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Dissimilatory NO3
� reduction in sediments is often measured in bulk incubations that destroy in situ

gradients of controlling factors such as sulfide and oxygen. Additionally, the use of unnaturally high NO3
�

concentrations yields potential rather than actual activities of dissimilatory NO3
� reduction. We developed a

technique to determine the vertical distribution of the net rates of dissimilatory nitrate reduction to ammonium
(DNRA) with minimal physical disturbance in intact sediment cores at millimeter-level resolution. This allows
DNRA activity to be directly linked to the microenvironmental conditions in the layer of NO3

� consumption.
The water column of the sediment core is amended with 15NO3

� at the in situ 14NO3
� concentration. A gel

probe is deployed in the sediment and is retrieved after complete diffusive equilibration between the gel and
the sediment pore water. The gel is then sliced and the NH4

� dissolved in the gel slices is chemically converted
by hypobromite to N2 in reaction vials. The isotopic composition of N2 is determined by mass spectrometry. We
used the combined gel probe and isotopic labeling technique with freshwater and marine sediment cores and
with sterile quartz sand with artificial gradients of 15NH4

�. The results were compared to the NH4
� microsen-

sor profiles measured in freshwater sediment and quartz sand and to the N2O microsensor profiles measured
in acetylene-amended sediments to trace denitrification.

Nitrate accounts for the eutrophication of many human-
affected aquatic ecosystems (19, 21). Sediment bacteria may
mitigate NO3

� pollution by denitrification and anaerobic am-
monium oxidation (anammox), which produce N2 (13, 18).
However, inorganic nitrogen is retained in aquatic ecosystems
when sediment bacteria reduce NO3

� to NH4
� by dissimila-

tory nitrate reduction to ammonium (DNRA) (5, 12, 16, 39).
Hence, DNRA contributes to rather than counteracts eu-
trophication (23). DNRA may be the dominant pathway of
dissimilatory NO3

� reduction in sediments that are rich in
electron donors, such as labile organic carbon and sulfide (4, 8,
17, 38, 55). High rates of DNRA are thus found in sediments
affected by coastal aquaculture (8, 36) and settling algal
blooms (16).

DNRA, denitrification, and the chemical factors that control
the partitioning between them (e.g., sulfide) should ideally be
investigated in undisturbed sediments. The redox stratification
of sediments involves vertical concentration gradients of pore
water solutes. These gradients are often very steep, and their
measurement requires high-resolution techniques, such as mi-
crosensors (26, 42) and gel probes (9, 54). If, for instance, the
influence of sulfide on DNRA and denitrification is to be
investigated, one wants to know exactly the sulfide concentra-
tion in the layers of DNRA and denitrification activity, as well
as the flux of sulfide into these layers. This information can
easily be obtained using H2S and pH microsensors (22, 43). It
is less trivial to determine the vertical distribution of DNRA

and denitrification activity in undisturbed sediments. Denitri-
fication activity can be traced using a combination of the acet-
ylene inhibition technique (51) and N2O microsensors (1).
Acetylene inhibits the last step of denitrification, and there-
fore, N2O accumulates in the layer of denitrification activity
(44). This method underestimates the denitrification activity in
sediments with high rates of coupled nitrification-denitrifica-
tion because acetylene also inhibits nitrification (50).

The vertical distribution of DNRA activity in undisturbed
sediment has, to the best of our knowledge, never been deter-
mined; thus, the microenvironmental conditions in the layer of
DNRA activity remain unknown. Until now, the influence of
chemical factors on DNRA and denitrification in sediments
has been assessed by slurry incubations (4, 12, 30), by flux
measurements with sealed sediment cores (7, 47) or
flowthrough sediment cores (16, 27, 37), and in one case, in
reconstituted sediment cores sliced at centimeter-level resolu-
tion (39). Here, we present a new method, the combined gel
probe and isotope labeling technique, to determine the vertical
distribution of the net rates of DNRA in sediments. The sed-
iments remain largely undisturbed and the NO3

� amendments
are within the range of in situ concentrations. The DNRA
measurements can be related to the microprofiles of potential
influencing factors measured in close vicinity of the gel probe.
This allows DNRA activity to be directly linked with the mi-
croenvironmental conditions in the sediment.

MATERIALS AND METHODS

Sediment incubations. Different types of sediment were collected and incu-
bated in different types of containers. (i) Freshwater sediment was collected on
the banks of the Weser River approximately 10 km upstream of Bremen (north-
ern Germany) in September 2007. In the laboratory, the sediment was sieved
through a 1-mm mesh to remove the macrofauna and then used to fill benthic
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gradient chambers (BGCs) (40). In the BGC, the sediment is placed in a vertical
tube (inner diameter � 4.5 cm, height � 4.5 cm) that is sandwiched between two
water-filled reservoirs. The bottom side of the tube is closed with a 63-�m-pore-
size plastic mesh. The top reservoir contained 1.5 liters aerated potable water in
which the NO3

� concentration was adjusted to 250 �mol liter�1, which corre-
sponded to the in situ concentration at the time of sampling. The bottom reser-
voir contained 3.7 liters of deoxygenated and autoclaved potable water in which
the NH4

� concentration was adjusted to 500 �mol liter�1. Initially, the potable
water in the bottom reservoir contained 35 �mol liter�1 NO3

�, which was
completely consumed within less than 3 days and not replenished afterwards.
Both reservoirs were static (i.e., there was no flowthrough), and therefore, the
NO3

� and NH4
� concentrations were repeatedly checked and readjusted to the

wanted value, when indicated. The oxygen concentrations in the top and bottom
reservoirs corresponded to 100 and 0% air saturation, respectively, throughout
the incubation period and did not have to be readjusted. The BGCs were
incubated at 21°C for 4 weeks, with all measurements being completed in weeks
3 and 4.

(ii) Marine sediment was collected with acrylic core liners (inner diameter �
9 cm, height � 20 cm) from an intertidal flat approximately 20 km north of
Bremerhaven (Lower Saxony, Germany) in September 2009. This site is still in
reach of the plume of the Weser River and shows pronounced annual fluctua-
tions of the water column NO3

� concentration of between 0 and �100 �mol
liter�1. The intact sediment cores were incubated in the laboratory at 21°C for 2
weeks, during which all measurements were completed. The aerated seawater
overlying the sediment was adjusted to contain NO3

� at a concentration of 50
�mol liter�1 and was continuously replenished from a 10-liter reservoir at a high
exchange rate to keep the NO3

� concentration stable.
(iii) Quartz sand (type Geba; grain diameter � 0.06 to 0.3 mm; Carlo AG,

Bern, Switzerland) was washed 3 times with deionized water, autoclaved, and
dried. The washed quartz sand (400 ml each) was used to fill a modified BGC
(inner diameter � 8 cm, height � 8 cm) with flowthrough top and bottom
reservoirs (200 ml each). The top reservoir was continuously replenished with
potable water that contained no NH4

�, whereas the bottom reservoir was con-
tinuously replenished with potable water adjusted to contain 15NH4

� (99% 15N
atom %; Cambridge Isotope Laboratories, Andover, MA) at a concentration of
250 �mol liter�1. The modified BGCs were incubated at 21°C for 2 weeks, with
all measurements being completed in week 2.

Combined gel probe and isotope labeling technique. Polyacrylamide gel
probes were constructed and assembled as described previously (25). The gels
were cast from 40 ml acrylamide (15%, wt/vol), 20 ml N,N-methylenebisacryl-
amide (2%, wt/vol), 0.75 ml dipotassium peroxodisulfate (0.11 M), and 60 �l
tetramethylethylenediamine. Dipotassium peroxodisulfate rather than ammo-
nium peroxodisulfate was used to avoid interference by the excess NH4

� leach-
ing from the gel (25). After hydration in deionized water (freshwater sediment,
quartz sand) or in NaCl solution with a salinity of 25 (marine sediment), the gels
were 2 mm thick. The hydrated gels were mounted onto homemade plastic
probes with an aperture of 80 by 20 mm (see the schematic drawing in reference
25). The assembled probes were 120 mm long, 30 mm wide, and 4 mm thick
(including the gel). This assembly was stored in deionized water or NaCl solution
at 4°C until it was used for the experiments.

Forty-eight hours prior to deployment of the gel probes, the freshwater and
marine sediments were overlain with 15N-labeled NO3

� (99% 15N atom %;
Cambridge Isotope Laboratories) at concentrations of 250 and 50 �mol liter�1,
respectively. The gel probes were deoxygenated with He, vertically inserted into
the sediments, and allowed to equilibrate with the pore water for 24 h. The time
needed for complete diffusive equilibration for the 2-mm-thick gel was �3 h
(calculated from the data in reference 25), but a longer exposure time was
scheduled to allow pore water gradients to reestablish after the physical distur-
bance due to insertion of the gel probe. After retrieval, the gels were quickly cut
out of the aperture with a clean scalpel, blotted dry, and spread out evenly on a
clean surface. In the experiments with freshwater sediment and quartz sand, the
gels were sliced with an egg cutter, which resulted in a vertical resolution of 2.5
mm. In the experiment with marine sediment, a homemade cutter with blades of
stainless steel was used, which resulted in a vertical resolution of 1.0 mm. The
retrieval, cutting, and slicing of the gels and the distribution of the gel slices to
preweighed 3-ml vials (Exetainer; Labco, High Wycombe, United Kingdom)
were accomplished by two cooperating persons in 60 s. The vials were closed,
weighed, and flushed twice with He for 30 s (with a 5-min equilibration time in
between) to remove the N2 from both the gel slices and the headspace of the
vials. Two hundred microliters of 12 M NaOH was injected into the vials to
convert NH4

� to NH3, followed by the addition of 50 �l hypobromite to convert
NH3 to N2 (56). The latter reaction was allowed to proceed for 3 days in the dark
at 21°C. In headspace samples of 250 to 500 �l, the isotope ratio of 28N2, 29N2,

and 30N2 was determined by gas chromatography-isotopic ratio mass spectrom-
etry (VG Optima; Isotech, Middlewich, United Kingdom) against air standards.

Calibration standards were prepared either in quartz sand that was thoroughly
mixed with potable water or directly in potable water adjusted to contain 15NH4

�

at different concentrations. Calibration series were prepared either in the low
concentration range (0, 5, 10, and 25 �mol liter�1) or in the high concentration
range (0, 25, 50, and 100 �mol liter�1). The gel probes were vertically inserted
into the 15NH4

�-spiked quartz sand or immersed in potable water and allowed
to equilibrate for 24 h. After retrieval, the gels were treated in the same way as
described above. For each 15NH4

� concentration, four to five replicate gel slices
were analyzed. Calibration standards were generally prepared with the same
batches of gels and hypobromite used for the samples, thereby avoiding incon-
sistencies due to different gel properties and efficiencies of the hypobromite assay
in oxidizing 15NH4

� to N2. The 15NH4
� concentration in the gel slices was

calculated from the isotope ratio of 28N2, 29N2, and 30N2 (35) and was corrected
for the efficiency of the hypobromite assay with the calibration standards. The
15NH4

� concentration profiles in the sediment were assembled by calculating the
vertical dimension of each gel slice from its wet weight and the known weight of
a 1-cm gel slice. The vertical distribution of DNRA activity in the sediment was
obtained by diffusion reaction modeling of the steady-state 15NH4

� concentra-
tion profiles (see below).

Additional testing of the new technique. In order to measure the DNRA
activity in the sediment, any trace of 15N-labeled N2 due to denitrification activity
must be removed from the gel slice before hypobromite is added to the reaction
vial. This is achieved by repeated flushing of the reaction vial with He (see
above). However, this may also lead to a loss of 15NH4

� in the form of gaseous
15NH3. The effect of He flushing on the recovery of 15NH4

� was evaluated with
additional calibration standards that were acidified with 50 �l of 1 N HCl to shift
the NH4

�-NH3 equilibrium toward NH4
� to minimize the loss of gaseous NH3.

The following treatments were compared: (i) 2 min He flushing with no HCl, (ii)
20 min He flushing with no HCl, (iii) 2 min He flushing with 1 N HCl, and (iv)
20 min He flushing with 1 N HCl.

Conventional gel probe measurements. Currently, a microsensor for measure-
ment of the NH4

� concentration in seawater is not available. Thus, pore water
NH4

� concentrations were measured with gel probes, as described previously
(34). Gel probes were deployed, retrieved, and sliced as described above. Am-
monium was eluted from 50-�l gel slices in 1,100 �l deionized water for 30 min.
The eluted NH4

� was photometrically quantified, as described previously (24).
Calibration standards (0 to 250 �mol liter�1) were prepared as described for
15NH4

� and processed in the same way as the samples. The measurement of the
pore water NO3

� concentration with gel probes as described previously (34)
failed for unknown reasons.

Microsensor measurements and rate calculations. Microsensors for O2 (41),
H2S (22), NO3

�, NH4
�, pH (cf. reference 11), and N2O (1) were constructed in

our laboratory. The LIX-type microsensors for NO3
� and NH4

� mentioned here
(cf. reference 11) can be used only in freshwater. The sensors were calibrated and
used for profiling in a measuring setup, as described previously (52). The custom-
made programs �-Profiler, DAQ server, and LINPOS server were used for
measurement automation and data acquisition (L. Polerecky, MPI Bremen;
http://www.microsen-wiki.net). Vertical profiles were recorded at increments of
250 or 500 �m, starting in the overlying water and ending 10 to 35 mm below the
sediment surface. Steady-state NO3

�, NH4
�, and N2O concentration profiles

were used to calculate net local conversion rates by diffusion reaction modeling,
as detailed elsewhere (31). The sedimentary diffusion coefficients (Ds) of NO3

�,
NH4

�, and N2O were calculated from the respective diffusion coefficients in
water (Dw) and the sediment porosity (�), as follows: Ds � Dw � �/[1 � ln(�2)]
(2). The Dw values of NO3

�, NH4
�, and N2O at 21°C were taken to be 1.72 �

10�5, 1.78 � 10�5, and 2.12 � 10�5 cm2 s�1, respectively (3, 29). Sediment
porosity was measured as the loss of weight that occurred after a known volume
of wet sediment was dried at 60°C for 48 h. The freshwater and marine sediments
used in this study had porosities of 47 and 43%, respectively. Replicate concen-
tration profiles were analyzed separately, the production-consumption profiles
obtained were averaged, and the standard deviation of the mean rate was cal-
culated for each depth layer.

The vertical distributions of DNRA and denitrification activity were derived
from the concentration profiles of 15NH4

� (determined by the gel probe tech-
nique) and N2O (determined with microsensors), respectively. For the latter,
N2O microprofiles were measured in separate sediment cores 16 h after inhibi-
tion of the last step of denitrification with acetylene (51). This method accounts
for the denitrification activity driven by NO3

� from the water column but not
from sedimentary nitrification activity. The layers of DNRA and denitrification
activity in the sediment (i.e., the layers of net 15NH4

� and N2O production,
respectively) were contrasted with the layers of net NO3

� consumption and net
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total NH4
� (NH4

�
tot; i.e., 14NH4

� and 15NH4
�) production in plots in which all

other N conversions were omitted for clarity.

RESULTS

Calibration, precision, and optimization of the new tech-
nique. Figure 1 shows two representative examples of calibra-
tions in quartz sand with pore water adjusted to low (Fig. 1A)
and high (Fig. 1B) 15NH4

� concentration ranges. Calibrations
were linear over the ranges 0 to 25 and 0 to 100 �mol liter�1

15NH4
�, with the R2 values being 0.988 and 0.962, respectively.

In the examples shown, the efficiency of the hypobromite assay
at oxidizing NH4

� to N2 was 96 to 98%. The lowest efficiency
of the hypobromite assay encountered in this study was 60 to
74%. Calibrations in potable water were identical to those in
quartz sand (data not shown).

Ten independent calibration series were analyzed to deter-
mine the absolute precision of the new technique (Table 1).
Over the concentration range of from 0 to 25 �mol liter�1, the
standard deviation varied, on average, between 1.1 and 2.0
�mol liter�1 15NH4

�. At 50 and 100 �mol liter�1, the average
standard deviations were 3.7 and 11.1 �mol liter�1 15NH4

�,
respectively. The latter two concentrations, however, were
tested only a few times.

The effect of He flushing of acidified and nonacidified sam-
ples was evaluated in four independent calibration series (Ta-
ble 2). The percent recovery of 15NH4

� was considerably
higher in samples flushed with He 2 times for 1 min each time
(2� 1 min) than for those flushed once for 20 min. Acidifica-
tion of the samples with 1 N HCl increased the percent recov-
ery of 15NH4

� and improved the linear fit of the calibration
curves. The rate of 15NH4

� recovery from acidified samples
flushed with He for 2� 1 min was slightly higher than 100%,
which was due to the low absolute precision of the technique in
the lower concentration range (Table 1).

Measurement of artificial 15NH4
� pore water gradients.

15NH4
� was the only form of NH4

� in quartz sand that was
overlain with plain potable water and underlain with 15NH4

�-
amended potable water (Fig. 2). Thus, the vertical gradient of
15NH4

� could be equally measured by the combined gel probe
and isotope labeling technique and by ion-selective microsen-
sors. Both methods measured a close-to-linear concentration
gradient of 15NH4

� in the quartz sand, and very good agree-
ment between the gel probe and microsensor profiles was
found. The average deviation between the two methods was 0.6
�mol liter�1 15NH4

� or 1.6% for the full concentration range.
The gel probe technique produced maximum deviations of
�8.8 and �7.3 �mol liter�1 15NH4

� from the microsensor
data. The absolute precisions of gel probes and microsensors in
the high concentration range (i.e., 100 to 145 �mol liter�1

15NH4
�) were, on average, 27 and 16 �mol liter�1, respec-

tively. The relative precisions of the gel probes and microsen-
sors in this concentration range were, on average, 23 and 14%,
respectively.

Concentration profiles in freshwater sediment. Stream sed-
iment was sandwiched between aerated overlying water
amended with 15NO3

� and anoxic underlying water amended
with NH4

� in BGC. Figure 3 shows the average concentration
profiles measured in three replicate BGCs; microsensor pro-
files were also repeated 2 to 4 times at random positions within

each BGC. The vertical 15NH4
� profile showed a peak con-

centration of 14.3 �mol liter�1 at the 9.3-mm depth in the
sediment of one of the three replicate BGCs (Fig. 3A). From
the peak concentration, the 15NH4

� concentration decreased
toward both the sediment surface and the deeper layers in the
sediment, but no other conspicuous features in the profile were
found. The average standard deviation for all depth intervals
was 1.5 �mol liter�1 15NH4

�. The N2O profiles measured in
acetylene-inhibited stream sediment (incubated in a separate
BGC) showed an average peak concentration of 91 �mol li-
ter�1 at the 6-mm depth (Fig. 3B). The NO3

� concentration
decreased from 289 �mol liter�1 in the overlying water to 5
�mol liter�1 at the 10-mm depth and remained constant below
that depth (Fig. 3C). The NH4

�
tot (i.e., 14NH4

� � 15NH4
�)

concentration (as measured with the LIX-type microsensor)
increased from 1 �mol liter�1 in the overlying water to 191
�mol liter�1 at the 25-mm depth (Fig. 3C). At the 9.3-mm
depth, where the maximum 15NH4

� concentration of 11 �mol

FIG. 1. Calibration of gel probes in the low (A) and high (B) range
of 15NH4

� concentrations. Gel probes were incubated in potable water
adjusted to contain 15NH4

� at known concentrations for 24 h. After
retrieval, replicate gel slices were subjected to hypobromite oxidation
for subsequent analysis of 15N-labeled N2 species. The means 	 stan-
dard deviations of four to five replicates and the coefficients of deter-
mination for the regression line are shown.
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liter�1 was measured with the gel probe, an NH4
�

tot concen-
tration of 81 �mol liter�1 was measured with the microsensor.
The O2 concentration decreased from 278 �mol liter�1 in the
overlying water to 0 �mol liter�1 at the 3-mm depth (Fig. 3D).
The total sulfide concentration in the overlying water was near
the detection limit of 1 �mol liter�1 of the H2S microsensor
and increased to 3.6 �mol liter�1 at the 25-mm depth (Fig.
3D). The pH value dropped from 8.0 in the overlying water to
6.8 at the 25-mm depth (Fig. 3D).

Local conversion rates of 15NH4
�, N2O, NH4

�
tot, and NO3

�

in freshwater sediment. Net local conversion rates were calcu-
lated from the steady-state concentration profiles of 15NH4

�,
NH4

�
tot, N2O, and NO3

� by diffusion reaction modeling. Net
15NH4

� production (i.e., DNRA activity) was located at 5 to 10
mm of depth in the sediment, whereas net N2O production
(i.e., denitrification activity) was located at 3.5 to 8 mm of
depth (Fig. 4). The layer of NO3

� consumption was located at
3.5 to 8 mm of depth, whereas the layer of NH4

�
tot production

was located at 6.5 to 11 mm of depth (Fig. 4). Depth-integrated
DNRA and denitrification activities were, on average, 2.2 and
78.9 �mol N m�2 h�1, respectively, whereas the depth-inte-
grated NH4

�
tot production and NO3

� consumption rates were,
on average, 11.4 and 71.4 �mol N m�2 h�1, respectively (data
not shown).

Concentration profiles in marine sediment. Intertidal sedi-
ment cores were overlain with aerated seawater amended with
50 �mol liter�1 15NO3

�. Figure 5 shows the average concen-
tration profiles measured in three replicate sediment cores;
microsensor and gel probe profile determinations were re-
peated twice at random positions within each sediment core.
The 15NH4

� concentration increased from 1.1 to 6.3 �mol

liter�1 from the sediment surface to the 3.7-mm depth (Fig.
5A). The 15NH4

� concentration decreased to 5.1 �mol liter�1

at the 6.4-mm depth, and from there it increased to 7.1 �mol
liter�1 at the 8.1-mm depth (Fig. 5A). The average standard
deviation for all depth intervals was 1.2 �mol liter�1 15NH4

�.
The N2O profiles measured in acetylene-amended sediment
cores showed an average peak concentration of 50 �mol liter�1

at the 3-mm depth (Fig. 5B). The NH4
�

tot concentration (mea-
sured with conventional gel probes) increased from 39.6 �mol
liter�1 at the 0.5-mm depth to 157.7 �mol liter�1 at the
9.5-mm depth (Fig. 5C). At the 3.7-mm depth, where the peak
15NH4

� concentration of 6.3 �mol liter�1 was measured, an
NH4

�
tot concentration of 82.1 �mol liter�1 was measured. The

O2 concentration decreased from 203 �mol liter�1 in the over-
lying water to 0 �mol liter�1 at the 3.5-mm depth (Fig. 5D).
The total sulfide concentration was near the detection limit of
1 �mol liter�1 of the H2S microsensor in the overlying water
and in the sediment (Fig. 5D).

Local conversion rates of 15NH4
�, N2O, and NH4

�
tot in

marine sediment. Net 15NH4
� production (i.e., DNRA activ-

ity) was located at 3 to 6 mm of depth in the sediment, whereas
net N2O production (i.e., denitrification activity) was located at
0.75 to 4.5 mm of depth (Fig. 6). NH4

�
tot production was

evident at 4 to 7 mm of depth (Fig. 6). The layer of NO3
�

consumption could not be located because NO3
� measure-

ments with conventional gel probes failed. The depth-inte-
grated DNRA and denitrification activities were 2.1 and 61.4
�mol N m�2 h�1, respectively, whereas the depth-integrated
NH4

�
tot production rate was 13.7 �mol N m�2 h�1 (data not

shown).

FIG. 2. Measurement of artificial 15NH4
� concentration gradients

with the gel probe technique and microsensors. Quartz sand was in-
cubated in benthic gradient chambers in which it was over- and un-
derlain with potable water in which 15NH4

� concentration was contin-
uously maintained at 0 and 250 �mol liter�1, respectively. Thereby, a
concentration gradient of 15NH4

� established in the pore water of the
quartz sand. The means 	 standard deviations of three to four repli-
cate incubations are shown. The dashed line indicates the surface of
the quartz sand layer.

TABLE 1. Precision of combined gel probe and isotope
labeling techniquea

15NH4
� concn

(�mol liter�1) Avg SD No. of calibration
series

0 1.1 10
5 1.5 7
10 2.0 9
25 1.8 9
50 3.7 3
100 11.1 2

a Ten independent calibration series with different concentration ranges were
evaluated. The average standard deviations given here were calculated from 2 to
10 standard deviations of four to five replicates, each measured at the same
15NH4

� concentration.

TABLE 2. Effect of He flushing on recovery of 15NH4
�a

Duration of He
flushing (min)

HCl concn
(mol liter�1)

% 15NH4
�

recovery
R2 of regression

line

2� 1 0 94 0.938
2� 1 1 111 0.955
1� 20 0 57 0.866
1� 20 1 79 0.968

a 15NH4
� recovery was calculated as the percentage of 15NH4

� retrieved by
mass spectrometry from the nominal 15NH4

� concentration in the gel slices.
Here, the average 15NH4

� recovery is given for the 15NH4
� concentrations 5, 10,

and 25 �mol liter�1, with five replicates each. 15NH4
� recoveries greater than

100% are explained by the low precision of the technique in the lower concen-
tration range (Table 1).
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DISCUSSION

Assessment of the new technique. The combined gel probe
and isotope labeling technique had a high precision over the
concentration range of 0 to 25 �mol liter�1 15NH4

�. This
range covered all concentrations in freshwater and marine
sediments measured in this study. The absolute precisions were
very similar for the calibration standards and sediment sam-
ples, with typical standard deviations being 1 to 2 �mol liter�1

15NH4
�. At a nominal 15NH4

� concentration of 0 �mol liter�1

in the calibration standards, the average standard deviation
was 1.1 �mol liter�1. Thus, the detection limit of the tech-
nique, defined as 3 times the standard deviation of the blank,
was 3.3 �mol liter�1 15NH4

�. Exceptionally high standard de-
viations (and coefficients of variation) were measured in quartz
sand with artificial 15NH4

� gradients that reached concentra-
tions of up to 175 �mol liter�1. However, the microsensor
profiles measured in quartz sand also revealed high degrees of
variability, especially in the high concentration range. It can
therefore still be expected that the new gel probe technique is
suitable for the precise measurement of 15NH4

� concentra-
tions considerably higher than those in the sediments used in
this study. One significant source of imprecision might be the
water film on the gel surface that originates from the contact of
the gel with the water column during retrieval of the probe. It
is recommended either that the gel be carefully blotted dry
before it is sliced or that cellulose acetate filter membranes
that cover the gel during exposure and retrieval of the probe be
used (25).

The accuracy of the new gel probe technique was calculated
as the average deviation of the 15NH4

� concentrations (gel
probe) from the NH4

�
tot concentrations (microsensors) mea-

sured in quartz sand with artificial 15NH4
� gradients. The

absolute and relative accuracies of the gel probe technique
were, on average, 0.6 �mol liter�1 15NH4

� and 1.6%, respec-
tively. However, this apparently high level of accuracy resulted

FIG. 3. Vertical profiles of 15NH4
� (A), N2O (B), NO3

� and NH4
�

tot (C), and O2, H2S, and pH (D) in freshwater sediment incubated in benthic
gradient chambers. The 15NH4

� profiles (indicating DNRA activity) were measured with gel probes, while the remaining profiles were measured
with microsensors. The N2O profiles (indicating denitrification activity [DEN]) were measured upon inhibition of the last step of denitrification
with acetylene. The means 	 standard deviations of 6 to 15 replicate profiles in at least three replicate sediment samples are shown.

FIG. 4. Net rates of 15NH4
� production (i.e., DNRA), N2O pro-

duction (i.e., denitrification), NH4
�

tot production, and NO3
� con-

sumption in freshwater sediment. The rates were calculated from the
concentration profiles in Fig. 3. For clarity, the rates of 15NH4

�, N2O,
and NH4

�
tot consumption and the rates of NO3

� production are not
shown. The mean rates 	 standard deviations are shown for each
depth layer. Note the different scales.
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from positive and negative deviations between the gel probe
and the microsensor data that cancelled out each other. The
stochastic nature of these deviations indicate, however, that
there was no systematic under- or overestimation of the
15NH4

� concentration by the gel probe technique.
Calibrations of the gel probe technique were made either in

quartz sand that was mixed with potable water or directly in
potable water adjusted to contain different 15NH4

� concentra-

tions. These two ways to calibrate the gel probes gave highly
similar results in terms of accuracy (i.e., deviation from nom-
inal concentrations), linearity, and scatter. It is thus recom-
mended, for the ease of handling, that gel probes be calibrated
for measurement of 15NH4

� concentrations in freshwater or
seawater rather than in quartz sand. Calibrations in quartz
sand should, however, be preferred whenever the time needed
for diffusive equilibration in a porous medium is to be deter-
mined (e.g., when different gel types are tested).

The recovery of 15NH4
� by the gel probe technique can be

increased by acidification of the reaction assay mixtures before
the reaction vials are flushed with He. While a thorough He
flushing is necessary for the complete removal of 15N-labeled
N2 from the reaction vials, especially when the gel probes are
used in biological samples, it also leads to the loss of 15NH4

�

in the form of 15NH3. The results show that the loss of 15NH4
�

is minimized by acidification of the reaction assay mixture. In
theory, this measure might also hydrolyze organic compounds
into which 15N has been incorporated, thus giving a false-
positive result due to 15NH3 production. Therefore, it is rec-
ommended that this step be kept short and that the reaction
vials be flushed with He for 2� 1 min (with a 5-min equilibra-
tion time between each flushing). It needs to be noted, how-
ever, that NaOH may also hydrolyze organic compounds that
contain 15N and that hypobromite itself may oxidize the 15N in
methylamines (46). False-positive results due to the use of
NaOH and hypobromite might be avoided by quantifying
15NH4

� by chromatographic analysis (15).
Rapid slicing of the retrieved gels is essential to keep the

vertical concentration gradients in the gel in shape. Long han-
dling times will inevitably lead to the relaxation of gradients
within the gel (10). The egg cutter principle proved to be most
efficient to achieve rapid slicing. The total time that elapsed
from retrieving the probe to cutting the gel was 60 s. Modeling
the lateral diffusion within the gel revealed that during this
handling time a 1-mm-wide, rectangular concentration peak
would shrink by 15% in height and would approximately dou-
ble in width (10). The layer of NO3

� consumption in aquatic
sediments usually spans several millimeters (32, 53), and it can
be expected that the concentration peaks of NH4

� and N2 are

FIG. 5. Vertical profiles of 15NH4
� (A), N2O (B), NH4

�
tot (C), and O2 and H2S (D) in intact cores of marine sediment. The means 	 standard

deviations of six profiles in three replicate sediment samples are shown. Other details are as described in the legend to Fig. 3.

FIG. 6. Net rates of local 15NH4
� production (i.e., DNRA), N2O

production (i.e., denitrification), and NH4
�

tot production in marine
sediment. The rates were calculated from the concentration profiles in
Fig. 5. Other details are as described in the legend to Fig. 4. Note the
different scales.
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also normally wider than 1 mm. Relaxation of such peaks will
therefore be less pronounced than in the modeling example
described above. The evenly spaced steel chords or blades of
the egg cutters produce slices of similar size that allow a rough
reconstruction of the vertical concentration profile. However,
weighing of 100 gel slices revealed a coefficient of variation as
high as 15%. Thus, weighing is recommended to improve the
spatial accuracy of the reconstructed concentration profiles
(34).

Comparison to other techniques. Conventional methods to
investigate the relative importance of different pathways of
dissimilatory NO3

� reduction in sediments include slurry in-
cubations (4, 12, 30), methods that use sealed sediment cores
(7, 47), and methods that use flowthrough sediment cores (16,
27, 37). Only one study used reconstituted sediment cores in
which DNRA activity was measured at centimeter-level reso-
lution (39). Slurry incubations destroy the vertical gradients of
pore water solutes, and every sediment particle and its at-
tached bacteria are exposed to identical chemical conditions.
Slurry incubations are run in batch mode and thus require high
starting concentrations of NO3

� that often exceed the in situ
pore water concentrations of NO3

� (4). Consequently, slurry
incubations produce potential rather than actual rates (53). An
exception to this observation is slurry incubations of permeable
sands, which result in rates not higher than the actual rates
measured in intact sediment cores (14). A clear advantage of
slurry incubations is that they are suitable for use in manipu-
lation experiments (6, 30).

Flux measurements using intact cores quantify the net solute
exchange across the sediment-water interface due to microbial
activities inside the sediment. Flux measurements are run in
either batch mode (sealed cores) or continuous mode
(flowthrough cores). Sealed cores face the same problem as
slurry incubations because of high starting NO3

� concentra-
tions (47). Due to the batch mode, the ratio of electron accep-
tor (added to the water column as NO3

�) to electron donor
(present in the sediment as labile organic carbon or sulfide)
changes during the experiment. The use of flowthrough cores
solves this problem by maintaining a constant NO3

� concen-
tration in the water column throughout the experiment. As a
consequence, steady-state fluxes of NO3

�, NH4
�, and N2

across the sediment-water interface can be measured. For both
types of flux measurements, however, the microenvironmental
conditions in the sediment remain unknown.

Measurements in sediments. The combined gel probe and
isotope labeling technique proved to be applicable in freshwa-
ter and marine sediments as well as in sterile quartz sand. The
overall procedure of the gel probe technique was identical for
these three types of samples, and only the salt concentration in
each type of sample was adjusted during prehydration of the
gel. Both the freshwater and the marine sediments exhibited a
layer of net 15NH4

� production that in the case of the fresh-
water sediment overlapped the layer of net NO3

� consumption
in the anoxic part of the sediment. It is thus very likely that the
15NH4

� peak concentrations mainly resulted from DNRA ac-
tivity. In contrast, the low 15NH4

� concentrations measured
above and below the layer of dissimilatory NO3

� may originate
from the 15N assimilated by bacteria during the incubation with
15NO3

�. Future studies will verify this interpretation by the
parallel analysis of functional genes indicative of DNRA (e.g.,

that for the cytochrome c nitrite reductase, nrfA [33]) in dif-
ferent sediment layers.

The relative fractions of 15NH4
� from NH4

�
tot in the layer

of DNRA activity were only 13.6 and 7.7% in the freshwater
and marine sediments, respectively. This means that most of
the pore water NH4

� originated from processes other than
DNRA, such as cell lysis and degradation of particulate or-
ganic matter. It is one of the strengths of the gel probe tech-
nique that it specifically quantifies NH4

� production by DNRA
in the presence of other significant sources of NH4

� in the
sediment. In contrast, sedimentary sinks of NH4

� will lead to
an underestimation of the actual DNRA activity. Assimilation
of NH4

�, anaerobic oxidation of NH4
� (anammox), and ad-

sorption of NH4
� to mineral surfaces should ideally be quan-

tified together with DNRA to judge the degree of its under-
estimation by the gel probe technique. For instance, in the
marine sediment, 10% of the experimentally added NH4

� (50
�mol liter�1) adsorbed to mineral surfaces, while 90% was
dissolved in the pore water (data not shown). Hence, 10% of
the 15NH4

� produced by DNRA was possibly overlooked by
the gel probe technique. A methodical underestimation of
DNRA may also result from nitrification activity at the sedi-
ment surface, which dilutes the 15NO3

� pool with 14NO3
�. In

fact, the relative labeling level of NO3
� (and thus nitrification

activity) in different sediment depths could also be analyzed
with the gel probe technique combined with determination of
the level of bacterial conversion of NO3

� to N2 (45). In gen-
eral, however, it should be kept in mind that the conversion
rates measured with the gel probe technique, just like those
measured with microsensors, represent net rather than gross
conversion rates.

Acetylene-amended sediments exhibited a large N2O con-
centration peak that for the freshwater sediment overlapped
the layer of NO3

� consumption in the anoxic part of the
sediment. Such peaks are commonly ascribed to denitrification
activity (44). In fact, the accumulation of N2O in acetylene-
amended sediments originates only from the denitrification
driven by NO3

� from the overlying water, while coupled nitri-
fication-denitrification is inhibited (49). The method should
therefore be used only with sediments overlain by a NO3

�-rich
water column, which was the case for both the freshwater and
the marine sediments studied here. The N2O and 15NH4

�

concentration peaks overlapped only partially and suggested
that DNRA activity was located slightly deeper in the sediment
than denitrification activity. This could be explained by the
lower ratio of electron acceptor to electron donor in the layer
of DNRA activity, which is commonly assumed to favor
DNRA over denitrification (17, 55). One of the strengths of
the new gel probe technique is that it localizes the layer of
DNRA activity and thereby places it in a microenvironmental
context that can be characterized with microsensors. The
present study presents a first example of DNRA activity being
associated with the low end of the NO3

� gradient and denitri-
fication activity being associated with somewhat higher NO3

�

concentrations. DNRA activity made up only 2.7 and 3.3% of
the total dissimilatory NO3

� reduction in the freshwater and
marine sediments, respectively, which might be explained by
the relatively low contents of particulate organic matter and
sulfide in both sediments (48). It will therefore be interesting
to analyze organic-rich sediments or sediments in which the
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layer of NO3
� consumption is intersected by a sulfide gradient

from below. Sulfide can stimulate dissimilatory NO3
� reduc-

tion by serving as an electron donor, especially in the water
column (20, 28), but can also inhibit denitrification when it is
present at high concentrations in the sediment (4). Presum-
ably, in sulfidic sediments overlain by NO3

�-polluted water (8,
36), DNRA activity will make up a higher fraction of the total
dissimilatory NO3

� reduction and will be located slightly
deeper in the sediment than denitrification activity.
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