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Abstract. Denitrification processes were measured by the acetylene-block- 
age technique under changing flood conditions along the aquatic/terrestrial 
transition zone on the Amazon floodplain at Lago Camale~o, near Manaus, 
Brazil. In flooded sediments, denitrification was recorded after the amendment 
with NO3- (100 txmol liter <) throughout the whole study period from August 
1992 to February 1993. It ranged from 192,3 to 640.7 fxmol N m -2 h -1 in the 
0- to 5-cm sediment layer. Without substrate amendment, denitrification was 
detected only during low water in November and December 1992, when it 
occurred at a rate of up to 12.2 ~xmol N m -2 h -~. Higher rates of denitrification 
at an average rate of 73.3 Ixmol N m -2 h -~ were measured in sediments from 
the shallow lake basin that were exposed to air at low water. N20 evolution 
was never detected in flooded sediments, but in exposed sediments, it was 
detected at an average rate of 28.3 Ixmol N m -2 h -~ during the low-water 
period. The results indicate that under natural conditions there is denitrification 
and hence a loss in nitrogen from the Amazon floodplain to the atmosphere. 
Rates of denitrification in flooded sediments were one to two orders of magni- 
tude smaller than in temperate regions. However, the nitrogen removal of 
exposed sediments exceeded that of undisturbed wetland soils of temperate 
regions, indicating a considerable impact of the flood pulse on the gaseous 
turnover of nitrogen in the Amazon floodplain. 

Introduction 

The Amazon floodplain (vfirzea) undergoes a periodic change in the nutrient supply 
driven by the hydrology of the river system with average water level fluctuations 
of 10 m near Manaus. The flood pulse concept describes the changing environmental 
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Fig. 1. Map of the investigation 
area. (From Furch and Junk [6].) 

conditions along the aquatic/terrestrial transition zone that are associated with high 
productivity and rapid recycling of organic matter and nutrients [11]. 

Denitrification, the reduction of NO3- to N20 and N2, is the only appreciable 
biological process besides nitrification that releases chemically bound nitrogen into 
the atmosphere [3, 23]. In contrast to the northern hemisphere, little is known 
about the denitrifying processes in the tropics. Salad and Vose [22] estimated 
nitrogen gains and losses by nitrogen fixation, denitrification and volatilization for 
the whole Amazon basin and concluded that input and output of nitrogen are in 
equilibrium. On the Amazon floodplain at Lago Calado, denitrification was not 
detected either as a rate or as potential [17]. Other investigations of tropical and 
subtropical lake sediments had already succeeded in measuring denitrification as 
a potential after amendment with NO3- [8, 29, 32]. However, none of these studies 
was conducted continuously over a longer period of time that included seasonality 
and the change between terrestrial and aquatic environments. The present study is 
designed to clarify the extent of nitrogen loss via denitrification along the aquatic/ 
terrestrial transition zone on the Amazon floodplain. 

Materials and Methods 

Study Site 

Lago Camale~o is an elongated lake on Marchantaria Island (3 ° 15' S and 59 ° 58' W, Fig. 1), which 
is 300-500 m wide and 7-km long at middle water. Marchantaria Island, 15-km upstream of the 
confluence of Rio Negro and Rio Solim6es/Amazon near Manaus, is influenced only by water from 
the Rio Solim6es and by rain. Every year from May to July the high water usually inundates the 
island entirely, so that the chemistry of the Rio Solim6es and the water on Marchantaria Island are 
similar [41. 

The sampling site for flooded sediments was the deepest part of Lago Camale~o (18.4 m above 
sea level), which was covered with water even during the low-water period (Fig. 2). Sampling sites 
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2Y Fig, 2, Water level of Rio Negro 
in meters above sea level (m 
a.s.l.) in relation to the water 
depth of Lago Camale~o from 
May 1992 to February 1993. 

for exposed sediments were located at a distance of about 50 m from the deepest part of the lake at 
1 and 5 m from the water line (19.8-20.0 above sea level). 

Sampling 

Lake water and fiver water samples were taken with a Ruttner sampler from the surface at 2- to 3- 
week intervals. Water from the bottom of Lago Camale~o was also sampled. The samples were 
transported to the laboratory in polyethylene bottles that were placed in ice-filled coolers. Flooded 
sediments were sampled from August 1992 to February 1993 at monthly intervals with a gravity corer 
(0 = 6 cm). Samples were cut into 0- to 5-cm slices, placed in plastic bags, and stored in ice-filled 
coolers. Exposed sediments were sampled three times after in situ incubation, once in November and 
twice in December 1992. 

Physical and Chemical Methods 

The pH was measured with a glass electrode immediately after sampling in the field. Measurements 
of dissolved oxygen were made in situ with a polarographic electrode that was equipped with a 
submersible stirrer. The water content of flooded and exposed sediments was determined gravimetrically 
after drying at 105°C. 

Pore water from flooded and exposed sediments was obtained by taking the upper layer (0-5 cm) 
and centrifuging at 3000 rpm for 20 rain. NO3- and N H /  were determined from filtered samples 
(Sartorius SM 111, pore size 0.45 ~m) according to Grasshoff: NH4 + was measured by applying the 
indophenol blue method, and NO3- was measured by the sulfanilamide method after reduction to 
NO2- with copperized Cd [7]. 

N20 Evolution 

N20 that was naturally produced during an incubation without applications of C2H2 and NO3- was 
defined as N20 evolution. 

The incubation of flooded sediments was started on the same day of sampling after an acclimation 
period of 1 h to environmental temperature of 28°C. Wet weights of 1.5-2.0 g homogenized sediment 
(0-5 cm) were enclosed in sterilized 55-ml flasks, which were filled with lake bottom water. Then 
15 ml of water was replaced by the same volume of N2 (Linde, purity --->99.999%) to create a vapor 
phase for the accumulation of N20. Incubations were carried out in duplicate for 24 h in the dark. 
Microbial activity within sediment slurries generally provides only a relative measure of in situ activity 
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Table 1, Chemical and physical properties of flooded sediments from Lago Camalefio at 0- to 
5-cm depth 

1992 1993 

Aug. Sept. Oct. Nov. Dec. Jan. Feb. 

N20 evolution (nmol N g-~ DW h -~) 0 0 0 0 0 0 0 
Denitrification 

Rate (nmol N g-i DW h -~) 0 0 0 1.0 12.5 0 0 
Potential (nmol N g-'  DW h -t) 238.4 491.3 763.6 543.5 290.7 153.6 ND 
Rate (txmol N m -2 h ~) 0 0 0 1.2 12.2 0 0 
Potential (Ixmol N m -z h ~) 279.3 491.4 640.7 339.3 257.6 272.5 192.3 

NH4 + (Ixmol liter -~) 205.6 301.4 519.6 146.1 181.8 206.4 155.2 
NO3- (~mol liter -l) ND ND ND 0 0 0.1 0.6 
% Water content 61.6 66.3 63.8 68.5 68.5 66.7 72.1 
pH ND ND ND 6.9-7.0 ND ND ND 

Data of N20 evolution and denitrification are averaged by duplicates from sediment slurries. NIL + 
and NO3- concentrations resulted from the pore water of two sediment cores, which were joined 
before analysis. ND, not determined. 

[19]. Exposed sediments were incubated in the field under glass domes with a 20-ml headspace of 
air in accordance to Stal [27]. Each sample was conducted with four replicates. After an incubation time 
of 3 h, the headspace was transferred into 7-ml vacutainers (Becton Dickinson, Plymouth, England). 

Denitrification Rate 

Denitrification was measured by the acetylene-blockage technique [33]. The denitrifying activity in 
an atmosphere of 20 kPa CzH 2 was defned as denitrification rate. The incubations of flooded and 
exposed sediments were conducted in the same manner as for N20 evolution. The vapor phase, 
however, was enriched with C2H2 (Linde, purity ->99.5%) to obtain a partial pressure of 20 kPa C2H2. 
The amount of dissolved N20 in the aqueous phase of the slurries from flooded sediments was taken 
into account by correction at the incubation temperature with the solubility coefficient [31]. Results 
are given in Table 1 as average rates, expressed in nmol N g-' DW h-'. The rate and the potential 
(see below) of denitrification were related in units of surface area of the sediment slurry within the 
incubation flask and expressed in Ixmol N m 2 h ' for comparison with exposed sediments. The 
definition in units of surface area was employed because it has been shown that denitrifying activity 
was significantly more close to the area of the sediment-water interface than to the mass of sediment 
within the incubation flasks (P = 0.020, n = 38). 

Denitrification Potential 

The potential of denitrification was measured only in flooded sediments after the amendment with 
NO3- (100 ~mol liter-J). In contrast to the denitrification rate (Fig. 3A), there was a constant 
accumulation of N20 throughout 3 days (Fig. 3B), indicating that NO3- remained saturating in the 
treatment amended with NOB-. 

Gas Chromatographic Analysis 

Gas samples of 250 ~xl were withdrawn by a gastight syringe (Dyntach, Precision Sampling Corp., 
Baton Rouge, Lousiana, USA). The headspaces of flooded sediments were sampled directly from the 
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Fig. 3. Kinetics of denitrifying 
activity in slurries from flooded 
sediment (0-5 cm) of Lago 
Camalefio in December 1992. A, 
N20 accumulation without 
additional NO~- --+ Denitrification 
rate. B, N20 accumulation after 
the amendment with NO3- (100 
txmol liter ~) --+ Denitrification 
potential. 

incubation flasks at the end of the incubation time. The headspaces of exposed sediments, which were 
stored in vacutainers, were analyzed within 1 week after sampling. 

Gas samples were injected into the gas chromatograph (Hewlett Packard 5890 Series II) equipped 
with a 25-m-long capillary column (Poraplot U). Oven temperature was 40°C. N20 was detected by 
a 63Ni electron capture detector operating at 300°C. Carrier gas was pure nitrogen (99.999% N2) with 
a flow rate of 15 ml rain -j. For calibration, 100 ppm N20 in N2 (Scotty I) was used. 

Results 

Lake Water Chemistry 

During the flood phase, microbial activity in the sediments was influenced by 
physical, chemical, and biological parameters of the overlying water. The main 
fraction of inorganic nitrogen was NH4 + from the water of Lago Camalefio and 
NO3- from the water of Rio Solim6es (Fig. 4A,B), which corresponds to previous 
studies [6]. Both during the high-water and the low-water phases in June and 
December, a stagnation of the water flow inside of Lago Camalefio was coupled 
with an increase in NH4 + concentration in the water at the bottom of the lake. At 
the beginning of December 1992, the NH4 + concentration reached a maximum of 
32.6 Ixmol liter -~. After a 2-week delay, NO3- increased to 4.9 Ixmol liter -a, a 
concentration that was 10-fold more than that measured during receding water 
(Fig. 4B). This increase may be explained by nitrification, which was enabled by 
increasing 02 input into the diminishing water column. As long as the water depth 
remained below 1.5 m, relatively high O2 concentrations between 150 and 200 
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Solim~es and the Lago Camale~o. 
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intervals from May 1992 to 
February 1993. A, N H [  
concentration in the Rio Solim6es 
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(surface) and the Lago Camale~o 
(surface and bottom)• C, 02 
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Table 2. Chemical and physical properties of exposed sediments 1 and 5 m from the water line at 
Lago Camalego 

l m  5 m  

N20 evolution (p~mol N m -2 h ~) 18.3 ± 5.3 (n = 12) 28.3 _+ 6.8 (n = 8) 
Denitrification rate (txmol N m 2 h ~) 18.1 _+ 6.4 (n = 12) 73.3 +- 6.5 (n = 8) 
NH4 + (txmol liter ~) 98.5 _+ 41.1 (n = 3) 345.2 (n = 2) 
NO3- 0xmol liter -l) 0.5 ± 0.3 (n = 3) 0.5 (n = 1) 
% Water content 62.7 +_ 6.1 (n = 3) 56.9 (n = 2) 

Data are average rates _+ standard errors measured in November and December 1992. NH4 + and NO3- 
concentrations resulted from the pore water of exposed sediments. 

Ixmol liter-~ could be measured in the surface water (Fig. 4C). The pH in the water 
column also reached its highest values, ranging between pH 7 and 8, during 
December  1992 (Fig. 4D). 

N20 Evolution 

N 2 0  evolution was not detectable in slurries f rom flooded sediments of  Lago 
Camale~o throughout the whole study period (Table 1). However,  during low water, 
N20 evolution was detected in exposed sediments that always had a water content 
above 50%. The average rate was 18.3 Ixmol N m z h-l and 28.3 txmol N m -2 h -~ 
at 1 and 5 m from the water line, respectively (Table 2). 

Denitrification Rate 

In slurries f rom the flooded sediments, denitrification was detectable only during 
low water in November  and December  (Table 1), when maximum water depth 
declined to 1.5 m and the lake became isolated f rom the river by a sediment bar. 
In December  1992, corresponding to the highest NO3- concentration in the overlying 
water o f  the sediment, denitrification defined in units of  surface area reached its 
maximum rate o f  12.2 Ixmol N m -2 h -1 in the 0- to 5-cm sediment layer. 

Exposed sediments o f  Lago  Camalefio were obviously more affected by denitrifi- 
cation and had an average rate o f  18.1 p~mol N m -2 h -~ at 1 m f rom the water line 
in November  and December  1992 (Table 2). Much  higher rates o f  denitrification 
with an average rate o f  73.3 pomol N m -2 h l were measured at 5 m from the 
water line and more inside the stands of  Echinochloa polystachya, a semiaquatic 
C4 grass, which provided large amounts o f  rotting organic material. A high decom- 
position rate in this zone was reflected by a high NH4 + concentration of  345.2 
txmol liter -1 in the pore water. In contrast, NO3 concentrations remained below 
1 Ixmol liter -l (Table 2). 

Denitrification Potential 

Denitrification measured as potential ( + 1 0 0  ~mol  NO 3- liter -~) in slurries f rom 
flooded sediments was detectable throughout the whole study period, indicating a 
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limitation by NO3- for denitrifiers (Table 1). In the 0- to 5-cm sediment layer, 
N20 accumulation ranged between 192.3 and 640.7 txmol N m -2 h -1. Particularly 
high denitrification potential was measured during receding water from September 
to November. Limitation by NO3- in the Lago Camalefio was obvious, because 
throughout the whole study period NO3- concentrations only ranged between 0 
and 1 txmol liter -1 and 0 to 5 ixmol liter -1 in the sediment interstitial and the 
overlying water, respectively (Table 1, Fig. 4B). 

in December 1992 denitrification potential was 257.6 Ixmol N m 2 h-i and 
should have removed completely the amount of added NO3- within 1-2 days [13]. 
However, a continuing N20 accumulation up to 6 days as shown by Kern [13] 
excludes a NO3- depletion within this time. This phenomenon is not fully under- 
stood but might be the result of accelerated mineralization of particulate nitrogen 
coupled with nitrification and denitrification. 

Discussion 

Denitrification did not play an important role in the loss of nitrogen at Lago 
Camale~o as long as sediments were covered by lake water. Low oxygen concentra- 
tions in the water column restricted nitrification and the supply of NO3- into the 
sediment. This was reflected by an always measurable denitrification potential, 
which indicates there is a limitation of NO3-. Only at low water, sedimentary 
denitrification could be detected in slurries from flooded sediments without NO3- 
amendment. We suggest that it was the last step of four consecutive physicochemical 
processes between sediment and overlying lake water. These steps were as follows: 
(a) NH4 + leached into the lake water when it was released from the interstitial 
sediments and by seepage from exposed sediments. (b) Nitrification in the mixed 
and oxygenated lake water led to an increase of NO3- concentrations to 4.9 ixmol 
liter -~. (c) NO3- was transported from the lake water into the sediment. (d) Denitrifi- 
cation in the sediments progressed at a maximum rate of 12.2 ixmol N m -2 h -~ in 
December 1992. Although NO 3 concentrations in the water of Lago Camaleao 
increased from 0.2 to 4.9 txmol liter -I from October to December, they were far 
too low to allow an intensive denitrification as reported for the temperate regions. 
In nutrient-rich Danish streams with NO3 concentrations between 300 and 1,000 
ixmol liter ~, the accumulation of N20 in the sediment achieved 1,400 ixmol N 
m -2 h-~, two orders of magnitude greater than Lago Camale~o sediments [2]. 

Exposure of Lago Camaleao sediments to the air during low water was favorable 
for a subsequent oxidation of NH4 +. Rates of N20 evolution and denitrification of 
recently exposed sediments increased by greater distance from the water line of 
Lago Camale~o, probably as a result of high NH4 + concentrations, favorable 02 
conditions, and a great source of organic matter from decomposing macrophytes. 

The N20 evolution we measured in exposed sediments on Marchantaria Island 
was much higher than measured on other vfirzea soils near Manaus [16]. The 
explanation for this discrepancy may lie in the fact that our study was performed 
on waterlogged sediments located between 19.0 and 20.0 m above sea level in 
contrast to the results from Matson et al. [16]. Their results were derived from a 
more elevated location (>25.0 m above sea level) where sediments had been 
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exposed to air for a longer period. That points to a decisive influence by the flood 
pulse on N20 evolution during the exposed period. 

N20 evolution may have different microbial sources, especially denitrification, 
which favors N20 as a final product with respect to the reduced N2 under aerated 
soil conditions, high NO3- concentrations, and low pH values [18, 28, 30]. At 
Lago Camale~o oxygen was the most important factor controlling the NJN20 ratio 
because NO3- concentrations were very low in flooded and exposed sediments, 
and pH values, both in the water column (Fig. 4D) and the interstitial of flooded 
sediments (Table 1), were high enough to let denitrification run mainly to N2. For 
the pore water of exposed sediments, we assume similar pH data because of high 
decomposition rates, which are accompanied by an increase of pH up to the 
neutral range, as shown by Furch and Junk [5] in decomposition experiments with 
Echinochloa polystachya. The high N20 evolution rates we observed in exposed 
sediments may have been derived from other microbial processes not just by 
denitrification. In recent years it has been proved that nitrification can play an 
important role in N20 evolution as well [1, 10, 25]. 

Because there was no accumulation of NO3 in the pore water of the exposed 
sediments, a strong coupling of nitrification with denitrification has to be consid- 
ered. That means that NO3 derived by nitrification was very rapidly consumed 
by denitrifiers as long as there was no limitation in electron donors. The latter was 
not the case at Lago Camalefio, with its high availability of organic carbon fixed 
by C4 grasses and other macrophytes [12, 20]. Taking a denitrification rate of 73.3 
Ixmol N m -2 h -1 at 5 m from the water line as representative for the whole exposed 
sediment, a nitrogen loss of 14.8 kg N ha I occurred throughout the 2 dry months. 
This value was more than 20 times higher than that measured by Jordan et al. [9] 
in an undisturbed terra firme forest, and it was three times higher in relation to 
denitrification rates in unfertilized wetland soils of temperate regions [14, 34]. 
Therefore, the studied v~rzea ecotope represents an important source of nitrogen 
that is released into the atmosphere (i.e., accelerated gas turnover of nitrogen in 
the exposed sediments). 

The C2H2 inhibition technique is the most practical method in the field for 
measuring denitrification because of its high sensitivity and its low cost. However, 
the blockage of N20 reductase by C2H2 may be incomplete at low NO3 concentra- 
tions [15, 19, 21, 24, 26]. It was shown that CzH 2 also inhibited nitrification by 
causing denitrifiers to reduce N20 in the case of NO3 deficiency. Thus, in the 
presence of low NO3 concentrations as in the studied ecotopes, denitrification in 
the nonpotential assays may have been underestimated. Nevertheless, the actual 
results already indicate a high nitrogen release during the transition from an aquatic 
to a terrestrial ecotope and point to a considerable impact of the flood pulse on 
the gaseous nitrogen turnover within the Amazon floodplain. 
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