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Abstract

We present a 15-month dataset on nitrification measurements in the Schelde estuary (Belgium and The Netherlands). Nitrification was
estimated using the N-serve sensitive dark 14C-bicarbonate incorporation technique. A peak of nitrification activity was observed in the
freshwater part of the estuary. Downstream from this peak, nitrification declined, probably because of ammonium limitation. A range of
nitrification inhibitors was tested on both a Nitrosomonas europaea culture and estuarine samples. It was found that methyl fluoride and
acetylene stimulated dark 14C-bicarbonate incorporation and those inhibitors were therefore considered inappropriate nitrification
inhibitors in combination with this technique. The effect of the inhibitor N-serve was studied on the dark incorporation of
13C-bicarbonate into polar lipid derived fatty acids to further identify the dominant chemoautotrophic processes. Inhibition of polar lipid
derived fatty acid labelling in the presence of N-serve was complete, suggesting that nitrifying bacteria dominated the chemoautotrophic
community. © 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Eutrophication of estuaries is a common phenomenon.
The high nutrient concentration in the output of these
estuaries leads to algal blooms in predominantly N-limited
coastal waters, which in turn might lead to anoxia. At the
same time, estuaries are described to contain a well-devel-
oped self-cleaning system. Vast organic and inorganic ni-
trogen reductions occur due to intense microbial activity.
This nitrogen removing function of estuaries is therefore
of crucial importance to the water quality of coastal seas.
Denitrification, which is the main process removing nitro-
gen from the estuary permanently, reduces nitrate to gas-
eous dinitrogen, which disappears to the atmosphere. Ni-
trate is thus an essential substrate for the removal of
nitrogen from the estuary. This makes bacterial nitrifica-
tion a key process because it is the only biological process
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that converts ammonium to nitrate. The nitrifying consor-
tium consists of two different groups of chemoautotrophic
bacteria. The first one oxidises ammonia to nitrite, while
the second one oxidises nitrite to nitrate.

Estuarine nitrification activity typically shows a peak at
intermediate salinity [1-6]. This increase in activity with
increasing salinity is reported to be coupled to the oxygen
condition in the estuary [2], indicating that nitrifying bac-
teria are oxygen limited upstream from the peak. The
cause of the collapse in activity downstream from the
peak is less clear, but might be explained by ammonia
limitation or intolerance against the increasing salt con-
centration by the freshwater adapted community [1,2]. An-
other explanation for the appearance of the peak of activ-
ity is that it coincides with the maximum turbidity zone
and that ammonia oxidisers prefer to be attached to par-
ticles instead of being free-living [3,7]. Nitrifying bacteria
tend to form clusters or attach to particulate material and
form flocks. In the Elbe estuary, between 50 and 100% of
the nitrifying bacteria were attached to flocks [8]. In the
Urdaibai estuary nitrification activity was associated with
the fraction > 3 pm [5]. Particulate material has a longer
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residence time than water [9] and attachment of bacteria
to flocks will increase their residence time, providing them
a longer stay at one section in the estuary.

There are a number of studies that report nitrification
rates in estuarine waters [2-6,10-14], Many of these use a
specific inhibitor to measure the nitrification activity. Ni-
trification inhibitors have been developed as agrochemicals
to prevent loss of nutrient salts through nitrification after
fertilisation. Nitrapyrine (N-serve, 2-chloro-6-(trichloro-
methyl)pyridine) (see [15] and references therein) is a com-
monly used inhibitor, which works by blocking the first
step in nitrification, i.e. the oxidation of ammonia to hy-
droxylamine [16], Disadvantage of N-serve is that it is
sparingly soluble in water so that it has to be dissolved
in an organic solvent. A range of other inhibitors has been
used [17] (Table 1), but comprehensive comparative stud-
ies including several inhibitors are scarce.

This study presents an intercomparison of different ni-
trification inhibitors for a pure culture and a natural com-
munity of the Schelde estuary. Nitrification rates were
measured once a month during a period of 15 months,
using the N-serve-sensitive 14C-bicarbonate incorporation
technique. In addition, we studied the effect of N-serve on
the incorporation of 13C-bicarbonate into polar lipid de-
rived fatty acids (PLFA) to further identify the dominant
chemoautotrophic processes and populations [18], Factors
governing nitrification will be identified by comparing in
situ nitrification rates with potential nitrification rates
based on experimental manipulation of ammonium and
oxygen concentration.

2. Method
2.1. Research area

The Schelde estuary (see Fig. 1) drains an estimated
21 000 km2 of Northern France, Belgium and The Nether-
lands, an area with approximately 10 million inhabitants,
and receives a nitrogen load of 56000 ton N year-1 [19],
Salinity ranges from about 0.5 at Temse, the upper limit of
saltwater intrusion, to about 30 at Vlissingen near the
mouth of the estuary (Fig. 1). The estuary is vertically

Table 1
List of inhibitors used in the inhibitor experiment

Inhibitor Concentration used Ref. Comments

DMSO [42] Solvent

N-serve 50 [tM [16,42] Dissolved in 80%
ethanol

Allylsulfide 200 |tM 42,43] Dissolved in DMSO

DCD 2 mM [42] Dissolved in DMSO

Acetylene 0.01 and 1% [16,42,44]

(C2h 2)

Methyl 10% (v/v) [38,45]

fluoride

ATU 50 jM [42] Dissolved in DMSO

well mixed, although slight stratification can occur near
Antwerp [20], The average freshwater outflow of 105 m3
s-1 [21] is small relative to the tidal exchange of about
45000 m3 s-1 [22], Turbidity is high in the entire upper
estuary with suspended matter concentrations ranging
from 15 to 350 mg I-1.

2.2. Sample collection and chemical analysis

Once a month from April 1997 till June 1998, surface
water samples in the estuary were collected aboard the RY
Luctor in the navigation channel at the indicated sample
sites (Fig. 1). Concomitant with the samples for nitrifica-
tion measurements, samples for nutrient analysis were tak-
en. Ammonium, nitrite and nitrate were analysed with a
SKALAR segmented flow autoanalyser system with a pre-
cision of approximately 1%. Salinity, temperature, and
oxygen were measured with a CTD system, equipped
with a polarographic oxygen sensor (THISHYDRO H20).

2.3. Dark I4C-bicarbonate incorporation measurements

Nitrification activity was measured by the dark 14C-bi-
carbonate incorporation method [23], With this method
the carbon fixation by autotrophic ammonia oxidising
bacteria was estimated by measuring the difference of in-
organic carbon incorporation during dark incubation with
and without a specific inhibitor of nitrification activity. At
each station, 50-ml glass screw cap bottles were filled so
that no headspace was left. To these bottles, 100 pi of
0.925 MBq ml- 114C-NaHC03 were added. One set of
bottles was treated with a combination of N-serve (5 mg
I-1 final concentration) and chlorate (10 mg I-1 final con-
centration). A stock solution of N-serve was prepared in
80% ethanol and added to the empty incubation bottles
about 4 h before sampling, to allow the ethanol to evap-
orate [24], To prevent nitrite oxidising bacteria from tak-
ing up bicarbonate, chlorate was added to inhibit nitrite
oxidation [25], The water-soluble chlorate was directly
added to the samples. Samples were incubated in triplicate
for 20 h [24] in a rotating incubator in the dark at in situ
temperature. Filtration and counting were carried out ac-
cording to the protocol of Kromkamp and Peene [26],

During October 1997-June 1998, each month a tripli-
cate set of bottles were incubated to distinguish between in
situ and potential nitrification rates. Potential nitrification
rates can be considered as a measure for the nitrifying
biomass present at the time of sampling [27], The bottles
for in situ measurements were incubated with a minimal
air headspace to prevent additional oxygen to dissolve
during incubation. These bottles were incubated at in
situ temperature. For determination of potential nitrifica-
tion activity (PNA) bottles were incubated at room tem-
perature (20-22°C) with 50% (v/v) air headspace and ad-
dition of 2 mM NH”" (final concentration). In May 1998,
an additional series of bottles were incubated with only
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Fig. 1. Map of the Schelde estuary. Numbers indicate sample locations. The distance from the city of Antwerp to the mouth of the estuary is approxi-

mately 100 km.

2 mM NHj" (final concentration) added, with a minimal
headspace, to study the effect of ammonium on nitrifica-
tion activity along the estuary.

In order to investigate the relative importance of flock
attached and free-living bacteria, experiments were carried
out where flocks in the water sample were allowed to settle
for 1h. Filtration was not feasible as a method to separate
particulate from free activity, due to the high turbidity,
which immediately caused clogging of filters. After 1 h
of settling, potential nitrification activity was determined
in the upper, clear water layer as described above. Ob-
tained nitrification rates were compared with total sample
measurements (with flocks) and particulate matter content
was determined in both samples.

Standard errors on nitrification rates were calculated
assuming a /-distribution of the results according to:

ksk—
where =standard error of the nitrification rate,
ta,n-i = critical value of ¢ at probability a and n—1 degrees

of freedom, where n =number of replicate measurements,
ax = standard deviation of control measurements and
ay = standard deviation of measurement with inhibitor.

2.4. Inhibitor comparison experiment

A range of known nitrification inhibitors was tested
with the dark 14C-incorporation method. Concentrations
used and references are listed in Table 1. The background
effect of the solvent dimethyl sulfoxide (DMSO), which is
used to dissolve allylsulfide, dicyandiamide (DCD) and
allylthiourea (ATU), was also tested. The acetylene used
in the experiment was purified by passing it through a trap

containing sulfuric acid followed by a trap containing 5 M
NaOH according to Hyman and Arp [28]. The inhibition
of ammonia oxidation was determined on a pure culture
of Nitrosomonas europaea and on an estuarine water sam-
ple from Station 7, May 1998. Incubation was performed
in triplicate as described above in the dark at room tem-
perature with 2 mM ammonium (final concentration) and
an air headspace of 50% of the total bottle volume.

2.5. I3C-Bicarbonate incorporation into PLFA

In April 1997 and June 1998, we studied the 1"-bicar-
bonate label incorporation into PLFA to determine the
dominant autotrophic processes and populations at Sta-
tion 3. This station in general showed near maximum ni-
trification activities. Duplicate 500-ml serum bottles were
incubated on deck at in situ temperature for 3-4 h and
received the following treatments: non-labelled control
incubations, 13C-bicarbonate-labelled in the light, and
13C-labelled dark incubations with and without N-serve
and chlorate as specific inhibitors of nitrification. The fi-
nal 13C-bicarbonate concentration was 0.2 mM (Isotec,
> 99% 13C), which led to a 3.0% 13C labelling of the total
inorganic carbon pool, and inhibitors were used at con-
centrations as in the 14C assay. At the end of the incuba-
tions, suspended material was collected on pre-combusted
GF/F glass-fibre filters (Whatman), which were directly
added to the PLFA extraction solvents to stop all activ-
ities.

PLFA on the filters were extracted and analysed as in
Boschker et al. [29]. In short, lipids were extracted in chlo-
roform/methanol/water using a modified Bligh and Dyer
method and fractionated on silicic acid into different po-
larity classes. The most polar fraction containing the
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Fig. 2. In situ nitrification activity (closed circles, n- 3) and potential nitrification activity (open circles, » = 3). In potential nitrification activity incuba-
tions, both ammonium and oxygen were added. Error bars are calculated with a 95% confidence limit as explained in the text. Ammonia (closed trian-
gles) and oxygen (open triangles) concentration along the estuary. Mind scale differences.

PLFA was derived to yield fatty acid methyl esters
(FAME). Concentrations and isotopic composition of in-
dividual FAME were determined with a gas-chromato-
graph combustion-interface isotope-ratio mass spectrom-
eter (GC-c-IRMS). Stable carbon isotope ratios for
individual FAME were corrected for the one carbon
atom in the methyl group that was added during deriva-
tion.

The rate of 13C label incorporated into a specific PLFA
was calculated as: incorporation rate = ((Ftx—F )X
[PLFA]fT)/incubation time, with the PLFA concentration
in pmol C I-1 and the fraction 13C at the start (Fto) and
the end (Ftx) of the incubations as: F - 13C/(13C+12C) =
R/(R+1). The carbon isotope ratio (R) was derived from
the measured 613C values as: R =(613C/1000+1)x R vep B,
with i*ypDB =0.0112372.

3. Results
3.1. Estuary characteristics

Ammonium concentrations (Fig. 2, closed triangles) de-

creased from 200-500 pM in the upper reaches of the
estuary to about 10 pM at Station 8 At the mouth of
the estuary, the ammonia concentration was around
5 pM. Ammonium concentrations were typically higher
in autumn months. Oxygen concentrations reached a max-
imum of about 300 pM (Fig. 2, open triangles) and never
exceeded 100% air saturation in the entire sampling area.
Oxygen concentrations were much lower during summer
than during winter.

Salinity varied from below 1 at Station 1 to about 16 at
Station 8, our most downstream sample station. At the
mouth of the estuary the salinity was 30.

Temperature was 21°C in June 1998 but was never low-
er than 6°C even in winter months when ambient temper-
atures were close to zero. Temperature differences along
the estuarine gradient were usually not more than 2°C
(data not shown).

Suspended particulate matter varied from more than
300 mg I-1 in the upper estuary to about 15 mg I-1 at
lower stations. A clear turbidity maximum could not al-
ways be detected but suspended matter concentrations
were typically highest between salinity 1 and 5. Suspended
particulate matter averaged 82.5 mg I-1 with maximal val-
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Fig. 2 (Continued).

ues of 363 mg I-1 in October 1997 (Station 1), 193.3 mg
I-1 in February 1998 (Station 5) and 132 in May 1998
(Station 6).

3.2. Nitrification rates

Nitrification activity generally reached a maximum at
one of the most upstream stations (Fig. 2, closed circles).
Besides biomass, oxygen and ammonium concentrations,
tidal currents further influence the exact location of this
peak. Nitrification was low during winter and reached a
maximum of 3.7 pg C I-1 h-1 in June (both 1997 and
1998, Fig. 2, closed circles). This maximal value was
reached in a part of the estuary where oxygen concentra-
tions were less than 100 pM, i.e. in the upper estuary in
summer. This indicates that no severe oxygen limitation in
this part of the estuary exists. Potential nitrification rates
(Fig. 2, open circles) exceeded the in situ activity in the
months October 1997-April 1998, which is probably due
to lower in situ temperatures. In a more detailed study
on the effect of ammonium, it was shown that in the
lower estuary nitrification activity increased significantly
(P < 0.05) upon addition of ammonium, indicating ammo-
nium limitation at Stations 6, 8§ and 10 (Fig. 3). Particle
associated nitrification activities were 70, 86, 59, 80 and

57% for the months January, February, March, April and
May, respectively.

3.3. Inhibitor comparison

In the N. europaea culture, bicarbonate incorporation
was inhibited by all inhibitors tested (Fig. 4), with efficien-
cies varying between 90 and 96%. Highest inhibition was
found with DCD and ATU (96%), but acetylene and
methyl fluoride also inhibited 95% of C incorporation by
the pure culture.

In the natural estuarine sample dark bicarbonate incor-
poration was inhibited by only 31-48% by the inhibitors
allylsulfide, N-serve, DCD and ATU. This lower inhibi-
tion rate compared to the pure culture was expected since
more C-fixing organisms are present in the natural sample
than nitrifiers alone. Acetylene and methyl fluoride caused
a marked increase of bicarbonate incorporation in natural
samples by 45 and 60%, respectively.

The solvent DM SO inhibited 14C incorporation by 46
and 40% in the pure culture and the natural community,
respectively.

3.4. 13C-Bicarbonate incorporation into PLFA

Results of the PLFA study were similar in April 1997
and June 1998 and only the latter data are shown here
(Fig. 5). Concentrations of PLFA were high and both
specific bacterial markers (e.g. 115:0 and al5:0) and poly-
unsaturated algal compounds (e.g. 20:5c03) were detected
in substantial amounts (Fig. 5A). PLFA labelled in the
dark were mainly 16:0 and 16:lco7c with some label in
16:1co5c and 18:lco7c (Fig. 5B). The two dominantly la-
belled PLFA are very general and occur in both bacteria
and eukaryotes. However, the simple labelling pattern
with two dominant compounds and the absence of label
in polyunsaturated PLFA show that dark incorporation
was by bacteria and not by phytoplankton. N-serve in
combination with chlorate effectively inhibited the 13C in-
corporation into PLFA (92% inhibition, Fig. 5B), indicat-
ing that most of the dark incorporation was by nitrifying
bacteria. Labelling patterns in the light were very different
with most of the label in polyunsaturated PLFA such as
16:2, 16:3, 18:2, 18:3, 18:4, 20:5c03 and 22:6co3 (data not
shown, total incorporation rate into PLFA 7700+ 330
pmol 13C I-1 h-1), which are typical fatty acids in green
algae and diatoms that dominate the phytoplankton at the
studied salinity [30,31]. Total dark incorporation rate into
PLFA was 96 +4 pmol 13C I-1 h-1, which translates to a
carbon based nitrification rate of about 1 pg C I-1 h-1
(calculated using the percentage 13C labelling of bicarbon-
ate pool and a general bacterial PLFA to biomass con-
version factor of 0.04 g PLFA C g-1 biomass C [32]). This
rate is within the range as found with the 14C-method
(Fig. 2) given the uncertainties in the PLFA to carbon
conversion factor.
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4. Discussion
4.1. Nitrification rates

We measured a maximum in situ nitrification rate of
37 ixe C I-1 h_1 in June. Earlier measurements in the
Schelde estuary in September 1977 showed maximum ni-
trification rates of 4.9 pg C I-1 h-1 (80 pM N I-1 day-1
([2], Table 2). The peak activity in 1977 was observed
around Station 7 [2], which is more downstream in the
estuary than where the present maximal nitrification activ-
ity is observed (Stations 3-5). This observation is ex-
plained by the water quality history of the Schelde estuary.
Waste loadings in the estuary used to be high, which in-
duced intense microbial degradation leading to very high
heterotrophic bacterial production rates [33] and accom-
panying oxygen depletion [20]. In recent years the water
quality in the Schelde estuary has improved [6,34], which
has caused a lower nitrification activity, with the peak
activity located more upstream in the estuary. Secondary

INatural sample o N. europaea
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Fig. 4. Average inhibition (n =3) as a result of different inhibitors (see
Table 1 for used concentrations) in a pure culture of N. europaea and
an estuarine sample. Standard errors are calculated by summation of
the relative errors in the control and inhibited samples assuming /-distri-
bution (P =0.05).
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wastewater treatment in the catchment area has increased,
which has resulted in decreased carbon and nitrogen load-
ings. Wastewater treatment might also have resulted in a
decreased nitrifying biomass in the estuary, since untreated
wastewater may be an important source of nitrifying bac-
teria [2,24].

Comparison with other estuaries (Table 2) shows that
nitrification rates in the Schelde are still among the highest
reported, despite the improved water quality of the estu-
ary. In order to be able to compare the different nitrifica-
tion rates with one another, reported nitrification rates
have been recalculated (Table 2) using a conversion factor
of 83 mol N/mol C [2]. Several authors have measured
conversion factors for nitrification empirically: 14.3 (river)
to 12.3 (sea) [13], 5.95 obtained with estuarine isolates of
ammonium oxidisers [3,11], and 8.3 measured in the
Schelde estuary [23]. The amount of ammonium necessary
for growth can vary substantially among different growth
phases or species of nitrifying bacteria. It has been shown
that the composition of the nitrifying community is chang-
ing along the estuarine gradient [35], and it is therefore
plausible that N/C ratios for nitrification differ along this
gradient as well.
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(black bars) nitrification inhibitors (B).
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Table 2
Comparison of published nitrification activities (maximal reported values)

Estuary Nitrification activity (pmol N 1 1day 1)
Rhone river plume 1-2

Narragansett Bay up to 11

Long Island sound 6.3

Urdaibai estuary up to 4.6

Tamar estuary 3

Chesapeake Bay 32

Schelde estuary 80

Schelde estuary up to 45

NH4 concentration (pM) Method Ref.
1-10 14C, ATU [13]
8 14C, N-serve [11, 12]
6 13N [46]
14C, ATU 5]
5 14C, N-serve 13l
30 15N [47]
500 14C, N-serve P|
up to 150 14C,N-serve This study

If data were reported as amount carbon incorporated we converted to nitrogen using a conversion factor of 8.3 mol N/mol C [23].

There was a contrast between the upper estuary and the
lower part with respect to factors that regulated nitrifica-
tion rate. In the upper estuary, in situ nitrification activity
and potential activity were almost alike during May and
June 1998 (Fig. 2), when the difference in incubation tem-
perature between in situ and potential measurements was
very low. Therefore, nitrification appeared not to be lim-
ited by either ammonium or oxygen concentration during
this period. This also implies that neither oxygen nor am-
monium was limiting in the incubation bottles during the
in situ measurements despite the sometimes low concen-
trations. The difference between potential and in situ ac-
tivity is largest in autumn months. This is probably due to
temperature limited nitrification in autumn. In contrast to
the situation in the upstream estuary, there is an indication
for ammonium limitation of nitrification activity at the
most seaward sample stations, as bacterial activity in-
creases upon addition of ammonium to the incubation
bottles (Fig. 3). However, the present data alone are not
sufficient to prove ammonium limitation in the down-
stream estuary. Another explanation of decreasing activity
could be the influence of increasing salinity [10], Further-
more, the lower residence times in the lower estuary play a
role in decreased activity. The distribution and activity of
the nitrifying population are also influenced by their at-
tachment to particulate material [36], We found that 57-
86% of the nitrifying biomass is attached to particles,
which is in accordance with observations in the Elbe es-
tuary [8], The tendency to attach is a known phenomenon
of (nitrifying) bacteria. Free-living bacteria are subject to
the residual seaward flow in an estuary, which means that
they have little time to adapt to the particular circumstan-
ces at a given section in the estuary. Attachment to par-
ticles increases their residence time [9],

4.2. Inhibitor experiments and PLFA labeling

CO2 fixation in the pure culture N. europaea was inhib-
ited by 90-96% by all inhibitors. In estuarine samples,
inhibition in the 14C assay never exceeded 48%, indicating
that more than half of the dark bicarbonate incorporation
in natural samples is the result of other chemolithotrophic
bacteria or dark fixation by heterotrophic bacteria or phy-

toplankton [26], However, incorporation of 13C-bicarbon-
ate into PLFA was almost completely inhibited with
N-serve and chlorate. The dark PLFA labelling is specific
for chemoautotrophic organisms, as dark fixation by ana-
pleurotic routes in heterotrophic bacteria and algae is not
channelled to fatty acid synthesis. The complete inhibition
of the PLFA labelling with nitrification specific inhibitors
therefore strongly suggests that nitrifying bacteria domi-
nated the chemoautotrophic community. The 13C-PLFA
labelling pattern was dominated by 16:0 and 16:loo7c
and is similar to the fatty acids found in most ammonium
oxidising bacteria belonging to the B- and y-subclasses of
the Proteobacteria [37], More detailed identification of the
active populations by 13C-PLFA labelling is unfortunately
not possible.

The inhibitors acetylene and methyl fluoride had a stim-
ulating effect on 14C incorporation in natural samples,
while they almost completely inhibited bicarbonate incor-
poration in the N. europaea culture. Both acetylene and
methyl fluoride [38,39] have successfully been tested on
natural soil and sediment samples. In combination with
14C incorporation methyl fluoride has been used in natural
samples from an alkaline, saline lake [17], It is unclear
what the reason could be for the increased incorporation
with methyl fluoride and acetylene in our field sample, but
it might be that bacteria able of degrading these inhibitors
were stimulated and that these bacteria partially use car-
bon dioxide for growth, similar to the type II methano-
trophs containing the serine pathway [40], Many of the
inhibitors used have the disadvantage of being insoluble
in water. The use of a solvent is therefore necessary. Dur-
ing the inhibitor test, we used DMSO. Although DMSO
has been described not to have inhibiting effects on
N. europaea [41], we found an inhibiting effect on bicar-
bonate incorporation with this species, as well as with
natural assemblages of bacteria. Because the gaseous in-
hibitors failed to work in our natural samples, we used the
inhibitor N-serve with ethanol as a solvent during the in
situ measurements [24],

Inhibitors were tested at one concentration level only in
this study. It has been described earlier that not all species
or strains of nitrifying bacteria are similarly affected by a
given inhibitor [16], For example N-serve concentrations
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required for complete inhibition ranged from 0.9 to 43 uM
for seven strains belonging to three different genera of
ammonia oxidisers. The 50 uM we used was on the higher
side of this range. The almost complete inhibition as found
with the PLFA method suggests that this inhibitor con-
centration was indeed effective despite the possible de-
creased availability of the inhibitor by particle adsorption
in this turbid estuary.
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