factor (BSAF) pro�le described for C. virginica by Thomann et al. (1995), which tends to decrease in the order: Zn > Cd > Cu > Hg 
> As > Sn > Pb > Cr > Ni, with highest BSAFs (10–100) for Zn and Cd, intermediate values (BSAF 1–10) for Cu, As and Hg, and lowest BSAF
(typically < 1) for Sn, Pb, Cr and Ni. This suggests that the tropical cup oyster species monitored in the present study (Crassostrea rhizophorae
and Saccostrea sp.) accumulate metals in much of the same manner as C. virginica, indicative of similar physiological mechanisms at play.
Nevertheless, in the present study, despite having low apparent BSAF, tissue concentrations of Sn, Pb, Cr and Ni were found to correlate
signi�cantly with sediment metal concentrations, suggesting uptake via sediment-contact, whereas Hg, As and Cd, despite having much
higher apparent BSAF values, had rather weak correlations between tissue and sediment concentrations, suggesting uptake via other routes
(e.g., food or water). The high Cd tissue concentrations in the present study, compared to reference values, are consistent with laboratory
observations, such as those of Géret et al. (2002), that found signi�cant Cd accumulation in Crassostrea gigas after 21 days of exposure in
digestive gland (78 µg/g) and gills (38 µg/g), and Moncaleano et al. (2017) who showed rapid and nearly 130-fold Cd accumulation in
Saccostrea sp. over a 96 h exposure period, reaching �nal tissue concentrations as high as 297 µg/g, as well as Gueguen et al. (2017) for
Pinctada margaritifera, and Benali et al. (2017) for Mytilus galloprovincialis.

Biomarker and metal concentrations in tissues and sediments showed considerable variation among stations and sampling occasions,
precluding the de�nition of simple and station-speci�c or date-speci�c patterns. Moreover, biomarker measurements for a given sampling
location were often characterized by high internal variance, evidenced by large standard errors of the mean, resulting in often non-signi�cant
differences in ANOVA, despite considerable procedural efforts to reduce measurement variability (e.g., pooling 5 individuals per sample and
analyzing triplicate samples). Two-way ANOVA and post hoc analysis (Tukey HSD, p < 0.05) con�rmed signi�cant spatial variance in
biomarker responses among the �ve sampling stations (Santa Marta Marina, Taganga, Ctg-1, Ctg-2 and Barú) for each of the sampling dates
(October 2012 and March and October 2013), con�rming the absence of a station-speci�c and temporally- invariant biomarker “pro�le”.

The overall 5-6-fold range of variation of MT concentrations observed in the present study in oyster digestive gland (3.36–15.73 µg/mg
protein) and gills (1.65–9.30 µg/mg protein) is in line with previously reported MT concentrations for other ostreid species. Moncaleano et al.
(2017) reported mean MT concentrations of 8.6 ± 2.5 µg/mg protein in digestive gland and 9.3 ± 1.6 µg/mg protein in gills of �eld-collected
Saccostrea sp. exposed to seawater in the laboratory for 96 h (= controls). Likewise, Gold-Bouchot et al. (2007) reported MT concentrations
ranging between 4–32 µg/mg in digestive gland and gills of C. virginica collected in the Laguna de Terminos, Mexico; and Bernal- Hernandez
et al. 2010 reported MT concentrations in gills between 2.1–21.3 µg/mg in Crassostrea corteziensis from the Boca de Camichín estuary in
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Mexico. The higher MT concentrations in digestive gland compared to gills are consistent with previous studies (Amiard et al., 2006; Jenny et
al., 2004; Moncaleano et al., 2017).

The enzyme activities of the three different cholinesterase fractions analyzed, T-ChE (digestive gland: 15.1–49.1; gills: 14.5–69.1
nmol/min/mg protein), Es-ChE (digestive gland 6.2–58.6; gills 4.3–40 nmol/min/mg protein) and Er-ChE (digestive gland 3.6–19.4; gills 6.6–
46.8 nmol/min/mg protein), were very variable and somewhat higher when compared to the range reported by Moncaleano et al. (2018) for
�eld-collected Saccostrea sp., exposed to seawater (= controls) in the laboratory for 96 h (T-ChE in digestive gland: 5.2–28.1 and gills: 9.3–
16.4; Es-ChE in digestive gland: 3.5–16.9 and gills: 2.3–11.5; Er-ChE in digestive gland: 5.5–19.5 and gills: 5.4–12; activity expressed in
nmol/min/mg protein). Similar ChE activities have also been observed for several other bivalve species, with Bocquene et al. (1997) reporting
ChE activity of 28.1 ± 2.8 nmol/min/mg protein in gills of C. gigas; Mora et al. (1999) reporting 25.3 ± 7.7 nmol/min/mg protein in gills of M.
galloprovincialis activities; Valbonesi et al. (2013) reporting 5.8 ± 1.9 nmol/min/mg protein ChE in gills of Ostrea edulis and 16.7 ± 4.8
nmol/min/mg protein in gills of M. galloprovincialis; Peric et al. (2013) reporting activities less than 10 nmol/min/mg protein in gills of Arca
noae; and Bautista- Covarrubias et al. (2017) reporting 0.4–2.5 nmol/min/mg protein in gills of Crassostrea sp. during dry season and 8.3–
34.4 nmol/min/mg protein during rainy season.

None of the four biomarkers measured displayed evidence of marked induction (in the case of MT) or marked inhibition (in the case of ChE
activity) at any station, with values generally varying by less than a factor of 5 among stations or sampling occasions. This might be the
consequence of an inherently low dynamic range of these biomarkers, re�ecting tight metabolic control by oysters, or might be due to the fact
that contaminant concentrations in sediments and tissues were generally non-detectable (for OPs) or below toxicological thresholds (for the
majority of metals) likely to cause signi�cant up- or down-regulation of these biomarkers, which often tend to be 10 times higher in laboratory
exposures (Mourgaud et al. 2002; Moncaleano et al., 2017 and 2018).

Water parameters (temperature, salinity, dissolved oxygen, and pH) and the 9 metal species, analyzed in tissues and sediments, showed a
complex, multi-dimensional concentration pattern among the �ve sampling stations. To reduce the number of environmental variables and to
test the hypothesis that tissue biomarker correlated with broader contamination gradients, two separate PCAs were applied to distinguish the
variance contribution of contaminant co-variables from physical-chemical co-variables, resulting in a total of six principal environmental
components. Two distinct physical-chemical gradients were identi�ed, represented by two principal component axes, named FQ1 (correlating
with salinity and dissolved oxygen), and FQ2 (correlating with pH and temperature). These two main components were found to summarize
in a more holistic way the hydrographic environmental gradients experienced by oysters at the sampling stations (rather than the four
individual variables temperature, salinity, dissolved oxygen, and pH by themselves), bearing in mind that oysters are exposed to more than
one environmental variable at the same time.

In the case of the metals, four compositionally distinct gradients were identi�ed by PCA, one (M1) whose composition resembled an
“urban/industrial”-type contamination pro�le (de�ned by tissue Hg, Ni, Pb and Zn and sediment Cd, Cr and Ni), typical of Taganga Bay on one
extreme, which receives input from an underwater sewer outfall from Santa Marta, a second one (M2) suggestive of maritime antifouling
paint inputs (high tissue Cu, Sn), as exempli�ed by Santa Marta Marina), a third one (M3) characterized by likely riverine and agricultural
inputs (high tissue Cd and sediment As), characteristic of the three Cartagena/ Barbacoas Bay stations (Barú, Ctg-1 and Ctg-2), all in the
proximity of the Dique Channel, and a fourth (M4), represented by elevated sediment Sn concentrations, for which Barú, Taganga and Santa
Marta Marina (October 2012) had substantial associations.

Stepwise multiple regression between the biomarkers and the 6 PCA components con�rmed signi�cant correlations, between some of the
biomarkers and the two physical-chemical parameter gradients: For example, MT in digestive gland and T-ChE activity in gills correlated
signi�cantly with FQ2 (and individually with pH and temperature), whereas Es-ChE activity in gills correlated signi�cantly with FQ1 (and
individually with salinity and DO). On the other hand, MT in gills and T-ChE and Es-Che activity in digestive gland did not correlate
signi�cantly with any of the two principal FQs, nor did Es-ChE activity in either of the tissues, even though they showed weak correlations with
individual water parameters (e.g., MT in gills with temperature, pH and DO). The observed correlations between MT and ChEs with physical-
chemical variables (or the consolidated gradient axes) are plausible and consistent with other �eld studies that have shown these two
biomarkers to be modulated signi�cantly due to seasonal, oceanographic (i.e. temperature and salinity), nutritional and reproductive variation
(Escartin and Porte, 1997; Doran et al., 2001; Choi et al., 2011, Leiniö and Lehtonen, 2005), explaining why the amplitude of biomarker
responses in �eld studies generally tends to be greater than in controlled laboratory studies.

An important �nding of this study was that next to the physical-chemical parameters, tissue biomarkers also correlated signi�cantly with
three of the four metal component axes, with best predictor variables varying depending on biomarker: In the case of MT in digestive gland,
the best contaminant predictor variables were principal components M1 and M2, whereas for MT in gills, they were M3 and M1. For the three
ChE enzyme fractions, the most frequent predictor variable was M1 (for T-ChE gills, and Es-ChE in digestive gland and gills), followed by M3
(for T-ChE digestive gland, Es-ChE gills), with only one signi�cant correlation found with component M2 (T-ChE in gills). No signi�cant
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environmental predictor variables were found for Er-ChE activity in gills. Conversely, principal component M4 had no signi�cant correlation
with any of the biomarkers studied. Recalling that principal component M1 had strong loadings from sediment Cd, Cr and Ni, as well as from
tissue Hg, Ni, Pb and Zn, it appears that these proxies of urban-contamination are responsible for the modulation of �ve of the eight
biomarkers (MT-dg, MT-gi, T-ChE-gi, Es-Che-dg and Es-ChE-dg, with dg denoting “digestive gland” and gi “gill”, respectively). Environmental
component M2, represented by a gradient of sediment Cu, Hg, Pb and Zn and elevated tissue Cu and Sn concentration, best exempli�ed by
Santa Marta Marina (and inversely, by Taganga station), was a signi�cant predictor for only two biomarkers (MT-dg and T-ChE-gi). Lastly,
component M3, indicative of elevated sediment As and tissue Cd, was a signi�cant predictor of three biomarkers (MT-gi, T-ChE-dg and Es-ChE-
gi), which were elevated in Barú and Ctg-2. The results of the SWMR using the consolidated environmental gradients (summarized in
Table 12), thus, clearly show that MT and ChE biomarkers are modulated by a combination of physical-chemical and metal variables, of
which the metal gradients more frequently were selected as signi�cant predictor variables in SWMR (absolute frequency of inclusion in best
model: 10) compared to the physical-chemical gradients (absolute frequency of inclusion in best model: 3).

More speci�c analyses of the relationships between biomarkers and individual environmental variables using SWMR and Spearman
correlation helped to identify signi�cant individual environmental variables that might be directly (i.e., mechanistically) or indirectly (i.e., as
proxies of direct causes) involved in modulating the different biomarker responses. In the majority of SWMR models, positive correlations
were observed between biomarkers and metal variables, with tissue metals more frequently displaying positive partial regression coe�cients
(12 positive vs. 5 negative signi�cant standard partial regression coe�cients, Table 11) than sediment metals (7 positive vs. 5 negative
regression coe�cients). Combining the results of SWMR-A and B, the sum of positive signi�cant partial regression coe�cients was: 19
positives vs. 10 negatives, indicating a marked prevalence of positive correlations between biomarkers and metal concentrations. In contrast,
physical-chemical co-variables showed no preferred correlation pattern with biomarkers, with 7 positive and 7 negative regression coe�cients
for the totality of SWMR models examined.

The current �nding of apparent induction of MT in gills by Cd is consistent with results from controlled laboratory studies, such as Viarengo
et al. (1989) in M. galloprovincialis, who showed upregulation of MT in gills after 2 days of exposure to Cd. Similarly, Roesijadi et al. (1997)
demonstrated signi�cantly increased expression of MT in C. virginica after 2 days of Cd exposure (at 73-fold ambient concentrations), as did
Géret et al. (2002) in C. gigas after Cd exposure (200 µg/L) over 21 days. Likewise, Jenny et al. (2004) observed signi�cant upregulation of
MT gene transcription in gills and digestive glands of C. virginica exposed for 96 h to Cd (0.25–0.44 M, approx. 28–50 g/L), similar to Aceto
et al. (2011), who reported increased gene expression (MT-10, MT-10 Intronless, MT-20) in �eld-exposed M. galloprovincialis. Finally,
Yingprasertchai et al (2019) also reported an increased expression of sgMT due to Cd stress at 200 µg/L in the Sydney rock oyster Saccostrea
glomerata. Moncaleano et al. (2017) also observed up to two-fold increase of the MT concentrations in digestive gland and gills of
Saccostrea sp. exposed to Cd (100 µg/L, 96 h); Gueguen et al. (2017) reported signi�cant up-regulation of MT by Cd in Pinctada margaritifera,
noting furthermore that Cd stimulated signi�cant changes in the transcription of individual genes and Chan & Wang (2019) reported elevated
MT concentrations (20–70 µg/g wet wt.) in Crassostrea hongkongensis, related with a strongly detoxi�cation response for Cd in whole oyster
tissues. Nevertheless, the Cd concentrations measured in whole tissues in the present study (0.73–22.86 µg/g) were considerably below
those reported by previous authors to acutely induce MTs (e.g. Moncaleano et al. 2017 found that MT concentrations in digestive gland and
gills of Saccostrea sp. were invariant to acute Cd exposure < 100 µg/L over 96 h, corresponding to Cd whole-tissue concentrations of 30 µg/g),
suggesting that Cd exposure in the �eld was not quite high enough to produce marked site-speci�c differences in MT levels.

The apparent induction of MT in digestive gland by Ni is supported by observations by Mourgaud et al. (2002), who demonstrated that Ni
induces MT in M. galloprovincialis (as well as Cd, Cu, and Zn) and is also able to bind to MT proteins. Similarly, Attig et al. (2010) reported a
signi�cant increase of MT in digestive gland of M. galloprovincialis exposed to Ni at 2.5 µM and 13 µM, consistent with Costa et al. (1994)
who noted high a�nity of Ni for sulfhydryl groups of proteins, including MTs. Peric et al. (2012) also reported a strongly positive, albeit
statistically non-signi�cant correlation, between MT content and tissue Ni concentrations in M. galloprovincialis (Ni concentrations between
0.47 to 2.78 mg/kg). MT induction by Ni has been reported not only in bivalves but also in the cod Eleginus nawaga (Eriksen et al., 1990) and
in the copepod Tigriopus brevicornis (Barka et al. 2001). On the other hand, Amiard et al. (2008) did not �nd correlation between MT and Ni
concentrations in mussels exposed to Ni in �eld and laboratory conditions. For Zn, Peric et al. (2012) reported a positive correlation between
MT content and tissue Zn in M. galloprovincialis (Zn concentration 117–271 mg/kg). Nevertheless, other authors failed to observe increases
of tissue MT concentrations by Zn and Cu exposure (Géret et al., 2002; Jenny et al., 2004; Amiard et al.2008; Moncaleano et al, 2017).
Interestingly, Liu and Wang (2016) reported a signi�cant negative relationship between Cu, Zn, Cr and Ni with MT concentration for C.
hongkongensis and Crassostrea angulata, a �nding also reported for Crassostrea sikamea by Weng and Wang (2014) after Cu and Zn
exposure. This situation shows that there is still a lack of consensus regarding the effects of metals on metal regulation in bivalve species.
Undoubtedly, protein regulation responses vary among species, due to differences in metal sequestration mechanisms, such as scavenging
by metallothionein and other metal complexes or differences in metallothionein turnover rates that are still unknown and metals (Wang and
Rainbow, 2010).
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MT induction by As has been observed in Corbicula �uminea for aqueous As concentrations as low as 100 µg/L (Santos et al. 2007),
corroborating the strong correlations observed between As and MT in gills in the present study. For Hg, Géret et al. (2002) reported induction
of MT in gills in C. gigas, corresponding to Hg tissue concentrations of 22.6 ±3.9 µg/g in digestive gland and 74.8 ± 14 µg/g in gills, which is
very high compared with the tissue concentration of Hg in the present study (< 0.18 µg/g). Nevertheless, Mourgaud et al. (2002) reported that
Hg was not a signi�cant inducer of MT in M. galloprovincialis and neither was As, Cr and Pb. On the other hand, Gueguen et al. (2017)
reported signi�cantly up-regulated expression of MT in in P. margaritifera upon Cr exposure concentrations between 1–10 µg/L, even though
Cr accumulation was low, with Cr tissue concentrations < 10 µg/g dry weight, which is comparable to the Cr concentrations in the present
study (0.23–9.14 µg/g). Despite Cr not being selected in the SWMR models as a signi�cant predictor variable of MT, single Pearson
correlations between MT and Cr did show signi�cant correlations. However, due to the strong covariance between Cr and Ni, SWMR models
favored the inclusion of Ni over Cr, due to a higher partial regression coe�cient.

Finally, some authors have shown that variation in MT content is not due exclusively to metal concentrations but related to other
environmental and biological factors as well. For example, Geffard et al. (2001) reported that MT levels in digestive glands of C. virginica in
the Gironde estuary (France) were strongly affected by seasonal variations and body size, while Raspor et al. (2004) observed that variations
in MT content of M. galloprovincialis (digestive gland) were partially explained by inherent biological co-variables, such as sexual maturation,
gland size and food availability. Similarly, Leiniö and Lehtonen (2005) observed signi�cant seasonal variations in MT content in Mytilus
edulis and Macoma balthica, whereas Amiard et al. (2006) noted a low correlation between MT concentrations and environmental metal
concentrations in aquatic invertebrates, which they attributed to differential responses of different isoforms of MT.

Ivanina et al. (2009) reported a signi�cant temperature effect on MT expression in C. virginica, whereas Riba et al. (2003) observed an inverse
effect of pH and salinity on the uptake of Zn and on MT concentrations in Ruditapes philippinarum. Other studies, likewise, have reported
considerable negative correlation between salinity and MT levels in the digestive gland of mussels M. galloprovincialis (Ivanković et al 2005;
Hamer et al. 2008, Sun et al. 2018). Considering these results, it, therefore, comes as no surprise that temporal and spatial differences in MT
concentrations in the present study, as con�rmed by ANOVA, were partially explained by environmental co-variables, such as pH (MT-dg and
MT-gi) and temperature (MT-gills) in the SWMR, consistent with high regression coe�cients of the consolidated principal component FQ2
(carrying strong factor loadings from pH and temperature).

The failure to observe pronounced inhibition of ChE activity at any of the locations in the present study is consistent with the overall �nding
of non-detectable OP concentrations in sediments and oyster tissues. Whereas ChE activity can be modulated by subtle differences OP and
carbamate exposure concentrations (Montserrat et al., 2002, 2007, Bernal- Hernandez et al., 2010), the consistent failure off detecting OPs in
sediments and tissue argues against using variations in OP concentrations to explain the spatial and temporal variations in the activity of the
three cholinesterases observed, and, instead, suggests in�uences of other environmental and/or biological variables. Next to OPs and
carbamates, ChE activity is known to be affected by a variety of metals, as well as PAHs, hydrocarbons, detergents, phytotoxins and other
classes of pesticides such as neonicotinoids (Magni et al. 2006; Senger et al. 2006; Choi et al. 2011; Moncaleano et al., 2018), only a fraction
of which were measured in in the present study. In this respect, it is peculiar that enzyme activity of the three kinds of ChEs tended to correlate
positively with many the analyzed metal species in sediments (Cr, Cd, Cu, Ni and Sn) and tissues (As, Cd, Cr, Hg, Pb, Sn, and Zn). We
conjecture that the generally positive correlation between ChE activity and metal concentrations might be due to a stimulatory effect of
metals on ChE expression of oysters, perhaps by a global up-regulation of stress responses, resulting in increased production of ChE protein
(among others), even though each enzyme molecule by itself might be susceptible to kinetic inhibition by metals. Since sediment metal
concentrations (and therefore water concentrations) were generally low (i.e., below TEL for most metals), exposure concentrations might
simply not have been high enough to elicit kinetic inhibition of ChEs. Therefore, it is quite possible that oysters with elevated ChE activities
were "up-regulating" ChE protein concentrations, as part of a non-speci�c stress response to metals and other, unmeasured, environmental
contaminants. Interestingly, the few metal species whose tissue concentrations did correlate negatively with ChE activity, namely As (standard
partial regression coe�cient rs = -0.69 and − 0.83, for Er-ChE-dg and Er-ChE-gi), Cd (rs = -0.23, for Es-ChE-dg) and Sn (rs = -0.11, for Es-ChE-dg)
were those for which tissue concentrations exceeded the “medium” or “high” thresholds relative to MWP reference values, as was
characteristic of oysters from Barú and Ctg-2, where tissue Cd and tissue As were high but ChE activity low. An inhibitory effect of Cd on
cholinesterases has been con�rmed for various bivalve species, including M. galloprovincialis (Magni et al. 2006, Tsangaris et al., 2010),
Adamussium colbecki (Bonacci et al., 2006, Cravo et al., 2012), Ruditapes decussatus (Cravo et al. 2012), Meretrix casta (D’Costa et al. 2017)
and Saccostrea sp. (Moncaleano et al., 2018), supporting the possibility that oysters with elevated tissue Cd and relatively low ChE activities,
as was the case for oysters from Barú and Ctg-2, might have been inhibited by Cd. Regarding As, laboratory studies have shown both
signi�cant inhibition of ChE activity by As in the freshwater clam Lamellidens marginalis (Chakraborty et al., 2012), as well as induction of
ChE expression by As in Perna indica (Rajkumar et al. 2013). Negative correlations between ChE activity and Cu and Cr (as observed in C.
virginica by Gold Bouchot et al., 2007) and Ni in M. galloprovincialis (Attig et al., 2010) are not corroborated by our �eld results.
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Next to metals, variations in ChE activity in gills were also partially explained by physical-chemical variables (salinity, temperature, and pH)
with negative correlations prevailing over positive regressions in SWMR models (6 negative regression coe�cients vs. 2 positive regression
coe�cients). Among the four physical-chemical variables, salinity returned strongly negative partial regression coe�cients (rs < -0.5, with T-
ChE-dg, Es-ChE-dg and Es-ChE-gi) whereas temperature showed predominantly positive regression coe�cients (rs > 0.5, with T-ChE-gi and Es-
ChE-gi), whereas regression coe�cients for pH as a predictor of ChE activity where negligible (rs = -0.008, with Es-ChE-dg).

The three-way ANOVA showed that next to spatial and temporal effects (due to spatial- temporal variations in environmental predictor
variables), the concentration of MT and the activity of the three different types of cholinesterases (T-ChE, Es-ChE and Er-ChE) were also
in�uenced by the type of tissue (digestive gland or gills). This biological source of variability is well-known, and Lowe & Day (2002), Gold-
Bouchot et al. (2007), Bernal- Hernandez et al. (2010) and Andrade-Brito (2012) have all recommended gills as the most suitable tissue for the
measurement of biomarkers, �rst because gills represent the largest surface area in contact between the individual and the environmental,
and second, because gill tissues are highly permeable, which favors rapid uptake of waterborne contaminants, as the �lter-feeding process
not only retains food, but also a wide variety of other particulate and dissolved substances, including metals and pesticides. For MT, the use
of the gill as well as digestive gland is common, since next to being sensitive to MT exposure they also tend to display highest MT
concentrations (Bebianno et al., 1993; Mackay et al., 1993; Baudrimont et al., 1997; Mouneyrac et al., 1998; Geffard et al., 2001; Ceratto et al.,
2002), compared to other tissues, such as muscle. For cholinesterases, previous studies have reported high activity and sensitivity in the gill,
mantle, and adductor muscle (Monserrat et al., 2002; Damiens et al., 2004; Bernal-Hernández et al., 2010), yet also in digestive gland
(Bocchetti et al., 2008; Moncaleano et al. 2018). The sensitivity of MT and ChE activity in both gill and digestive gland tissue, as observed in
the present study, shows that both tissues are suitable for the measurement of these biomarkers in future monitoring programs in Colombia,
even though each tissue responds in a different manner to environmental variables.

This study demonstrated that MT and ChE activity in cup oysters varied signi�cantly between stations and sampling dates, which was
explained to a large extent by variations in environmental parameters, including physical-chemical water variables (T, S, pH and DO) and
sediment and tissue metal concentrations, which differed among stations and sampling dates. The consolidation and re-partitioning of
environmental co-variables, from 22 dimensions (i.e., 4 physical-chemical water parameters, 9 tissue metals and 9 sediment metals) to only 6
main components greatly helped in data reduction and for de�ning major orthogonal environmental gradients and for estimating relative
weight of each. The integrated analysis (excluding Ctg-1 station, due to data de�ciency and untypically high ChE activities), showed that MT
and cholinesterase biomarkers responded differentially to the principal environmental gradients, indicating non-redundancy of the two
biomarkers. The inclusion of metal gradients as signi�cant explanatory variables in stepwise multiple regression models for all but one of the
7 biomarkers variables, highlights their probable mechanistic involvement in modulating the observed biomarker responses. Nevertheless,
bearing in mind that the environmental gradients were derived from two separate PCAs, it is entirely possible that the 2 physical-chemical
gradients (FQ1 and FQ2) and the 4 metal gradients (M1, M2, M3, M4) were not strictly orthogonal (i.e., statistically independent), but
interrelated, resulting in the favoring of one over the other in the SWMR models, even though both might be part of the same gradient.

Conclusions
The present study produced no evidence of current organophosphate contamination and cholinesterase activity inhibition in tropical cup
oysters and coastal sediments at �ve monitoring stations along the Colombian Coast. In contrast, metal contamination was found to be
ubiquitous, with different and spatial-temporally complex concentration patterns in sediments and oyster tissues at different sampling sites
and sampling occasions, indicative of compositionally and temporally variable metal exposure. Three compositionally distinct contamination
gradients were de�ned using PCA: (1) an “urban/industrial”-type, de�ned by Hg, Pb, Cr, Ni and Zn (typical of Taganga Bay), (2) one suggestive
of maritime antifouling paint inputs (e.g., Cu, Sn, as exempli�ed by Santa Marta Marina) and (3) a contamination type characterized by likely
riverine and agricultural contamination inputs (Cd and As), characteristic of the three Cartagena/ Barbacoas stations (Barú, Ctg-1 and Ctg-2),
all of which lie in the proximity of the Canal de Dique, which drains extensive agricultural areas. For most metals studied, concentrations in
sediments were below probable effects levels (PEL) and, therefore, unlikely to cause signi�cant adverse effects in resident biota. In line with
this, metal concentrations in whole oyster tissue tended to be low to moderate for most metals analyzed, except for Cd, which exceeded the
Mussel Watch Program “high” level in two locations (Barú and Ctg-1). Metallothionein-like proteins and the three operationally de�ned
cholinesterase activity fractions measured in oyster digestive gland and gills varied by a factor of 5–6 among the �ve monitoring stations,
with average biomarker values correlating positively (yet distinctly for each biomarker) with the three metal contamination gradients.
Nevertheless, neither contamination pro�les in sediment and oyster tissues, nor biomarker patterns were station-speci�c, displaying high
temporal variability between sampling occasions, suggesting high spatial-temporal variability in contamination inputs or in�uences by other
environmental co-variables. Consistent with the generally low to moderate metal concentrations in sediments and bivalve tissues, levels of
the four protein biomarkers studied (MT, T- ChE, Es-ChE and Er- ChE), were inconspicuous and comparable (within a factor of 5) to baseline
values reported for other bivalve species, showing little evidence of substantial induction (in the case of MT) or inhibition (in the case of ChE
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activity). This suggests that the general contamination status of oysters taken from two principal urban coastal areas along the Colombian
Caribbean (Cartagena and Santa Marta) is within baseline ranges of other bivalve species. Nevertheless, although varying only moderately in
amplitude, biomarker levels did show statistically signi�cant variations among sites and sampling occasions, with differences in biomarker
levels correlating in a predominantly positive manner with differences in metal concentrations and physical-chemical conditions, indicative of
sub-lethal biochemical effects. This suggests that oysters are indeed responding, albeit within a moderate and narrow amplitude, to
differences in metal and physical-chemical exposure in their surroundings. The correlation of different biomarkers with different
contamination gradients (identi�ed by principal component analysis) as well as natural physical-chemical gradients shows that the studied
biomarkers are susceptible to modulation by both kinds of environmental factors. Notably, higher MT concentrations in digestive gland and
gills correlated with elevated tissue Ni and Cd concentrations (as well as higher pH), whereas T-ChE and Es-ChE activity correlated positively
with tissue Pb and Zn (as well as salinity and temperature, in the case of T-ChE activity). On the other hand, Er-ChE activity correlated
positively with tissue Hg and Cr concentrations (as well as temperature), underscoring the sensitivity of the different individual biomarkers to
different environmental variables, and highlighting the fact that biomarker responses are heterogeneous and distinct. As a general trend, MT
and ChE activity tended to correlate positively with tissue metal concentrations, indicative of a tendency towards up-regulation of these
biomarkers by metals. While this is to be expected for MTs, the positive correlation (rather than inhibition) between ChE activity and tissue
metals is surprising and currently unexplained. Whereas the lack of clear ChE inhibition in oysters is consistent with non-detectable OP
concentrations in oyster tissues and sediments, the positive correlations of ChE activity with some metals support the conclusion that ChEs,
rather than being speci�c biomarkers of organophosphate and carbamate exposure, may in fact, be inducible by metals (or correlate
positively with other non-metal covariables). This apparent sensitivity of ChE activity to metal exposure seems to make cholinesterases more
general indicators of contaminant exposure and suggests their re-consideration in environmental monitoring programs in a broader way.
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Figures

Figure 1

Study Area, with the 5 sampling stations indicated. (Figure 10 in the manuscript.)
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Figure 2

Metallothionein-like protein (MT) concentration (µg MT/mg protein, mean ± 1 SE) in digestive gland and gills of cup oysters, for �ve different
sampling stations (Taganga, Santa Marta Marina, Barú, Ctg-1 and Ctg-2) on three sampling dates (October 2012, March 2013, and October
2013). Triangle matrix above: asterisk (*) indicates statistical difference at p<0.05; NS: no signi�cant difference between stations (Tukey
pairwise comparisons, for �xed date, p>0.05). (Figure 11 in the manuscript.)
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Figure 3

Total cholinesterase (T-ChE) activity (mean ± 1 SE) in digestive gland and gills of cup oysters, for �ve different sampling stations (Taganga,
Santa Marta Marina, Barú, Ctg-1 and Ctg-2) on three sampling dates (October 2012, March 2013, and October 2013). Triangle matrix above:
asterisk (*) indicates statistical difference at p<0.05; NS: no signi�cant difference between stations (Tukey pairwise comparisons, for �xed
date, p>0.05). (Figure 12 in the manuscript.)
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Figure 4

Eserine-resistant cholinesterase (Er-ChE) activity (mean ± 1 SE) in digestive gland and gills of cup oysters, for �ve different sampling stations
(Taganga, Santa Marta Marina, Barú, Ctg-1 and Ctg-2) on three sampling dates (October 2012, March 2013, and October 2013). Triangle
matrix above: asterisk (*) indicates statistical difference at p<0.05; NS: no signi�cant difference between stations (Tukey pairwise
comparisons, for �xed date, p>0.05). (Figure 13 in the manuscript.)
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Figure 5

Eserine-sensitive cholinesterase (Es-ChE) activity (mean ± 1 SE) in digestive gland and gills of cup oysters, for �ve different sampling stations
(Taganga, Santa Marta Marina, Barú, Ctg-1 and Ctg-2) on three different sampling dates (October 2012, March 2013, and October 2013).
Triangle matrix above: asterisk (*) indicates statistical difference at p<0.05; NS: no signi�cant difference between stations (Tukey pairwise
comparisons, for �xed date, p>0.05). (Figure 14 in the manuscript.)

Figure 6

PCA (Components 1 to 6) of water physical-chemical parameters (salinity, temp, pH, DO), tissue metal and sediment metal concentrations
(Sn, Hg, Pb, Cr, Cu, Zn, As, Cd and Ni) and biomarkers (MT, T-ChE, Er-ChE and Es-ChE) for four sampling stations (Taganga, Santa Marta
Marina, Barú, and Ctg-2, excluding Ctg-1) in October 2012 and March 2013. Units on axes indicate respective factor scores. Variance
contribution (%) indicated for each principal component axis (A-PC1 and PC2, B-PC3 and PC4, C-PC5 and PC6). Lines indicate eigenvectors of
individual variables; square symbols mark factor scores of individual sampling stations. (Figure 15 in the manuscript.)
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Figure 7

PCA (Components FQ1 to FQ4) of water physical-chemical parameters (salinity, temperature, pH, DO), for the four sampling stations
(Taganga, Santa Marta Marina, Barú, and Ctg-2, excluding Ctg-1) in October 2012 and March 2013. (Figure 16 in the manuscript.)

Figure 8

PCA (Components M1 to M4) of tissue and sediment metal concentrations (Sn, Hg, Pb, Cr, Cu, Zn, As, Cd and Ni) for the four sampling
stations (Taganga, Santa Marta Marina, Barú and Ctg-2, excluding Ctg-1) in October 2012 and March 2013. (Figure 17 in the manuscript.)


