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Abstract: Artisanal small-scale gold mining (ASGM) is the main source of anthropogenic mercury
emissions and contamination in Latin America. In the Brazilian northern Amazon, ASGM has
contaminated the environment and people over the past century. The main contamination route
is through fish consumption, which endangers the food security and livelihoods of traditional
communities. Our study aims to assess the potential toxicological health risks caused by the
consumption of Hg-contaminated fish across five regions in Amapa State. We sampled 428 fish from
18 sites across inland and coastal aquatic systems. We measured the total mercury content in fish
samples, and the results were applied to a mercury exposure risk assessment targeting three distinct
groups (adults, women of childbearing age, and children). Mercury contamination was found to
exceed the World Health Organization’s safe limit in 28.7% of all fish samples, with higher prevalence
in inland zones. Moreover, the local preference for carnivorous fish species presents a serious health
risk, particularly for communities near inland rivers in the region. This is the first study to provide
clear recommendations for reducing the mercury exposure through fish consumption in Amap4 State.
It builds scientific evidence that helps decision-makers to implement effective policies for protecting
the health of riverine communities.

Keywords: protected areas; traditional communities; mercury contamination; health risk
assessment; Amazon

1. Introduction

Artisanal small-scale gold mining (ASGM) activities have significantly expanded in the Amazon
over the last two decades. ASGM is a major cause of deforestation and habitat degradation in
the Brazilian northern Amazon [1-3], particularly on the borders between Guyana, French Guiana,
Suriname, and Venezuela, and the Brazilian states of Roraima, Amapa, and Para (also known as the
Guiana Shield Ecoregion) [4]. The ecoregion covers 250 million hectares and contains one of the largest
complexes of uninterrupted primary tropical forests on Earth [5]; the region therefore plays a critical
role in mitigating global climate change and preserving biodiversity and freshwater ecosystems.

The Brazilian state of Amapa borders French Guiana and Suriname, and almost 72% of its territory
is formally protected. It consists of five indigenous territories, four quilombolas territories, and nineteen
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conservation units (twelve federal, five state, and two municipal), covering a total area of 115.656 km?.
These areas are crucial for human livelihoods, especially for communities that rely on their natural
resources. However, the protection of these areas has been hampered by weak governance, lack of
financial resources for protective management, and different anthropogenic pressures. Among those
threats, the widespread use of mercury (Hg) in ASGM has led to the contamination of both the
environment and the regional population.

The ASGM sector is the leading source of mercury emissions, contamination, and consumption in
Latin America and the Caribbean [6]; thus, the traditional communities that depend on natural resources
for their survival are highly vulnerable to ASGM activities. This activity is generally coordinated by illegal
networks and conducted by wildcat gold miners, and dealers [7]. ASGM has adversely affected the health
of riverside communities—particularly indigenous people [8,9]—that rely on fish as their main protein
source [10,11]. Fisheries in the Amazon provide food security and reduce malnutrition rates, as fish are the
dominant dietary source of essential amino acids, lipids with fatty acids, minerals, and vitamins [12,13].

In ASGM-dominated regions, human exposure to Hg is mainly through bioaccumulation and
biomagnification of methylmercury from fish consumption. In the Brazilian Amazon, indigenous
people, riverside communities, fishermen, quilombolas, peasants, and extractivists inhabit the areas
near rivers, bays, and streams and are therefore highly exposed to Hg compounds. This reality is
aggravated by the social vulnerability of exposed communities, including reduced access to healthcare,
formal education, regular income, basic sanitation, and potable water. In addition, these communities
suffer from high rates of malnutrition, particularly in children under 5 years of age. They are also
vulnerable to a high number of infectious and respiratory diseases (such as malaria, hantavirus
pulmonary syndrome, leishmaniasis, yellow fever, etc.) that are exacerbated by both changes in land
use and climate [14].

Therefore, mercury contamination in the Amazon is both a national and international concern.
In this study, we aimed to develop a better understanding of the risks associated with fish consumption
in various regions of the northern Amazon. Although a few studies have shown mercury contamination
in fish in the region [5], this is the first to conduct an investigation on human Hg exposure in the
study region. We assessed the potential toxicological health risks from mercury exposure through fish
consumption for different age groups across five regions in Amapa State.

2. Methods

2.1. Study Area

We assessed five regions in the Amapa State territory, including some of the most biodiverse
and economically significant river basins in the region (Figure 1). Watersheds in the state play an
important social, cultural, and economic role, and fish resources in the region are heavily influenced
by the Amazon River and Atlantic Ocean. We chose rivers that bordered protected areas (Table 1)
due to the higher occurrence of mineral deposits [15] and higher number of ASGM sites surrounding
Amapd’s protected areas [16]. Sampling sites were set up at potential ASGM sites (active and inactive).
These sites were identified based on gold mining deforestation maps [3], literature reviews [5,17],
the presence of local communities, the influence of coastal tides or inland waters, sampling logistics,
the distance to protected areas, and interviews with managers of protected areas and locals with
knowledge of the regional gold mining history. Sampling sites 1, 2, and 3 are directly influenced by
coastal tides and are therefore considered coastal zones, while sites 4 and 5 are located in inland waters
and are therefore referred to as inland zones.
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Table 1. Description of the sampling sites and the surrounding regions.

30f15

Sites and Main River  Tributaries-Sampling Sites  Coordinates of Sampling Sites Characteristics of the Region

Correlation to Gold Mining Activity

Maruani River

03°32/27.71”" N

51°11/34.23” W Coastal zone. Muddy water. High fishing pressure. Gold mining activity for over 250 years.
CR-Brid 02°57'25.57" N Influence of tides and pororoca. Protected Areas: Cabo Influence of Garimpo do Lourenco,
. -bridge 51°25’18.10” W Orange National Park and Amap4 State Forest. located at the headwaters of the
1-Cassiporé River (CR) CR 03°17’16.87” N Communities (pop): Oiapoque, 27.270 ; Calgoene, Cassiporé River. On-going mining
51°10'36.68” N 11.117 ; Vila Velha, 2.723 *; Cunani (Quilombo) 940 . processes in the indigenous land of Uaga
. 03°08’34.16” N Indigenous lands: Jumina, 61 ¢; Uaca, 4.462 <; Galibi, 151 9.  for gold research and exploration.
CR-Vila Velha & & P
i 51°12/36.16" W
02°10'16.19” N . e . L .
AG 50°47/39 41”7 W Coastal zone. Muddy river bottom. High fishing pressure. This region is influenced by Garimpo do
%A < Grand 02007,13' 50" N Influence of tide and pororoca. Protected Areas: Cariat Tartarugalzinho. At least five other areas
mapa brande AG-Confluence 50° 45/17'52,, W River reserve, Maraca-Jipioca Ecological Station. in the region constitute environmental
River (AG) . i, . a. P A oLl o <
01°53'19.07” N Communities (pop): Calgoene, 11.117 #; Pracutiba, 5.120 %;  liabilities: Bananal, Buracao, Fofoca,
Flechal 0 1A= A Amapa, 9.109 ? Tartarugalzinho, 17.315 2. Mandiocal and Mineiro.
50°47'25.27" W P 8
s 04°0'11.66” N .
Uaca River 51°08716.28” W Coastal zone. Muddy water. High fishing pressure. Parge Displacement of illegal ASGM toward
) . 04°9749.10” N population in the surroundings. Borders French Guiana. French Guiana from 2002. Influence from
3-Oiapoque River (OR) OR onr ” Communities (pop): Oiapoque, 27.270 @ Calcoene, o L
51°37'59.97” W 111172, Indigenous lands: Juming, 121 <; Uac: 4 462 < ASGM sites in the whole basin from both
OR (Bay) 04°20"9.00” N Golibi: 151 4. ' PEL s ' countries.
51°34’50.20” W ’ )
Tajaui River 01°23'27.10" N
2°01'28.02” W
> 00 ’ 8.0 ” Inland zone. Sandy River bottom. Illegal fishing.
. . 00°58'09.70” N . .
Falsino River 51°36/16.90" W Protected Areas: Tumucumaque National Park, Amapa Infl £ the A L Vil
4-Araguari River (AR) 01°26'1 6. 75" N National Forest. Communities (pop): Pedra Branca do ;]1 uenée orthe I\jln apar,l,ASOélll\r;n(.;to, ra
Mureré River 500031 4'30,, W Amapari, 16.502 ?; Porto Grande, 21.971 2; Ferreira Gomes, ova, L-apivara, viurure stes.
’ 7.780 2.
. 01°19'02.84” N
Mutum River 51°5923.09” W
01°35'16.86” N
AMR 52°32’38.18" W . . .
omgr Y Inland zone. Sandy River bottom. Protected Areas: Four legal active ASGM sites. Illegal gold
. 01°36’04.52" N . . ) . . s .
. Anacui River 50°29/26.99” W Tumucumaque Mountains National Park, Amapa mining sites within PAs and prospection
5.—Amapar1 01°117 13' 507 N National Forest. Communities (pop): Pedra Branca do projects. The Tucano’s Gold Mine (Pedra
River(AMR) AMR/Jurupd River 50900/ 4' 66" W Amapari, 16.502 ?; Serra do Navio, 5.397 2. Indigenous: Branca do Amapari) is the second largest
oo o Wajapi, 1.200 4. gold mine in Brazil.
. 00°52’53.52” N
AMR (Porto Terezinha) 50°00/36.84" W

a[18]. P [19]. € [20]. 4 [21]. € [22].
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Figure 1. Map of the study area indicating the sampling sites, protected areas, and indigenous territories.

2.2. Fish Sampling and Preparation

Between August 2017 and May 2018, we collected tissue samples from 428 fish from 45 different
species at 18 sites across the five regions (Table 1). The fish were caught by local fishermen hired
to support the research project. According to the local fishermen, each fish species was captured
using specific gear; therefore, gillnets, hooks and hand lines, fishing rods and long lines were used.
Each specimen was identified to the species level, and a minimum of 70 g of muscle tissue (free of
skin) was extracted from the dorsal region of the fish body. All dissection tools were sterilized before
sampling to avoid contamination. Samples were stored in ice boxes and frozen for transportation to
the laboratory. The study was conducted in accordance with the Brazilian regulation (IN 03/2014),
under the license SISBIO 58296-1.

2.3. Mercury Analysis

Total mercury (THg) was measured by cold vapor atomic fluorescence spectrometry at the Analytical
Chemistry Laboratory of the Pontific University of Rio de Janeiro [23]. The analytical quality was
determined by control strict blanks with duplicate analysis and compared to the analytical results of
certified reference materials (DORM-2, Dogfish Muscle Certified Reference Material for trace elements,
National Research Council, Ottawa, ON, Canada). Average recovery values were >96% of the certified
value analytical results; and the relative standard deviation (RSD) was <15%. Total mercury analysis from
the wet weight was adopted.

2.4. Data Analysis

The data are presented as mean + standard error and percentiles. We applied the Kruskal-Wallis
test to determine the mean differences in THg concentrations between sampling locations and
trophic levels.

The risk assessment approach in this study was based on the method used by the US Government
Agency for Toxic Substances and Diseases Registry [24]. The method includes four steps: (i) hazard
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identification, (ii) dose-response assessment, (iii) exposure assessment, and (iv) risk characterization.
Most risk assessment studies use secondary data; however, our Hg exposure assessment used
information on the most consumed fish species in the region [5] as well as informal interviews with
local fishermen and individuals from indigenous and riverine communities.

2.5. Estimated Daily Intake

To assess the health risks of total mercury exposure, we incorporated two scenarios for toxicological
risk: (i) the critical scenario and (ii) the current scenario. The critical scenario assumes that some of
the local communities—including the indigenous communities—consume larger quantities of fish
due to the lack of other protein sources. The current scenario represents the eating habits of most
of the communities in the study area. The estimated exposure dose of fish consumers from both
coastal and inland zones were divided into three groups: (i) adults of both genders (age: 17 to 75),
(if) women of childbearing age (age: 17 to 49), and (iii) children/juveniles (age: 5 to 16). We estimated
their daily intake (EDI) to determine each group’s daily Hg consumption [25]. The average daily fish
consumption was based on 16 studies (Table 2) that assessed the dietary patterns and fish consumption
of Amazonian communities.

The potential exposure dose (ng/kg/d) was calculated according to Equation (1) [26]:

IR><EF><ED>< 1

Dot = Cx =7 AT

)
where Dy is the potential mercury intake dose (ug/kg/day); C is the total mercury concentration of
fish species (ug/g); IR is the fish intake rate (kg/meal); EF is the frequency of exposure (meals /day);
ED is the exposure duration (day, week); AT corresponds to the time weighted (day) (time weighted
considers the duration of exposure); and BW is the body weight (kg).

The risk ratio was calculated as the ratio between the potential intake dose and the reference dose
using the risk quotient equation (Equation (2)):

QR = Dpot/RfD @)

where QR is the risk quotient; Dy is the potential mercury intake dose (ug/kg/day); and RfD is
the reference dose (1.6 pg/kg/week or 0.23 pg/kg/day [25]) of the substance or chemical element
(Hg) that can be consumed weekly over a lifetime without appreciable risk to health. A QR of <1
indicates a low likelihood of adverse health effects, while QR > 1 indicates the possibility of adverse
non-carcinogenic effects.

Table 2. Summary of articles that quantified fish consumption in communities in the Brazilian Amazon.

Reference
Consumption (g/Day;
Reference Local Year Population N Meals/Week; Daily Eat %)
Average (SD) Min-Max

[27] Monte Alegre/PA 1993-1995 Families 35 369 -

[28] Rio Madeira/RO 1991 and 1993 All ages 607 243 (135) 100-300

[29] Rio Cuiaba/MT 1995-1996 >12 153 1104 (152.5) 20-372

Maroni River,
[30] Community 1997 <1-14 109 195+ 9
g Wayana/French Adults (15-45) 118 372 + 116
Guyana
[31] Rio Negro/AM 1998-1999 Woman (1545-) 31 170.5 23-293

[32] Alta Floresta/MT 2000-2002 All ages 251 - 3-180
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Table 2. Cont.

6 of 15

Reference
Consumption (g/Day;
Reference Local Year Population N Meals/Week; Daily Eat %)
Average (SD) Min-Max
Munduruku 249 30.0 (16.6) -
[33] Indigenous/PA -
Kayabi 47 110.4 (60.6) -
Woman > 15 121 124 (65) -
[34] Rio Tapajos/PA 2003
Men > 15 135 189.7 (105.5) -
[35] Lago Puruzinho/PA 2005-2006 All ages 120 406 (204.1) -
Madeira River, Curia g Grouped Daily eat (%)
(36l Lake, Porto Velho 2009-2011 Villages 5.8%-57.7%
All 51 34.29 7.1-330
Young 23 214 7.1-180
[37] Madeira River/RO 2015
Woman 12 34.3 10-328.6
Adults (1549-) 28 51.1 10-330
Community of Woman 46 4.9 Meals/week -
[38] Brasilia Legal, 2004
Tapaj6s/PA Men 22 6 Meals/week -
Lower Amazon River 8 416.39 (209.12) -
[39] Trombetas River 2006-2008 Families 183 490 (240.69) -
Purus River 54 469 (207.72) -
Men Meals/week
(015-) 28 15+0
Tapajos (1660-) 21 20+ 1
[40] River-Community of (5060-) % 200
Barreiras/PA Woman Meals/week
(015-) 26 14+0
(1660-) 40 20+0
(5060-) 17 20+ 0
Middle Madeira Grouped
[7] River/RO 2009-2010 Villages 132 440 270-460

2.6. Model Input Variables

The description of the input variables for the mercury exposure model for both the critical and
current scenarios are shown in Table 3. We assumed a 50% consumption of fish species in age groups
with larger average Hg concentrations (carnivorous and omnivorous) as well as the groups with the
lowest Hg concentration (herbivorous and detritivores). The literature review showed a high frequency
of fish consumption and a high variability in the quantity of meals, ranging from 1 to 20 meals per
week [38,40]. We therefore set an average of 10 meals of fish consumed per week, varying from 160 to
430 g/day, based on the characteristics of each group. We estimated the fish daily intake values based

on the literature review (Table 2). The average body weight of the residents in the communities was
obtained from research on family budgets that presented the anthropometry and nutritional status of
children, adolescents, and adults in the state of Amapa [19].
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Table 3. Exposure parameters used for the health risk assessment of residents in areas influenced by coastal tides (sites 1, 2, and 3) and inland zones (sites 4 and 5).

7 of 15

Child & Juvenile Women and Men Adults .Womef\ of
(5-16) 17-75) Childbearing Age
Exposure Parameters by Scenario 5= - (16—49)
Coastal Tidal Inland Coastal Tidal Inland Coastal Tidal Inland
= [Hgl-omnivorous and carnivorous—-Average (SD) ug/g 0.50 (0.37) 0.66 (0.61) 0.50 (0.37) 0.66 (0.61) 0.50 (0.37) 0.66 (0.61)
% [Hgl-detritivore and herbivore— Average (SD) pg/g 0.17 (0.18) 0.17 (0.22) 0.17 (0.18) 0.17 (0.22) 0.17 (0.18) 0.17 (0.22)
v Average fish consumption (kg/d) adjusted for trophic level 0.160 (0.49) 0.160 (0.49) 0.300 (0.154) 0.300 (0.154) 0.255 (0.135) 0.255 (0.135)
E [Hg] (omnivorous & carnivore) 95% ug/g 1.2 (0.37) 1.48 (0.64) 1.2 (0.37) 1.48 (0.64) 1.2 (0.37) 1.48 (0.64)
5 Average fish consumption (kg/d) 95% carnivorous 0.192 0.192 0.430 0.430 0.300 0.300
Averagl‘:gb(ogg)welght 25 (12.0) 25 (12.0) 65 (6.3) 65 (6.3) 58 (4.7) 58 (4.7)

SD—standard deviation.



Int. |. Environ. Res. Public Health 2020, 17, 5269 8 of 15

To quantify exposure, we calculated the mean Hg concentrations of carnivorous and omnivorous
fish as well as the 95% confidence interval (CI) of each mean. We also conducted a literature review
to determine the frequency of fish meal consumption and estimated potential doses by assigning
the 95% upper limit of the mean fish consumption. It was assumed 100% of THg concentration was
methylmercury, since methyl Hg constitutes up to 98% of the Hg concentration in fish samples in the
Amazon basin. The body weight was the same for both scenarios, and the factor absorption of total Hg
as methyl Hg by exposed residents was assumed to be 100% for both scenarios. We used the lognormal
function to estimate the exposure dose.

3. Results

3.1. Mercury Levels in Fish Species and Trophic Levels

All of the 428 fish sampled in this study had detectable levels of mercury, and 28.7% exceeded the
World Health Organization’s (WHO) mercury threshold (0.5 pug/g) for human consumption. The Hg
concentration in fish exceeded the safe limit in 77.6% of carnivores, 20% of omnivorous, and 2.4%
of herbivores. Carnivorous fish accounted for 76% (n = 325) of the total samples, with average Hg
concentrations of 0.4 ug/g (SD = 0.38) and a concentration range of 0.008-2.1 ng/g. Interestingly, the Hg
concentration in omnivorous fish averaged 0.60 ug/g (SD = 0.42) and reached a maximum of
1.8 ug/g. This could be explained by changes in fish feeding habits. For instance, fish from the
omnivorous species Pimelodus ornatus can change their diet depending on the resources available in
the environment. Two herbivorous species showed unexpectedly high Hg concentrations of 1.0 ug/g
for Mylesinus paraschombourgkii (flaviano) and 0.85 pg/g for Myloplus ternetzi (pacu). We also observed
significant differences in the average Hg concentrations between trophic levels (p < 0.001) (Figure 2).

o
201
o
o L ]
o
L ]
151 .
o
oy o
) o
=1
107 3
;E‘ °
0.51
L ]
ol T e
Carnivore Detritivore Herbivore Omnivorous
Trophic Level
e Outlier

Figure 2. Distribution of mercury concentrations in fish (ng/g) by trophic level.

Four of the seven species with the highest Hg concentrations (Figure 3) are among the most
consumed species in the region [5]. The highest level (2.1 pug/g) was detected in Boulengerella cuvieri
(pirapucu), followed by Cichla monoculus (tucunaré), and Hoplias aimara (trairdo), which are all
carnivorous species.
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Species > 0.5ug/g Hg Trophic Level Species < 0.5ug/g Hg

Pygopristis denticulate: 0.02ug/g
Pellona flavipinnis: 0.12ug'g
Colomesus asellus: 0.12ug's

—) . Boulengerella cuvieni: 2.10ug/g

a——Detritivore Myloplus rhomboidalis: 0.24ug’z

Hypostomus sp.:0.11pg'g
Curimata inomate: 0.07ug’s

o= Rhinoptera bonasus: 0.15ug'g
e Epi tajara: 0.15
g E] R +1.90ug'e Epinephelus itajara: 0.15ug/g
P-] === Plagioscion squamosissimus: 0.26pg'g
g‘ 3 D Hoplias aimara: 1.80ug/g === (Centropomus undecimalis: 0.31pg'g
= === Brachyplatystoma vaillantii: 0.32ug’g
0~ e ——
g —) E] Ageneiosus inermis: 1:50pg/g === Acestrorhynchus falcatus: 0.34pg/'g
o - == St 7 .2 0.35,
- - Electrophorus electricus: 1.40pg/g Cemivore TR S
=) Megalops atlanticus: 0.45ug/g
< ] Arapaima gigas: 1.20ug'g ©= Pygocentrus nattereri: 0.45ug'g
L- B Serrasalmus thombeus: 1.20ug/g o= Serrasalmus spilopleura: 0.45pg’s
. - = Aspistor luniscutis0.47ug'g
[ Plagioscion auratus: 0.93ug/s Leporinus sp.: 0.50ug’e
[ Sciades herzbergii: 0.85ug'g = Pimelodus blochii: 0.10ug’g
=3~ Aspistor quadnscutis: 0.77u2'g == Ausbleps anableps: 0.133'g
o Hypanus guttatus: 0.14pg's
=0 Hoplias malabaricus: 0.63ug'g = Triportheus albus: 0.20pg's
- Bagre bagre: 0.51pg'g e | eporinus nijsseni: 0.20ug'g
. 027
D Pimelodus ornatus: 1.804g/g D fom e== | eporinus melanostictus: 0.27ug/'g
=== Osteoglossum bicirrhosum: 0.31ug's
[ Leperinus fasciatus: 0.80ug'2 e== Trachelyopterus galeatus: 0.36pg'g
. ” —— Mugil sp.: 0.02ug'g
[ Tometes camunani: 0.85ug/g I o= 811 5. HEE
NilolaE +1.00ug Hetbevore —— Myloplus planquettei: 0.04ug/g
. r o =
0 Mylop e == Mylesinus paraschombourgkii: 0.08ug/g

Figure 3. Sankey diagram categorizing the studied fish species and trophic levels by total mercury
concentrations (>0.5 pg/g and <0.5 pg/g).

3.2. Mercury Levels at Sampling Sites (Inland and Coastal Zone)

The median Hg contamination of inland fish samples was 0.580 pug/g for carnivores (n = 131),
0.045 ng/g for herbivores (n = 15), and 0.680 pg/g for omnivores (1 = 33); samples of detritivorous
species were not collected. In coastal zones, the median Hg concentrations were 0.165 pg/g for
carnivores (n = 194), 0.019 pg/g for herbivores (n = 5), 0.290 ug/g for omnivores (1 = 15), and 0.044 pg/g
for detritivores (n = 35). The median Hg levels of carnivorous and omnivorous species showed no
statistical differences in both aquatic systems. Hg contamination exceeded the WHO limit in 28.7%
of all samples, in 5.2% of coastal samples, and 61.5% of inland samples (p < 0.001) (Figure 4). It is
therefore 29 times more likely to observe Hg levels above the safe limit in fish samples from inland
areas (95% CI, 15.3-54.6) relative to those in coastal zones. The regional variability of Hg levels in
the study region is likely related to the different hydrological, physicochemical, and environmental
dynamics between inland and coastal areas.

L ] °
201 (a) : 201 (b) !
L ] °
151 1 15
2 o
= 2
1.0 1.0
£1.0 . 3 :
: ! i
0.5' 054
0.0' 0.0
‘i 2 3 4 5 Coastal Inland
Fish Sampling Site Zone
e Outlier

Figure 4. Distribution of mercury concentrations in fish (ug/g) in (a) the sampling sites and (b) the
aggregated zones (Kruskal-Wallis: 95% CI, p < 0.001).
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The highest Hg concentrations were detected in Serrasalmus rhombeus (piranha preta), Pimelodus ornatus
(mandi casaca), and Hoplias aimara (trairao) in the inland water zone, and Sciades herzbergii (bagre guribuy),
Megalops atlanticus (pirapema), and Hoplias malabaricus (traira) in the coastal zone.

3.3. Health Risk Assessment

Fish from the inland zone had higher levels of Hg compared to fish from the coastal zone
(Figure 4b). This is reflected by the potential dose and toxicological QR of total mercury for both
exposure scenarios in coastal and inland zones (Table 4). The potential THg dose of the three groups
was mostly above the acceptable reference dose of 1.6 pg/kg/week or 0.23 pug/kg/day [25]. In the critical
scenario in both zones, the potential THg dose showed high risks of adverse health effects in all groups,
regardless of location. The exception was the current scenario for women of childbearing age in the
coastal zone (0.08 ug/kg/day). Children/juveniles in the inland zone showed significantly greater risks
(p < 0.005) under the critical scenario (55) relative to the current scenario (37.5). Our results highlight
the elevated health risks associated with fish consumption in the study area.

Table 4. Potential dose (Dpot) and toxicological risk quotient (QR) of total mercury for both exposure
scenarios in coastal and inland zones.

Pot. Dose Pot. Dose Pot. Dose
Exposure Scenario Child & Juvenile Women and Men Adults  Woman of Childbearing Age
(5-16) (17-75) (16-49)
ug/kg/day  pg/kg/week pg/kg/day ug/kg/week  ug/kg/day ug/kg/week
Dpot/d Dpot/W Dpot/d Dpot/W Dpot/d Dpot/W
Coastal Zone
Current scenario 6.8 34 0.5 2.5 0.08 0.4
Critical scenario 6.9 34.5 6.0 30 4.7 23.5
Inland Zone
Current scenario 7.5 375 1.9 9.5 1.8 9
Critical scenario 11 55 9.9 49.5 7.7 38.5

4. Discussion

High levels of mercury were detected in different fish species and trophic levels in remote and
legally protected areas of the northern Amazon; this suggests a high risk of Hg contamination in local
fish consumers. Based on the risk assessment of fish Hg concentrations from 18 sites in Amapa State
we recommend a low-risk fish diet for the three different groups. We found that the local preference for
carnivorous fish species presents a significant health risk for local communities, particularly in inland
water zones. As top predators, carnivorous fish bioaccumulate larger quantities of Hg throughout
their lifecycle.

The mercury dynamics in aquatic ecosystems are complex and influenced by many factors,
including soil type, river flow, fish trophic level, age of fish, season, pH, the productivity of aquatic
ecosystems, characteristics of methylation sites, and others [41,42]. As most of the fish samples (81%)
were caught during the dry season (with only one field campaign during the rainy season), our study
may be limited by the lack of seasonal data; however, we observed no significant difference in Hg
concentration in the fish sampled in the dry and rainy seasons (p > 0.05). Another potential source
of bias is the lack of detailed primary data on local eating habits, including dietary patterns and
meal composition, particularly with regard to the fish intake dose. To minimize this potential bias,
we incorporated a conservative approach by assuming a low daily fish intake in relation to the current
exposure scenario and in response to the high frequency and quantity of weekly meals [27,40]; this is
due to the high regional heterogeneity in the Amazon region, where fish consumption is higher in
some communities due to the lack of alternative protein sources.
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Furthermore, erosion can significantly influence THg levels in Amazonian aquatic ecosystems
by mobilizing inherited Hg in soils. Consequently, efforts to reduce Hg exposure—particularly in
populations downstream of ASGM sites—must also address soil erosion, with a particular focus on
vulnerable rivers and streams in riparian forests [43]. In addition, changes in land cover/use leads
to frequent forest fires, which releases large quantities of Hg to the atmosphere [44] and aquatic
systems [42]. These issues require the political will to implement effective policies to reduce the drivers
of deforestation in the Amazon.

Comparing the current and critical scenarios in the coastal zone, we observed no significant
difference in the potential doses of children/juveniles based on the acceptable methylmercury dose
(1.6 ug/kg/week or 0.23 ug/kg/day) [25]. In contrast, a significant difference was observed in the
potential doses of children in the inland zone (p < 0.005). For this group, we assumed children consume
the same fish species as adults but in smaller quantities. Furthermore, children are at significant risk
of Hg exposure because of their higher Hg doses and lower body weights (approximately half that
of adults). The potential dose for the other two groups (adults and pregnant women) in both zones
was double the WHQO's daily recommended dose at 0.5 ug/kg/day. The potential dose for women of
childbearing age in the coastal zone was within the safe limit at 0.08 ug/kg/day. Nevertheless, under the
critical scenario in the coastal zone, the toxicological risks for adults (men and women) was 26 and
20 times higher than the daily reference dose for adults and women of childbearing age, respectively.
Our results suggest that both groups in the coastal zone that consume carnivorous fish five times per
week on average have significantly higher health risks from THg contamination, even in areas where
lower fish Hg levels were observed.

Both scenarios showed a high risk of Hg contamination in the inland zone. The highest risks were
observed in children at doses of 37.5 pug/kg/week and 55 pg/kg/week. The consumption of fish with
high levels of Hg therefore poses significant health risks for this group. Adults under the current and
critical scenarios in both zones had a potential dose of 1.9 ug/kg/day and 9.9 ug/kg/day, respectively,
inferring a low risk for the current scenario and very high risk for the critical scenario. For pregnant
women, the potential dose was 1.8 pug/kg/day under the current scenario, and the dose for the critical
scenario was 4.3 times that of the current scenario. Many studies assessing riverbank populations in
the Amazon show that a small proportion of the communities consume carnivorous fish at a frequency
of 10 meals a week [15,27,36,39].

These communities have been exposed to Hg contamination for over a century through the
ingestion of mercury contaminated fish. This long-term Hg exposure has led to potential adverse
health effects, such as fetal impairment in women of childbearing age [45-47].

Our findings suggest that the consumption of the carnivorous fish species Cichla monoculus,
Hoplias malabaricus, Aspistor quadriscutis, Ageneiosus inermis, Plagioscion auratus, and Sciades herzbergii
should not exceed 200 g per week. This is equivalent to a dose of 1.4 ug/kg/week for a 70 kg adult.
In contrast, we identified no health risks regarding the consumption of herbivorous (such as Mugil sp.
(tainha)) and detritivorous species (such as the Hypostomus sp. (acari/cascudo) and Curimata inornata
(branquinha)) in the coastal communities. Moreover, to minimize health risks, Ageneiosus inermis
(mandubé), Boulengerella cuvieri (pirapucu), Cichla monoculus (tucunaré), and Hoplias aimara (trairdo)
should only be consumed once a month. Pregnant women should avoid consuming carnivorous fish
and reduce the intake of omnivorous fish during the pregancy.

5. Conclusions

To our knowledge, this is the first study to provide clear recommendations for reducing the
Hg exposure through fish consumption in local communities in the northern Amazon. High levels
of mercury were detected in different fish species in the study area, suggesting a high risk of Hg
contamination in local fish consumers. The highest risk of Hg contamination was observed in children
in the inland zone. To minimize health risks, we proposed a maximum weekly fish intake for different
trophic levels based on both the toxic characteristics of Hg and human susceptibility. We suggest
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that the consumption of the carnivorous fish species should not exceed 200 g per week, with special
attention to the consumption of mandubé, pirapucu, tucunaré and trairao, that should be consumed
once a month.

The study locations were selected in protected and conserved areas, including Brazil's largest
natural reserve (Tumucumaque National Park). These regions provide ecosystem services for traditional
communities and maintain their social and cultural values, including the incorporation of fish resources
for human livelihoods.

Due to the persistence of Hg in the environment, legal and illegal ASGM activities in Amapa
continue to impact the health and livelihoods of traditional communities who are dependent on fish as
a primary protein source. This situation has been exacerbated by the global increase in the price of
gold, which has driven the expansion of illegal ASGM activities in the Amazon and further threatens
the environment and the human rights of local communities. This also inhibits the ability of vulnerable
populations to achieve their sustainable development goals.

In this context, it is critical to assess the impacts of Hg contamination on local communities
and their environment. There is a strong need to build scientific evidence that helps to develop
effective mitigation measures and policies to tackle these issues. It is crucial to assess the impact
of mercury contamination on human health at regional scales. Policy makers must also devise and
implement effective mitigation measures to guarantee the food security of indigenous communities;
this includes the proposition of nutritional alternatives and the moderation of fish consumption without
compromising cultural traditions.
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