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Abstract

As a key biogeochemical pathway in the marine nitrogen cycle, nitrification (ammonia oxidation
and nitrite oxidation) converts the most reduced form of nitrogen — ammonium/ammonia (NHs"/
NH3) into the oxidized species nitrite (NO2") and nitrate (NO3"). In the ocean, these processes are
mainly performed by ammonia-oxidizing archaea (AOA) and bacteria (AOB), and nitrite-
oxidizing bacteria (NOB). By transforming nitrogen speciation and providing substrates for
nitrogen removal, nitrification affects microbial community structure, marine productivity
(including chemoautotrophic carbon fixation) and the production of a powerful greenhouse gas,
nitrous oxide (N>0O). Nitrification is hypothesized to be regulated by temperature, oxygen, light,
substrate concentration, substrate flux, pH, and other environmental factors. Although the number
of field observations from various oceanic regions has increased considerably over the last few
decades, a global synthesis is lacking, and understanding how environmental factors control
nitrification remains elusive. Therefore, we have compiled a database of nitrification rates and
nitrifier abundance in the global ocean from published literature and unpublished datasets. This
database includes 2393 and 1006 measurements of ammonia oxidation and nitrite oxidation rates,
and 2242 and 631 quantifications of ammonia oxidizers and nitrite oxidizers, respectively. This
community effort confirms and enhances our understanding of the spatial distribution of
nitrification and nitrifiers, and their corresponding drivers such as the important role of substrate
concentration in controlling nitrification rates and nitrifier abundance. Some conundrums are also
revealed including the inconsistent observations of light limitation and high rates of nitrite
oxidation reported from anoxic waters. This database can be used to constrain the distribution of
marine nitrification, to evaluate and improve biogeochemical models of nitrification, and to
quantify the impact of nitrification on ecosystem functions like marine productivity and N>O
production. This database additionally sets a baseline for comparison with future observations and
guides future exploration (e.g., measurements in the poorly sampled regions such as the Indian
Ocean; method comparison/standardization). The database is publicly available at Zenodo

repository: https://doi.org/10.5281/zenodo.8355912 (Tang et al., 2023).
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Introduction

Nitrification (ammonia oxidation and nitrite oxidation) converts the most reduced form of nitrogen
(N) — ammonium/ammonia (NHs*/NH3) into the oxidized compounds nitrite (NO>") and nitrate
(NO3). Ammonia oxidation is conducted by ammonia oxidizing archaca (AOA) and bacteria
(AOB) with AOA dominating in most marine environments (Francis et al., 2005; Wuchter et al.,
2006). Marine AOA are often separated into a few major ecotype groups including water column
group A, water column group B and Nitrosopumilus-like (Beman et al., 2008; Tolar et al., 2020),
with a diverse group of AOA remaining to be characterized (Alves et al., 2018). Marine nitrite
oxidation is carried out by nitrite-oxidizing bacteria (NOB) such as Nitrospina, Nitrospira,
Nitrococcus and Nitrobacter, with Nitrospina as the dominant group (Mincer et al., 2007;
Pachiadaki et al., 2017). Complete ammonia-oxidizing (comammox) bacteria within the bacterial
genus Nitrospira have been identified in freshwater, terrestrial, and coastal environments but not

yet been found in the open ocean (Daims et al., 2015; Van Kessel et al., 2015; Xia et al., 2018).

Nitrification and nitrifiers are thought to be regulated by light/solar radiation, oxygen, temperature,
substrate concentration, pH, and other environmental factors (Ward, 2008), many of which are
experiencing dramatic changes in the ocean. For example, light is generally found to inhibit
nitrifier growth and nitrification rate (Olson. 1981b; Merbt et al., 2012; Xu et al., 2019). In
addition, ocean acidification decreases ammonia oxidation rates (Beman et al., 2011; Breider et
al., 2019) partly due to the decreased availability at lower pH of NH3, which is the actual substrate
for ammonia oxidation (Suzuki et al., 1974). In contrast, ocean warming shifts the NH4"/NH3
equilibrium towards NHj3 by decreasing the pK, (Emerson et al., 1975) and is observed to enhance
enzyme activity (Zheng et al., 2017; Zheng et al., 2020), further complicating the effect of climate

change on nitrification.

Although nitrification does not directly change the absolute inventory of bioavailable N, it can
control the relative availability of substrates (NH4*, NO;™ and NO3") for phytoplankton growth.
Since prokaryotic phytoplankton preferentially assimilate NH4" while eukaryotic phytoplankton
are better able to exploit NOs™ in the sunlit surface ocean (Berthelot et al., 2018; Fawcett et al.,
2011), variations in the relative supply of NH4" versus NO; can influence phytoplankton

community composition and ecosystem functionalities. Because the uptake of NH4" and NOs™ is
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often used to differentiate regenerated and new production (Eppley and Peterson. 1979),
production of NOs" by nitrification in the surface ocean may bias the estimate of new production
(Yool etal.,2007). NO>" and NOs" are also involved in denitrification and anammox, which remove
bioavailable N from the ocean. Thus, nitrification can indirectly affect the size of the bioavailable
N pool, marine productivity and ultimately the atmospheric CO> concentration (Falkowski, 1997).
As a chemoautotrophic process, nitrification in the ocean water column is estimated to supply
~0.13-1.4 Pg C yr'! of organic matter, which is critical to support the heterotrophic microbial
community/metabolism in the dark ocean (Bayer et al., 2022; Middelburg, 2011; Pachiadaki et al.,
2017; Zhang et al., 2020). Nitrification could also contribute to the oxygen consumption and the
development of hypoxia or anoxia (Hsiao et al., 2014; Beman et al., 2021). In addition, nitrification
is the major global ocean source of N2O, a potent greenhouse gas and dominant ozone-depleting
agent, thus connecting the marine N cycle directly to the Earth’s climate system (Freing et al.,

2012; Jiet al., 2018).

Considering the important role of nitrification and nitrifiers in marine N and C cycles and Earth’s
climate, a better understanding of its distribution and regulating factors is highly desirable.
Historical observations of nitrification and nitrifiers cover a wide range of environmental gradients
and biogeography in the ocean, ranging from cross-Atlantic (e.g., Clark et al., 2008; Clark et al.,
2022), western Pacific (e.g., Wan et al., 2021; Wan et al., 2018), polar oceans (e.g., Shiozaki et
al., 2019; Mdutyana et al., 2020) to oxygen minimum zones (e.g., Peng et al., 2015; Santoro et al.,
2021). This study aims to introduce the newly constructed database of nitrification and nitrifiers
in the marine water column and to guide future research efforts in field observations and model
development of nitrification. This new global synthesis significantly expands upon what was
possible with earlier more limited datasets (Yool et al. 2007; Ward. 2008). Additional reviews on
marine nitrification and nitrifiers can be found elsewhere (Schleper and Nicol, 2010; Daims et al.,

2016; Ward, 2011b).
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Methods

Data sources and compilation

Nitrification rates including ammonia oxidation and nitrite oxidation, and abundances of ammonia
oxidizers and nitrite oxidizers were extracted directly from the literature published between 1984
and 2022 when the data were presented in tables or supplementary materials from publications;
otherwise, data were provided by the coauthors. Some previously unpublished data were also
included in the database. Table 1 and Table 2 summarize the origin, methods and locations of
nitrification rate and nitrifier abundance measurements, sorted in alphabetical order by lead author.
The metadata format contains geographical sampling information (date, latitude, longitude, and
depth) and concurrent measurements of environmental conditions such as light intensity,
temperature, salinity, water density, N concentration (NH4", NO>™ and NOs’), pH and oxygen
concentration if available. In total, there are 2393, 1006, 2242, and 631 measurements of ammonia
oxidation rate, nitrite oxidation rate, ammonia oxidizer abundance and nitrite oxidizer abundance,
respectively. However, not all measurements of nitrification rates or nitrifier abundance are
accompanied by all the environmental factors because such factors were often not reported in the
literature or recorded during the measurements/sample collections. Rates, nitrifier abundances and
environmental parameters below the methodological detection limits are noted as BDL. NM
represents parameters that were not measured. Empty/NA means that data are not available or
reported. The database is deposited into Zenodo repository following the Findable, Accessible,
Interoperable and Reusable (FAIR) principles for data management (Wilkinson et al., 2016). We

encourage authors and readers to contact us to report an update to or an error in the database.

Table 1. Summary of the number of observations for nitrification rates in alphabetical order of the
lead author. The method (e.g., substrate tracer addition vs product dilution), sampling regions and

whether nitrifier abundance is quantified are listed. Methods used for data collection are described

in the next section.

References Nitrification Sampling ammonia  nitrite
regions oxidizer?  oxidizer?
Ammonia Method Analyte Nitrite Method
oxidation oxidation
Baer et al, 6 BNHs;*  tracer NO»+ NOs Western Coastal No No
2017 addition Arctic




Beman et al.,

2012
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2021
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NO»

NO»

NO»

NO»

NO»

NO»

NO»

NOz2+ NO3
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the
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Fernandez et

al., 2009
Flynn et al.,
2021

Frey et al.,
2020

Frey et al.,
2022

Ganesh et al.,

2015

Kalvelage et
al., 2011

Kalvelage et
al., 2013

Kitzinger et
al., 2020

Lam et al,
2009
Laperriere et
al., 2020
Liuetal., 2018

Liuetal., 2022

Mccarthy et
al., 1999
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Mdutyana et
al., 2022a
Mdutyana et
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Peng et al.,
2018

Raes et al,
2020
Raimbault et
al., 1999
Santoro et al.,
2010

Santoro et al.,
2013

Santoro et al.,
2017

Santoro et al.,
2021
Sinyanya et
al.,
unpublished

Shiozaki et al.,

2016

Shiozaki et al.,

2019

Shiozaki et al.,

2021
Smith et
2022
Sun et
2017
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2004
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2016
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147
148
149
150
151
152

Wan et al, 90 SNHs"  tracer NOz+NOs South China Sea  No No
2018 addition and Northwest
Pacific
Wan et al, 17 SNHs"  tracer NO7 17 SNO, tracer North Pacific No No
2021 addition addition
Wan et al, 85 SNHs"  tracer NO7 North Pacific No No
2022 addition
Ward et al, 16 SNHs"  tracer NO7 Coastal waters No No
1984 addition off Washington
Ward, 1987 24 SNHs"  tracer NO7 SNO, tracer Southern No No
addition addition California Bight
Ward and 42 SNHs"  tracer NO7 Eastern Tropical No No
Zafiriou, 1988 addition North Pacific
Ward et al, 47 SNHs"  tracer NO7 47 SNO, tracer Eastern Tropical No No
1989 addition addition South Pacific
Ward, 2005 110 NHs"  tracer NOy Monterey Bay No No
addition
Xuetal,2018 78 SNHs"  tracer NO7 South China Sea  No No
addition
Zhang et al, 27 SNHs"  tracer NO7 27 SNO, tracer South China Sea  Yes Yes
2020 addition addition and Western
Pacific
Total number 2393 1006

of

observations

Table 2. Summary of the number of observations for nitrifier abundance from qPCR assays in

alphabetical order of the lead authors. The top row indicates the gene quantified for each group

(see text for further details). Whether nitrification rate is measured is indicated with yes or no. The

primers used for individual studies are identified in the database. AOA: ammonia-oxidizing

archaea; AOB: ammonia-oxidizing bacteria; NOB: nitrite-oxidizing bacteria.

References amoA-based nxr- 16S rRNA-based Sampling ammonia  nitrite
based regions oxidation  oxidation
AOA AOB NOB Thaumarchaeota Nitrospira  Nitrospina

Agogue et al, 55 55 55 North Atlantic ~ No No
2008
Beman et al., 64 64 64 Eastern Yes Yes
2012 Tropical North

Pacific
Beman et al., 63 Eastern Yes Yes
2013 Tropical North

Pacific

10



Bristow

2016b

et

al.,

Damashek et al.,

2018.

Frey et al., 2020

Frey et al., 2022

Horak
2018

et

al.,

Kalvelage et al.,

2013

Liuetal., 2018.

Peng et al., 2013

Peng et a., 2015

Pengeta., 2016

Santoro

2010

Santoro

2013

Santoro
2017
Santoro

2021

Shiozaki
2016
Shiozaki
2019
Shiozaki
2021

et

et

et

et

al.,

al.,

al.,

al.,

al.,

al.,

al.,

34

21

30

143

385

23

148

78

87

56

28

27

89

385

24

87

56

28

34

385

78

Bay of Bengal
oxygen
minimum zone
34 South Atlantic
Bight
South Pacific
oxygen
minimum zone
North Pacific
oxygen
minimum zone
North Pacific
Ocean
South Pacific
oxygen
minimum zone
385 South Atlantic
Bight
Arabian _ Sea
and  Eastern
Tropical South
Pacific
Eastern
Tropical South
Pacific
Subarctic
North Atlantic
17 Central
California
Current
Central
California
Current
Equatorial
Pacific
78 Eastern
Tropical South
Pacific

North Pacific

Arctic Ocean

Arctic Ocean

11



153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

Sintes et al, 115 115 Tropical No No

2013 Atlantic  and

coastal Arctic
Sintes et al, 364 364 Atlantic Ocean  No No
2016
Tolar et al., 2016 73 73 Antarctic coast  Yes No
Tolar et al., 2017 38 38 Georgia coast, Yes No

South Atlantic

Bight, Gulf of

Alaska,

Antarctic coast
Tolar et al., 2020 297 Monterey Bay ~ Yes No
Wuchter et al.,, 20 20 20 Atlantic Ocean  No No
2006
Zakem et al, 31 North Pacific Yes No
2018
Zhang et al, 54 54 54 54 54 South China Yes Yes
2020 Sea and

Western

Pacific
Total points 2242 1006 27 1224 54 631

We applied Chauvenet’s criterion for quality control to flag outliers in nitrification rates and
nitrifier abundance (Glover et al., 2011). Chauvenet’s criterion is commonly applied to normally
distributed datasets to identify outliers whose deviations from the mean have a probability of less
than 1/(2n), where n is the number of data points (Buitenhuis et al., 2013). We applied the criterion

acknowledging the fact that the data were collected at different environmental conditions. After

removing measurements of zero and below detection limit (277, 132, 51, 240, 6 and 11

observations for ammonia oxidation, nitrite oxidation, AOA amoA, AOB amoA, 16S rRNA of

Thaumarchaeota and Nitrospina), nitrification rates and nitrifier abundances were logl0

transformed before further analysis. Nitrification rates and nitrifier abundances reported at 0 or
below detection limit are noted separately in the database and following analysis. Although we did
not find outliers for ammonia oxidation and nitrite oxidation rates, there are some extreme values
worth noting. For example, an extremely high ammonia oxidation rate of 4900 nmol L! d'! was
observed in the Peruvian oxygen minimum zone (Lam et al., 2009). Low but detectable rates below
0.01 nmol L' d! were observed in the Eastern Tropical North Pacific oxygen minimum zone (Frey

et al., 2022), South Atlantic Bight (Liu et al., 2018) and western Pacific (Xu et al., 2018). Some

12



169
170
171
172
173
174
175
176
177
178
179
180

181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199

outliers were identified by Chauvenet’s criterion for ammonia oxidizers (1 for AOB amoA and 1

for 16S rRNA of Thaumarchaeota). An abnormally high abundance of the bacterial amoA gene

(108 copies L!) was observed in the South Pacific oxygen minimum zone (Kalvelage et al., 2013),
which was removed from the following analysis. A low abundance of 16S rRNA of
Thaumarchaeota (25 copies L!) was found in the surface water of the western Pacific (Zhang et
al., 2020). In addition, the low-ammonia concentration AOA ecotype (or water column group B
AOA) at 2 copies L! was reported in the Arctic Ocean (Sintes et al., 2013). Measurements of
nitrification rate and nitrifier abundance of 0 or below detection limit were not included in the
analysis of outlier identification. For example, AOA abundance at 0 or below detection limit
(varies among studies) has been reported in surface waters of South Atlantic Bight (Damashek et

al., 2018), equatorial Pacific (Santoro et al., 2017) and North Pacific (Shiozaki et al., 2016).

Methods for measuring ammonia oxidation and nitrite oxidation rates

Ammonia oxidation rate is commonly measured by comparing the change in nitrite (NO2") and
nitrate (NO3") concentration in controls versus an experimental treatment containing a nitrification
inhibitor (e.g., Dore and Karl, 1996), by tracking the oxidation of ’'NH4" into the NO,  and NOs-
pool (Olson, 1981a), or by the dilution of '"NO, (Clark et al., 2007). Similarly, nitrite oxidation
rate can be measured by the change in NO3™ concentration, by tracking the oxidation of 1>NO>" into
the NOs™ pool, or by the dilution of ’NOs™ (Ward et al., 1989). In addition, nitrification has also
been estimated from the incorporation of *C tracer due to the chemoautotrophic metabolism of
nitrifiers (Bianchi et al., 1997). There is a large uncertainty, however, in the conversion factor from
carbon fixation to nitrification (Bayer et al., 2022). A more detailed description of methods for
measuring nitrification can be found in Ward, 2011a. The spatial distribution of different methods
used to measure nitrification and the frequency distribution of measured rates by different methods
are shown in Figure 1. Rates measured with the substrate tracer addition method (*’NH4" and
SNO;") outnumbered other methods globally but the product dilution method (:>’NO, and '"NOs")
dominated in the Atlantic Ocean. The ammonia oxidation rates measured by different methods
have similar median values. However, the median nitrite oxidation rate measured by the "NOs-
dilution method is significantly higher than the rate measured by the ’NO, addition method (200.3
vs 7.4 nmol N L d!). These comparisons, however, are between samples aggregated from

measurements taken at different sites. It is thus unclear whether the differences arise from

13
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differences in the measurement approaches (e.g., in sensitivity) or in the sites where measurements

were made. A direct methods comparison is recommended for future exploration.
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Figure 1. Distribution of different methods used to measure ammonia oxidation (a) and nitrite

oxidation (b). Others include '*C incorporation and concentration change methods. Note the colors

change slightly where they overlap in the histograms.

Incubations to measure nitrification rates have been conducted in polycarbonate and glass bottles,
exetainers and plastic bags. Seawater is directly transferred from the Niskin bottle into the
incubation containers to minimize temperature, oxygen and other perturbations. These incubation
containers are usually kept in an incubator with light filters to mimic the ambient temperature and
light conditions. After incubating for 3 hours to over 24 hours depending on the estimated
magnitude of nitrification rates, the incubation is terminated by filtering via GF/F or 0.22 pum filters
(e.g., Baeretal., 2017; Wan et al., 2018). The filtrate is then frozen at -20°C or -80°C until further

analysis on land. The incubation has also been terminated by subsampling and freezing without
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filtration (e.g., Damashek et al., 2018). Alternatively, the incubation is preserved by adding
mercury chloride or zinc chloride (Kalvelage et al., 2013; Frey et al., 2020). This method allows

gas measurements like N2O and N2 production before nitrification analysis. Detailed incubation

conditions for each study are presented in the database file.

Various approaches have been developed to measure the N isotopes of NO»  and NOs". For
example, 1) dissolved NO» is extracted by formation of an azo dye. The resulting dye is filtered
onto precombusted GF/F or GF/C filters and its '’N:!¥N ratio is analyzed by elemental analyzer
isotope ratio mass spectrometry (Ward et al., 1982; Olson, 1981a). NO3™ can be reduced to NO>
by cadmium reduction and then extracted using the azo dye method described above. 2) Dissolved
NOy" is converted to Sudan-1 and Sudan-1 is collected via solid-phase extraction. The sample is
then purified by HPLC and derivatized before analysis by GC/MS (Clark et al., 2007). Similarly,
NOs3" can be reduced to NO>™ by cadmium prior to conversion to Sudan-1 for nitrogen isotope
analysis. 3) NO2™ can be converted to N> with sulfamic acid and subsequently measured by isotope
ratio mass spectrometry (Dalsgaard et al., 2012; Bristow et al., 2016). 4) NO>™ can also be
converted into N>O by the azide method and subsequently measured by isotope ratio mass
spectrometry (Mcilvin and Altabet, 2005). The N isotopes of NO>™ and NO3™ can be measured via
the denitrifier method (Sigman et al., 2001; Weigand et al., 2016) where both NO>™ and NO;™ are
converted into N>O. In addition, the §'"°N of NO3™ alone can be measured using the denitrifier
method after removing NO;" with sulfamic acid (Granger and Sigman, 2009). The azide and
denitrifier methods require smaller sample volumes and offer a higher sensitivity of nitrogen

isotope detection.

Many factors may complicate the interpretation of rate measurements, e.g., isotope dilution by
regeneration of the '"N-labeled substrates and stimulation of nitrification by substrate addition
(Lipschultz, 2008). For instance, the amount of tracer addition varied substantially from <10 nM
to 5 uM, enriching the ambient pool by <10% to over 1000%. The excess addition of substrates
will likely enhance the nitrification rate, which will then reflect a potential rate instead of an in-
situ rate. In addition, the measurement of NO>" compared to NO>" + NO3™ could also lead to
variations in the estimates of the ammonia oxidation rates. Specifically, >'NO," produced from

SNH4" may be further oxidized to >’NOs", especially when samples are low in NO»™ concentration.

15



247
248
249
250
251
252
253
254
255
256
257
258
259
260

261
262

263
264

265

266
267
268
269
270
271
272
273
274
275
276

Ammonia oxidation rate may be underestimated if only >’NO," is measured instead of measuring
both "N and '>NOj (Santoro et al., 2013; Peng et al., 2015). Therefore, NO>™ carrier (to increase
the NO»™ pool and trap the produced "'NO,") may be added to the sample before incubation or both
NO>" and NOs" should be measured after incubation when ambient NO>™ concentration is low. The
SNO; isotope dilution method may overestimate ammonia oxidation rates because NO>~ could
also be released from phytoplankton after assimilative nitrate reduction (Lomas and Lipschultz,
2006). These confounding factors may be difficult to quantify but worth recording and reporting

in publications for the sake of comparison among studies. In addition, a variety of approaches have

been applied to calculate nitrification rates. The following equations are commonly used to

estimate nitrification measured by the tracer addition (Equation 1: e.g.. Peng et al.. 2015) or tracer

dilution method (Equation 2; e.g., Clark et al., 2007; Cavagna et al., 2015). However, these

equations do not account for the effect of other processes such as the isotope dilution on rate

estimates. Please refer to other studies for the detailed rate correction processes (e.g., Lipschultz

et al., 1986; Santoro et al., 2010; Kanda et al., 1987).

A[**Nox .
Rate = 2LNox1 Equation 1
FXxAt
where A[*°N Oy ] represents the change in concentration of *>NO; or **NO3 between the end

Syp} 15505
15NH4++14NHIQ15N02_+14N02_
in the initial substrate pool (NH4" or NOy"). At is the length of incubation time.

and start of the incubation. F represents the fraction of '’N such as (

)

In (&) [NOx1lo
NO, .
Rate = Be _ x (X%ley  Equation 2
In ([Nox]t) At
[NOx]o

where R, and R, represent ratios of > NO; to **NO; after and before the incubation, respectively.

NO; _is either NO, _or NO;3 _, which are used for calculating ammonia oxidation and nitrite

oxidation rates, respectively. [NO; ];_and [NOy ],_are NO, concentration after and before the

incubation, respectively. At is the length of incubation time.

Nitrification supported by organic N substrates like urea and cyanate has been observed in the Gulf
of Mexico (Kitzinger et al., 2018), Pacific (Santoro et al., 2017; Wan et al., 2021), off the east
coast of the United States (Laperriere et al., 2020; Tolar et al., 2017), and in the polar oceans
(Alonso-Saez et al., 2012; Shiozaki et al., 2021). The number of these observations remains limited
compared to ammonia oxidation. They can