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ABSTRACT

Estimates of the rates of heterotrophic nitrogen fixation (HNF) and denitrification by acetylene re-
duction and acetylene inhibition, respectively, were determined for the roots and culms of wild rice,
Oryza glumaepatula, in Lake Batata, a lake severely impacted by the dumping of bauxite tailings
into the lake basin. Two stations were established in different parts of the lake: one in a natural area
and other in an impacted area of the lake. Plant assays were performed during the principle hydro-
periods of dry (December) and flood (July) to determine both: a) Actual rates of HNF and denitri-
fication, and b) potential rates of HNF after amending with glucose potential rates of denitrification
after amending with glucose, glucose + nitrate, or nitrate alone. HNF was found to naturally exceed
denitrification in this system. HNF and denitrification were consistently found to be greater for roots
than culms but no correlation was found between rates of HNF or denitrification and water depth.
It was determined that for HNF and denitrification that glucose and nitrate were the limiting factors
in controlling those processes in roots and culms of O. glumaepatula. HNF and denitrification of O.
glumaepatula does not appear to show differences between impacted and non-impacted areas.

Key words: biological nitrogen fixation, Amazonian lake, aquatic macrophyte.

RESUMO

Taxas reais e potenciais de fixação heterotrófica de nitrogênio e de
desnitrificação em Oryza glumaepatula Steud em um lago amazônico

Foram estimadas taxas reais e potenciais de fixação heterotrófica de nitrogênio (FHN) e de desni-
trificação pela metodologia da redução de acetileno e inibição por acetileno, respectivamente. Estas
taxas foram determinadas para raízes e colmos de uma espécie selvagem de arroz, Oryza glumaepatula,
presente no lago Batata, um ecossistema impactado pelo lançamento de rejeito de bauxita. Foram esco-
lhidas duas estações de coleta no lago Batata: uma localizada na área natural e outra localizada na
área impactada por rejeito de bauxita. Os experimentos foram realizados nos dois períodos mais repre-
sentativos do pulso hidrológico: seca (dezembro) e cheia (julho). Foram determinadas: a) taxas reais
de FHN e desnitrificação e b) taxas potenciais de FHN após a adição de glicose de taxas potenciais
de desnitrificação após a adição de glicose, nitrato e nitrato + glicose. O processo de FHN excede
o processo de desnitrificação nesse sistema. Os processos de FHN e de desnitrificação foram maiores
em raízes do que em colmos de O. glumaepatula, porém nenhuma correlação foi encontrada entre
estas taxas e a profundidade da água. Verificou-se que a glicose e o nitrato foram os fatores
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controladores dos processo de FHN e desnitrificação, respectivamente, em raízes e colmos de O.
glumaepatula. Os processos de HNF e desnitrificação em perifíton associado a O. glumaepatula
parecem não apresentar diferenças entre as áreas impactada e não-impactada.

Palavras-chave: fixação biológica de nitrogênio, lago Amazônico, macrófita aquática.

INTRODUCTION

Lake Batata is one of many clear water lakes
lying in the floodplain of the Amazonian region.
These floodplains are subject to widely fluctuating
seasonal hydroperiods (Junk et al., 1989). However,
Lake Batata differs from neighboring lakes of the
region because for a decade (1979-1989) the nor-
thern end of the lake served as a dumping site for
bauxite tailings from a local aluminum mine. Tai-
lings, consisting principally of fine clay particles,
were dumped into the lake at a rate of 5.0 × 104

m3d–1. The total area of the lake impacted by tai-
lings was 630 ha, or 30% of the total lake basin.
In the impacted area of the basin, the tailings occur
in suspension or cover the natural sediments. The
non-impacted area of the lake remains in its na-
tural state.

The lakeshore of both impacted and non-
impacted areas of Lake Batata is colonized by
Oryza glumaepatula Steud (wild rice), one of 20
wild Oryza species that occurs in tropical and
subtropical aquatic environments around the world
(Morishima, 1994). The life cycle of this species
and other aquatic macrophytes is regulated by
annual oscillations in water level in the Amazon
(Junk & Piedade, 1993). Seeds of O. glumaepatula
germinate in late October, November and early
December as dry occurs and water levels decrease
to expose shoreline sediments. Seedlings have a
short terrestrial growth phase until filling begins
and they become progressively inundated by rising
water in mid- to late December. Stem elongation
occurs rapidly and concomitantly with the steady
rise in water level during the period of late Decem-
ber to late May. Plant elongation continues until
the end of the flood period in June. As drawdown
begins in July, stagnating water adjacent to the
sediments becomes anoxic, and culms within appro-
ximately a meter of the sediment slowly begin to
decompose and plants progressively disappear from
the water column.

O. glumaepatula, as well as other macro-
phytes that grow in the same habitat, are important
components of Amazonian aquatic ecosystems.

Some of these aquatic macrophyte species of the
Amazon are among the most productive plant po-
pulations in the world (Junk & Piedade, 1993);
and because of their high primary production must
be considered important contributors to biogeo-
chemical cycles of the Amazon floodplain.

One of these biogeochemical cycles is the
nitrogen cycle. Since nitrogen is a limiting nutrient
to primary production in Amazonian ecosystems
(Setaro & Melack, 1984), large populations of
aquatic macrophytes will influence nitrogen cycling
in amazonian ecosystems. Yet, few studies of the
relationships between nitrogen cycling and aquatic
macrophytes of the Amazon have been published.
Research has been limited to a handful of publi-
cations evaluating biological nitrogen fixation by
periphyton associated with aquatic macrophytes
in just a few Amazonian lakes (Melack & Fisher,
1988; Doyle & Fisher, 1994; Enrich-Prast & Es-
teves, in press).

The aquatic macrophyte flora of Lake Ba-
tata is dominated by monospecific stands of O.
glumaepatula.

Plants of this species are estimated to com-
prise about 90% of the biomass of aquatic macro-
phytes present in the water of the flooded shoreline
in both impacted and non-impacted areas of the
lake. In this paper, we examined actual and po-
tential rates of heterotrophic nitrogen fixation
(HNF) and actual and potential rates of denitri-
fication associated with the seasonal development
of O. glumaepatula in impacted and non-impacted
areas of the lake. We tested how these two pro-
cesses might be influenced by the availability of
carbon (as glucose) and nitrate because their avai-
lability will control both HNF (Howard et al.,
1988) and denitrification (Groffman, 1991; Brettar
& Rheinheimer, 1992). In addition, we evaluate
the anthropogenic impact caused by the bauxite
tailings on both processes.

METHODS

Lake Batata can be classified as a clear-water
lake (Sioli, 1984). It is located in the municipality
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of Oriximiná, State of Pará, on the floodplain of
the Trombetas River (1o30’S and 56o20’W), a
tributary of the left bank of the Amazon River. A
detailed map of the lake and its location is found
in Ferrão-Filho and Esteves (1994). As in most
Amazonian floodplain lakes, the water level in Lake
Batata varies annually. During the course of this
research, the lake fluctuated ca. 8.0 meters in depth
between the periods of filling (rising water levels);
flood (highest water levels); drawdown (water
levels decreasing), and dry (lowest water levels).

Data including the plant materials for assays
were collected during the flood (June/1995) and
dry (December/1995) periods which are the most
representative periods of the floodpulse. Collec-
tions were made at two permanent stations located
in typical large beds of wild rice on Lake Bata-
ta. One station was located in an area of the lake
impacted by bauxite tailings; and the other station
in a natural, or non-impacted, area of the lake.

In December, when shoreline sediments were
exposed, entire seedlings (ca. 20 cm in height) and
their root systems were collected from the sedi-
ments by careful excavation followed by minimal
washing. During the flood period, when water
depths approached their maximum of 8.0 m, and
wild rice culms began to separate from the root
stocks. Plant materials consisting of 10 cm sections
of culms and 10g of adventitious roots were used
for assays. During the flood periods, plant samples
were taken at a depth of 0.5 and 3.0 meters from

the water surface.  Fig. 1 shows the development
of O. glumaepatula, and its relationship to hy-
droperiod and sampling regime.

Adventitious roots present in sediments under
4 or more meters of water could not be collected
because the culms were very friable and would
break apart anywhere along their length from root
stocks if attempts were made to pull mature plants
from the water column.

Approximately 10 g of plant tissue were re-
moved to pre-weighed 100 ml glass bottles and
temporarily capped. Bottles were kept cool and
immediately transported to the laboratory. Five (5)
replicates were performed for each of the six
following treatements: 1) for estimations of the
actual rate of heterotrophic nitrogen fixation (actual
HNF), flasks were amended with 10 ml of distilled
water; 2) for estimations of the potential rates of
heterotrophic nitrogen fixation (potential HNF),
the bottles were amended with 10 ml of aqueous
2% (w/v) glucose; 3) for estimations of the actual
rate of denitrification, bottles were amended with
10 ml of distilled water; 4) for estimations of
potential denitrification with glucose, bottles were
amended with 10 ml of aqueous 2% (w/v) glucose;
5) for estimations of potential denitrification with
nitrate, bottles were amended with 10 ml of aqueous
0.6mg/l KNO

3
; and 6) for estimations of potential

denitrification with glucose and nitrate, bottles were
amended with the combination of 10 ml of aqueous
glucose 2% (w/v) plus 0.6 mg/l KNO

3
.

Water surface

Dry period
December/95

Flood period
June/95

Root and culm
samples at

3.0 m depth

Root and culm
samples at

0.5 m depth]

8 m water depth

Root
samples

Fig. 1 — Development of O. glumaepatula in Lake Batata during the dry and flood periods in 1995.
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Immediately after the addition of amendments
to the bottles, they were flushed with pure nitrogen
(75 ml min–1; 4 min) to maintain anaerobic condi-
tions. After flushing with nitrogen, the bottles were
capped with serum stoppers. The time between plant
collection and capping was always less than 1 hr.

Rates of actual HNF and potential HNF were
determined by the acetylene reduction method
(Hardy et al., 1973) and denitrification rates by the
acetylene inhibition method (Yoshinari & Knowles,
1976). At the beginning of each assay, 15% of the
headspace of each bottle was removed with a sy-
ringe, replaced by an equal volume of acetylene,
and subsequently gently agitated. Bottles were
incubated in the dark at 26oC. The 5 replicates were
acompanied by 2 control samples not injected with
acetylene to test for endogenous ethylene and ni-
trogen oxide production. The incubation time
differed for each treatment. Incubations for actual
HNF and actual DN were 4 hours. Incubations for
assays containing amendments were performed for
the period of 24 hours. At the end of the incubation
period, 3.5 ml of the headspace gas was removed
with a syringe from each flask and transferred to
7.0 ml Vacutainers.

Ethylene from the assays for actual and po-
tential HNF was quantified in a Varian 3400 Chro-
matograph (FID detector at 200o; Porapak N column;
oven temperature of 60oC; injector temperature
of 80oC; nitrogen as the carrier gas at 40 ml/min).
A factor of 3 was used to convert nanomoles of
ethylene produced to nanomoles of nitrogen fixed
(Hardy et al., 1973). Nitrous oxide from the assays
of actual and potential DN was quantified in a
similar manner (ECD detector at 300oC; Porapak
Q column; oven temperature of 55oC; injector
temperature of 130oC; nitrogen as the carrier gas
at 40 ml/min).

Water temperature and oxygen concentrations
were measured in the field using a TAO Model
DO-11P oxymeter. Concentrations of nitrate and
ammonia in water and sediments were determined
according to Golterman et al. (1978). Biomass of
culms and adventitious roots were also determined
at each station for each sampling period.

RESULTS

Individuals of Oryza glumaepatula grow very
rapidly after germination and early establishment.
Seeds of this graminaceous species germinate on

the exposed floodplain and produce a large mass
of adventitious roots from the base of the stem that
penetrate approximately a half meter into the se-
diments. As water begins to reflood exposed sedi-
ments, elongation of culms occurs rapidly and in
parallel with daily increases in water depth. Plants
during the course of this study were observed to
elongate between 3 to 6 cmd–1. Large numbers of
branched, fibrous adventitious roots developed at
young nodes in both non-impacted and impacted
areas of the lake and extend into the water column
along the length of the stem. Water levels varied
from zero to 8.0 m during the course of the growing
season.

Table 1 illustrates mean values for actual
HNF rates and potential HNF rates associated with
adventitious roots and culms of O. glumaepatula
at 0.5 and 3.0 m water depths in non-impacted and
impacted areas of Lake Batata. Several trends can
be noted about HNF associated with roots and
culms at different water depths and between actual
and potential rates of HNF. At all water depths,
both actual and potential HNF associated with
adventitious roots is significantly greater (p < 0.05;
Mann-Whitney) than for culms, often being one
order of magnitude greater. The lowest rates of
actual HNF are associated with adventitious roots
arising at the base of stem and penetrating the
sediments in non-impacted and impacted areas
during the dry period. Actual and potential HNF
associated with adventitious roots arising from the
stems and developing into the water column during
filling and flood at depths of 0.5 and 3.0 m were
always significantly greater (p < 0.05; Mann-
Whitney) than roots developing in the sediments.
Finally, actual and potential HNF were always
significantly different (p < 0.05; Mann-Whitney)
between non-impacted and impacted areas at spe-
cific water depths. In some instances the difference
between actual and potential HNF after glucose
addition was dramatic, e.g., during the dry period
in the non-impacted area the actual vs. potential
were respectively 1.24 vs. 4356.9 µmol N fixed
kg–1 D.W.d–1 (Table 1). No discernible pattern can
be observed for actual and potential HNF rates
between different depths during the period of flood.
Ethylene was not detectable in control bottles.

Table 2 illustrates mean values for potential
denitrification with nitrate and nitrate + glucose
associated with various organs of O. glumaepatula
in non-impacted and impacted areas of Lake Ba-
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tata. Nitrous oxides were not detectable in bottles
without addition of any substrate indicating that
denitrification was not occurring in situ. Nitrous
oxide also could not be detected in bottles that only
received an amendment of glucose. Amendments
with both nitrate and nitrate + glucose caused a
significant evolution of nitrous oxide in our assays.

During the flood period, potential denitri-
fication with amended nitrate in assays with
adventitious roots was significantly greater than
for culms, but potential denitrification with nitrate
+ glucose associated with adventitious roots was
statistically similar (p < 0.05; Mann-Whitney)
between the culms in the non impacted area at 3.0
m and in the impacted area at 0.5 m.

At other depths, adventitious roots exhibited
significantly greater rates of nitrous oxide evo-
lution than culms. Significant differences between
amendments was also obvious. Nitrate+glucose
always significantly increased (p < 0.05; Mann-
Whitney) nitrous oxide production in comparison
to nitrate alone in both non-impacted and im-
pacted areas at specific water depths during the
flood period.

However, in seedlings growing terrestrially
during the dry period, the opposite was observed.
The nitrate amendment caused a significant in-
crease in nitrous oxide evolution in comparison
to nitrate + glucose.

No clear pattern was observed between po-
tential denitrification rates in the non-impacted
and impacted areas. In some cases, potential deni-
trification was significantly higher in impacted
areas vs. the non-impacted areas or vice versa.
In other cases, they were statistically similar.

Correlations between oxygen, nitrate or
ammonium concentrations or temperature and actual
or potential rates of nitrogen fixation or denitri-
fication could be not found. Oxygen concentrations
varied between 0.54 and 4.06 mg/l in the water
column at different depths with lower levels of
oxygen being found as expected at 3.0 m during
the flood period. Nitrate and ammonium concen-
trations in the water column, sediments, or sediment
pore water were very low. Nitrate was less than
18 µg/l and ammonium was less than 260 µg/l.
Water and sediment temperature varied from 27ºC
during flood to 31ºC during the dry period.

Plant Organ, Water Depth (m)
Hydroperiod

Roots, 0.5 m Culms, 0.5 m Roots, 3.0 m    Culms, 3.0 m

Flood (June/95)

    Non-impacted

        • actual 47.8 ± 19.7 14.5 ± 2.3 45.1 ± 8.9 7.8 ± 0.8

        • potential 293.8 ± 26.9 20.98 ± 4.4 647.5 ± 230.4 34.0 ± 10.0

    Impacted

       • actual 130.5 ± 68.8 2.6 ± 0.7 15.0 ± 12.2 2.0 ± 0.7

       • potential 408.2 ±  68.8 8.5 ± 1.0 1445.5 ± 1031.9 8.0 ± 3.5

Dry (December/95)*

    Non-impacted

       • actual 1.2 ± 0.6

       • potential 4356.9 ± 1169.9

    Impacted

       • actual 1.2 ± 0.6

       • potential 129.6 ±  31.6

* Assays of adventitious roots present on terrestrial seedlings of O. glumaepatula during the dry season when standing
water was not present in the littoral zone of Lake Batata.

TABLE 1

Mean values (µµµµµmol N fixed kg–1 D.W. d–1 ± S.D.) for actual nitrogen fixation rates and potential
nitrogen fixation rates (glucose amendment) associated with various organs of Oryza glumaepatula

at 0.5 and 3.0 meter water depths in non-impacted and impacted areas of Lake Batata.
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DISCUSSION
Heterotrophic Nitrogen fixation

HNF follows patterns that might be expected
for aquatic macrophytes when nitrogen fixation is
calculated as nitrogen fixed per day on a dry weight
basis (Table 1).

Actual rates of HNF are always lower than
potential rates of HNF that occur if roots or culms
are amended with glucose. Actual rates represent
the rate of fixation by heterotrophs when carbon
is limited to exudation by plant organs or from
other sources such as carbon from periphyton on
plant surfaces or the water column. Augmentation
of roots or culms with glucose illustrates the extent
of carbon limitation placed on nitrogen fixation
by organic carbon. Potential HNF rates can be from
twice to several thousand times greater if a readily
available source of carbon is supplied to diazo-
trophs inhabiting the rhizosphere or colonizing
other plant surfaces. In this study, roots always
have greater rates of nitrogen fixation associated
with them when compared to culms. Roots will
always provide greater surface areas and increased
numbers of sites for colonization by nitrogen fixing
bacteria (Dahman, 1968). The adventitious roots

of O. glumaepatula form dense tangled masses at
each node of the plant and certainly greatly exceed
culms in total surface area on a dry weight basis.

HNF does not appear to show distinct diffe-
rences for water depth or in impacted vs. non-
impacted areas. For both depth and impacted vs.
non-impacted areas, HNF my be significantly lo-
wer, higher or similar without a discernible pattern.
It has been shown that the sediments of the im-
pacted areas have lower concentrations of carbon,
nitrogen, and phosphorus suggesting that in impacted
areas that both potential rates of HNF associated
with roots in sediments will be limited by the ge-
neral availability of plant nutrients (Esteves et al.,
1990; Roland & Esteves, 1993).

Denitrification
Nitrous oxide could not be detected when

plant organs were directly assayed (actual
denitrification rates) or when amended only with
glucose. Nitrous oxide could only be detected in
our numerous assays after the addition of nitrate
to the assay vessels indicating that nitrate is the
limiting factor for denitrification associated with
O. glumaepatula (Table 2).

Plant Organ, Water Depth (m)
Hydroperiod

Roots, 0.5 m Culms, 0.5 m Roots, 3.0 m    Culms, 3.0 m

Flood (June/95)

    Non-impacted

        • NO3 149.0 ± 108.5 18.5 ± 6.5 55.1 ± 12.8 17.0 ± 19.5

        • NO3 + glucose 1040.5 ± 40.7 179.9 ± 46.4 130.4 ± 60.2 99.9 ± 23.0

    Impacted

       • NO3 25.4 ± 5.8 11.0 ± 3.2 70.0 ± 50.0 1.2 ± 1.3

       • NO3 + glucose 79.4 ± 79.4 158.4 ± 70.5 342.7 ± 199.0 51.5 ± 10.0

Dry (December/95)*

    Non-impacted

       • NO3 72.0 ± 9.9

       • NO3 + glucose 4.6 ± 2.7

    Impacted

       • NO3 99.4 ± 12.4

       • NO3 + glucose 14.9 ± 16.8

TABLE 2

Mean values (µµµµµmol N2O kg D.W. d–1 ± S.D.) for potential denitrification associated with various
organs of Oryza glumaepatula at 0.5 and 3.0 meter depths in non-impacted and impacted areas

of Lake Batata. Amendments included the addition of NO3 and NO3 + glucose.

* Assays of adventitious roots present on terrestrial seedlings of O. glumaepatula during the dry season when standing
water was not present in the littoral zone of Lake Batata.
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The observed low concentrations of nitrate
in the water column of 18 µgl–1 can explain the
lack of denitrification associated with wild rice
because nitrate must be present in the water column
or sediments for dentrification to occur. An absence
of nitrate or low availability in the environment will
limit denitrification in aquatic systems (Knowles,
1982; Groffman, 1991). Similar data were obtained
for denitrification in the sediments of the same lake
(Esteves et al., in preparation). In another study,
Enrich-Prast & Esteves (in press) evaluated the
diurnal variation of the nitrogen fixation and deni-
trification rates in adventitious roots and culms
of O. glumaepatula. These authors also could not
detect natural rates of denitrification associated
with O. glumaepatula during this study which they
attributed to low concentrations of available ni-
trogen present in the water column. Additional
proof of nitrate-limited denitrification in biofilms
comes from Law et. al (1993) and Erickson &
Weisner (1996) whom could only measure the
production of N

2
O in biofilms with addition of

nitrate to their assays.
In the flood period during July, it was obser-

ved after nitrate is added as amendment to the
assays that denitrification increases significantly
(p < 0.05; Mann-Whitney). In all cases, the addition
of nitrate and glucose to the assays also increased
denitrification, and always at greater rates than
with nitrate alone. As for HNF, adventitious roots
at both depths of 0.5 and 3.0 m show increased
rates of denitrification when compared to culms.
Again, this is probably due the greater colonizable
surface area for microorganisms present within the
rhizosphere. During the flood period, no particular
pattern of denitrification could be discerned for
plant organ or water depth.
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