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Abstract About 30% of the total area of Lake
Batata (Amazon) was impacted by the disposal of
bauxite tailings originated from the process of
washing bauxite. This effluent, composed by fine
particles of clay and water, settled on top of the
natural sediment, originating a new substratum
with a different physical and chemical composi-
tion. This phenomenon created a new distinct
habitat (impacted sediment) influencing the ben-
thic community. The aim of this study was to
evaluate the impact of bioturbation by Campsu-
rus notatus (Ephemeroptera: Polymitarcytidae)
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on potential gas fluxes in the sediment of natural
and impacted areas of the lake. The natural
sediment had a significantly higher methane
concentration when compared to the impacted
one. In incubated sediment cores, the presence of
C. notatus nymphs resulted in a significant
increase in oxygen consumption and methane
and carbon dioxide release to the water column.
The effect of the presence of nymphs on methane
was ambiguous. The C. notatus nymphs strongly
decreased methane concentration in natural sed-
iment samples, probably because of the enhance-
ment of the oxic sediment area. However, this
effect was not observed in impacted samples.
Finally, the new substratum of Lake Batata
decreased methane concentration in sediment
and water column. C. notatus nymphs demon-
strated to have a significant role on gas flux
(methane and CO;) from sediment to water
column as well as on oxygen consumption in
Lake Batata, consequently influencing the carbon
cycle in this lake.

Keywords Amazonian lake - Bioturbation -
Campsurus notatus - Methane - Sediment
Introduction

In the mid 70s the mining company Mineracao
Rio do Norte S.A. began its activity of bauxite ore
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extraction at Porto Trombetas (Para, Brazil). As
part of the process, bauxite ore must be washed to
remove clay particles. Until the end of 1989,
bauxite tailings (water + clay) originated from
the washing process was dumped directly into
Lake Batata, impacting nearly 30% of the total
area of the lake. This effluent is composed of solid
particles (clay) and is deposited on the bottom of
Lake Batata over its natural sediment formed by
layers of up to 5 m. The new substratum is poor in
organic matter, nutrients, and has extremely fine
granulometry (<0.49 pm).

By the end of the 80s several studies were
carried out in this aquatic ecosystem searching for
solutions that could mitigate and understand the
impact of this disturbance (eg. Bozelli et al.,
2000). The deposition of clay particles in Lake
Batata altered the physical and chemical aspects
of the sediment (Roland & Esteves, 1993; Callisto
& Esteves, 1996), leading to a decrease in the
richness and abundance of many benthic species
(Leal & Esteves, 1999).

Nymphs of Campsurus notatus (Needham and
Murphey 1924 Ephemeroptera: Polymitarcyidae)
have colonized the new habitat at the impacted
area. The occurrence of this organism in higher
densities and biomass in the impacted area, as
compared to the natural one, indicates that this
species has benefited from the conditions imposed
by the presence of bauxite tailings (Leal &
Esteves, 1999; 2000).

The nymphs build long U-type tunnels in
sediment where a continuous water flow is
established, revealing a high bioturbation capac-
ity in Amazonian floodplain lakes, as well as at
other tropical aquatic ecosystems (Cressa, 1986;
Nolte, 1987; Melo et al., 1993). The importance of
C. notatus to bacterioplankton production was
recently demonstrated because of its effect on the
mineralization and liberation of nitrogen stocked
in the sediment to the water column (Leal et al.,
2003). Nevertheless, until now, the effect of these
organisms on carbon cycling and organic matter
decomposition is unclear.

The aim of this research was to experimentally
evaluate the effect of C. notatus nymph coloniza-
tion on aerobic and anaerobic organic matter
decomposition (methanogenesis) in both natural
and impacted sediment. This will provide more
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direct and conclusive information about nutrient
cycling and the role of benthic fauna (post
disturbance) on Lake Batata sediment.

Study area

Located in the Amazonian plain, on the right
margin of Trombetas River, Lake Batata is
situated between 1°25" and 1°35" S and 56°15
and 56°25 W in Porto Trombetas, District of
Oriximina (State of Par4, Brazil). Lake Batata is
classified as a clear water ecosystem (Sioli, 1984),
with high transparency, low electric conductivity,
low nutrient concentration, predominantly
slightly acid or acid pH (Bozelli et al., 2000).
Some limnological and morphological data were
described by Ferrao-Filho & Esteves (1994) and
Panosso et al. (1995), respectively. Biological
features were investigated by Bozelli (1992,
1994) who researched the zooplankton commu-
nity. Anésio et al. (1997) and Huszar & Reynolds
(1997) studied the bacterioplankton and phyto-
plankton communities, respectively.

This ecosystem shows high water level fluctu-
ation associated to the Trombetas River flood
pulse, causing a high variation in its depth
(around 9.0 m) and surface area (from 18 Km?
to 30 Km? approximately), representing low and
high water periods (Panosso et al., 1995).

During 11 years  (1979-1989),  about
50,000 m> d! of the resulting effluent originated
from the bauxite washing process were dumped
into Lake Batata. The liquid effluent is composed
of solid particles (7%), predominantly clay, rich
in silicate (47%), iron oxide and aluminum
(21%), which was deposited on top of the natural
sediment of the lake, covering approximately
3 km? of its total area. Tables 1 and 2 show a
summarized description of the sediment granul-
ometry and porosity, as well as nutrients and
water content on natural and impacted areas.

Methods
Sediment sampling and acclimatization

During the low water period (December 2001),
0.03 m> of sediment from the 0-20 cm fraction
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Table 1 Comparative sediment granulometric composi-
tion and porosity of the superficial sediment (0-10 cm;
n =5) from impacted and natural areas of Lake Batata

Sediment Grain size (um)  Impacted  Natural
Sediment (%)

Fine sand 62-125 0.93 1.35
Large silt 31-62 0.0 0.35
Medium silt 16-31 6.65 0.35
Fine silt 8-16 7.67 7.9
Very fine silt ~ 4-8 8.85 4.5
Large clay 2-4 5.45 18.55
Medium clay 12 8.9 35.6
Fine clay 0.5-1 61.55 31.4
Porosity (%) 70.51 89.94

Table 2 Organic matter, total nitrogen, total carbon, and
pore water concentration in the sediment of Lake Batata
(Para, Brazil)*

Organic Total Total Pore
matter nitrogen carbon water
(%DW) (%DW) (%DW) (%)
Natural ~ 20.80 0.46 5.10 73.86
area
Impacted 14.80 0.18 1.72 62.03

arca

* modified from Leal et al. (2003)

was sampled in both natural and impacted areas
with a core sampler (@ = 8 cm; area = 50 cm?)
modified from Ambiihl & Biihrer (1975).

In the laboratory, natural and impacted sedi-
ment were washed in a 0.5 mm mesh size sieve to
remove macroinvertebrates which were stored in
glass flasks. Filtered lake water (GF/C Whatman)
was added to the sediment, which was kept in the
dark for 10 days at a mean temperature of 29.8°C
(£0.5).

The experiment consisted of 3 steps: acclima-
tization, pre-incubation and incubation. After
acclimatization subsamples were taken to deter-
minate methane concentration and pore water
content in sediment from natural and impacted
areas (Fig. 1).

Sediment pre-incubation

Pre-incubation consisted of storing 20 cores from
the acclimatized natural sediment and 20 from the
acclimatized impacted sediment in thermal boxes.
Each core (L =20 cm; @ = 4 cm) was filled with

8-10 cm of water and 10-12 cm of sediment and
sealed in the bottom. All 40 samples were kept in
filtered water from each sampling site. Aeration
pumps were used to keep O, saturation near
100% (99.6 = 0.5) both for inner and outer water.
Water column was homogenized according to the
model proposed by Svensson & Leonardson
(1996) (Fig. 2).

During pre incubation (24 h) the cores were
kept in the dark. After this period, 5 cores of each
area were taken to determine dissolved oxygen
concentration, CO, and CH, in water (initial
concentration, see flux/consumption equation)
and CHy in the sediment (0-2; 2-4; 4-6; 6-8 and
8-10 cm), and the pore water content.

Sediment incubation with C. notatus nymphs

The other 30 cores were divided into 2 groups (15
with natural sediment; 15 with impacted sedi-
ment), and were later divided into 3 subgroups of
5 cores each. Sub group 1 represented the control
(without C. notatus nymphs). One or two nymphs
were added in cores of subgroups 2 and 3
respectively, representing the density registered
at Lake Batata (793 and 1587 ind. m™). After the
introduction of the nymphs, the top of the cores
were kept open for 3 h, and then, sealed for 6 h
(incubation period). The CH,, CO,, and O,
concentrations in the water and the CH, vertical
distribution in the sediment were estimated at the
end of the incubation period.

CH,; and CO, sediment-water flux and O,
consumption in the water were evaluated by the
equation described by Dalsgaard et al. (2000).

Sediment — water flux/consumption
= ([Fce—Ic])*V/axt

where Fc = Final concentration; Ic = Initial con-
centration; V = Water volume (L); a = Core area
(m?) and ¢ = incubation time (h).

Analyses
Dissolved oxygen concentration was estimated
following the method proposed by Roland et al.

(1999). CO, concentration was determined by the
pH-alkalinity method (Carmouze, 1994).
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Acclimatization

Headspace

Filtered lake water

5 sediment subsamples
from natural and
impacted areas

Pore water and
methane concentration

l Pre-incubation

40 Cores

|20 cores from natural area |<—

Water: O,, CO, and CH, concentration
Sediment: pore water content and CH,|
concentration

—>| 20 cores from impacted area I

Water: O,, CO, and CH, concentration
Sediment: pore water content and CH,
concentration

|

Incubation |

I

15 cores
Control «—— 5cores

With 1 C. notatus nymph <«— 5 cores

With 2 C. notatus nymphs «— 5 cores

Fig. 1 Diagram of the experiment represents pre-incuba-
tion phase and incubation phase. During pre-incubation
the sediment samples from natural and impacted areas
were saturated with O, for 6 h and incubated for 24 h in

To determine methane concentration in the
pore water, 5 ml (n = 5) of each sediment fraction
was taken and put in 12 ml flasks with 2 ml of
NaOH (4%) and immediately sealed with rubber
covers. Headspace subsamples were used to
determinate methane concentration, which were
kept in dark and low temperature conditions
(<10°C) until injection. Methane was determined
by gas chromatography using a Varian Star 3400
chromatograph equipped with a POROPAK-Q
column (1 m, 60/100 mesh) at 85°C, FID detector
at 220°C and injection at 120°C, N, was the
carrier gas. The samples were injected using a
Valvo Co6W6 port loop valve (250 ul). For data
recording and peak registration a Star Chroma-
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15 cores

|

5 cores ——— > Control
5 cores — With 1 C. notatus nymph

5 cores — With 2 C. notatus nymphs

the dark at 30°C. After pre-incubation the cores were kept
open for 3 h. Incubation was stopped 6 h after atmosphere
isolation and introduction of Campsurus notatus

tography workstation 5.51 (Varian, USA) was
used.

For the determination of water content and
porosity, subsamples of fresh sediment were
weighed in ceramic vessels and their weight loss
recorded after heating for 4 days at 60°C (Dalsg-
aard et al., 2000).

A two-way ANOVA Statistical analysis was
performed on the acclimatized and pre-incubated
sediment samples in order to assess the influence
of depth and sediment type on methane concen-
tration and to test the influence of C. notatus
density (control, 1-nymph and 2-nymphs) on
methane concentration. Differences between the
sediment-water flux on controls and treatments
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Fig. 2 Schematic representation of (a) pre-incubation phase (without Campsurus notatus and (b) incubation phase (with

Campsurus notatus)

(1-nymph or 2-nymphs) were tested with the
Kruskal-Wallis test with a Dunn’s pos test.

Results

Acclimatization, pre-incubation and
incubation

Methane concentration profiles estimated from
sediment after acclimatization and pre-incubation
are shown in Fig. 3. We found a similar pattern on
both natural and impacted sampling areas, i.e.,
the concentration increased significantly with
depth (Two-way ANOVA, F =362, p <0.05).
The effect of sediment type was strongly pro-
nounced in the upper layers (0-2 cm) of natural
and impacted sediment. The methane concentra-
tion in the natural top layer was 7-8 times higher
than in the impacted one, contrasting with the

other layers, in which we observed a relatively
lower difference (approximately 3 times less), but
statistically ~significant (Two-way ANOVA,
F =146.01, p < 0.05).

Methane concentration of impacted sediment
varied from 14.0 pmol 1! to 110.8 pmol I"' and
from 10.0 pmol I"' to 112.0 umol 17! after accli-
matization and pre-incubation, respectively
(Fig. 3a). The two-way ANOVA indicated no
significant differences in methane concentration
between the two treatments (Two-way ANOVA,
F =025 p<0.05). On the other hand, we
observed a statistically significant difference in
the natural sediment (Two-way ANOVA,
F =17.89, p <0.05), demonstrating that the artifi-
cial water oxygenation column between acclima-
tization and pre-incubation promoted a decrease
of the methane concentration in the sediment
(Fig. 3b). Nonetheless, the concentrations mea-
sured during acclimatization and pre-incubation
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Fig. 3 Methane profile in sediment samples without nymphs of Campsurus notatus. Impacted sediment (a) and natural
sediment (b). ® Acclimatization; [ Pre-incubation. Bars represent standard deviations (n = 5)

were in the range of amplitude usually observed
in situ, both in natural and impacted sediments
(50-300 pmol I™).

In the experiment with impacted sediment, the
presence of C. notatus nymphs did not have
significant effect on methane concentration (Two-
way ANOVA, F =355, p <0.05; Fig. 4a), but
methane concentration increased with depth. We
recorded methane concentrations varying from
13.3 pmol I"! to 119.9 umol I'! in controls; from
10.2 pmol ™! to 116.7 pmol 1! in cores incubated
with 1 nymph; and from 16.0 umol I to
139.3 umol I in cores incubated with 2 nymphs.

Moreover, the results revealed a significant
decrease in methane concentration in the natural
cores with the addition of C. notatus nymphs
(Two-way ANOVA, F =274, p < 0.05; Fig. 4b).
Methane concentration in control cores was
significantly higher than those in the treatments
with 1 or 2 nymphs. However, the statistical
analysis showed no significant difference on
methane concentration in natural sediment colo-
nized by 1 or 2 nymphs (Two-way ANOVA,
F=122,p <0.05)
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Methane and carbon dioxide flux and oxygen
consumption.

A significant increase in methane sediment-water
flux was observed for both types of sediment
(natural and impacted), independently of the
density of nymphs, when compared to controls
(Kruskal-Wallis test, KW =28.1, p < 0.05; Ta-
ble 3). For instance, in control samples of natural
sediment the estimated flux was low
(0.52 pmol m2 h™!), while in the core with 1
nymph the flux was 307 times higher, and in the
cores with 2 nymphs it was 457 times higher.
Methane flux in the 2-nymphs sample only was 1.5
times higher than in the 1-nymph sample.

CO, sediment-water flux was significantly
enhanced in samples submitted to bioturbation
when compared to controls for both types of
sediment (Kruskal-Wallis test, KW =25.32,
p < 0.05; Table 3). CO, flux with 1 nymph, in
treatments with either natural or impacted sedi-
ments, was 8 times higher than measured in the
controls. In treatments with 2 nymphs, a signifi-
cant increase in CO, flux was also observed. In



Hydrobiologia (2007) 586:143-154

149

Impacted sediment

(CH,umol L™
(a)
0 100 200 300 400
0 X . . )
AN
2-
[}
g
L
s 47
(=%
3
g " A
E
=
& 61
oy WAY
8 4
HLZH
10-

Fig. 4 Methane profile in sediment samples during the
incubation with nymphs of Campsurus notatus. (a)
Impacted sediment and (b) natural sediment. Nymphs

contrast with the methane flux, the CO, sedi-
ment-water flux was not significantly different
when comparing impacted and natural samples
(Kruskal-Wallis test, KW =2532, p < 0.05). In
natural sediment samples the flux varied from
0.11 (control) to 1.12 mmol m= h™" (2-nymphs
sample), while in impacted sediment samples the
flux fluctuated from 0.09 (control) to
1.06 mmol m™~ h™' (2-nymphs sample), indicating
a proportional increase in CO,.

Oxygen consumption displayed a similar pat-
tern to the one observed for CO, flux, being
significantly lower in the controls (absolute val-
ues) than in samples with one or two nymphs,
independently of the type of sediment (Kruskal-
Wallis test, KW =24.01, p < 0.05; Table 3).
Otherwise, in both natural and impacted sedi-
ments we did not observe a significant difference
between treatments with one or two nymphs
(Kruskal-Wallis test, KW = 24.01, p < 0.05). Oxy-
gen consumption and carbon dioxide flux were
less affected by the presence of nymphs than
methane flux, as demonstrated by flux ratio and

Sediment depth (cm)

Natural sediment
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were kept in the cores for 6 h in the dark at 30°C. O
Control; A 1 individual; A 2 individuals. Bars represent
standard deviations (n = 5)

sample ratio. Nymphs induced a raise in oxygen
consumption and CO, flux, on average 3 and 12
times greater, respectively, whereas sample ratio
measured for methane was higher.

Discussion

The development of research in Lake Batata was
only made possible because of the unusual
anthropogenic impact that occurred in this
lake—the effluent of bauxite washing, which
impacted a large area of the lake (nearly 30%).
As a result of the dumping of the effluent, which
ceased in 1989, part of the ‘“igap6” (flooded
forest) became “‘terra-firme” (nonflooded forest),
causing death of the natural vegetation. On the
other hand, some areas of the littoral zone, which
in the past were inundated only at high water
periods, are nowadays permanent flooded areas
(Esteves, 2000).

Because of the colloidal and unconsolidated
features of the clay, there are still bauxite tailings
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Table 3 Methane and carbon dioxide flux, oxygen consumption in the water column and flux ratio (natural/impacted) and sample ratio (sample/control) in samples
incubated with sediment from impacted and natural areas of Lake Batata (Par4, Brazil). Control represents samples without the presence of C. notatus. Samples were

incubated in the dark at 30°C for 6 h (mean =+ standard deviation are shown; n = 5)

Control Flux ratio 1 Nymph Flux ratio 2 Nymphs Flux ratio Sample ratio

Area

1.8
1.1
1.6

129.20 (48.21)
237.84 (36.39)
1.06 (0.23)
1.12 (0.09)
1.50 (0.21)
2.43 (0.36)

24
1.3
1.5

67.88 (30.75)
0.69 (0.11)
0.87 (0.11)
1.46 (0.18)
2.17 (0.30)

159.60 (3.92)

1.7
1.2
1.3

031 (0.16)
0.52 (0.58)
0.09 (0.01)
0.11 (0.03)
0.46 (0.12)
0.60 (0.15)

Impacted’
Natural
Impacted
Natural
Impacted
Natural

CH, (umol m? h)
CO, (mmol m? h)
0, (mmol m? h)

suspended in the water column, with huge conse-
quences for plankton (Bozelli, 1994; Anésio et al.,
1997; Huszar & Reynolds, 1997) and fish com-
munities (Lin & Caramaschi, 2005). However, the
sediment was the most affected compartment
since the disturbance destroyed some ecological
niches and created others. In this new situation,
Campsurus notatus nymphs have shown to be
more capable of colonizing the sediment than
other species of the benthic local fauna.

Data related to the effects of bauxite tailings
on microorganisms are scarce and are basically
restricted to bacterioplankton (Anésio, 2000;
Farjalla et al., 2002) and nitrogen fixation and
denitrification in sediment (Esteves et al., 2001).
Furthermore, the scientific information concern-
ing the genus Campsurus is restricted to seasonal
dynamics and biomass (Takeda & Grzybkowska,
1997; Leal & Esteves, 2000) and due to the nature
of the disturburance on Lake Batata there is no
comparative data.

The lower methane concentrations in sediment
with bauxite tailings indicate the influence of the
sediment constitution on CHy production. The
anthropogenic impact caused a decrease in nutri-
ent availability such as C, N, and P (Roland et al.,
2000), as well as changes in the physical structure
of the sediment (Callisto, 2000) and water con-
tent. In general, the concentration of carbon in
the impacted area is at least 7 times lower than
that observed in the natural area.

Methane concentration depends on substratum
availability of low molecular weight molecules
such as acetate, methanol, formate, propanol and
hydrogen (Angenent et al., 2002; Tonouchi, 2002;
Weijma et al., 2003; Bodegom et al., 2004; Veto
et al., 2004), methane oxidation (Segers, 1998),
and oxygen diffusion since this gas has a inhibitory
capacity on methanogens (Fetzer et al.,, 1993;
Frenzel et al., 1999) and it is also important as a
substrate for aerobic oxidation. At Lake Batata,
despite the fact that both areas present similar
oxygen concentrations (about 0.25 mmol I"!) in
their superficial sediment layers (0-0.4 mm), the
impact caused huge differences on the oxygen
vertical profile. At the impacted area, oxygen
penetrates twice as much as in the natural area,
reaching 6 mm in depth, reflecting the fast oxygen
consumption in the surface of natural sediment as
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compared to the non organic impacted sediment
(Leal et al., 2005). This fact might explain why
methane concentration in the upper natural sed-
iment layers was 7-8 times higher than in the
impacted area. However, in the anoxic layers of
the sediment, the natural/impacted concentration
ratio was 3:4. Besides, methane vertical profile
concentrations for both sediments were similar,
i.e., the concentration gradually increases from
the surface to the deepest layers of the sediment,
which is an outcome usually found in continental
aquatic environments (Mathias, 2000; Casper
et al., 2003; Koizumi et al., 2003).

Benthic invertebrates, which build galleries or
tubes, interfere in microbiological processes, feed
bacteria and create structures with different
properties from those observed in adjacent sed-
iments, since they pump the water-sediment layer
rich in oxygen through these tubes (Aller, 2001).
The oxygen-rich water pumped by macrofauna,
from top to bottom sediment layers, influences
metabolic processes dynamics because it changes
the oxi-reduction sites (Altmann et al., 2004) and
stimulates the colonization of these galleries by
aerobic bacteria and meiofauna (Wang et al.,
2001). Kajan & Frenzel (1999) reported that
Chironomidae larvae created microhabitats by
constructing U-type or J-type tubes and increas-
ing the bacterial activity in rice cultivation in
Italy. Similarly, C. notatus nymphs built long
galleries (more than 10 cm long), where oxygen
concentration varied from 0.2 mmol "' to
0.3 mmol I"!, the same oxygen concentration
which was measured in the superficial sediment
layer (Leal et al., 2005). This pattern had a strong
effect on methane oxidation in the natural sedi-
ment of Lake Batata (Fig. 4b). Furthermore, our
results indicate the importance of C. notatus
nymphs in decreasing the methane concentration
in sediments, probably both through induction of
oxidation and release of methane into the water
column. Nevertheless, the absence of perceptible
methane bubbles in the sediment suggests that
oxidation is the principal process involved.
Recently, Kiyashko et al. (2004) demonstrated
that Stictochironomus pictulus (Diptera: Chiro-
nomidae) larvae feed preferentially on methane-
oxidizing bacteria, yet why this species has this
selective feeding remains unclear.

In contrast, nymphs had no effect on methane
concentration in impacted sediment (Fig. 4a).
Part of this result might be explained by sediment
granulometry. Clay deposition has changed
mainly the physical structure, increasing the
percentage of fine clay in the impacted sediment
and changing its porosity, which might represent
an impediment for gas diffusion (Table 1).
Indeed, there is evidence that methane oxidation
is positively related with soil particle size, likely
complicating the diffusion of gas in soils with
small granules (Min et al., 2002).

The influence of bioturbation observed only in
the sediment from the natural area (Fig. 4b)
contrasts with the flux results (Table 3), since we
measured a raise of gas flux and gas consumption
in both natural and impacted sediments. Biotur-
bation caused an increase of methane concentra-
tions in the water column, which must have been
due to the pumping of pore water with high CH,
concentration. Svensson (1997) showed that the
presence of Chironomus plumosus larvae stimu-
lated the ammonium flux from the sediment to
the overlying water, in part due to the pumping
process. In addition, some authors reported that
benthic fauna stimulated microbial activity in
marine (Hansen & Kristensen, 1997; Heilskov &
Holmer, 2001) and freshwater sediments (Svens-
son, 1997). Thus, it seems acceptable to infer that
in Lake Batata C. notatus furthers methane
production in sediment and increases methane
concentration in the water column as a conse-
quence of this pumping.

Oxygen consumption and carbon dioxide flux
were less affected by the presence of nymphs than
methane flux, as demonstrated by flux ratio
and sample ratio, indicating that the activity of
C. notatus nymphs stimulated a more effective
anaerobic decomposition of organic carbon, even
though it increases the oxygenation of the sedi-
ment during pumping. The sample ratio for
methane varied from 219 to 457, while for the
other gases the variation was lower (from 3 to 12).
It is still unclear why methane flux was more
affected by this benthic organism than carbon
dioxide flux or oxygen consumption.

We assume that our results demonstrate the
actual conditions in Lake Batata because both
in situ and in the experimental study the
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estimated methane concentration in situ were
similar (data not shown) and C. notatus displayed
the same behavior.

Even though our study describes a local phe-
nomenon, it provides important information for
other ecosystems because bauxite tailings are
essentially composed by clay and clay is an
important component of Amazonian and other
tropical soils. Many other types of anthropogenic
impacts may have similar effects by increasing
sediment inflow. In a smaller scale but in the long
term, farming and deforestation can have a
similar outcome.

Finally, this study reveals that the new sub-
stratum (impacted sediment) of Lake Batata,
which resulted from the deposition of bauxite
tailings on top of the natural sediment layer,
affected methane dynamics, leading to a lower
methane concentration in the sediment and water
column, and had a stronger effect on anaerobic
organic matter mineralization.

Bauxite tailing influenced carbon cycle in two
distinct ways: on one hand C. notatus nymphs
contributed to a significant increase of CH, flux
from the sediment to the water column and, on
the other, stimulated methane oxidation in the
sediment. In contrast, its influence on the organic
matter aerobic mineralization was less clear. The
results reveal a significant effect of C. notatus
density on the fluxes of CH, and CO, as well as
on O, consumption in both areas.

The bioirrigated zone produced by C. notatus
raises microbiological activity in both types of
sediment. This is proved by the high flux of CO,
from the sediment to the water column. The
results indicate that bioturbation promotes the
colonization of the bioirrigated area of the
impacted sediment by aerobic bacteria and inten-
sifies the microbiological activity in this area. This
implies that this species plays a role as a direct
and indirect source of carbon incorporation into
the sediment of lake thus improving ecological
conditions in the impacted area of Lake Batata.

Acknowledgements The authors would like to thank
Mineracdo Rio do Norte for the financial support and its
staff for assisting in the sampling. We would also like to
thank Dr. Peter Casper for his suggestions.

@ Springer

References

Aller, R. C., 2001. Transport and reactions in the bioirri-
gated zone. In Boudreau, B. P. & B. B. Jgrgensen
(eds), The Benthic Boundary Layer: Transport Pro-
cesses and Biogeochemistry. Oxford University Press,
USA, 269-301.

Altmann, D., P. Stief, R. Amann & D. de Beer, 2004.
Nitrification in freshwater sediments as influenced by
insect larvae: quantification by microsensors and
fluorescence in Situ hybridization. Microbial Ecology
48: 145-153.

Ambiihl, H. & H. Biihrer, 1975. Technik der Entnahme
ungestorter Grossproblen von Seesedimenten: ein
verbessertes Bohrlot. Scheweizer Zeitschrift fiir
Hydrologie 37: 175-186.

Anésio, A. M., 2000. Bacterioplancton. In Bozelli, R. L.,
F. A. Esteves & F. Roland (eds), Lago Batata:
impacto e Recuperagdo de um Ecossistema Amazo-
nico. IB-UFRJ/SBL, Rio de Janeiro, 73-88.

Anésio, A. M., P. C. Abreu & F. A. Esteves, 1997.
Influence of the hydrological cycle on the bacterio-
plankton of an impacted clear water Amazonian lake.
Microbial Ecology 34: 66-73.

Angenent, L. T., S. Sung & L. Raskin, 2002. Methanogenic
population dynamics during startup of a full-scale
anaerobic sequencing batch reactor treating swine
waste. Water Research 36: 4648-4654.

Bodegom, P. M., J. C. M. Scholten & A. J. M. Stams, 2004.
Direct inhibition of methanogenesis by ferric iron.
FEMS Microbiology Ecology 49: 261-268.

Bozelli, R. L., F. A. Esteves & F. Roland (eds), 2000. Lago
Batata: Impacto e Recuperagdo de um Ecossistema
Amazonico. IB/UFRJ, Rio de Janeiro.

Bozelli, R. L., 1994. Zooplankton community density in
relation to water level fluctuations and inorganic
turbidity in a Amazonian lake, Lago Batata, State of
Para, Brazil. Amazoniana 13: 17-32.

Bozelli, R. L., 1992. Composition of the zooplankton
community of Batata and Mussura lakes and of the
Trombetas river, State of Pard, Brazil. Amazoniana
12: 239-261.

Callisto, M. & F. A. Esteves, 1996. Macroinvertebrados
bentonicos em dois lagos amazonicos: lago Batata
(um ecossistema impactado por rejeito de bauxita) e
lago Mussura (Brasil). Acta Limnologica Brasiliensia
8: 137-147.

Callisto, M., 2000. Macroinvertebrados bentOnicos. In
Bozelli, R. L., F. A. Esteves & F. Roland (eds), Lago
Batata: impacto e Recuperacdo de um Ecossistema
Amazodnico. IB/UFRJ, Rio de Janeiro: 139-151.

Carmouze, J. P., 1994 O metabolismo dos ecossistemas
aquaticos: fundamentos teéricos, métodos de estudo e
andlises quimicas. Ed. Edgard Bliicher/FAPESP, Sdo
Paulo, SP, Brasil.

Casper, P., O. C. Chan, A. L. dos S. Furtado & D. D.
Adams, 2003. Methane in an acidic bog lake: the
influence of peat in the catchment on the biogeo-
chemistry of methane. Aquatic Sciences 65: 36-46.



Hydrobiologia (2007) 586:143-154

153

Cressa, C., 1986. Variacion estacional, distribuicion
especial y balance energetico de Campsurus sp.
(Ephemeroptera: Polymitarcyidae) em el lago de
Valencia, Venezuela. Acta Cientifica Venezoelana
37: 572-579.

Dalsgaard, T. (ed.), L. P.Nielsen, V. Brotas, P. Viaroli, G.
Underwood, D. B. Nedwell, K. Sundbéck, S. Rysg-
aard, A. Milles, M. Bartoli, L. Dong, D. C. O.
Thornton, L. D. M. Ottosen, G. Castaldelli & N.
Risgaard-Petersen, 2000. Protocol handbook for
NICE—Nitrogen Cycling in Estuaries: a project under
the EU research programme: Marine Science and
Technology (MAST III). National Environmental
Research Institutr, Silkeborg, Denmark.

Esteves, F. A., 2000. Principios Ecoldgicos para Mitigacao
do Impacto Antrépico. In Bozelli, R.L., F. A. Esteves,
& F. Roland (eds), Lago Batata: Impacto e Recuper-
acdo de um Ecossistema Amazonico. IB-UFRIJ/SBL,
Rio de Janeiro, 1-16.

Esteves, F. A., A. Enrich-Prast & D. D. Biesboer, 2001.
Potential denitrification in submerged natural and
impacted sediments of Lake Batata, an Amazonian
lake. Hydrobiologia 444: 111-117.

Farjalla, V. F.,, F. A. Esteves, R. L. Bozelli & F. Roland,
2002. Nutrient limitation of bacterial production in
clear water Amazonian ecosystems. Hydrobioloia 489:
197-205.

Ferrao-Filho, A. & F. A. Esteves, 1994. Nutritive value
and sedimentation rates of particulate matter in the
course of two flood pulses in na Amazonian Varzea
lake. Archiv fiir Hydrobiologie 130: 325-337.

Fetzer, S., F. Bak & R. Conrad, 1993. Sensitivity of
methanogenic bacteria to oxygen and desiccation
from paddy soil. FEMS Microbiology Ecology 12:
107-115.

Frenzel, P., U. Bosse & P. H. Janssen, 1999. Rice roots and
methanogenesis in a paddy soil: ferric iron as an
alternative electron acceptor in the rooted soil. Soil
Biology and Biochemistry 31: 421-430.

Hansen, K. & E. Kristensen, 1997. Impact of macrofaunal
recolonization on benthic metabolism and nutrient
fluxes in a shallow marine sediment previously over-
grown with macroalgal mats. Estuarine Coastal and
Shelf Science 45: 613-628.

Heilskov, A. C. & M. Holmer, 2001. Effects of benthic
fauna on organic matter mineralization in fish-farm
sediments: importance of size and abundance. ICES
Journal of Marine Science 58: 427-434.

Huszar, V. L. M. & C. S. Reynolds, 1997. Phytoplankton
periodicity and sequences of dominance in an Ama-
zonian flood-plain lake (Lago Batata, Pard, Brasil):
responses to gradual environmental change. Hydro-
biologia 346: 169-181.

Kajan, R. & P. Frenzel, 1999. The effect of chironomid
larvae on production, oxidation and fluxes of methane
in a flooded rice soil. FEMS Microbiology Ecology 28:
121-129.

Kiyashko, S. I., A. B. Imbs, T. Narita, V. I. Svetashev & E.
Wada, 2004. Fatty acid composition of aquatic insect
larvae Stictochironomus pictulus (Diptera: Chironom-
idae): evidence of feeding upon methanotrophic

bacteria. Comparative Biochemistry and Physiology
(Part B) 139: 705-711.

Koizumi, Y., S. Takii, M. Nishino & T. Nakajima, 2003.
Vertical distributions of sulfate-reducing bacteria and
methane-producing archaea quantified by oligonu-
cleotide probe hybridization in the profundal sedi-
ment of a mesotrophic lake. FEMS Microbiology
Ecology 44: 101-108.

Leal,J. J . F. & F. A. Esteves, 1999. Density and biomass
of Campsurus sp. (Ephemeroptera) and other macr-
oinvertebrates in an Amazonian lake impacted by
bauxite tailings (Lago Batata, Pard, Brazil). Amazon-
iana 15: 193-209.

Leal, J. J. F. & F. A. Esteves, 2000. Life cycle and
production of Campsurus notatus (Ephemeroptera,
Polymitarcyidae) in an Amazonian lake impacted
by bauxite tailings (Para, Brazil). Hydrobiologia 437:
91-99.

Leal, J. J. F., F. A. Esteves, V. F. Farjalla & A. Enrich-
Prast, 2003. Effect of Campsurus notatus on NHy,
DOC fluxes, O, uptake and bacterioplankton produc-
tion in experimental microcosms with sediment-water
interface of an Amazonian lake impacted by bauxite
tailing. International Review of Hydrobiology 88:
167-178.

Leal, J. J. F., A. Enrich-Prast, F. A. Esteves, R. Bozelli &
V. F. Farjalla, 2005. Influence of Campsurus notatus
bioturbation on oxygen profile and uptake in sedi-
ments of an Amazonian lake impacted by bauxite
tailings. Archiv fiir Hydrobiologie 162(4): 557-574.

Lin, D. S. C. & E. P. Caramaschi, 2005. Responses of the
fish community to the flood pulse and siltation in a
floodplain lake of theTrombetas River, Brazil.
Hydrobiologia 75-91.

Mathias, K., 2000. Methane turnover in exposed sediments
of an Amazon flooplain lake. Biogeochemistry 50:
195-206.

Melo, S. M., A. M. Takeda & N. C. Biittow, 1993. Variagao
temporal de ninfas de Campsurus vialaceus Needham
and Murphy 1924 (Ephemeroptera: Polymitarcydae)
do Rio Baia (MS, Brasil). Unimar (supp.) 15: 95-107.

Min, H., Z. Y. Chen, W. X. Wu & M. C. Chen, 2002.
Microbial aerobic oxidation of methane in paddy soil.
Nutrient Cycling in Agroecosystems 64: 79-85.

Nolte, U., 1987. Campsurus notatus (Polymitarcyidae,
Ephemeroptera) a bioturbation in Varzea lakes.
Amazoniana 10: 219-222.

Panosso, R. F., D. Muehe & F. A. Esteves, 1995.
Morphological characteristics of na Amazon flood-
plain lake (Lake Batata, Para State, Brazil). Amaz-
oniana 13: 245-258.

Roland, F. & F. A. Esteves, 1993. Dynamics of phospho-
rus, carbon and nitrogen in Amazonian lake impacted
by bauxite tailing (Batata Lake, Para, Brazil). Pro-
ceedings of the International Association of Theoret-
ical and Applied Limnology 25: 925-930.

Roland, F., N. Caraco, J. J. Cole & P. del Giorgio, 1999.
Rapid and precise determination of dissolved oxygen
by spectrophotometry: evaluation of interference
from color and turbidity. Limnology and Oceanogra-
phy 44: 1148-1154.

@ Springer



154

Hydrobiologia (2007) 586:143-154

Roland, F., C. M. L. Ferreira & L. Kubrusly, 2000.
Nutrientes e composi¢do quimica do sedimento. In
Bozelli R. L., F. A. Esteves & F. Roland (eds), Lago
Batata: Impacto e Recuperacdo de um Ecossistema
Amazonico. IB-UFRJ/SBL, Rio de Janeiro, 205-215.

Segers, R., 1998. Methane production and methane con-
sumption: a review of processes underlying wetland
methane fluxes. Biogeochemistry 41: 23-51.

Sioli, H., 1984. The Amazon and its main affluents:
Hydrography, morphology of the river courses, and
river types. In Sioli, H. (ed), The Amazon: limnology
and landscape ecology of a mighty tropical river and
its basin. Ed. Junk Publishers, Dordrecht, 127-165.

Svensson, J. M., 1997. Influence of Chironomus plumosus
larvae on ammonium flux and denitrification (mea-
sured by the acetylene blockage- and the isotope
pairing-technique) in eutrophic lake sediment. Hyd-
robiologia 346: 157-168.

Svensson, J. M. & L. Leonardson, 1996. Effects of
bioturbation by tube-dwelling chironomid larvae on
oxygen uptake and denitrification in eutrophic lake
sediments. Freshwater Biology 35: 289-300.

@ Springer

Takeda, A. M. & M. Grzybkowska, 1997. Seasonal
dynamics and production of Campsurus violaceus
nymphs (Ephemeroptera, Polymitarcyidae) in the
Baia River, upper Parand River floodplain, Brazil.
Hydrobiologia 356: 149-155.

Tonouchi, A., 2002. Isolation and characterization of a
motile hydrogenotrophic methanogen from rice pad-
dy field soil in Japan. FEMS Microbiology Letters
208: 239-243.

Veto, 1., 1. Futd, 1. Horvath & Z. Szantd, 2004. Late and
deep fermentative methanogenesis as reflected in the
H-C-O-S isotopy of the methane-water system in
deep aquifers of the Pannonian Basin (SE Hungary).
Organic Geochemistry 35: 713-723.

Wang, F., A. Tessier & L. Hare, 2001. Oxygen measure-
ments in the burrows of freshwater insects. Freshwa-
ter Biology 46: 317-327.

Weijma, J., T. M. Chi, L. W. H. Pol, A. J. M. Stams & G.
Lettinga, 2003. The effect of sulphate on methanol
conversion in mesophilic upflow anaerobic sludge bed
reactors. Process Biochemistry 38: 1259-1266.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


