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Abstract

Nitrification is the process that converts ammonium to nitrate and thus links the

regeneration of organic nitrogen to fixed nitrogen loss by denitrification. The

first step, oxidation of ammonia to nitrite, is performed by a phylogenetically

restricted group of proteobacteria (ammonia-oxidizing bacteria, AOB) and Cre-

narchaea (ammonia-oxidizing archaea, AOA). The second step is restricted to

nitrite-oxidizing bacteria (NOB) as far as currently known. All three groups are

assumed to be autotrophic and obligately aerobic, but the true extent of

autotrophy and potential anaerobic pathways in these organisms is currently

under investigation. Here, we describe methods for the measurement of nitrifi-

cation rates in the marine environment, with a focus on seawater systems and

stable isotopic tracer methods. The methods vary in analytical requirements but

share the need for incubations, which must be optimized for different environ-

ments with different substrate concentrations. Recent advances in mass spec-

trometry now make it possible to minimize incubation artifacts and to achieve

greatly improved sensitivity.
vier Inc.

reserved.
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1. Introduction

Nitrification is an essential step in the nitrogen (N) cycle in the ocean.
While nitrification does not result in a direct change in the fixed N
inventory, it is the critical link between organic N and its eventual loss
from the system as N2 via denitrification or anammox. Ammonia-oxidizing
bacteria (AOB) and ammonia-oxidizing archaea (AOA) produce nitrite
from ammonium, and nitrite-oxidizing bacteria (NOB) perform the final
oxidation of nitrite to nitrate. No organism in culture is known to oxidize
both ammonium and nitrite. The bacteria that oxidize nitrite or ammonia
are not phylogenetically closely related to each other.
1.1. Ammonia-oxidizing microorganisms

The overall reaction for ammonia oxidation by AOB (Eq. 13.4) shows that
the process consumes molecular oxygen and produces hydrogen ions, in
addition to nitrite. A requirement for molecular oxygen occurs in the first
step of the oxidation (Eq. 13.1), which is catalyzed by a monooxygenase
(ammonia monooxygenase, AMO). Uncharged gaseous ammonia is the
actual substrate for AMO, as demonstrated by the pH dependence of the
reaction rate (Suzuki et al., 1974; Ward, 1987).

In AOB, the immediate product of AMO is hydroxylamine, which is
further oxidized by hydroxylamine oxidoreductase (HAO) to nitrite
(Eq. 13.2). Oxygen is also consumed by the terminal oxidase (Eq. 13.3),
as a result of electron transport generating ATP for cellular metabolism.

NH3 þO2 þ 2Hþ þ 2 e� ! NH2OHþH2O ð13:1Þ
NH2OHþH2O ! NO2

� þ 5Hþ þ 4e� ð13:2Þ
2Hþ þ 0:5 O2 þ 2e� ! H2O ð13:3Þ
NH3 þ 1:5 O2 ! NO2
� þH2OþHþ ð13:4Þ
The pathway by which AOA oxidize ammonia to nitrite is not entirely
known. The first step is apparently catalyzed by protein homologous to the
AMO of AOB, but no HAO has been found in AOA, suggesting that the
product of AMO in AOA is not hydroxylamine. Based on the only
complete AOA genome at this time, the pathway to nitrite is not clear
(Walker et al., 2010). The stoichiometry of ammonium oxidation to nitrite
(i.e., 1:1 ammonia consumed to nitrite formed) appears to be the same in
AOA and AOB, however, which means that the two groups cannot be
distinguished at this level. AOB require the recycling of reductant, gener-
ated at the hydroxylamine step, for the initial oxidation of ammonia. AOA
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do not appear to have this requirement, suggesting that their ammonia
oxidation pathway is more efficient than that of the AOB. Once the
AOA pathway is known, it may be possible to devise specific inhibitors to
distinguish the contribution of each pathway to the overall process in the
environment where both groups are present. In theory, antibiotics that are
specific for bacteria versus archaea (e.g., in attacking the cell walls or
preventing protein synthesis) should be useful in differentiating the contri-
bution of the two groups during incubation measurements. They may not
be effective in this application, however, as their mode of action, usually on
the time scale of microbial generations, is too long to be effective in short-
term incubations. Methods from molecular ecology which make it possible
to enumerate and thus quantitatively distinguish AOB from AOA provide
strong correlative evidence for dominance of AOA over AOB in measured
nitrification rates (Beman et al., 2008) in the water column.

The AOB are found in the beta- and gamma-proteobacteria, and the
beta genera are more common and widespread in the environment
(Norton, in press). The AOA are found in the mesophilic Chrenarchaeota,
in a proposed new lineage called Thaumarchaeota (Brochier-Armanet et al.,
2008), in two broad phylogenetic groups distinguished as derived from
aquatic and soil/sediment (Nicol et al., in press). In most environments so
far investigated, the AOA outnumber the AOB by up to several orders of
magnitude.

As far as is presently known, both AOA and AOB are primarily chemo-
autotrophic, deriving their reducing power from the oxidation of ammonia
and using it to fix CO2. AOB use the Calvin cycle, while AOA use the
3-hydroxyproprionate/4-hydroxybutyrate pathway. Although the latter
pathway is less efficient (less carbon fixed per reductant) than the Calvin
cycle, both AOA and AOB require similar amounts of N oxidation for C
fixation. For AOB, the ratio varies from about 8 to 42 (Billen, 1976;
Carlucci and Strickland, 1968; Glover, 1985), that is, up to 42:1 mol
NH4

þ per mol C assimilated. For AOA, the value of 25 has been estimated
(Konneke et al., 2005). Thus, although AOA and AOB use different path-
ways for both ammonia oxidation and CO2 fixation, their stoichiometric
impact on both C and N cycles is essentially the same.
1.2. Nitrite-oxidizing bacteria

The overall reaction for nitrite oxidation, best known in Nitrobacter, is one
step in which one atom of oxygen is incorporated into the nitrite from
water.

HNO2 þH2O ! HNO3 þ 2e� þ 2Hþ ð13:5Þ
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The obligately aerobic growth of most NOB is due to a dependence on
aerobic respiration rather than the requirement of molecular oxygen in the
nitrification reaction itself. Nitrite oxidation is directly linked to oxygen
consumption through the consumption of protons by cytochrome oxidase.
The nitrite oxidase enzyme, NXR, likely also functions in reverse to reduce
nitrate to nitrite under anaerobic conditions, but the significance of this
process in nature is unknown.

NOB are a more heterogeneous group than the AOB, and are found in
the alpha-, beta-, delta-, and gamma-proteobacteria, as well as in a separate
phylum, Nitrospirae (Daims et al., in press). They are all considered to be
primarily chemoautotrophic, but most possess limited capability to assimi-
late a small range of simple organic compounds. A recent report has
demonstrated anaerobic anoxygenic photoautotrophy by an enrichment
culture containing cells closely related to Thiocapsa (Griffin et al., 2007).
Phototrophic nitrite oxidation constitutes a new capability in the N cycle
that is analogous to photoautotrophic sulfur oxidation. Like photoautotro-
phic sulfur oxidation, the new nitrite oxidation process is likely most
important in relict environments, where light and nitrite, but not oxygen,
are available.

The proteobacterial NOB use the Calvin cycle for CO2 fixation, but the
Nitrospirae appear to use the reverse TCA cycle (Daims et al., in press), an
ancient and less efficient pathway. For the proteobacterial chemoautotro-
phic NOB, the ratio of NO2

� oxidized to CO2 fixed is higher than for
AOB or AOA: 32–71 measured in batch and chemostat cultures of Nitro-
coccus mobilis (Glover, 1985) and 48–81 in batch cultures of Nitrobacter
(Laudelout et al., 1968). This ratio of N oxidized to C fixed is important
for application of some rate measurements, which rely on incorporation of
14CO2 to estimate N oxidation (see below).
2. Nitrification Rate Measurements in
Seawater (Table 13.1)

2.1. Dissolved inorganic nitrogen inventory approach

The most direct experimental design is to incubate samples and measure the
concentrations of dissolved inorganic nitrogen (DIN) pools over time. This
approach provided some of the earliest evidence for the occurrence of
biologically mediated nitrification (Rakestraw, 1936; von Brand et al.,
1937). In such an experiment, decreasing ammonium and accumulation
of nitrite or nitrate indicate net nitrification. It is possible to observe a
decrease in the concentration if nitrite or nitrate over time even when
nitrification is occurring, however, if consumption of nitrate or nitrite
exceeds production in the incubation. This is often the case in bottom



Table 13.1 Methods for measurement of nitrification rates in water

Analyte Limitations Advantages

DIN inventory with

inhibitors

DIN – Long incubations

– Dark requirement to eliminate phytoplankton

causes perturbations

– Nonspecific or incomplete inhibition

– Simple measurement

requirements

DIN inventory with
14CO2 uptake

14C-particulate

material

– Radioisotope precautions

– Need for conversion factor between CO2

fixation and N oxidation

– Short incubations

– High sensitivity

15N tracers 15NO2
� and

15NO3
�

– Mass spectrometry required – Direct measurement of specific N

transformations

– Short incubations

– High sensitivity

Author's personal copy
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water and sediment interface environments where nitrification and denitri-
fication are tightly coupled, and in surface ocean waters, where the low
concentration relative to high phytoplankton demand for fixed nitrogen
assimilation means that large fluxes can be obscured by tight coupling
between production and consumption terms. Similarly, simple measure-
ments of ammonium concentration are usually not sufficient to determine
nitrification rates because many other processes both consume and produce
ammonium in the same bottle. Nevertheless, to demonstrate net nitrifica-
tion, and to model the combined net rates of production and consumption
processes, it is useful to measure DIN concentrations over time in long
incubations, such as mesocosms. Explicit directions for the chemical meth-
ods for analyses of ammonium, nitrite, and nitrate can be found in standard
handbooks (Grasshof et al., 1983; Parsons et al., 1984). High precision
methods for measurement of DIN concentrations using chemiluminescence
for nitrite and nitrate (Yoshizumi et al., 1985) or the OPA method for
ammonium (Holmes et al., 1999) may improve the sensitivity of this
approach.
2.2. Specific inhibitors with the DIN inventory approach

The addition of specific inhibitors is used as a modification of the nutrient
inventory approach just described. In this approach, chemicals that specifi-
cally inhibit ammonia oxidation (e.g., acetylene, allylthiourea (ATU),
methyl fluoride, N-serve) or nitrite oxidation (chlorate, azide) are added
to replicate incubation vessels (Bianchi et al., 1997; Billen, 1976) and the
difference in accumulation of DIN components is interpreted as rates in the
presence and absence of inhibitors. The method assumes that the nitrite
concentration is at steady state in the sample, and that nitrification is the only
process that produces or consumes nitrite. Clearly, the vessels must be
incubated in the dark to prevent DIN consumption by phytoplankton.
One needs to measure only the concentration of nitrite over time in the
bottles in which ammonium oxidation was inhibited to estimate the nitrite
oxidation rate (equal to the rate of nitrite decrease). The rate of nitrite
increase in the bottles to which nitrite-oxidation inhibitor was added
represents the rate of ammonium oxidation.

There are some potential problems with this approach: (1) preventing
photosynthesis by phytoplankton probably has cascading effects on the activ-
ities of other microbes in the bottle, such that the rate of ammonium
mineralization is reduced, therefore changing the source term for the nitrifi-
cation substrate. (2) Incubating in the dark may release the nitrifying
organisms from light inhibition such that the measured rate exceeds the
in situ rate. (3) Due to the necessity to detect small changes in DIN concen-
trations, incubations typically last 48 h, which is sufficient to overcome the lag
induced by light inhibition, and is also long enough to create quite unnatural
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conditions. The search for precisely specific inhibitor compounds has been
extensive and has resulted in a plethora of potentially useful compounds
(Bedard and Knowles, 1989). Many are problematic for reasons not directly
related to nitrification. For example, acetylene inhibits both nitrifiers and
denitrifiers (Balderston et al., 1976; Berg et al., 1982). Thus, its use to measure
one process will also inhibit the other, and when one depends on the other (as
is the case when denitrification depends upon nitrification for nitrate at the
sediment water interface), both rates are affected and the independent mea-
surement of one is not possible. It is reported that the level or length of
exposure to acetylene can be optimized to differentiate between its affects on
nitrification and denitrification (Kester et al., 1996).

Manyhydrocarbons act as alternative substrates forAMOand someof these
are inhibitory to ammonia oxidation. The degree of both inhibition and
inactivation of the enzyme by these compounds often depends on the concen-
tration of ammonium (Arp and Stein, 2003), so it is difficult to optimize the
treatment for diverse samples. ATU is a commonly used inhibitor for ammonia
oxidation; it causes complete instantaneous inhibition at concentrations of
86mM (10mg L�1) (Ginestet et al., 1998). Its mode of action is to bind copper,
a trace metal involved in the active site of the AMO enzyme.
2.3. Specific inhibitors with radioisotopes

Specific nitrification inhibitors also serve as the basis for the sensitive 14CO2

method for measurement of nitrification rates. Being mainly or totally
chemolithoautotrophs, nitrifiers fix CO2 while oxidizing nitrogen. The
amount of CO2 fixation due to nitrifiers can be computed by difference
between incubations with and without addition of an inhibitor that specifi-
cally prevents CO2 uptake by nitrifiers (Billen, 1976; Dore and Karl, 1996;
Somville, 1978). Then, a conversion factor is used to translate the CO2

fixation into ammonium and nitrite oxidation rates. This conversion factor
has been shown to vary by a factor of five in pure cultures of AOB (Billen,
1976; Glover, 1985), and thus its use introduces some uncertainty, because
the factor cannot be directly determined in field samples. The reason for the
variation in conversion factor is not obvious, but the stoichiometry of N
oxidation and C fixation in cultures (see above) suggests that it is probably
not related to the relative contribution of AOA and AOB. N-serve, a
commercial nitrification inhibitor (Goring, 1962), was used in the original
application of this method (Billen, 1976), but its insolubility in water leads
to nonspecific effects including stimulation of dark CO2 uptake by non-
nitrifiers (Owens, 1986; Priscu and Downes, 1985; Viner, 1990; Ward,
1986). ATU is now more often used as the inhibitor in the 14CO2 approach
(Rees et al., 2002). The advantage of the 14CO2 method is that the
radioisotope can be added at true tracer levels, allowing short incubations
and thus minor perturbations.
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2.3.1. Method
Oxidation of ammonium to nitrite and nitrate is estimated either from the
change in DIN or by the incorporation of 14C in the dark in the presence
and absence of ATU. For the DIN method, fill six (or more) replicate 1-L
polycarbonate bottles with sample. Add ATU to one-third of the bottles at a
final concentration of 10 mg L�1 and 10 mM NaClO4 to one-third of the
bottles. Incubate in the dark for 12–48 h at in situ temperature. At 12 h
intervals, remove 50 mL of water from each bottle and measure the DIN
concentrations or store aliquots in the freezer for later analysis. If it is desired
to preserve the in situ oxygen concentrations, the incubations should be
performed in replicate small volume glass bottles with no headspace. In this
case, sacrifice replicate bottles with and without inhibitors at each time
point to remove water for DIN analysis.

For the radioisotope method (Rees et al., 2002), fill six replicate 50-mL
polycarbonate bottles with sample and add tracer quantities of NaH14CO3

to each bottle. Add ATU to three of the bottles at a final concentration of
10 mg L�1. Incubate in the dark for 3–6 h at in situ temperature. Terminate
the incubations by filtration onto 0.2 mm poresize membrane filters, expose
the filters to fuming concentrated HCl for up to 10 min to remove any
inorganic 14C, and analyze by liquid scintillation counting. To convert
carbon incorporation into ammonium oxidation, use a conversion factor
to compute mol NH4

þ oxidized per mol C fixed (Billen, 1976; Glover,
1985). Use of a low value (published conversion factors range 8.3–42 mol
NH4

þ per mol C) provides a conservative estimate of the nitrification rate.
2.4. N isotope methods

Both “tracer” and “dilution” approaches can be used to measure nitrifica-
tion rates taking advantage of the sensitivity of stable isotope methods.
In the tracer approach, a “trace” amount (an amount low enough to
avoid perturbation of the ambient substrate concentration, generally taken
as 10% of the ambient level) of labeled substrate (a radio or stable isotope) is
added to a sample. After incubation, the amount of label in the product is
used to compute the transformation rate. Unfortunately, a direct radioiso-
tope tracer method is not very useful for measuring rates of nitrification in
the environment. Capone et al. (1990) demonstrated the use of 13N to
quantify nitrification rates, but the isotope is so short-lived (half
life ¼ 10 min) that its use is usually impractical.

The main approach to measuring nitrification rates directly is to use the
stable isotope, 15N, as a tracer (Olson, 1981; Ward et al., 1984). This
approach has constraints that may limit its application, mainly due to the
facts that 15N has a significant natural abundance and that it must be
measured using a mass spectrometer or emission spectrometer, both more
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expensive and difficult than using a scintillation counter for radioisotopes.
Due to the great sensitivity of isotope ratio mass spectrometry, much shorter
incubations (compared to the inhibitor and inventory methods) are possible
(a few hours to 24 h are commonly used). The signal of transfer of the tracer
from substrate to product pool (e.g., 15NH4

þ to 15NO2
-) can be detected

regardless of what other processes are occurring in the incubation (so in situ
light conditions can be used) and no assumptions of steady state need be
made. The major drawback of this method is that it is not always possible to
add the tracer at “trace” levels, due to the extremely low ambient concen-
trations of DIN. This problem has been largely overcome by the advent of
more sensitive mass spectrometers and analysis methods, however, and
estimates obtained under conditions approaching in situ are possible.

2.4.1. Method
2.4.1.1. Measurement of ammonium and nitrite oxidation rates in
seawater using 15N Collect samples from the desired depth using Niskin
bottles deployed on a rosette or with a peristaltic pump for shallower depths.
Because nitrification, especially ammonia oxidation, is oxygen sensitive,
take precautions to maintain the in situ oxygen conditions when working
with low oxygen waters. This can be done by plumbing the Niskin bottle
with CO2 or N2 while it is being emptied, and by overfilling the incubation
bottles (preferably polycarbonate, to avoid potential trace metal contamina-
tion from glass, or ground glass stoppered bottles) and then sealing the caps
without introducing bubbles into the bottle. Below the photic zone, incu-
bations can be carried out in gas impermeable plastic bags (trilaminates
produced by Pollution Measurement Corporation, Oak Park, IL, or in
equivalent impermeable plastics). These are convenient and versatile incu-
bation containers because they can be purchased in various sizes (we have
found 500 mL to 10 L to be useful for various applications), filled directly
from the Niskin sampler, and aseptically subsampled without perturbing the
gas concentrations in the remaining sample.

Perform the incubations under simulated in situ conditions (using screen-
ing to simulate in situ light conditions) in controlled temperature incubators
or in running seawater incubators (for surface samples). For single endpoint
measurements, the length of the incubation should be kept as short as
possible, usually 1–3 h. Even in short incubations, the atm.-% of the substrate
pool can be diluted by ammonium regeneration occurring in the same bottle,
and during long incubations, can make it impossible even to account for the
dilution in the rate calculations (see below).

Measure the ambient substrate concentration prior to tracer addition so that
you can add tracer at a level that increases the ambient pool by no more than
10%. This is not always possible, because the ambient pool size may be so low
as to be impossible to add a large enough signal without overwhelming the in
situ substrate levels. In that case, an addition of 50–100 nM is commonly used.
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The sensitivity of the isotope tracer method is in the range of nM d�1 and can
be optimized by adjusting incubation volume, length of incubation, and level
of tracer addition. Depending on the method used for final isotopic analysis, it
may also be advisable to add about 250 nM natural abundance NO2

� or
NO3

�. If the ambient product pool is quite small, any 15NO2
� or 15NO3

�

that is produced is essentially lost immediately to oxidation to nitrate or uptake
by phytoplankton. Addition of the carrier allows the recently produced
product to be diluted into a larger pool, which can then be recovered at the
end of the incubation. The amount of nitrite or nitrate added is too small to
influence the ammonia oxidizers, although it may stimulate phytoplankton.

Add the tracer (15NH4
þ as Na15NH4 or (15NH4)2SO4 at 99 atm.-%;

15NO2
� as Na15NO2) by syringe through a silicone seal in the cap or with a

pipettor just prior to sealing. In the latter case, it is a good idea to cool the
tracer stock below the temperature of the incubation so that the added
tracer solution sinks into the bottle and is not lost when the cap is secured. If
using bags for incubation, add the tracer using a syringe while filling the bag
from the sampler.

At the end of the incubation, filter the sample through precombusted
glass fiber or silver filters to remove particulate material (which can be used
for the determination of ammonium or nitrite uptake rates) and the filtrate
can be frozen for storage until analysis.

2.4.1.2. 15NO2
� analysis by solute extraction Instructions for this method

are provided in detail elsewhere (Ward and O’Mullan, 2005). Briefly, in
order to assay its 15N content, the dissolved nitrite or nitrate must be removed
from solution and concentrated for introduction to the mass spectrometer.
This is usually done by converting the nitrite to an azo dye that partitions into
organic solvents (e.g., trichloroethylene, TCE) and then concentrating the
dye by either solvent or solid-phase extraction (Kator et al., 1992; Olson,
1981). If analyzing nitrate, this must be first reduced to nitrite, after removing
the original nitrite using sulfamic acid (Ward et al., 1984) or ascorbic acid
(Granger et al., 2006). The cleaned extract (the azo dye dissolved in TCE) can
be stored at this step or evaporated and stored dry. To introduce the dye into
the mass spectrometer, redissolve it into 100–200 mL TCE and transfer it onto
a small fragment of precombusted glass fiber filter. Encapsulate the filter in foil
manually or using a pellet press.

Because TCE dissolves many plastics, use glass or Teflon throughout this
protocol for separatory funnels, graduated cylinders, and holding and stor-
age vessels. All glass utensils and vessels should be combusted at 450 �C for
2 h prior to use. Forceps, foil, glass surfaces used for cutting filters, etc.,
should be cleaned with ethanol between samples. All of the extraction steps
should be performed in a hood or very well-ventilated area. A variation on
this method that uses different extraction chemistry has been applied in
oligotrophic systems (Clark et al., 2007).
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2.4.1.3. 15NO2
� analysis by conversion to N2O A method developed for

natural abundance measurements of the isotopic content of nitrite (McIlvin
and Altabet, 2005) can be adapted for use in tracer measurements (Bulow
et al., submitted). After incubation, the nitrite is chemically converted to
nitrous oxide (N2O), which can be analyzed with great sensitivity by mass
spectrometry, thus increasing the sensitivity of the assay and reducing the
volume required for analysis.

The method requires less than 40 nmol N, so measure the nitrite
concentration in the sample prior to conversion and adjust the volume or
add carrier nitrite if necessary. Place the water sample (50-mL) in a 60-mL
vial and cap tightly with a Teflon-lined septum. Add 2 mL of azide/acetic
acid buffer (prepared fresh by combining a 1:1 by volume mixture of
mixture of 20% acetic acid and 2 M sodium azide) with a syringe and
shake vigorously. After 15 min at room temperature, adjust the pH of the
solution by adding 1.0 mL of 6 M NaOH and shake. Store the vials upside
down until analysis of the headspace by mass spectrometry.

2.4.1.4. 15NO2
� þ 15NO3

� analysis by conversion to N2O To measure
complete denitrification, the combined nitrate and nitrite pools can be
analyzed with great sensitivity using the denitrifier method (Sigman et al.,
2001). Detailed instructions are provided by Sigman et al. (2001) and briefly
summarized here. Prepare large volume cultures of Pseudomonas chlororaphis
(ATCC# 43928) or Pseudomonas aureofaciens (ATCC# 13985) growing in
liquid tryptic soy broth (Difco Laboratories). Maintain these cultures in
constant growth if you will be doing these analyses frequently. On the day
of sample preparation, wash the cells by centrifugation and resuspend them
in spent medium at 10-fold cell concentration. Aliquot 2 mL of cell
concentrate into 20-mL headspace vials and cap with Teflon-backed sili-
cone septa and crimp seals. Purge the vials at 10–20 mL/min for 2 h or more
with N2 gas to remove residual N2O.

Measure the NO2
� þ NO3

� concentration of the sample and adjust the
volume to contain 10–20 nmol N. Inject the sample of 4 mL or greater into
the purged vial using a venting needle to prevent pressurization of the vial and
subsequent loss of N2O gas. Incubate the vials overnight to allow for com-
plete conversion of sample NO2

� þ NO3
� to N2O. After the overnight

incubation, inject 0.1–0.2 mL of 10 N NaOH. This raises the pH of the
seawater sample to greater than 12, lyses the bacteria, and stops the reaction.
Store the vials upside down until analysis by mass spectrometry as above.

2.4.1.5. Rate calculations Using mass or emission spectrometry,
determine the atm.-% 15N of the particulate (dye extract) (Fiedler and
Proksch, 1975) or gaseous (converted N2O) (Sigman et al., 2001) sample.
It is very straightforward to compute the rate of 15NO2

� production if you
can assume that the amount of ammonium oxidized represents an
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infinitesimal fraction of the ambient ammonium pool. This may be a reason-
able assumption if very short incubations are used and true tracer additions
were made. In seawater, where ammonium regeneration (ammonification of
N-containing organic materials) often proceeds at a rate comparable to the
rate of oxidation, the size and isotopic content of the substrate pool changes
on the time scale of the incubation. In this case, the atm.-% of the substrate
pool is continually diluted throughout the incubation and failure to account
for this change will cause an underestimate of the ammonium oxidation rate.
A comparison of the most commonly used equations and a comparison of the
effect of accounting for or ignoring isotope dilution of the substrate pool can
be found elsewhere (Ward et al., 1989).
3. Nitrification Rate Measurements in
Sediments

The 15N approach is most useful in water samples because complete
mixing of the tracer is possible. In sediments and soils, rate measurements
are constrained by the heterogeneous nature of the sample and the depen-
dence of rates on the structure of the environment. In this situation, fluxes
between overlying water and sediment cores can be analyzed to obtain areal
rates. Estimates of nitrification rates can be obtained from the isotopic
dilution of NO2

� or NO3
� in the overlying water due to the production

of NO3
� or NO2

� from processes in the sediments (Capone et al., 1992).
The isotope dilution approach is essentially the opposite of the tracer
approach. The product pool is amended with isotopically labeled product.
During the incubation, product with the natural abundance isotope
signature is produced from naturally occurring substrate in the sample,
effectively diluting the label in the product pool. The rate of dilution is
used to compute the rate of product formation. The isotope pairing method
for measurement of denitrification (Nielsen, 1992; Rysgaard et al., 1993)
is essentially a modification of an isotope dilution approach and
provides information on the rates of both denitrification and nitrification,
simultaneously.

Inhibitor approaches similar to those described above for water samples
have been used in sediments (Henricksen et al., 1981; Miller et al., 1993).
The methylfluoride method (Caffrey and Miller, 1995; Miller et al., 1993)
seems particularly promising because the gas can diffuse thoroughly into the
core with minimal disturbance of microzones and gradients. This ammo-
nium oxidation inhibitor is added to cores, and the accumulation of NH4

þ

over time is assumed to represent the net rate of nitrification. Other
processes that consume ammonium would proceed without inhibition or
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competition for ammonium and therefore lead to an underestimate of the
nitrification rate.

To overcome the biasing resulting from uneven dispersal of tracer or
inhibitor, sediment rate measurements are often made in slurries that destroy
the gradient structure of sediments, which is essential to the in situ fluxes.
Slurries may provide useful information on potential rates, but not in situ
rates. Even if rate measurements in sediments are made using whole core
incubations, for example, when the inhibitor is a gas, it is still difficult to
determine the depth distribution of the rate because an areal rate is usually
obtained. A sophisticated measurement and model-based system that avoids
direct rate measurements have been used to overcome this problem. Micro-
electrodes, which have very high vertical resolution, are used to measure the
fine scale distribution of oxygen and nitrate in freshwater sediments.
By assuming that the observed vertical gradients represent a steady-state
condition, reaction-diffusion models can then be used to estimate the rates
of nitrification, denitrification, and aerobic respiration and to compute the
location of the rate processes in relation to the chemical profiles (e.g.,
Binnerup et al., 1992; Jensen et al., 1994). Recent advancements in biosen-
sor design may overcome interferences that have been problematic for
microelectrode measurements of dissolved nitrate in seawater.
4. Distribution of Nitrification

The magnitude and distribution of nitrification rates has been exten-
sively reviewed elsewhere and the reader is referred to those publications for
data on actual nitrification rates from many marine aquatic and sediment
environments (Ward, 2008). In the ocean, nitrification is essentially the last
step in the regeneration of inorganic nitrogen from organic matter decom-
position, and it is closely coupled to organic matter flux in the water
column. Thus in the open ocean, most nitrification occurs near the surface
layer, and the rate decreases rapidly with depth as the organic matter flux
decreases (Ward and Zafiriou, 1988). Although nitrifiers are widely
reported to be inhibited by natural light levels, nitrification does occur
within the euphotic zone. In a metadata analysis, nitrification was common
in the euphotic zone (Yool et al., 2007), but because the data did not extend
below 250 m, the general depth trend mentioned above was not evident in
this analysis.

In this chapter about methods for measuring nitrification rates, the
distributions are important mainly for planning incubation experiments.
Where ambient DIN levels are high, or where rapid rates are expected,
shorter incubations are possible, and it is easier to meet the requirements of a
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true tracer experiment. In oligotrophic environments, even low level tracer
experiments require long incubations (Clark et al., 2008).

Nitrification has been detected as deep as 2500 m (Ward and Zafiriou,
1988), but these incubations have never been performed under in situ
pressure conditions. New advances in pressurized incubation devices will
be useful in determining whether published rates have been artifactually
reduced by incubation at surface pressure and in determining the effect of
pressure on microbial processes in general.

In sediment and coastal systems, the distribution of nitrification can be
much more variable, but seasonal studies are rare (Ward, 2005). At least half
of the denitrification occurring in the ocean is attributed to hemipelagic
sediments (Devol, 2008), and this is largely supported by sedimentary
nitrification, pointing to a very important role for nitrification in sediments.
Nitrification can be a significant sink for oxygen in marine sediments
(Murray and Grundmanis, 1980). In sediments, nitrification is restricted to
the region of the oxic/anoxic interface and coupled to aerobic respiration
above and to denitrification below the interface. This interface can occur
across a gradient in vertically stratified sediments, or in conjunction with
animal burrows, which introduce oxygen into deeper sediments and pro-
vide additional interface area for diagenesis (Pelegri et al., 1994).
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