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Abstract Hydroelectric reservoirs can stratify, pro-
ducing favorable conditions for mercury methylation
in the hypolimnion. The methylmercury (MeHg) can
be exported downstream, increasing its bioavailability
below the dam. Our objective was to assess the
mercury levels in plankton, suspended particulate
matter (SPM) and fish collected upstream (UP) and
downstream (DW) from the Reservatério de Samuel
dam, an Amazonian reservoir that stratifies during half
of the year. Mercury concentrations in both SPM and
plankton were similar between the two sites, which
could indicate there are no conditions favoring meth-
ylation at the moment of sampling (absence of
stratification). Almost all mercury found in the muscle
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of fishes was in organic form, and differences of
mercury levels between sites were dependent on the
fishes trophic level. Herbivores showed similar mean
organic mercury levels (UP = 117 ug g~ '; DW = 120
ng ¢ ' n = 12), whereas omnivores (UP = 142 pg
g ' DW = 534 pug g~ '; n = 27) and carnivores (UP =
545 png g~ 's DW = 1,366 ug g '; n = 69) showed
significantly higher values below the dam. The absence
of a reservoir effect in herbivores is expected, since
they feed on grassy vegetation, near the riverbanks,
which is not much influenced by mercury in aquatic
systems. On the other hand, the higher mercury levels
below the dam observed for omnivores and carnivores
suggest a possible influence of the reservoir since they
feed on items that could be contaminated by MeHg
exported from upstream. The results highlight the
necessity of assessing areas downstream of reservoirs.

Keywords Bioaccumulation - Fish tissues -
Hydroelectric - Organic mercury - Methylation

Introduction

The presence and behavior of mercury (Hg) in aquatic
systems is of great interest and importance, since it is the
only heavy metal that bioaccumulates and biomagnifies
through the aquatic food web (Lindqvist et al., 1991).
The behavior of Hg can change in environments
influenced anthropically, usually because of input of
Hg (e.g., industrial wastes and atmospheric deposition)
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or changes in natural conditions. Impounded reservoirs,
which produce about 20% of total world electric power
(REN21, 2009), currently represent an important dis-
turbance in aquatic systems.

Many studies have observed an increase of Hg
levels in the local biota after reservoir impoundment
(e.g., St. Louis et al., 2004; Hylander et al., 2006;
Bodaly et al., 2007). This increase is associated with
the inundation area, which mobilizes Hg and organic
matter from submerged vegetation and soil. The
microbial decomposition of organic matter, linked to
limnological characteristics such as acid pH and low
oxygen levels, makes reservoirs good sites for Hg
methylation (Rogers et al., 1995; Hylander et al.,
2006). Methylmercury (MeHg) can be assimilated by
the biota, and therefore in some reservoirs the fish
have high Hg contents.

Flooding an area for reservoir filling can result in a
water column that is stratified during most of the year.
The stratification can cause anoxic conditions in the
hypolimnion that favor Hg methylation. In reservoir
hypolimnetic anoxic water, an increase of MeHg
concentrations can occur, and this water, passing
through the dam, increases MeHg availability down-
stream (Canavan et al., 2000). The MeHg transported
downstream is mainly in the dissolved phase, associ-
ated with suspended particulate matter (SPM) and
incorporated in the biota, mostly plankton organisms
(Schetagne et al., 2000; Dominique et al., 2007).
Therefore, the MeHg can be incorporated and trans-
ferred through the aquatic food web downstream.

The majority of the studies on the limnology as well
as heavy-metal accumulation and management in
reservoirs has been carried out in the lacustrine zone,
mainly near the dam (e.g., Kamman et al., 2005;
Gantzer et al., 2009), since the features of this region
are usually very important for energy generation and
water supply. The impact of the outflow of pollutants
from reservoirs on the downstream region and espe-
cially on the biota is not well known. In Boreal
reservoirs, the high Hg levels in biota downstream
from dams is well discussed (e.g., Schetagne et al.,
2000; Anderson, 2011), but only limited information is
available on Hg loads of tropical biota found in
southern hemisphere reservoirs. Notably, regarding
Amazon reservoirs, there are until now, only two
reservoirs studied downstream of a dam for Hg levels
in fish, Tucurui (Porvari, 1995; Malm et al., 2004;
Palermo et al., 2004) and Petit-Saut (Dominique et al.,
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2007). In the Amazon region, where there are natural
sources and likely biogeochemical processes that
favor Hg methylation in the environment (Silva-
Forsberg et al., 1999), damming rivers for hydroelec-
tric reservoir construction can result in high Hg
concentrations in fish. Knowing that this region has
the largest volume of freshwater in the world,
comprising approximately 2/3 of the total hydropower
potential of Brazil (Bermann, 2002), it is important to
understand the effects downstream from Amazon
Teservoirs.

This study took place in the Reservatério de
Samuel, located in the Brazilian Amazon. This
reservoir is stratified during half of the year, and
previous studies have shown that its hypolimnion
becomes anoxic with an acidic pH, thus creating ideal
conditions for methylation. Therefore, this system can
be acting as a methylation site, exporting MeHg
downstream from the dam that can be taken up by
biota. Hence, the objectives of this study were to
assess the Hg levels: (1) in SPM and plankton, two
main downstream exporters of Hg, collected upstream
and downstream from the Reservatério de Samuel
dam, (2) in the muscle of fish that belong to different
trophic levels caught upstream and downstream from
Samuel dam, and (3) in the intestines of fish from
different trophic levels caught in both areas in order to
understand the load of Hg taken by these organisms
through food.

Materials and methods
Study area

The study was conducted in Reservatério de Samuel
(08°45'S, 63°26'W), a hydropower reservoir located in
the state of Rondonia, Brazilian Amazon (Fig. 1). The
reservoir has a surface area of 579 km? at maximum
water level (Santos, 1995). The Reservatorio de
Samuel was formed in 1988 by damming the Rio
Jamari, an important tributary of the Rio Madeira
(SEDAM, 2002). This region has a humid tropical
climate with rainy (September to April) and dry (May
to August) seasons. Annual precipitation ranges from
1,800 to 2,400 mm, and monthly average tempera-
tures are between 24 and 26°C (SEDAM, 2002).
Samples were collected in March—April 2007 (at
the end of the rainy season) at two sites: 1.5 km
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Fig. 1 Sampling sites (black triangles upstream and down-
stream from the Reservatdrio de Samuel dam), and geographical
location of the study area in South America and Brazil

upstream from the Samuel dam, and 4 km downstream
from the dam. These sites were chosen in order to
compare the Hg levels above and below the dam,
respecting the safe limits of the boat’s approach to the
dam.

At the sample site upstream from the dam, the mean
(£standard deviation) water depth is 29 + 3 m based
on 12 samplings, one per month during a year
(Nascimento, 2006). This site shows thermal and
chemical stratification in the dry season (Viana, 2002;
Nascimento, 2006) when the difference in temperature
between superficial and bottom waters can reach 6°C
(Viana, 2002). During stratification, hypoxic condi-
tions prevail at depths below 10 m, exactly the depth
of the water outlet for the turbines. Consequently, the
waters from the downstream region have low dis-
solved oxygen levels during the dry season (Viana,
2002). At the beginning of the rainy season, waters
from different layers of the reservoir become mixed,
and the distributions of dissolved oxygen, pH, tem-
perature, and conductivity are relatively uniform in the
water column (Viana, 2002; Nascimento, 2006).
Downstream from the dam, the waters are oxygen
saturated during the rainy season due to improved
oxygen concentrations in reservoir bottom waters and/
or due to re-oxygenation through high discharges from
the spillway (Viana, 2002; Nascimento, 2006).

The reservoir is surrounded mainly by urbanized
areas, farms and cattle ranches, with some remaining
areas covered by tropical forest. In its basin area there
are no reports of gold mining, but tin mining is an
important activity. The tin ores can contain impurities
such as sulfide minerals, for example. Due to the high
affinity between Hg and sulfur, tin mining can be a
possible source of Hg to the reservoir. This activity
releases large amounts of particulate matter into the
reservoir that can be rich in Hg.

Sampling and sample processing

In the upstream site, water was sampled in a vertical
profile (subsurface, 5, 10, 15, 20, and 25 m) using a
Van Dorn bottle. Two samples were taken at each
depth and immediately filtered through a Millipore
AP-40 glass fiber membrane to obtain SPM. One
sample was lost during handling procedures at 10 m,
so we analyzed only one membrane from this depth.
Limnological variables (pH, dissolved oxygen, con-
ductivity, and temperature) were measured at the same
time and depths of water sampling. This site was 29 m
total depth at the time of sampling. Exactly the same
limnological and SPM sampling procedures were
conducted at the subsurface waters from the down-
stream site, where the total depth was 4 m.

The plankton samples were taken at upstream and
downstream sites by horizontal hauls at the water
surface, using conical plankton nets of 20 and 68 um
mesh size. The samples collected with a net of 20 pm
were considered as phytoplankton, comprising mate-
rial >20 pm, and the samples collected with a net of
68 um were considered as zooplankton, comprising
material >68 pum. Since the classification was under-
taken based on mesh size, some algae were probably
included in the zooplankton sample, and some
zooplankton were probably included in the phyto-
plankton sample. The filtered material obtained by
hauls of each net in each site were kept together
composing one sample of phytoplankton from
upstream and one from downstream, and one sample
of zooplankton from upstream and one from down-
stream. These samples were stored in polyethylene
bottles pre-cleaned with acid.

Fish were collected at both sites (upstream and
downstream) by means of gill-nets and hook and line.
Each individual was weighed, measured (standard
length), and killed by freezing immediately after
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collection. Their sex was determined by macroscopic
examination of gonads (Vazzoler, 1996). Since fishes
can modify their food habits during life stages, we
selected only adult individuals, based on their standard
length. Considering the relation of Hg levels and body
size (Lucotte et al., 1999), we also selected individuals
(for the species captured in both sites) with a
maximum similarity in standard length and weight,
as far as was possible, in order to obtain two similar
batches from each sampling site.

We analyzed Hg levels in intestine and skinless
dorsal muscle (located above the lateral line) from 108
individuals of 10 fish species: Serrasalmus rhombeus
(Linnaeus, 1766); Cichla monoculus Spix & Agassiz,
1829; Rhaphiodon vulpinus Spix & Agassiz, 1829;
Pinirampus pirinampu (Spix & Agassiz, 1829); Hyp-
ophthalmus marginatus Valenciennes, 1840; Hemio-
dus unimaculatus (Bloch, 1794); Schizodon fasciatus
Spix & Agassiz, 1829; Laemolyta proxima (Garman,
1890); Leporinus friderici (Bloch, 1794); and Lepo-
rinus affinis Giinther, 1864. Three fish species (R. vul-
pinus, L. proxima, and S. rhombeus) were caught in
both sampling sites, downstream and upstream. The
only R. vulpinus caught upstream had a standard
length and weight within the range of this species from
the downstream samples. The only L. proxima

collected downstream had a standard length and
weight lower than the individuals caught upstream.
Specimens of S. rhombeus had the same standard
length in both sampling sites (¢ test; = 1.53;
P = 0.15), although the mean weight of individuals
from downstream was higher than from upstream
(t test; t = 5.66; P < 0.001; Table 1).

The determination of the fish’s trophic level was
based on specific literature. We also conducted a diet
analyses on the same 108 specimens assessed for Hg
concentrations. Stomach contents of fish were ana-
lyzed to identify and to estimate the relative volume of
the food items (Hyslop, 1980; Branco et al., 1997).

All samples for Hg analysis (SPM membranes,
phytoplankton, zooplankton, and muscle and intestine
of fish) were stored at —18°C, in the laboratory they
were freeze-dried and stored in hermetically sealed
vessels until analytical procedures. The Hg concen-
trations were expressed as dry weight for SPM and
plankton, and as wet weight for fish tissues. The
percentage of water in the tissue (weight loss upon
freeze-drying) was used for the conversion from dry to
wet weight. Samples were collected, stored, and
analyzed using ultra-clean techniques, including the
use of polyethylene gloves, acid pre-treatment of
laboratory material, pre-combusted SPM membrane at

Table 1 Characteristics of fish caught upstream and downstream from the Reservatorio de Samuel dam

Trophic Sampling site n Standard length (cm) Weight (g)
level® and fish species — —
Mean =+ standard Minimum— Mean =+ standard Minimum—
deviation maximum deviation maximum
Upstream
Carnivores Serrasalmus rhombeus 11 28 +2 26-32 697 + 157 525-1,025
Rhaphiodon vulpinus 1 39 370
Cichla monoculus 19 32+6 25-43 887 £ 467 350-2,060
Omnivores Hemiodus unimaculatus 20 17 £ 1 15-20 80 + 31 40-150
Herbivores Laemolyta proxima 5 23 £2 21-25 248 + 66 155-295
Downstream
Carnivores Serrasalmus rhombeus 6 30+ 2 26-32 1,227 £+ 230 840-1,500
Rhaphiodon vulpinus 16 40 £ 3 3644 423 £ 83 290-545
Pinirampus pirinampu 16 40 £ 5 34-50 905 + 39 505-1,655
Omnivores Hypophthalmus marginatus 7 30+ 2 27-33 178 £ 76 120-345
Herbivores Leporinus friderici 2 13-20 45-190
Leporinus affinis 3 21 £ 7 14-27 208 £ 197 40425
Schizodon fasciatus 1 19 125
Laemolyta proxima 1 15 50

* According to this study, Goulding (1980) and Santos et al. (1984, 2006)
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400°C before filtration, and chemical reagents with
high purity for preparing solutions (Bastos et al.,
1998).

Mercury analysis

The total mercury (THg) contents were determined in
all samples by hot extraction with hydrogen peroxide
and acid, followed by oxidation with an aqueous
solution of potassium permanganate (Bastos et al.,
1998). The contents of organic mercury (OrgHg) were
determined in the muscle and the intestine of fish and
plankton samples by leaching with an aqueous solu-
tion of acid sodium bromide and cupric sulfate,
followed by dichloromethane—hexane extraction, and
hot acid-digestion (Kehrig et al., 2008). In both
methods (THg and OrgHg), Hg was quantified by
Cold Vapor Atomic Absorption Spectrometry with a
Flow Injection Mercury System (FIMS)—FIAS 400
(Perkin Elmer), using sodium borohydride as a
reducing agent. THg concentrations correspond to
the sum of organic and inorganic mercury (InorgHg)
concentrations. Therefore, the InorgHg concentrations
were calculated by subtracting the OrgHg from the
THg concentrations in each sample. The OrgHg ratio
(%O0rgHg) is the ratio of OrgHg in relation to THg.

The accuracy of the Hg analysis methods utilized
was determined by comparison with certified refer-
ence samples (DORM-2, n = 30, and TORT-2,
n = 10, both from the National Research Council of
Canada). The values determined were consistently
within the certified ranges, with recovery considered
adequate for THg (99 £ 5% and 107 &+ 2%) and
OrgHg (94 £ 3% and 105 + 5%), for DORM-2 and
TORT-2, respectively. Each sample was analyzed in
duplicate to assess the precision of the Hg methods
utilized, and the standard errors of duplicates were
<10%. The detection limits of THg and OrgHg were
0.18 and 0.14 pg 17", respectively, corresponding to
the mean of concentrations of the procedural blanks
plus three times the standard deviation of the blanks
(Miller & Miller, 1994).

Statistical analysis

In order to statistically compare the Hg concentrations
in fish from different trophic levels and sites (upstream
and downstream), we conducted a two-way ANOVA.
This analysis detects the independent effect of both

factors (trophic level and site) as well as their possible
interaction. The ANOVA was followed by a Tukey
post hoc test. To compare, within each species, THg
levels between male and female we conducted a
t Student test. We did not do a ¢ test in the fish species
with n < 5 per group, totalizing at least n = 10. To
test for the normality and homocedasticity of data we
used, respectively, a Shapiro-Wilk and a Levene’s
test. When necessary, the data were log transformed.
The significance level used was 0.05.

Results

Mercury levels in suspended particulate matter
and plankton

The THg levels in SPM from the upstream site differed
slightly with depth. These concentrations were lowest
at 5 and 10 m, and uniform at other depths. THg levels
of SPM downstream coincided with the concentrations
in the deep water upstream (Fig. 2). The measured
limnological variables confirm that the reservoir was
not stratified at the time of sampling (Fig. 3). In

THg (ug.g' dry weight)
0 015 03 045 0.6 075 09

of
5t
C
3
107 =
£ g
£ 3
£ 15}
Q.
(o)
(]
201
251
_____________________________________ o
S
0 —O— g
7]
=
@
)
3

Fig. 2 Total mercury (THg) concentrations in suspended
particulate matter collected at various depths upstream (filled
circle) and downstream (open circle) from the Reservatdrio de
Samuel dam. Values in mean with bars indicating standard
deviation, except for 10 m where one sampling was realized
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Fig. 3 Water parameters determined in April 2007 at the two
sample sites, upstream and downstream from the Reservatdrio
de Samuel dam. Filled circle pH; times dissolved oxygen
(mg 17Y); filled square conductivity (uS cm™"); filled diamond
temperature (°C)

addition, the limnological conditions were similar
between the two sites.

The zooplankton from the upstream site had
%0rgHg, organic and inorganic Hg levels similar to
the zooplankton from downstream. The same was
shown by phytoplankton, except for InorgHg levels
which were higher downstream. Regardless of the
sampling site, the phytoplankton showed OrgHg
concentrations and %OrgHg lower than the zooplank-
ton, while the InorgHg levels in phytoplankton were
higher than those observed in zooplankton (Fig. 4).

Trophic classification of fish

According to specific literature and diet analyses, the
fish species can be separated into three trophic levels:
carnivores, omnivores, and herbivores (Table 1).
P. pirinampu, R. vulpinus, and C. monoculus were
considered carnivores, since almost all items found in
their stomach were fish debris, only a small percentage
(<1%) was plant debris. S. rhombeus was also consid-
ered a carnivore, with the percentage (mean = stan-
dard deviation) of stomach items divided among fish
debris (upstream: 98.0 + 3.7%; downstream: 94.8 +
12.1%) and plant debris (upstream: 2.0 £ 3.7%;
downstream: 5.2 + 12.1%). L. proxima, L. friderici,
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Fig. 4 Organic (OrgHg) and inorganic mercury (InorgHg)
concentrations and ratios of OrgHg (%OrgHg) with regard to
total mercury concentrations in plankton collected upstream and
downstream from the Reservatério de Samuel dam

L. affinis, and S. fasciatus were considered herbivores,
since the most important food item found in the
stomach was plant debris (almost 100%). The items
most frequently found in the stomach of H. marginatus
were phytoplankton (50.7 £ 26.7%) and zooplankton
(49.3 £ 26.7%); therefore this species was considered
omnivore. H. unimaculatus was also considered
omnivore, with the percentage of stomach items
divided among phytoplankton (54.5 £ 26.7%), zoo-
plankton (40.3 & 28.1%), and filamentous algae
(5.3 £ 3.6%). All the Hg analyses in the following
results and discussion were based on the trophic levels,
rather than on the taxonomic species. This was justified
by the results of the following tests. After trophic
classification of fish, an ANOVA, followed by a post
hoc test (Tukey test) with THg levels in muscle from all
carnivorous species, revealed two groups of species
(F = 20.64, P < 0.001), those from upstream were
significantly lower than those from downstream
(S. rhombeus from upstream = C. monoculus from
upstream < S. rhombeus from downstream = P. pi-
rinampu from downstream = R. vulpinus from down-
stream). Furthermore, the only R. vulpinus caught
upstream had THg levels within the range of the other
carnivorous species from upstream. Therefore, we had
homogeneous batches of carnivorous fish in each site.

Mercury levels in fish

The Hg concentrations in the muscle of fish increased
with the trophic level at both sites (Fig. 5). THg and
OrgHg levels in muscle were influenced by interaction
between the two factors analyzed, trophic level and
sampling site (interaction: THg: F = 9.7, P < 0.001;
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Fig. 5 Mean mercury concentrations in tissues of fish from
different trophic levels from upstream (white square with
dashed line) and downstream (black square with continuous
line) from the Reservatorio de Samuel dam. Different letters,

OrgHg: F = 10.5, P < 0.001). The differences of Hg
level between sites depended on fish trophic level. The
herbivorous fish showed similar muscle concentra-
tions at the two sites. On the other hand, muscle
concentrations in omnivores from downstream were,
on average, 3.7 and 3.8 times higher than levels of
omnivores from upstream for THg and OrgHg,
respectively. The carnivores also showed higher
concentrations from downstream than those from
upstream (2.4 and 2.5 times, on average, for THg
and OrgHg, respectively). The OrgHg concentrations
in muscle were higher than those of InorgHg,
independent of sampling site or trophic level, with
the %OrgHg ranging from 75 to 100% (Table 2).
THg and OrgHg levels as well as %OrgHg in
intestine increased according to the fish trophic level for

Herbivores Omnivores Carnivores

within each graph, indicate statistical differences. Bars indicate
95% confidence intervals. Total mercury in muscle (a) and in
intestine (b), and organic mercury in muscle (¢) and in intestine

(@)

both sampling sites (Fig. 5, Table 2). THg and HgOrg
levels were not influenced by interaction between the
trophic level and sampling site (interaction: THg:
F=02,P=0.83;0rgHg: F = 0.2, P = 0.85). How-
ever, each factor separately was important to determine
the intestine Hg levels (trophic level: THg: F = 79.4,
P <0.001; OrgHg: F = 1349, P < 0.001 and sam-
pling site: THg: F = 6.3, P = 0.01; OrgHg: F = 10.8,
P = 0.001). The Hg concentrations in the intestines of
herbivores were similar between the two sites. Different
from that observed in muscle, the intestine concentra-
tions in omnivores were similar between the two sites.
The levels in intestines of carnivores from downstream
were, on average, 1.5 and 1.7 times higher than those of
carnivores from upstream for THg and OrgHg,
respectively.

Table 2 High organic mercury ratios in muscle and increasing with the trophic level in intestine of fish caught upstream and

downstream from the Reservatério de Samuel dam

Herbivores Omnivores Carnivores

Upstream Downstream Upstream Downstream Upstream Downstream
Muscle 96 + 3% (5) 91 + 8% (7) 89 £+ 11% (20) 90 £ 6% (7) 97 + 5% (31) 96 + 6% (38)
Intestine 38 £ 2% (5) 45 £ 11% (7) 54 £ 19% (20) 50 £ 13% (7) 84 £ 12% (31) 88 £ 11% (38)

Ratio values in mean =+ standard deviation; number of analyzed specimens in parentheses
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Fig. 6 Total mercury (THg) concentrations in muscle of fish
collected upstream (a) and downstream (b) from the Reservato-
rio de Samuel dam. The dashed line is the maximum
recommended limit established by World Health Organization
(FAO/WHO, 1991) for human consumption of fish

No significant differences in THg levels in muscle
were observed between males and females (C. mono-
culus: t = 0.32, P = 0.76; P. pirinampu: t = 1.91,
P = 0.08; R. vulpinus: t = 0.75, P = 0.47; S. rhomb-
eus from upstream: ¢ = 0.33, P = 0.75; H. unimacul-
atus: t = 0.02, P = 0.98).

Considering the maximum recommended limit for
human consumption of fish (0.5 pg g~' fish wet
weight) established by the World Health Organization
(FAO/WHO, 1991), 42 and 97% of the carnivores
exceeded this limit at upstream and downstream sites,
respectively. Among non-carnivorous, all analyzed
specimens from upstream were safe for consumption,
whereas 29% exceeded that limit at the downstream
site (Fig. 6).

Discussion
We hypothesized that limnological conditions in

reservoir hypolimnion favor increased methylation
and release of MeHg in the waters downstream from
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the Reservatdrio de Samuel dam. This MeHg can then
bioaccumulate and biomagnify through the aquatic
food web, resulting in high Hg levels in biota
downstream. Concentrations of Hg were significantly
higher below the dam in omnivorous and carnivorous
fish. In contrast, Hg levels were similar between
upstream and downstream sites in herbivorous fish,
SPM and plankton. Studies in two other Amazon
reservoirs showed the highest Hg levels in the same
three compartments assessed in this study (SPM,
plankton, and fish) below the dam (Malm et al., 2004;
Palermo et al., 2004; Dominique et al., 2007). It is
important to consider that these two reservoirs were
stratified during the sampling season, and Samuel was
not. The processes that favor high Hg concentrations
downstream from the dam should occur mostly when
the reservoir is stratified. Therefore, the Hg levels
observed in this study possibly were affected by the
season sampled, sampling site, compartment analyzed
and trophic level of fish.

Since SPM and plankton are extremely dynamic
compartments, reflecting the conditions during sam-
pling, their similar Hg concentrations observed from
both sampling sites may indicate there are no condi-
tions favoring methylation in the absence of stratifi-
cation. Studies conducted in both Elephant Butte
(USA) and Petit-Saut (French Guiana) reservoirs have
shown consistent changes in MeHg levels in water
according to stratification—destratification dynamics
(Canavan et al., 2000; Muresan et al., 2008). During
stratified periods, the authors recorded much higher
MeHg in the reservoir hypolimnion and, consequently,
in downstream areas from the dam, compared to the
surface layer of the reservoir. In the season of mixed
waters, the Hg outputs decreased 25% (Muresan et al.,
2008). In Tucurui, a permanently stratified reservoir in
the Amazon basin, an increase of about three times
was shown in Hg levels in plankton below the dam
(Malm et al., 2004).

A long-term study (between 2003 and 2005),
undertaken also in Reservatorio de Samuel, detected
a relationship between the period of the year and THg
levels in plankton from the upstream site (Nascimento,
2006; Nascimento et al., 2009). During the dry season,
the authors observed low THg levels. As soon as the
reservoir destratifies (early rainy season), when remo-
bilization of hypolimnion takes place, high values
were recorded; and these levels decreased until
reaching low values in the dry season (Nascimento,
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2006; Nascimento et al., 2009). At the downstream
site, studied since the dry season in 2005, the THg
levels in plankton were similar or higher than those
from upstream, but without a clear relationship with
season (Nascimento, 2006). Considering that this last
study assessed THg levels in plankton, and MeHg can
be an important species that exports Hg downstream,
we suggest that further studies assess the MeHg (or
OrgHg) in plankton during a seasonal cycle of
Reservatdrio de Samuel.

Differently from SPM and plankton, fishes enable
an analysis of chronic pollution of Hg (Jahanbakht
etal., 2002). These organisms have high accumulation
capability and low depuration rate of Hg (Wiener
et al., 2002). Thus, the Hg levels in fish, particularly in
muscle, are more integrative in time than the former
fast-cycling compartments.

In this study, the differences found in Hg concen-
trations from the muscle of fish between upstream and
downstream sites depend on their trophic level. The
higher Hg concentrations observed in the muscle of
carnivores and omnivores collected below the dam
suggest that these organisms are being influenced by
the reservoir. On the other hand, herbivores showed
similar muscle concentrations between sites. The
MeHg exported downstream is mainly associated with
SPM, incorporated in the plankton, and dissolved in
water (Schetagne et al., 2000; Dominique et al., 2007).
The MeHg exported in the dissolved phase can be
adsorbed/absorbed by plankton, adsorbed by SPM, or
absorbed by fish gills (Window & Kendall, 1979;
Simon & Boudou, 2001; Fishe & Hook, 2002),
although this last process is considered of weak
importance when compared to exposure by feeding
(Boudou & Ribeyre, 1997; Wiener et al., 2002). The
Hg accumulated in plankton and other suspended
particles can get through the fishes food chain,
transferring the Hg to higher trophic levels. Although
we collected fish when the reservoir was not stratified,
we suggest that the process mentioned above can occur
in Samuel, resulting in the high Hg levels observed in
fish from downstream. To confirm this hypothesis, Hg
data from the dry season is required. It is interesting to
observe that omnivores from the downstream site
showed similar Hg levels in muscle to carnivores from
upstream, even feeding on plankton, an item located
much lower in the food chain compared to the
carnivores’ prey (principally fish). The herbivorous
fish, on the other hand, feed mainly on vegetation near

the river banks, especially on leaves of grasses, which
are not significantly influenced by Hg from aquatic
systems (Stamenkovic & Gustin, 2009; Zhang et al.,
2010). Studies have shown that roots act as a barrier to
Hg uptake by plants, including Oryza spp. (Du et al.,
2005; Sierra et al., 2009; Meng et al., 2010). These
results are similar to those found in Lago Manso,
another Brazilian reservoir, where fish with different
carbon sources had different responses regarding the
reservoir effect on Hg concentrations, with the average
fish levels higher downstream except for one herbiv-
orous fish species (Tuomola et al., 2008).

While the muscle represents an integrated sample,
the intestine of fish possibly reflects the Hg levels in
food consumed by the fish in the current season
sampled. Since the Hg concentrations of the food of
herbivores are not much influenced by the reservoir,
their intestine showed similar concentrations between
the two sites, as observed for the muscle. The
carnivorous fishes feed mainly on fishes, which have
a long Hg half-life (Wiener et al., 2002), thus both
their muscle and intestine reflect integrated concen-
trations in time. The Hg concentrations in the intestine
of omnivores were similar at both sites, following the
pattern observed for plankton (their main food item),
probably because this item is not influenced by the
reservoir at the end of the rainy season.

Some additional factors could also contribute to
explain our Hg data, and must be addressed, such as
the low oxygen levels downstream during half the
year. The oxygen deficiency can enhance methylation
of Hg and its mobility and bioavailability (Huchabee
et al., 1979). The downstream site is a lotic system,
without associated large wetland areas, and the oxygen
deficiency gradually improves with increasing dis-
tance from the dam (Viana, 2002). Therefore, these
low oxygen levels may not have a great influence in
Hg methylation downstream. However, the mobility
and bioavailability of Hg can improve its bioaccumu-
lation in the downstream area.

We selected specimens from both sampling sites in
order to obtain two similar batches of fish. Even with this
selection, one specimen of L. proxima from downstream
was smaller than the individuals from upstream.
Removing this individual from statistical analysis, the
results remain the same, similar mean Hg levels between
herbivores from both sites. The weight of another
species, S. rhombeus, was greater downstream, even
with the same length at both sites. Therefore, its
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different physiology could have contributed to the
observed higher levels of Hg in this species downstream.

Within each trophic level, no marked differences
were observed between the stomach contents of the
fishes from both sites considering the categories of
food items assessed. However, the food items of
carnivores, mainly composed of fish debris, were not
identifiable on a species specific level, biasing our
interpretation. Carnivores from upstream and down-
stream sites could feed on different prey from different
trophic levels, leading to different Hg uptake to these
fish. This could also explain the higher levels in
carnivores from downstream.

The diet of Amazon people is primarily composed
of cassava and fish (Dorea, 2004). Along the Rio
Madeira, which receives the Rio Jamari and Reser-
vatdrio de Samuel waters, the consumption of fish was
estimated at 250 g day~' for adults (Bastos et al.,
2006). Fish is an excellent source of good-quality
protein but it can also be a source of MeHg. Consid-
ering that over 75% of Hg accumulated in freshwater
fish muscle tissue is commonly MeHg (Ikingura &
Akagi, 2003), the maximum tolerable weekly intake of
THg is around 4.4 ug kg ™' body weight. This calcu-
lation is based on the maximum tolerable weekly
intake of MeHg of 3.3 pg kg~' body weight for adults,
except women of childbearing age (FAO/WHO, 2006).
With a fish consumption of 250 g day ™", a person with
60 kg should eat fish with maximum Hg levels of
0.15 pg g~ " in order to avoid exceeding the maximum
tolerable intake of Hg. Even if we consider the
maximum level of Hg in fish (0.5 pg g~') as recom-
mended by the WHO (based on approximately 400 g
weekly intake of fish for a person with 60 kg of body
weight), the bulk of fish in this study exceeded this
limit, especially fish from downstream. These findings
show that the Hg levels must be monitored in
reservoir’s drainage basin, since the high Hg levels
can lead to health risks, especially in areas where fish
consumption is high, as in the studied region.

In this study, the %OrgHg was lowest in phyto-
plankton, intermediate in zooplankton, and highest in
muscle of fish. This increase in ratios must be a
consequence of arise in OrgHg concentrations, mainly
MeHg, through the food web. In addition, the InorgHg
does not biomagnify (Kasper et al., 2009). The same
tendency could also be observed for the intestines.
There was a gradual increase of %OrgHg in the
intestine of the fish, following an increase in the

@ Springer

trophic level, because the intestine reflects the trophic
level of food that was consumed by fish.

Conclusion

We have shown that Hg levels in omnivores and
carnivorous fish are significantly higher downstream
from the dam. Our hypothesis is that limnological
conditions in reservoir hypolimnion favor methylation
during the dry season. The MeHg produced could
outflow downstream and biomagnify through the
aquatic food web. Further studies are needed to
confirm if this process is causing the elevated Hg
levels observed. We suggest assessing Hg levels in
plankton and fish intestines during the dry season at
upstream and downstream sites, and in the muscle of
carnivorous fish of same species at both sites (fol-
lowed by a diet analyses). The results highlight the
necessity of assessing areas downstream of reservoirs.
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