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Artisanal and small-scale gold mines (ASGMs) have been accompanied by widespread
usage of mercury amalgamation to extract gold from ores, putting Indonesia among the
top three global emitters of this pollutant and posing potential risks to the marine
ecosystem and human health. Although the use of mercury has been largely eliminated
following the signature of the Minamata Convention on Mercury, the practice of mercury
amalgamation in ASGM has persisted in several regions, including the North Sulawesi.
This study assesses how on the contamination of mercury and other trace elements
coming from both industrial mines and ASGMs affects marine sediments and their
bioaccumulation in two tissues (body wall and guts) of the edible holothurian Holothuria
(Halodeima) atra, by comparing samples collected downstream of four mining areas to
four control sites in the North Sulawesi province, Indonesia. In sediments, mean
concentrations of arsenic, gold, cobalt, chromium, copper, mercury, nickel, lead,
antimony, and zinc were significantly higher at sites receiving mine discharges than at
control sites. Downstream to gold mines, compared to control sites, significant higher
concentrations of As, Au, Cr, Hg, and Ni in holothurians body walls and of As, Au, Co, Cr,
Cu, Hg, Pb, Sb, Sn, and Zn in holothurians guts were found. In general, higher
contaminations in sediments and tissues were found at the site near the oldest artisanal
mine. Trace element levels in H. atra specimens in North Sulawesi were generally higher
than those reported in other regions. In the study area, these holothurians significantly
in.org May 2022 | Volume 9 | Article 8636291
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bioaccumulate Hg, As, Zn, Cd, Cu, Sn, and biota-sediment accumulation factors were
higher in guts than in body walls. From an environmental and human health perspective,
Hg is resulted the most concerning element in surface sediment and H. atra specimens.
Based on this evidence, further studies are urgently needed to understand better the effect
of mercury and other potentially toxic trace elements in marine ecosystems and food webs
in mining areas both in North Sulawesi and in many still poorly investigated southeast
Pacific areas.
Keywords: heavy metals, pollution, lollyfish, trepang, sea cucumbers, artisanal mines, coral reef, coral triangle
INTRODUCTION

Toxic trace elements including arsenic (As), cadmium (Cd),
cobalt (Co), chromium (Cr), copper (Cu), mercury (Hg),
nickel (Ni), lead (Pb), antimony (Sb), tin (Sn) and zinc (Zn)
can accumulate in marine and coastal environments, derived
from natural processes, including rock weathering, volcanic
emissions, and aeolian transport, and human activities. Swift
industrialization, economic development, and urbanization in
coastal regions has contributed to an increase of trace elements in
seas, in estuarine and coastal habitats (Jiang et al., 2014). This
increasing spread of trace elements and other pollutants from
anthropogenic activities threatens local species and humans and
has assumed global relevance (Long and Chapman, 1985; Ponti
et al., 2021).

Mining activities are among the main causes of mobilization
and release of trace elements into the environment (Marmolejo-
Rodrı ́guez et al., 2011). In the North Sulawesi province
(Indonesia), as in many other areas of the Coral Triangle
(sensu Veron et al., 2009), industrial and artisanal gold mining
activities are widespread. While industrial gold mines generally
use the cyanidation method, artisanal and small-scale gold mines
(hereafter ASGMs) still employ Hg amalgamation to extract gold
from ores (Bose-O’Reilly et al., 2010; Edinger, 2012). ASGMs are
considered a major source for emission and release of Hg
worldwide (Velásquez-López et al., 2010; Cordy et al., 2011;
Odumo et al., 2014; González-Merizalde et al., 2016; Oke and
Vermeulen, 2016), with 410-1040 tons of employed Hg per year
corresponding to ca. 37% of total anthropogenic Hg emissions
(Futsaeter and Wilson, 2013). Moreover, Hg (as cinnabar, a form
of mercury sulfide), As, and Sb can be present in many gold
deposits (Edinger, 2012). Mine tailings, even when stored in
artificial closed ponds, as occurs in industrial mines, may be
dispersed in the catchment basin due to heavy rain and flooding
events, frequent in tropical areas (González-Valoys et al., 2022).

After the discovery of the Minamata neurological disease,
caused by severe Hg poisoning in the Minamata Bay (Japan)
from a local chemical factory in the 1956 (Eto et al., 2010),
numerous studies were carried out on the bioaccumulation and
marine food web transfers of potentially toxic trace elements
(e.g., Bryan and Langston, 1992; Wang, 2002; Gao and Chen,
2012; Li et al., 2017; Murillo-Cisneros et al., 2019). A large
number of chemical and biological mediated processes can
contribute to trace element mobilization from rocks and soils
in.org 2
(e.g., Carrillo‐González et al., 2006; Sessitsch et al., 2013;
Sánchez-Donoso et al., 2021). After being released from
natural or anthropogenic sources like factories, mines,
shipping, dumping, or harbors to the marine environment,
soluble trace metal species are accumulated in sediments
through physical, chemical, and biological processes. For
example, bacterially mediated processes can methylate Hg once
it is available at the sediment-water interface as metallic Hg or in
metastable phases. Then methylmercury (MeHg) is acutely toxic
and readily biomagnifies up marine food webs (Edinger, 2012).
The sedimentation of trace elements is quickened thanks to the
high salinity of seawater that enhances the aggregation of
suspended particles; therefore, sediment is considered the main
sink for trace elements (and other pollutants) in urbanized
coastal ecosystems (e.g., Du Laing et al., 2009; Jonathan et al.,
2011; Qian et al., 2015; Birch et al., 2020).

Given their bioaccumulation and toxic effects on aquatic
organisms, trace metals analyses are usually included in marine
environmental monitoring programs (e.g., Badr et al., 2009;
Greggio et al., 2021). Benthic communities involved in detrital-
based food webs are frequently subjected to effluent waste from
anthropogenic sources: high levels of trace elements in sediments
might mean an ecotoxicological threat for benthic invertebrates
(e.g., Bryan and Langston, 1992; Rainbow, 2002; O’Brien and
Keough, 2014). In particular, being deposit-feeders and
scavengers, many holothurians represent a relevant step in
transferring of pollutants from sediments to marine food webs
(Aydın et al., 2017). They play major roles in sediment
bioturbation (Uthicke, 1999) and are preyed upon by many
taxa, thereby transferring accumulated toxic elements to higher
trophic levels (Purcell et al., 2016). Some holothurians are also
food for humans. They are mainly eaten in Asia, where are
regarded as traditional medicine, delicacies and aphrodisiacs
(Aydın et al., 2017).

The target species of the present study is Holothuria
(Halodeima) atra, commonly known as black sea cucumber or
lollyfish. It is an intertidal and shallow-water species widely
distributed in the tropical Indo-Pacific region and one of the
most frequently encountered in Indonesia (Conand, 1998;
Bellchambers et al., 2011). Inshore shallow-water populations
are often dense and composed of small individuals (about 20 cm
and 0.2 kg live weight, on average) that reproduce mostly by
transversal fission (Hartati et al., 2019; Hartati et al., 2020).
Individuals of deeper or outer reef populations are more
May 2022 | Volume 9 | Article 863629
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scattered and larger (up to 45 cm and 1 kg live weight) and
reproduce sexually more frequently (Conand, 1998). Preferring
habitats rich in organic matter, this species plays a relevant role
in nutrients recycling and sediment reworking in tropical sea
bottom (Conand, 2004). It is considered a deposit-feeders and
scavenger species that feeds on bacteria and detritus but may
digest microalgae and cyanobacteria as well (Uthicke, 1999;
Retno et al., 2020). H. atra also has relevant commercial
importance for the Asian markets (Toral-Granda et al., 2008;
Purcell et al., 2012; Setyastuti and Purwati, 2015). According to
the Red List of threatened species provided by the International
Union for the Conservation of Nature (IUCN), the conservation
of this species is considered of least concern (Conand
et al., 2013).

This study focuses on the contamination of mercury and
other trace elements coming from both industrial mines and
ASGMs in marine sediments and their bioaccumulation in two
tissues (body wall and guts) of the edible holothurian Holothuria
(Halodeima) atra, by comparing samples collected in coastal
areas downstream of four mines and at four control sites in the
North Sulawesi province, Indonesia. Overall, 12 potentially toxic
trace elements were investigated (As, Au, Cd, Co, Cr, Cu, Hg, Ni,
Pb, Sb, Sn, and Zn), of these four are particularly linked to gold
mining and therefore should be more abundant in sediments and
holothurian tissues at sites close to the four mines than at the
control sites: Hg, used in ASGMs for gold extraction and often
associated to gold deposits; As and Sb, abundant in gold deposits
in the region; and Au, the target of mining activities.
MATERIALS AND METHODS

Study Area and Watershed Analysis
The present study was carried out in the North Sulawesi
(Indonesian: Sulawesi Utara) province and included four
putatively impact sites and four control sites randomly
interspersed among the impact ones (Figure 1; Supplementary
Material S1; Table S1.1; Figure S1.1). This tropical area is
affected by monsoon winds and uneven rainfall (mainly from
November to April), with annual rates ranging from 1,000 to
5,000 mm. Air temperature ranges from 22 to 30°C (25°C on
average), while sea surface temperature ranges from 27 to 29°C1.

Impact sites were chosen as closest as possible to the mouth of
streams or rivers flowing through mining areas, identified based
on a watershed analysis performed with the GRASS’ “r.watershed”
algorithm in QGIS 3.16 (QGIS Development Team, 2021) using
the digital elevation model by the Shuttle Radar Topography
Mission (SRTM 4.1; horizontal resolution of 90 m at the
equator). Maps resulting from the watershed analysis are
reported in Supplementary Material S1. These impact sites
correspond to different types and periods of gold mining activities.

The first impact site was chosen at Totok Bay (labeled as TB;
Figures S1.1a, S1.2), where ASGMs were established in the mid-
19th century. Totok Bay and the nearby Buyat Bay (Buyat-
1Climate date from the NOAA Climate.gov.
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Ratatotok district; Turner et al., 1994) are areas already known
for pollution from gold mines. From 1996 to 2004, Buyat Bay was
affected by a submarine tailing disposal of an industrial gold
mine (Blackwood and Edinger, 2007; Lasut and Yasuda, 2008;
Edinger, 2012). Totok Bay, separated by a discontinuous
peninsula, is mainly affected by the wastewater and surface
percolation from the ASGM (Blackwood and Edinger, 2007).
Lasut et al. (2010) sampled surface sediments from the beach,
river estuary, and marine shallow bottom, and some specimens
of soft corals, seaweeds, seagrasses, mollusks, crabs, and fishes
from both bays, as well as the scalp hair of residents in the area.
Total mercury and MeHg were detected in all samples, with the
highest concentrations at Totok Bay and intermediate
concentrations at Buyat Bay compared to the control area. The
second impact site was chosen at the mouth of Talawaan River
(TR; Figures S1.1b, S1.3) downstream of the Talawaan-Tatelu
ASGMs, established in 1997. Here, Kambey et al. (2001) found
that fish from the affected area had a mercury content 30 times
higher than those from the reference site. The third impact site
was chosen at Pantai Surabaya (PS; Figures S1.1c, S1.4),
downstream to the Toka Tindung industrial mine, operating
since 2010. There are no published pollution studies for this area.
The fourth impact site was chosen at the mangroves (M1;
Figures S1.1d, S1.5) between the Coral Eye resort and an
industrial mining site under preparation on the west side of
Bangka Island, whose soil handling works started in 2014. The
start of mining activities immediately raised concern for local
coral reefs’ health (Ponti et al., 2016). The mine was officially
closed in 2017 after the Supreme Court of Jakarta accepted a
lawsuit filed by residents and tour operators.

Control sites were randomly located at Lihunu Bay (LB;
Figure S1.1e), at the North-west Bangka Island mangroves
(M2; Figure S1.1f), at Tumbak Island (TI; Figure S1.1g), and
close to the Tasik Ria Resort (TR; Figure S1.1h).
Sampling and Sample Processing
All sampling activities took place from June to August 2017, at
times chosen around the peak of low tide in a range of depth
between -0.9 and 2.8 m below the mean lower low water (Table
S1.1). Tide levels were calculated by the freeware software
WXTide2, using the closest subordinate harmonic data station
available (i.e., Manado or Lembeh Strait).

Three replicate samples of undisturbed surface sediment (top
5 cm) were randomly taken by a plastic scoop at each site to
measure grain size and trace element concentration in the
sediments. The sampler was washed in deionized water to avoid
any contamination after every sampling. Each sample was
collected and stored in new low-density polyethylene (LDPE)
grip seal bags. All sediment samples were oven-dried at 50°C for
24 h. After a pre-sieving at 2000 mm to remove coral rubbles and
large shells, a portion of 10 g from each sample was taken for
further chemical analysis. Medium and coarse sand (2000 – 250
µm), fine sand (250 – 63 µm), and mud (silt and clay, < 63 µm)
2http://www.wxtide32.com
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sediment content was measured as dry weight percentage after
sieving using certified stainless-steel sieves (Guerra et al., 2009).

At each sites, the population density of H. atra was estimated
by counting individuals along three belt transects (100 × 4 m, i.e.,
400 m2), carried out at least 10 m apart either by snorkeling or on
foot, depending on the depth and tide conditions (Bellchambers
et al., 2011). Then, eight specimens of H. atra were collected in
the intertidal zone to measure trace element concentrations. To
avoid differences in bioconcentration among individuals due to
different ages, and therefore time exposures, the collected
individuals were of similar size (~ 20 cm in length; mean wet
weight: 103.7 ± 8.7 g) (Denton et al., 2009). Specimens were
transported alive in plastic grip seal bags with seawater until they
were placed in 20-liter aquariums with aerators, four specimens
per aquarium, to purge their intestinal sediment. After 24-48
hours in the aquarium, the specimens were put in large beakers
with a solution of 8% MgCl2 in seawater for 30 min for tissue
relaxing. Later, the samples were washed with tap water and
dried on the surface with paper towels, weighted (for wet mass
measures), and dissected by a longitudinal incision from the anus
to the mouth, in order to separately analyze the body wall (about
4 mm thick; Conand, 1998) and guts (Xing and Chia, 1997).
Tissue samples were washed in a stream of distilled water to
remove the salt, then they were dried at no more than 50°C for
24 h and individually stored in new LDPE grip seal bags until
chemical analysis.
Frontiers in Marine Science | www.frontiersin.org 4
Chemical Analysis
Both dried sediment samples and holothurian tissues were
grinded in the laboratory after additional drying for 24 h at no
more than 50°C. Approximately 1 g of each sample was
powdered in a ceramic mortar and put in a plastic screw-top
vial. A sediment subsample (about 0.075 g) was added with 0.35 g
of HNO3 (69%) and 0.75 g of HCl (37%, Analytical Reagent). A
microwave digestion system (CEM EXPLORER SP-D PLUS) was
used for the acid digestion, according to the following protocol:
ramp temperature from ambient to 200°C for 4 min, then 200°C
for 2 min, and 300W power with medium stirring and 300 PSI of
pressure. Tissue samples (about 0.075 g) were heated in closed
polypropylene vials for 3 hours at 100°C and then diluted with
Milli-Q water to obtain 5% by weight. All tools, vials and jars
were cleaned before every use with 20% nitric acid and deionized
water to avoid cross-contamination among samples.

Twelve elements (As, Au, Cd, Co, Cr, Cu, Hg, Ni, Pb, Sb, Sn,
and Zn) important for the results of the present study were
quantified both in sediment and holothurian tissues by using
inductively coupled plasma coupled to a mass spectrometer
(ICP-MS, Agilent Technologies 7700x. Agilent Technologies
International Japan, Ltd., Tokyo, Japan). In addition, the main
rock-forming elements (Ca, Mg, Na, S, Al, Fe, Si, K, Ti) and Li,
Ba, and Sr were also quantified to characterize the origin of the
sediments. The instrument was equipped with an octupole
collision cell operating in kinetic energy discrimination mode,
FIGURE 1 | Map of the study area and sampling sites (Datum WGS84, Projection UTM zone 51). Included active gold mines: Totok Bay (TB); Talawaan River (TW);
Pantai Surabaya (PS); Mining site in preparation: West Bangka mangroves (M1); Control sites: Lihunu Bay (LB); North-west Bangka mangroves (M2); Tumbak Island
(TI); Tasik Ria Resort (TR).
May 2022 | Volume 9 | Article 863629
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which was used to remove polyatomic and argon-based
interferences. The operating conditions and data acquisition
parameters were the same as reported in Badocco et al.
(2015a). Multielement standard solutions for calibration were
prepared in aqua regia (5%) by gravimetric serial dilution at
twelve different concentrations - from a minimum of 1 ng L-1 to a
maximum of 100 mg L-1. All solutions were prepared in Milli-Q
ultrapure water obtained using a Millipore Plus System (Milan,
Italy, resistivity 18.2 MOhm cm-1). All regressions were linear
with a determination coefficient (R2) larger than 0.9999. The
ICP-MS was tuned daily using a tuning solution containing 1 mg
L-1 of 140Ce, 7Li, 205Tl, and 89Y (Agilent Technologies, UK).
The internal standard mixture (Agilent, 5183-4681) containing
Bi, Ge, In, Sc, Tb, Y, and Li (6) at 10 mg mL-1, each in 5% HNO3

was used. The internal standard was added to the sample
solution via a T-junction. The Critical Limit (CL), Limit of
Detection (LOD) and Limit of Quantification (LOQ) of each
element were computed based on the methods described in
Lavagnini et al. (2011) and Badocco et al. (2014; 2015a;
2015b; 2015c).

In tissues analysis, the recovery value was assessed using a
standard reference material (SRM) 2976 specifically intended for
use for the determination of trace elements in marine mollusk
tissue or similar matrices. The average recovery obtained from
the repetition of 5 measurements was between 93% and 104% for
all the elements investigated. The recovery of Au equal to 96%
was evaluated by spiking the matrix with suitable amounts of Au
solutions. Since the obtained recovery was always close to 100%,
the analytical results were not corrected for holothurian tissues as
suggested in other works citing recoveries between 80 and 120%
as acceptable (Chen and Ma, 2001). In sediment analysis, the
recovery of the elements is a variable parameter linked to the
nature of the type of rock that originates the sediment. The SRM
2702 Inorganics in Marine Sediment was used as a reference for
the tested sediments. The recovery of the elements of interest was
between 82% and 112%. The recoveries of Si and Al were lower
than 50%. However, the quantification of these elements was
used only as an indication of the nature of the sediment.

Data Analysis
Trace element concentration values below Critical Limit (CL)
were replaced by one-half of the minimum Limit of Detection
(LODmin) only for statistical purposes (Paschal et al., 1998).
Since there were no reasons to hypothesize that the
concentrations of trace elements in sediment and holothurian
tissues were affected in the same way in the different basins
subject to gold mines, each putatively impacted site was
individually compared to the control sites (as in Guerra et al.,
2009 and Ponti et al., 2009). To this end, two-way asymmetrical
permutational analysis of variance (PERMANOVA; a = 0.05),
based on Euclidean distances, was applied to assess the
differences in mean concentrations in sediments and tissues
(body wall and guts) between Impact and Control, and among
sites nested in the interaction Impact × Control, where Impact is
represented by a single site while Control has four sites
(Anderson and Robinson, 2008). When less than 100 unique
permutations were available, the asymptotic Monte Carlo p-
Frontiers in Marine Science | www.frontiersin.org 5
value was used instead of the permutational one. When no
significant differences in mean trace element concentrations
were found among control sites (p > 0.25), site data were
pooled to improve the power of the test for differences
between Impact and Control (Anderson et al., 2008).

Possible correlations between the concentrations of trace
elements in the body wall and guts of individuals of H. atra (n =
64) and between the mean concentrations in the sediments of the
different sites and those in the body walls and guts of H. atra (n =
64) were estimated with Pearson’s moment-product correlation
coefficient (r), whose difference from zero were assessed by t-test
(a = 0.05).

Bioaccumulation is the concentration in the organism of a
chemical resulting from the dynamic equilibrium between the
uptake rate (by all possible means, including contact, respiration
and ingestion) and the elimination rate (Chojnacka and
Mikulewicz, 2014). Since H. atra mainly feeds on sediment, for
each element, the bioaccumulation in the field can be assessed by
the biota-sediment accumulation factor (BSAF), calculated as the
ratio between the mean concentrations in tissues (body walls and
guts) and sediments at a given site (Thomann et al., 1995).
Bioaccumulation in the study area was confirmed when mean
BSAF across sites was significantly greater than 1 according to a
t-test (a = 0.05, n = 8).

PERMANOVA analyses were done using PRIMER 6 with
PERMANOVA+ addon package (Anderson et al., 2008), while
linear correlations and t-tests were conducted with the
computational language R (R Core Team, 2021). Mean values
were reported with their standard errors.
RESULTS

Sediment Features and Contamination
Sandy sediments characterized all sampling sites, but with large
variability in medium/coarse sand (12.11-94.83%) and fine sand
(5.01-86.16%) contents, while the fraction of mud (silt and clay)
was always very low (0.08%-2.59%). Overall, mean grain size at
control sites covered the entire range of the putatively impacted
sites; however, control M2, TI, and TR sites and the impact site
TW showed a higher percentage of medium/coarse sand and a
low percentage of fine sand, compared to the other sites
(Supplementary Material S2, Figure S2.1). Mean composition
of the main rock-forming elements in the sampled sediments
reveals a high percentage of calcium (34-43%) at all sites but TB
and PS (1.7% and 11.7%, respectively); here, the sediments
resulted comparatively richer in aluminum and iron
(Supplementary Material S2, Figure S2.2).
Mercury and Other Trace Elements
Contamination in Surface Sediments
Mean concentrations of trace elements in sediment at impact
and control sites are shown by bar plots in Figure 2, while tests
for significance of differences between mean concentrations at
each single impact site to the control ones are reported in the
Supplementary Materials (Tables S3.1–4). Mean concentrations
May 2022 | Volume 9 | Article 863629
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of Hg in sediments ranged from below the CL, as occurred at all
control sites, to 1.25 ± 0.60 mg g-1 at TB (Figure 2A). At all
putatively impacted sites, including M1, where gold extractions
should never have started, the mean Hg concentrations in
sediments were significantly higher than at the control sites.
Mean concentrations of As ranged from 1.53 ± 0.15 mg g-1 at LB
to 34.08 ± 3.51 mg g-1 at TB, and at TB and PS they were
significantly higher than at the control sites (Figure 2B).
Frontiers in Marine Science | www.frontiersin.org 6
Mean Au concentrations were below CL at all sites except TB,
where it was 0.07 ± 0.02 mg g-1, clearly significantly higher than at
the control sites (Figure 2C). Mean concentrations of Sb ranged
from 0.0524 ± 0.0004 mg g-1 at LB to 1.16 ± 0.15 mg g-1 at TB, and
at TB and PS they were significantly higher than at the control sites
(Figure 2D). Mean concentrations of Cd ranged from 0.023 ±
0.003 mg g-1 at PS to 0.047 ± 0.002 mg g-1 at LB (Figure 2E),
resulting significantly heterogeneous between control sites (p <
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FIGURE 2 | Mean concentrations (± s.e.) of Hg (A), As (B), Au (C), Sb (D), Cd (E), Co (F), Cr (G), Cu (H), Ni (I), Pb (J), Sn (K) and Zn (L) in surface sediment at
each study site (TB, Totok Bay; TW, Talawaan River; PS, Pantai Surabaya; M1, West Bangka mangroves; LB, Lihunu Bay; M2, North-west Bangka mangroves; TI,
Tumbak Island; TR, Tasik Ria Resort). Whenever possible, the default guideline value (DGV), i.e., the concentration below which there is a low risk of unacceptable
effects occurring, and the ‘upper’ guideline value (GV-high), i.e., the concentration over which adverse effects are expected, from Simpson et al. (2013), were
reported (CL, critical limit). Impact sites that differ significantly from controls are marked with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001.
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0.001); since this variability, the concentrations at the impact sites
were not significantly different from those of the controls.

Mean concentrations of Co ranged from 0.13 ± 0.01 mg g-1 at
M2 to 11.74 ± 0.70 mg g-1 at TB (Figure 2F). Mean concentrations
of Cr ranged from 2.55 ± 0.41 mg g-1 at M1 to 13.72 ± 2.80 mg g-1 at
TB (Figure 2G). Mean concentrations of Cu ranged from 0.76 ±
0.11 mg g-1 at TI to 26.64 ± 1.35 mg g-1 at PS (Figure 2H). Mean
concentrations of Ni ranged from 0.80 ± 0.04 mg g-1 at M2 to 8.22
± 1.16 mg g-1 at TB (Figure 2I). Although with different levels of
significance, Co, Cr, Cu, and Ni were all significantly higher at TB
and PS than at the control sites.

Mean concentrations of Pb ranged from 0.23 ± 0.02 mg g-1 at
TI to 4.25 ± 0.81 mg g-1 at TB, which was the only impact site
with significantly enriched compared the control sites
(Figure 2J). Mean concentrations of Sn ranged from below the
CL at LB and TI to 1.97 ± 1.84 mg g-1 at TR, where it was very
variable (Figure 2K). Given this variability, it was not possible to
detect significant differences between the individual impact sites
and the control sites. Finally, mean concentrations of Zn ranged
from 2.49 ± 0.40 mg g-1 at TI to 50.98 ± 4.15 mg g-1 at TB, and, as
for many other trace elements, at TB and PS they were
significantly higher than at the control sites (Figure 2L).
Mercury and Other Trace Elements
Concentration in Holothurian Tissues
The mean densities of holothurians ranged from 0.08 ± 0.08 to
3.08 ± 1.18 individuals of H. atra per 100 m2 (Figure 3). The
density of holothurians was very variable across control and
impact sites. Only at the PS impact site the density was
significantly higher (ANOVA p < 0.01) than the average of the
control sites.
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Mean concentrations of trace elements in body walls and guts,
at impact and control sites, are shown by bar plots in
Figures 4, 5, respectively, while tests for significance of
differences between mean concentrations at each single impact
site to the control ones are reported in the Supplementary
Materials (Tables S3.5–12). Mean concentrations of Hg in
body walls of H. atra specimens ranged from 0.015 ± 0.001 mg
g-1 at M2 to 0.25 ± 0.03 mg g-1 at TB, and they were significantly
higher at the impact sites TB and TW than at the control sites
(Figure 4A). In guts, mean concentrations of Hg ranged from
0.10 ± 0.02 mg g-1 at TR to 1.72 ± 0.37 mg g-1 at TB, and they were
significantly higher at all active gold mine sites (TB, TW, and PS)
than at the control sites (Figure 5A). Mean concentrations of As
in body walls ranged from 10.38 ± 0.59 mg g-1 at TB to 118.72 ±
10.22 mg g-1 at the industrial mine site PS, where it was
significantly higher than at the control sites (Figure 4B). In
guts, mean concentrations of As ranged from 24.65 ± 1.92 mg g-1

at TB to 219.68 ± 29.09 mg g-1 at PS, and they were significantly
higher at TW and PS than at the control sites (Figure 5B). Mean
concentrations of Au in body walls ranged from 0.006 ± 0.001 mg
g-1 at TR to 0.050 ± 0.002 mg g-1 at PS, where it was significantly
higher than at the control sites (Figure 4C). In guts, mean
concentrations of Au ranged from below the CL, at control sites
M2 and TR, to 0.51 ± 0.06 mg g-1 at PS, and they were
significantly higher at all active gold mine sites (TB, TW, and
PS) than at the control sites (Figure 5C). Mean concentrations of
Sb in body walls ranged from 0.021 ± 0.002 mg g-1 at TB to 0.05 ±
0.001 mg g-1 at PS; however, the mean value at each impact site
did not differ significantly from those of the controls
(Figure 4D). In guts, mean concentrations of Sb ranged from
0.033 ± 0.004 mg g-1 at M1 to 0.16 ± 0.02 mg g-1 at TB, and they
were significantly higher at TB and PS than at the control sites
FIGURE 3 | Mean density (± s.e.) of H. atra at each study site: TB, Totok Bay; TW, Talawaan River; PS, Pantai Surabaya; M1, West Bangka mangroves; LB, Lihunu
Bay; M2, North-west Bangka mangroves; TI, Tumbak Island; TR, Tasik Ria Resort.
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(Figure 5D). Mean concentrations of Cd in body walls ranged
from 0.018 ± 0.002 mg g-1 at M1 to 0.053 ± 0.005 mg g-1 at TI
(Figure 4E), while in guts, they ranged from 0.25 ± 0.05 mg g-1 at
TR to 1.06 ± 0.09 mg g-1 at PS (Figure 5E). Concentrations of this
element in holothurian tissues were highly variable between sites,
and no impact sites showed mean values significantly higher
than controls. Mean concentrations of Co in body walls ranged
from 0.054 ± 0.004 mg g-1 at M1 to 0.23 ± 0.03 mg g-1 at TR
(Figure 4F), while in guts, they ranged from 0.14 ± 0.01 mg g-1 at
Frontiers in Marine Science | www.frontiersin.org 8
LB to 1.14 ± 0.20 mg g-1 at TB (Figure 5F). Only at the old ASGM
site TB, the mean concentration in the guts was significantly
higher than at the controls. Mean concentrations of Cr in body
walls ranged from 0.56 ± 0.08 mg g-1 at M1 to 3.63 ± 1.53 mg g-1 at
TB, and they were significantly higher at ASGM sites, TB and
TW, than at the control sites (Figure 4G). In guts, mean
concentrations of Cr ranged from 1.84 ± 0.38 mg g-1 at M2
to 9.21 ± 1.92 mg g-1 at PS, and they were significantly
higher at TB and PS than at the control sites (Figure 5G).
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FIGURE 4 | Mean concentrations (± s.e.) in H. atra body wall of Hg (A), As (B), Au (C), Sb (D), Cd (E), Co (F), Cr (G), Cu (H), Ni (I), Pb (J), Sn (K) and Zn (L) at each
study site (TB, Totok Bay; TW, Talawaan River; PS, Pantai Surabaya; M1, West Bangka mangroves; LB, Lihunu Bay; M2, North-west Bangka mangroves; TI, Tumbak
Island; TR, Tasik Ria Resort). Impact sites that differ significantly from controls are marked with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001.
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Mean concentrations of Cu in body walls ranged from 1.56 ±
0.08 mg g-1 at TB to 2.84 ± 0.54 mg g-1 at TI (Figure 4H), while in
guts, they ranged from 4.50 ± 0.60 mg g-1 at LB to 12.84 ± 2.00 mg
g-1 at PS (Figure 5H). Only at the industrial mine site PS, the
mean concentration in the guts was significantly higher than at
the controls. Mean concentrations of Ni in body walls ranged
from 0.12 ± 0.01 mg g-1 at M1 to 0.89 ± 0.26 mg g-1 at TB, where
the mean value was significantly higher than at the control
sites (Figure 4I). In guts, mean concentrations of Ni ranged
Frontiers in Marine Science | www.frontiersin.org 9
from 0.40 ± 0.04 mg g-1 at M1 to 5.86 ± 4.87 mg g-1 at control site
TI, and no impact sites showed mean values significantly higher
than controls (Figure 5I). Mean concentrations of Pb in body
walls ranged from 0.04 ± 0.01 mg g-1 at TW to 0.59 ± 0.08 mg g-1

at control site TI (Figure 4J), while in guts, they ranged from
0.08 ± 0.01 mg g-1 at TW to 0.60 ± 0.08 mg g-1 at TB (Figure 5J).
Only at the old ASGM site TB, the mean concentration in the
guts was significantly higher than at the controls. Mean
concentrations of Sn in body walls ranged from 0.11 ± 0.01 mg g-
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FIGURE 5 | Mean concentrations (± s.e.) in H. atra guts of Hg (A), As (B), Au (C), Sb (D), Cd (E), Co (F), Cr (G), Cu (H), Ni (I), Pb (J), Sn (K) and Zn (L) at each
study site (TB, Totok Bay; TW, Talawaan River; PS, Pantai Surabaya; M1, West Bangka mangroves; LB, Lihunu Bay; M2, North-west Bangka mangroves; TI,
Tumbak Island; TR, Tasik Ria Resort). Impact sites that differ significantly from controls are marked with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001.
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1 at M1 to 1.93 ± 1.40 mg g-1 at control site TI (Figure 4K), while in
guts, they ranged from 0.13 ± 0.01 mg g-1 at TI to 0.45 ± 0.09 mg g-1

at TW (Figure 5K). Only at the ASGM site TW, the mean
concentration in the guts was significantly higher than at the
controls. Finally, mean concentrations of Zn in body walls ranged
from 17.72 ± 2.09 mg g-1 at site TB to 25.36 ± 3.15 mg g-1 at TI, and
at TB, the mean value was significantly lower than at the controls
(Figure 4L). In guts, mean concentrations of Zn ranged from 45.62
± 6.45 mg g-1 at TR to 94.16 ± 12.34 mg g-1 at M1, where was
significantly higher than at the control sites (Figure 5L).
Frontiers in Marine Science | www.frontiersin.org 10
Trace Elements Bioaccumulation
The relationships between the mean concentrations of trace
elements in sediments and holothurian tissues (body wall and
guts) are shown in Figure 6, while Pearson’s product-moment
correlation coefficients (r) and corresponding t-tests for
difference from zero are reported in Table 1. Significant
positive correlations were found for the concentrations in the
sediment and in H. atra tissues, body walls and guts, both for Hg
and Cr, with very high correlation coefficients for Hg. Ni showed
a significant, albeit weak, positive correlation between sediments
and body walls, but not guts. As, Sb, Co and Cu exhibited
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FIGURE 6 | Relations between the mean concentrations of Hg (A), As (B), Au (C), Sb (D), Cd (E), Co (F), Cr (G), Cu (H), Ni (I), Pb (J), Sn (K) and Zn (L) in
sediments and their accumulation in holothurian tissues (blue: body wall, red: guts). Impact sites are represented by solid symbols (TB, Totok Bay; TW, Talawaan
River; PS, Pantai Surabaya; M1, West Bangka mangroves), while control sites by open symbols (LB, Lihunu Bay; M2, North-west Bangka mangroves; TI, Tumbak
Island; TR, Tasik Ria Resort). Lines indicate the linear tendencies, and the grey shadow areas the corresponding 95% confidence intervals.
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significant positive correlations between sediments and guts, but
not body walls. Pb had a weak but significant negative correlation
between sediment and body wall, and a significant positive
correlation between sediments and guts. The correlation
between the concentration of gold between sediments and
tissues was not significant, probably due to the finding in the
sediments only at Totok Bay. Comparing the concentrations of
trace elements in body walls and guts of single individuals, strong
positive correlations were found for Hg, As, Au; moreover, weak
but significant positive correlations were also detected for Sb, Cd,
Co, and Ni (Table 1).

Bioaccumulation, assessed in terms of BSAF, largely varied
among elements, sites, and tissues from 0.01 to 45.45 (Table 2).
In general, higher values were obtained for guts compared to
body walls. The most bioaccumulated element was Hg, whose
BSAF resulted in greater than 1 at all sites except for body walls at
Totok Bay. The second most accumulated element is As, with a
BSAF greater than one at all sites except Totok Bay. The highest
calculated BSAF is that of Cd in guts at Pantai Surabaya. BSAFs
greater than 1 have also generally been found for Zn, especially in
guts, and for Sn. The site showing lower BSAFs for the different
elements was Totok Bay, while the sites with the highest ones
were Tumbak Island for body walls and Pantai Surabaya for guts.

By averaging the BSAF values of each element across sites
(Table 2; Figure 7), Hg, As and Zn significantly were
bioaccumulated both in body walls and in guts in the study
region. In addition, cadmium and copper were significantly
bioaccumulated in the guts.
DISCUSSION

This study provides the first data on the concentration of trace
elements in surface sediments and their bioaccumulation in
Holothuria (Halodeima) atra in relation to different gold
mining activities in North Sulawesi, Indonesia. Impact and
control sites were chosen along the coast, analyzing drainage
basins with and without mining activities. In particular, Totok
Frontiers in Marine Science | www.frontiersin.org 11
Bay was affected by one of the oldest artisanal gold mines in the
region, dating back to 1850’s; the mouth of the Talawaan River
was downstream to recent and active artisanal gold mines; Pantai
Surabaya received drainage waters from a recent industrial gold
mine; while the mangroves site at West Bangka was near a mine
in preparation, officially closed the year the sampling was carried
out, 2017.

At all study sites, surface sediments were mainly sandy with a
high content of calcium, which may indicate a prevalent biogenic
origin from surrounding coral reefs; however, at Totok Bay and
Pantai Surabaya, chemical composition and finer particle size
indicate a relevant terrigenous contribution. Control sites,
randomly interspersed among impact ones, well represent the
variety of sedimentary conditions and coastal habitats in the
region. Origin, local depositional environment and mean grain
size may have influenced the trace elements regimes in sediments
(Li et al., 2017). In general, finer sediments can contain higher
concentrations of trace elements than the coarser ones because of
the larger surface-to-volume ratio (Amin et al., 2009).
Nevertheless, the distribution patterns of some trace elements
in the sediment appeared well related to mining activities;
contamination generally ranking Totok Bay first, Pantai
Surabaya second, Talawaan River third (but see high Hg values
here), the mining site in preparation at Bangka Island fourth.

The trace element that deserves more attention and of
greatest environmental concern is certainly mercury. Not
detectable in the sediments at the control sites, it was found at
all impact sites. The most polluted site was Totok Bay,
downstream one of the oldest and active ASGM in the area.
Here, the mean concentration exceeded that beyond which
adverse biological effects on marine life are likely according to
Australian guidelines on sediment quality (GV-high in Simpson
et al., 2013), which are mostly based on the effects‐range median
(ERM) values proposed by Long et al. (1995). Lasut et al. (2010)
found similar or even higher concentrations in the surface
sediments sampled in this area in 2004.

The second site in order of sediment mercury pollution was at
the Talawaan River mouth, downstream of a more recent ASGM.
TABLE 1 | Pearson’s product-moment correlation coefficients (r) and corresponding t-tests for difference from zero of trace element concentrations between sediment
(Sed) and body walls (BW) or guts (GU), and between body wall (BW) and guts (GU) (n = 64).

Sed vs BW Sed vs GU BW vs GU

r t-test r t-test r t-test

Hg 0.90 *** 0.74 *** 0.64 ***
As 0.18 ns 0.27 ** 0.91 ***
Au -0.17 ns 0.01 ns 0.85 ***
Sb -0.17 ns 0.74 *** 0.21 *
Cd 0.16 ns -0.17 ns 0.31 **
Co 0.05 ns 0.71 *** 0.24 *
Cr 0.37 ** 0.42 *** 0.13 ns
Cu 0.01 ns 0.60 *** 0.14 ns
Ni 0.36 ** -0.02 ns 0.23 *
Pb -0.26 ** 0.64 *** 0.07 ns
Sn -0.10 ns -0.13 ns -0.07 ns
Zn -0.20 ns 0.00 ns 0.07 ns
May 2
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In this case, the concentrations seem less concerning because
lower than the default guideline value, therefore with a low risk
of unacceptable effects on marine life. However, a previous study
conducted along the Talawaan River in 2001 reported a sediment
Hg concentration at the river mouth up to 200 times higher than
in the present survey (Limbong et al., 2003), suggesting great
spatial and/or temporal variability in this area. For both these
sites, the release of mercury into the environment is most likely
related to the artisanal method of gold mining, which employs
Hg amalgamation. Although with lower concentrations than at
the sites affected by ASGMs, high levels of mercury were also
found in sediments at Pantai Surabaya, downstream of the
Frontiers in Marine Science | www.frontiersin.org 12
industrial mine, and at the west Bangka mangroves, the
mining site under preparation. Here, not using amalgamation,
the mercury could be easily mobilized from the disposal of
mining tailings and leaching of soil, probably rich in cinnabar
(HgS) often associated with gold deposits in the region (Turner
et al., 1994).

Mercury was always found in the holothurian tissues, both
body walls and guts, at all study sites, including at the control
sites, even where it was not detectable in the sediment. This
suggests a high bioaccumulation capacity by H. atra, even at very
low environmental concentrations, especially in guts, where the
concentrations resulted about an order of magnitude higher than
TABLE 2 | Biota-sediment accumulation factors (BSAFs) for each element in body wall (BW) and guts (GU) at each site: Totok Bay (TB); Talawaan River (TW); Pantai
Surabaya (PS); West Bangka mangroves (M1); Lihunu Bay (LB); North-west Bangka mangroves (M2); Tumbak Island (TI); Tasik Ria Resort (TR).

Tissue Site Hg As Au Sb Cd Co Cr Cu Ni Pb Sn Zn

BW TB 0.20 0.30 0.12 0.02 0.45 0.01 0.26 0.07 0.11 0.04 0.30 0.35
TW 2.51 6.75 0.79 0.17 0.41 0.08 0.60 0.91 0.24 0.07 1.27 3.38
PS 2.07 5.08 4.01 0.16 1.41 0.01 0.24 0.09 0.04 0.04 0.25 0.59
M1 2.71 6.91 1.15 0.19 0.68 0.07 0.22 0.40 0.09 0.24 1.92 3.35
LB 4.37 18.41 1.56 0.50 0.76 0.20 0.54 1.28 0.26 0.75 6.04 8.31
M2 3.24 7.94 0.57 0.31 0.70 0.89 0.28 1.85 0.30 0.08 2.17 7.64
TI 4.07 7.69 0.58 0.32 1.30 0.19 0.32 3.76 0.38 2.53 41.17 10.18
TR 3.52 4.93 0.50 0.22 0.87 0.07 0.21 0.54 0.13 0.05 0.07 2.33

Mean 2.83 7.25 1.16 0.24 0.82 0.19 0.33 1.11 0.19 0.47 6.65 4.52
p-value 0.003 0.005 0.362 1.000 0.897 1.000 1.000 0.402 1.000 0.935 0.147 0.016

Tissue Site Hg As Au Sb Cd Co Cr Cu Ni Pb Sn Zn
GU TB 1.38 0.72 1.26 0.14 7.70 0.12 0.44 0.36 0.25 0.14 0.44 1.18

TW 20.96 10.42 5.02 0.24 11.58 0.23 1.02 3.30 0.33 0.14 3.95 9.89
PS 31.28 9.39 40.65 0.31 45.45 0.04 1.10 0.48 0.11 0.12 0.80 1.49
M1 19.41 9.25 0.51 0.26 17.14 0.22 1.00 1.36 0.29 0.38 4.46 14.07
LB 38.07 26.87 0.74 0.98 11.27 0.50 0.68 3.45 0.66 0.85 5.79 21.75
M2 34.74 10.18 0.24 0.38 11.72 1.18 0.54 6.27 0.65 0.12 3.39 18.07
TI 33.44 18.54 0.27 0.52 15.66 0.55 1.08 6.52 5.07 0.69 2.81 22.53
TR 20.67 5.59 0.24 0.29 9.22 0.17 0.46 1.89 0.26 0.09 0.08 4.33

Mean 24.99 11.37 6.12 0.39 16.22 0.38 0.79 2.95 0.95 0.32 2.72 11.67
p-value <0.001 0.004 0.169 1.000 0.005 0.999 0.961 0.028 0.531 1.000 0.026 0.005
May 202
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Mean among sites and p-values, under the null hypothesis that the mean is not greater than 1, are reported (significant values in bold).
FIGURE 7 | Boxplots (median, interquartile, 1.5 interquartile and outliers) of the biota-sediment accumulation factors (BSAFs) for each element in body wall (BW, in
blue) and guts (GU, in red) among sites. Mean values are also shown (diamond symbol).
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in the body walls. On the other hand, BSAFs values were
everywhere greater than 1, except in body walls at Totok Bay,
and very high (usually > 20) for guts.

The second trace element of environmental concern is
arsenic. Significant sediment enrichments, with values
compatible with unacceptable negative biological effects on
marine life according to the Australian guidelines on sediment
quality (Simpson et al., 2013), primarily adapted from the
original effects range‐low (ERL) values provided by Long et al.
(1995), were found at Totok Bay and Pantai Surabaya,
downstream the two most active mines. Arsenic found in
sediment may come from weathering of rocks associated with
gold deposits in North Sulawesi, which are often rich in this
element (Turner et al., 1994; Edinger et al., 2007). Ore processing
for gold extraction can bring rocks disaggregation and the release
of As in the river and eventually into the sea. In H. atra, higher
concentrations than controls were measured in body walls at
Pantai Surabaya and guts at Pantai Surabaya and Talawaan
River. In this case, despite a strong correlation between the
concentrations of the two tissues, with those of the guts about
double, the concentrations in the tissues were not well correlated
with those in the sediments, and it was found to be particularly
low in the most polluted site (i.e., Totok Bay). Indeed, in terms of
BSAF, bioaccumulation was largely greater than 1 both in body
walls and guts at all sites except Totok Bay. Again, the
bioaccumulation factors are always higher in guts than in
body walls.

Although gold is the main target element of mining activities,
small quantities can leak into the environment, especially where
the extraction processes are less effective and/or have taken place
longer. Not surprisingly, gold was found in detectable
concentrations only in sediments from Totok Bay. However,
H. atra has demonstrated a capacity for gold bioaccumulation in
guts at all active mining sites (BSAF up to 40 at Pantai Surabaya),
albeit without any correlation between tissue and sediment
concentrations and no significant mean bioaccumulation
across sites.

Antimony, cobalt, chromium, copper, nickel, and zinc are all
consistently associated with gold deposits in North Sulawesi
(Turner et al., 1994; Edinger et al., 2007). Significant sediment
enrichments of these trace elements were found both at Totok
Bay and Pantai Surabaya, downstream the two most active
mines. Despite this, none of these trace elements showed
concentrations above the Australian guideline values for
sediment quality (Simpson et al., 2013), therefore no adverse
biological effects on marine life are expected. Their concentration
inH. atra tissues was always higher in guts than in body walls but
variable case by case. Although Sb, Co, and Cr concentrations in
guts were well correlated to those in sediments, they did not
show bioaccumulation in the tissues. Ni was also not significantly
bioaccumulated, while Cu showed some net bioaccumulation,
especially in guts, regardless of mining activities in the area.
Although with no correlations among concentrations in
sediments and tissues, Zn showed significant bioaccumulation
with locally very high BSAF values in guts, disregarding the
presence of gold mines. Cadmium and tin didn’t show any
Frontiers in Marine Science | www.frontiersin.org 13
distribution pattern in sediment and tissues in relation to mine
activities; however, Cd showed net bioaccumulation in guts at all
sites with BSAF higher than 45 at Pantai Surabaya, downstream
the industrial gold mine. Finally, although relatively abundant at
Totok Bay and with concentrations in tissues well correlated with
those in sediments, lead was not significantly bioaccumulated
either in the body walls or in the guts.

H. atra, like many other holothurians, plays an essential
ecological role in sediment bioturbation and mineralization, in
the food web, and as a host of several organisms in symbiotic
relationships (Purcell et al., 2016). Uthicke (1999) found that a
single individual of H. atra daily ingests, on average, 67 g dry wt.
of sediment. The author also estimated that a mixed population
of H. atra and Stichopus chloronotus Brandt, 1835 was able to
rework annually about 4600 kg dry wt. of sediment in 1000 m2,
mainly contributing to trace elements mobilization. At the study
sites, the densities ofH. atra (max 3 individual per 100 m-2) were
on average low when compared with other populations reported
in Indonesia (up to 15 individual per 100 m-2; Hartati et al., 2020;
Luhulima et al., 2020), likely a result of intense local fishing.
Holothurians, thanks to their feeding ecology and sediment
bioturbation role (Purcell et al., 2016), low-mobility, large size,
long lifespan, high abundance, and large geographical
distribution, have been proposed as bioindicators and/or
biomonitoring species (Storelli et al., 2001; Jinadasa et al.,
2014; Aydın et al., 2017). Nevertheless, trace element
contamination in holothurian species has been little
investigated (see also Laboy-Nieves and Conde, 2001; Noël
et al., 2011). This study and the previous ones agree that trace
elements concentrations in guts were generally higher than in
body walls (Denton et al., 2006; Denton et al., 2009; Ahmed et al.,
2017; Gajdosechova et al., 2020). The concentrations of trace
elements found in H. atra tissues at the impact sites of this study
were higher than in the same tissues of the same species in other
areas of the world, subject to different types of pollution (Denton
et al., 2006; Denton et al., 2009).

Regardless of the presence of gold mines and sediment
pollution levels, in the present study, H. atra has been shown to
bioaccumulate some trace elements, mainly mercury, arsenic and
zinc, and copper and cadmium in the guts, which had higher
overall bioaccumulation factors. The large variability of
bioaccumulation factors between sites suggests differences in the
bioavailability of the trace elements, which is primarily due to local
environmental conditions, water chemistry, and sedimentary
regimes, but also the geochemical form of the elements
(Thomann et al., 1995; McAloon and Mason, 2003; Sánchez-
Donoso et al., 2021). The transport of trace elements from the
substrate to the body wall and guts in holothurian is mainly
unknown. Holothurian intestines have solubilization and
bioaccumulation roles (McAloon and Mason, 2003); a generally
lesser degree of accumulations of metals with different profiles in
the body wall, compared to guts, could be due to a limited amount
of metal-binding proteins (Tunca et al., 2016). Mercury intake in
holothurians is probably a complexation process instead of an
enzymatic one due to free amino acids produced by guts (Zhong
and Wang, 2006). Although there is very little information on the
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contribution of certain free amino acids to the overall intake by gut
fluids of holothurians, cysteine was found to be a predominant
binding ligand for Hg, because it extracts far more Hg from
ingested sediment than any other amino acid (Zhong and Wang,
2006). Further investigations on the molecular transport pathways
in H. atra could highlight the bioaccumulation mechanisms of
trace elements in different tissues.

Possible Implications for Human Health
Through bioturbation and being the prey to many marine
invertebrates and vertebrates (Purcell et al., 2016), holothurians
can play a fundamental role in the transfer of trace elements from
sediments to marine organisms, contributing to the
biomagnification process in the upper levels of the food web,
in which also human sooner or later is involved. In particular, H.
atra, even though it has a comparatively low economic value,
belongs to Indonesian commercial species (trepang or trıp̄ang, in
Indonesian; Purcell et al., 2012; Setyastuti and Purwati, 2015). In
a few Pacific Island countries, the body wall, intestines and/or
gonads are consumed in traditional diets or in times of hardship.
However, most organisms are processed and exported for
consumption, above all by Asians (Purcell et al., 2012). The
main target markets are China and Hong Kong, but also Ho Chi
Minh City in Viet Nam for further export to China. Although it
trades at USD 2-20 per dried kg in the countries of origin, its
retail price can be up to USD 210 per dried kg in Hong Kong
(Purcell et al., 2012).

Although sea cucumbers usually have trace elements
concentrations acceptable for human consumption at
nutritional and toxicological levels (Wen and Hu, 2010),
individuals of H. atra coming from coastal areas of the North
Sulawesi impacted by inland mining activities might pose some
risks. The toxicity of mercury largely depends on the chemical
form in which it is taken; however, the World Health
Organization (WHO) guidelines indicate a tolerable human
intake of total mercury of 2 µg kg-1 body weight per day
(Fisher, 2003), while the Europe Union sets a maximum level
of 500 µg kg-1 wet weight in fishery products (Commission
Regulation (EC) No 1881/2006). The mean Hg content in guts in
individuals of H. atra from Totok Bay and Talawaan River
exceeded these values, albeit in terms of dry weight.
Unfortunately, neither the FAO/WHO (Codex Alimentarius
Commission, 1995) nor the European Commission (EC) has
human health-based standards or guidelines for arsenic in
seafood. Australia and New Zealand have health-based
guidelines providing maximum levels for inorganic arsenic in
mollusks and fish (respectively 1000 and 2000 µg kg-1 wet weight;
Stewart and Turnbull, 2015), while the US Food and Drug
Administration (USFDA) set a less conservative limit of 76000
µg kg-1 dry weight (Wen and Hu, 2010). The mean arsenic
content both in body walls and guts in individuals of H. atra
exceeded the USFDA values at Pantai Surabaya and Talawaan
River. The Europe Union (Commission Regulation (EC) No
1881/2006) also sets maximum levels in different fishery
products for lead (500-1500 µg kg-1 wet weight) and cadmium
(500-1000 µg kg-1 wet weight), which are higher than
concentrations found in the present study. For the North
Frontiers in Marine Science | www.frontiersin.org 14
Sulawesi populations, the greatest concern relates to the intake
of mercury and arsenic from fish consumption (Bentley and
Soebandrio, 2017); however, the risks of consuming other fishery
products, including holothurians, should not be overlooked.
CONCLUSIONS

In the North Sulawesi, mercury resulted in the most concerning
element found in surface sediment and H. atra specimens,
followed by arsenic. Both were related to gold mining activities
in the region, especially the oldest ASGMs, and were significantly
bioaccumulated in the holothurian tissues, mainly in guts.
However, further studies are needed to understand better the
effect of mercury and other potentially toxic elements in marine
ecosystems and trophic chains of impacted areas of
North Sulawesi.

Indonesia is recognized by United Nations as the third country
globally (after China and India) for Hg emission, with reports
warning on mercury usage in ASGMs, which has significantly
increased over the past two decades (Spiegel et al., 2018). A global
treaty to protect human health and the environment from the
adverse effects of Hg was agreed in 2013 – The Minamata
Convention on Mercury (http://www.mercuryconvention.org).
Indonesia signed this convention in 2013 and ratified it in 2017.
However, recent increases in domestic Hg supplies through new
cinnabar mining developments have made Hg less expensive and
more available in Indonesia, increasing obstacles to implementing
the Minamata Convention (Spiegel et al., 2018). Phasing out
mercury amalgamation for gold extraction, regulating artisanal
mining, and enforcing environmental regulations and regular
seafood contamination monitoring must be a priority objective
for Indonesia. In this regard, measuring trace elements in H. atra
could be adopted in biomonitoring across the Indo-Pacific region.
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Hg, Pb, and Zn in Arroyo Sediments From a Semiarid Coastal System
Influenced by the Abandoned Gold Mining District at El Triunfo, Baja
California Sur, Mexico. J. Environ. Monit. 13 (8), 2182. doi: 10.1039/
c1em10058k

McAloon, K. M., and Mason, R. P. (2003). Investigations Into the Bioavailability
and Bioaccumulation of Mercury and Other Trace Metals to the Sea
Cucumber, Sclerodactyla Briareus, Using In Vitro Solubilization. Mar. Pollut.
Bull. 46 (12), 1600–1608. doi: 10.1016/s0025-326x(03)00326-6

Murillo-Cisneros, D. A., O’Hara, T. M., Elorriaga-Verplancken, F. R., Sánchez-
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Levels for Lead, Cadmium and Mercury in Marine Gastropods, Echinoderms
and Tunicates. Food Control 22 (3-4), 433–437. doi : 10.1016/
j.foodcont.2010.09.021

O’Brien, A. L., and Keough, M. J. (2014). Ecological Responses to Contamination:
A Meta-Analysis of Experimental Marine Studies. Environ. Pollut. 195, 185–
191. doi: 10.1016/j.envpol.2014.09.005

Odumo, B. O., Carbonell, G., Angeyo, H. K., Patel, J. P., Torrijos, M., and
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