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Orthophosphate enhances N2O production from aerobic
hydroxylamine decomposition: implications to N2O emissions
from nitrification in ornithogenic and manure-fertilized soils
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Abstract
Soils affected by animal wastes have simultaneously high N and P contents. Despite the reports of high nitrous oxide (N2O)
emissions in such environments, the role that P plays in N2O dynamics has not yet been systematically investigated. Here, we
report the enhancement effect of orthophosphate (PO4

3−-P) abundance on N2O yields from abiotic NH2OH decomposition,
which may have substantial implications to N2O emissions from nitrification in such P-rich soils. The axenic cultures of
Nitrosomonas europaea, an ammonia-oxidizing bacterium previously reported to leak NH2OH, exhibited significantly higher
N2O yields when incubated at higher PO4

3−-P concentrations. As NH4
+-to-NO2

− turnover and growth rates were unaffected even
at the highest PO4

3−-P concentration examined, the abiotic interaction between extracellularly released NH2OH and PO4
3−-P was

the most plausible mechanism of enhanced N2O emission in these nitrifier cultures. This proposed mechanism was supported by
the results of abiotic NH2OH incubation whereby higher PO4

3−-P concentration resulted in higher N2O yield. Orthophosphate
enhancement of NH2OH-to-N2O turnover was then simulated with addition of 5 μmol NH2OH to an ornithogenic soil with high
PO4

3−-P content (23.9 ± 6.7 g/kg wet soil) and active nitrification activity after sterilization. The N2O yield, 69.0 ± 4.6%, was
significantly higher than the N2O yields for other examined soils with lower PO4

3−-P contents (0–1.94 g/kg wet soil), and the
PO4

3−-P contents of the examined soils exhibited strong correlation with the N2O yields. These findings suggest that N2O
production from nitrification via abiotic turnover of released NH2OH may be a consequential mechanism of N2O emissions in
PO4

3−-P-rich soils.
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Introduction

The Intergovernmental Panel on Climate Change estimates
the radiative forcing of N2O to be 0.17 ± 0.03Wm−2, account-
ing for ca. 6.2% of the total global warming potential (IPCC
2013, 2014). Despite its relatively low net contribution to the
global warming effect, strategic approaches for mitigation of

environmental N2O emission are warranted, as per-mole glob-
al warming potential of N2O in 100-year scale is ~ 300 times
higher than that of CO2, and NO and NO2 generated from
stratospheric oxidation of N2O are potent ozone depletion
agents (Ravishankara et al. 2009). Thus, mechanistic under-
standing of the biotic and abiotic reactions contributing to
N2O emissions has been, for long, a major scientific interest.

Microbial N transformation reactions account for ca. 70%
of N2O released from natural and anthropogenic sources
(Butterbach-Bahl et al. 2013). NH3 oxidation to NO2

− medi-
ated by ammonia-oxidizing bacteria (AOB) is among the ma-
jor N2O-producing microbial reactions, and its contribution to
N2O emission is especially important in well-aerated soils
(Stein 2019; Thomson et al. 2012; Pan et al. 2018). Multiple
mechanisms underlying N2O production from AOB-mediated
NH3 oxidation have been identified, including nitrifier-
denitrification and abiotic turnover of the intermediates
NH2OH and/or NO (Kozlowski et al. 2014, 2016; Liu et al.
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2017). While nitrifier denitrification is known as a substantial
N2O source when AOB are subjected to O2 limitation, abiotic
decay of intermediate NH2OH has been regarded as a more
important N2O-generation mechanism for NH3 oxidation tak-
ing place at well-aerated conditions (Liu et al. 2017).

Abiotic aerobic decay of NH2OH has been observed to
yield N2O along with N2, NO2

−, and NO2, although the reac-
tionmechanisms have not been elucidated due to the difficulty
in handling and measuring NH2OH (Heil et al. 2016; Liu et al.
2017). A recent study identified the effects of soil types and
properties on N2O production from abiotic NH2OH turnover,
which ranged from 3.5 to 45.8% of added NH2OH (Heil et al.
2015). The broad range of N2O yields suggested that physi-
cochemical properties of the reaction media may have signif-
icant impacts on the fate of chemically decomposed NH2OH;
however, this possibility has not yet been thoroughly
investigated.

The P content of soil is one of the important physicochem-
ical parameters with substantial impacts on biogeochemical
reactions in soils (Chadwick et al. 1999; Mills et al. 2004;
Cheng et al. 2018). Animal excrements contain large amounts
of P, and thus, the soils amended with manure fertilization or
impacted by intensive wild bird nesting often have bioavail-
able P concentrations higher than 100 mg P/kg dry weight
(Daher et al. 2019; Domínguez et al. 2017; He et al. 2004;
Otero et al. 2018; Pagliari and Laboski 2012; Sharpley et al.
2004). As manure and guano have high NH4

+-N and organic
N contents, active ammonia oxidation is likely to take place in
these nutrient-rich soils, provided that other soil properties,
e.g., pH and salinity, remain non-hostile to microbial activity
(Chu et al. 2008; Domínguez et al. 2017). In this study, en-
hanced N2O production from ammonia oxidation by
Nitrosomonas europaea was observed when incubated with
media with elevated PO4

3−-P concentration, in spite of unaf-
fected ammonia oxidation activity and growth. This phenom-
enon was attributed to the abiotic N2O production from the
extracellularly released NH2OH, with basis on the results of
the abiotic NH2OH incubation in aqueous solutions with vary-
ing PO4

3−-P concentrations. Environmental relevance of en-
hancement of N2O production was then demonstratedwith the
high-P, high-N soils collected from bird nesting sites and
manure-fertilized soils.

Materials and methods

Nitrous oxide production from Nitrosomonas
europaea at varying PO4

3−-P concentrations

A laboratory strain of AOB, N. europaea strain ATCC 19718,
was incubated at five different PO4

3−-P concentration (0, 5,
10, 20, and 30 mM), and the effect of the varying PO4

3−-P
concentration on N2O production associated with nitrification

was monitored to examine the effect of PO4
3−-P concentration

on N2O production. The cultivation medium contained per
liter, 0.27 g NH4Cl, 0.84 g NaHCO3, and 2 mL trace element
stock solution (Peng et al. 2015). After distribution of 50 mL
culture medium, the 160-mL serum bottles were sealed and
autoclaved as described above. Filter-sterilized 1 M HEPES
stock solution prepared at pH 7.2 was added to the medium to
the final concentration of 40 mM. PO4

3−-P was added as 1 M
NaH2PO4/Na2HPO4 stock solution adjusted to pH 7.2. One
milliliter of N. europaea preculture grown to OD600 nm = 0.02
in presence of 5 mM PO4

3−-P was inoculated to each culture
bottle. The abiotic controls were prepared identically but in-
cubated withoutN. europaea cells. The cultures were incubat-
ed at 30 °C in dark with shaking at 150 rpm. The concentra-
tions of NH4

+, NO2
−, and N2O, as well as the medium pH,

were monitored until no further change was observed.

The effect of PO4
3−-P concentration on abiotic N2O

generation from NH2OH decomposition

Abiotic N2O production from aerobic NH2OH decomposition
was observed in batch experiments prepared with varying
concentrations of PO4

3−-P. The reaction vessels were prepared
by distributing 50-mL double-distilled water into acid-washed
160-mL serum bottles. The vessels were then sealed with bu-
tyl rubber stoppers (Geo-Microbial Technologies, Ochelata,
OK) and aluminum crimp seals. Sterile 1 M PO4

3−-P stock
solution was prepared separately with Na2HPO4 and
NaH2PO4 and adjusted to pH 7.0 and was added to the reac-
tion vessels to the final concentrations of 0, 5, 10, 20, and
30 mM. Another set of negative controls without PO4

3−-P
amendment was supplemented with 10 mM HEPES buffer
(pH 7.2) to maintain pH in line with the PO4

3−-P amended
samples. A filter-sterilized 10 mM stock solution of NH2OH
was prepared immediately before each experiment with fresh
50% w/w NH2OH solution (Sigma-Aldrich, St Louis, MO),
and 0.5 mL of the stock solution was injected to each acid-
washed reaction vessel. The reaction vessels were then incu-
bated at 25 °C in dark with shaking at 150 rpm. The amounts
of N2O in the reaction vessels were monitored until no more
N2O was produced.

Several control experiments were performed to verify the
causal relationship between PO4

3−-P concentration and the
abiotic NH2OH-to-N2O yield. (1) To the reaction vessels pre-
pared with 0–30 mM PO4

3−-P, 100 μMNH4
+, NO2

−, or NO3
−

was added in place of NH2OH, (2) HEPES and PIPES buffer
solutions at pH 7.2 were prepared in DI water to the concen-
trations of 10, 20, 30 mM, to which 100 μM NH2OH was
added. (3) Salt (NaCl) concentration was varied between 0
and 30 mM to the reaction vessels prepared with 20 mM
PO4

3−-P before adding 100 μMNH2OH. (4) Reaction vessels
prepared with 20 mM PO4

3−-P were purged with high-purity
N2 gas (> 99.999%) before addition of 100 μM NH2OH. All
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of these control experiments were performed at 25 °C with
shaking at 150 rpm, and N2O production was monitored.

Characterization of the ornithogenic soils
from the cormorant breeding site

The ornithogenic soil used in this study was collected from a
densely populated cormorant breeding site located on an islet
0.032 km2 in area in an agricultural reservoir in Wonju, Korea
(37°16′53.4″N, 127°54′19.7″E) (see Appendix, Fig. S1). The
whitened guano cover soils (0–3 cm depth) and the soils un-
derneath (3–15 cm depth) were sampled on April 9, 2019. The
samples were immediately transported to the laboratory. The
soil samples were passed through 2-mm sieves to remove
gravels and plant debris and stored at 4 °C. The two soils were
composited at 1:1 wet weight ratio. The NH4

+-N (exchange-
able), NO2

−-N, NO3
−-N, and PO4

3−-P contents of soil extracts
prepared with the KCl and Mehlich 3 extraction method were
analyzed using colorimetric methods. Quantitative PCR anal-
yses were used to quantify the AOB populations (the detailed
method provided in the supplementary material).

Biotic and abiotic microcosm experiments
with the ornithogenic soil

Soil microcosm experiments were performed to demonstrate
that the elevated PO4

3−-P contents in N- and P-rich soils may
enhance N2O production from NH2OH released from
ammonia-oxidizing bacteria. Soil slurry incubation experi-
ments with and without allylthiourea (ATU) amendment were
performed to confirm nitrification activity and involvement of
nitrification in N2O generation. One gram of the composited
soil was suspended in a 250-mL serum bottle filled with
50 mL double-distilled water. A subset of the microcosms
was amended with 100 μM ATU, a selective inhibitor of am-
monia oxidation (Ginestet et al. 1998). After sealing, the cul-
ture bottles were incubated in dark at 25 °C with shaking at
200 rpm. The headspace was replaced with fresh compressed
air (> 99.999%, Samoh Gas Co., Daejeon, Korea) after each
N2Omeasurement to maintain oxic condition, thus precluding
N2O production from nitrifier denitrification or heterotrophic
denitrification. The initial sample (t = 0) was extracted after
2 h of incubation to ensure that the N species in soil were
equilibrated with the aqueous phase before the initial
measurement.

In another set of microcosm experiments, the mixed soil
was sterilized and subjected to amendments with micromolar
concentrations of NH2OH to emulate PO4

3−-P-enhanced turn-
over of nitrification-derived NH2OH to N2O. The soil samples
were sterilized using hexanol fumigation (McLaughlin et al.
1986). Five grams each of the treated soil samples was dis-
tributed to an autoclaved empty 160-mL serum bottle. After
sealing, each vessel was amended with 0.125 mL of 40 mM

NH2OH stock solution. The serum bottles were incubated at
25 °C in dark without shaking and N2O concentration in the
headspace gas wasmonitored. Identical experiments were also
performed with soils with varying PO4

3−-P contents collected
and treated as described in the supplementary material. N2O
and N species measurements were carried out until no further
change was observed.

Analytical procedures

Headspace N2O concentrations were measured using a
HP6890 series gas chromatograph equipped with a
PLOT Q capillary column and an electron capture detec-
tor (Agilent, Palo Alto, CA) (Park et al. 2017). For each
measurement, 1 mL headspace gas was manually injected
with a 1700-series gastight syringe (Hamilton Company,
Reno, NV). The amount of the N2O in the vessel was
calculated from the headspace concentration using the
Henry’s law constant for N2O at 25 °C and the gas- and
aqueous-phase volumes (Sander 2015). Dissolved concen-
trations of NH4

+, NO2
−
,, and NO3

− were determined with
colorimetric methods and the aqueous concentrations of
NH2OH with ferric chloride oxidation method (Hood-
Nowotny et al. 2010; Liu et al. 2014; Miranda et al.
2001). Briefly, a 2-mL aqueous sample was transferred
to a 22-mL Hungate tube immediately after extraction
and mixed with 7.5 mL double-distilled water, which
was then acidified with 0.5 mL 1 N HCl. After sealing,
1 mL of 25 mM FeCl3 solution at pH 1.2 was added to
chemically oxidize NH2OH to N2O. Headspace N2O in
the vial was measured after 16 h of dark incubation with
shaking at 200 rpm. The difference between the amounts
of the produced N2O-N with and without addition of
FeCl3 was regarded as the amount of NH2OH-N in the
2 mL sample. The NH2OH standard curve was construct-
ed with NH2OH standards prepared to the concentrations
ranging from 0 to 100 μM. The PO4

3−-P concentrations
were colorimetrically determined using the ascorbic acid
method (Zhang and Kovar 2009). Oxygen sensor spots
(Pyroscience, Aachen, Germany) were used to monitor
the oxygen concentrations in the N. europaea and soil
suspensions.

Statistical methods

All statistical analyses in this study were performed using R
Studio v3.6.1 (RStudio Team 2015). Statistical significances
between data samples were evaluated using Mann–Whitney–
Wilcoxon test (n = 2) or Kruskal–Wallis nonparametric one-
way analysis of variance (ANOVA) test (n ≥ 3). If the one-way
ANOVA analysis identified significant difference at an alpha
level of 0.05, post hoc Dunn’s tests were performed to evalu-
ate pairwise statistical significance among the subsets. The
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Pearson’s correlation analysis was performed to analyze the
correlation between the Box-Cox transformed PO4

3−-P con-
tents and abiotic N2O yields. The correlation between the
transformed PO4

3−-P contents and amoA copy numbers was
also analyzed using the Pearson’s method. As no other mea-
sured soil parameter was eligible to Pearson’s correlation anal-
ysis due to violation of normality or homoscedasticity as-
sumption, Spearman’s rank correlation analyses were per-
formed instead to assess other correlations between the
parameters.

Results and discussion

The effect of PO4
3−-P concentration on N2O

production from ammonia-oxidizing N. europaea
cultures

The effect of PO4
3−-P concentration on N2O production

from nitrification was examined with axenic cultures of
N. europaea (Fig. 1). Delayed ammonia oxidation and
NO2

− production in the cultures without PO4
3−-P amend-

ment sugges ted tha t growth and metabol ism of
N. europaea were inhibited by limiting P availability. In
all of the examined N. europaea cultures except those in-
cubated without PO4

3−-P, N2O production stopped upon
NH4

+ depletion, suggesting that N2O production was relat-
ed to ammonia oxidation. The cultures amended with 5–
30 mM PO4

3−-P were indistinguishable with respect to
growth and NH3 oxidation kinetics. Thus, the possibility
that the elevated extracellular PO4

3−-P concentrations
could have affected the cellular metabolism is unlikely,
especially considering that PO4

3−-P import requires active
transport across the cellular membranes (Chain et al. 2003;
Rao and Torriani 1990). Despite the unaltered cellular ac-
tivity, the increase in PO4

3−-P concentration from 5.0 to
30 mM resulted in a significant increase in the total amount
of N2O produced, from 0.80 ± 0.10 μmol N2O-N (0.33 ±
0.04% of oxidized NH4

+-N) to 1.41 ± 0.12 μmol N2O-N
(0.57 ± 0.07%). This result was consistent with the result
of the previous study examining N2O production by eight
different AOB strains including N. europaea, where re-
placement of HEPES buffer (with 1.5 mM H2PO4

−) with
20 mM PO4

3−-P buffer inadvertently doubled the total N2O
yields (Jiang and Bakken 1999). Previous studies reported
N2O yields from N. europaea ranging from 0.05 to 0.41%
of NH4

+ oxidized or NO2
− produced (Goreau et al. 1980;

Hynes and Knowles 1984; Jiang and Bakken 1999). The
PO4

3−-P concentration varying by three orders of magni-
tudes in the media used in these previous experiments
could have been one of the contributing factors to the un-
certainty regarding N2O production from the AOB.

The effect of PO4
3−-P concentration on N2O yield

from abiotic NH2OH decomposition

Abiotic oxidation of extracellularly released NH2OH to
N2O is one of the experimentally verified mechanisms
leading to production of N2O from biological ammonia
oxidation by AOB (Kits et al. 2019; Liu et al. 2017;
Vajrala et al. 2013). To examine whether PO4

3−-P

Fig. 1 The effect of PO4
3−-P concentration on aN2O production, bNH4

+

oxidation, and c NO2
− production in Nitrosomonas europaea cultures.

The amounts of N2O-N and the aqueous concentrations of NH4
+-N and

NO2
−-N in the culture vessels prepared with 50 mL medium in 160 mL

serum bottles were monitored upon incubation at varying PO4
3−-P

concentrations (white circle: 0 mM; white square: 5 mM; black square:
10 mM; white triangle: 20 mM; black triangle: 30 mM) until termination
of N2O production. The data points and error bar represent the averages of
triplicate cultures and the standard deviations, respectively

Biol Fertil Soils



enhancement of N2O emissions from ammonia oxidation
by N. europaea was due to the effect of PO4

3−-P on abi-
otic NH2OH-to-N2O yield, production of N2O was moni-
tored in abiotic NH2OH decomposition at varying PO4

3−-
P concentrations (Fig. 2a). Indeed, aerobic decomposition
of NH2OH in aqueous solution resulted in N2O produc-
tion, which was facilitated by elevated PO4

3−-P concen-
trations. The increase in PO4

3−-P concentration clearly
resulted in significantly increased production of N2O from
NH2OH decomposition. In the reaction vessels without
PO4

3−-P, N2O production was limited below 0.04 ±
0.02 μmol. Linear N2O production was observed at all
PO4

3−-P concentrations at the initial phase of the reaction,
and the rate of N2O production was proportional to the
PO4

3−-P concentration. At the end of the reaction, the
amounts of N2O produced from NH2OH turnover ranged
from 0.35 ± 0.07 to 0.72 ± 0.02 μmol N2O-N per 5 μmol
NH2OH as PO4

3−-P concentration was increased from 5 to
30 mM (p < 0.05, one-way ANOVA). Approximately ~
50% of NH2OH remained in the solution after the reaction
in absence of PO4

3−-P, while less than 2% remained in the
presence of 5–30 mM PO4

3−-P (Fig. 2b). None of the
abiotic control experiments with NH4

+, NO2
−, or NO3

−

added in place of NH2OH yielded any detectable amount
of N2O (the detection limit of the gas chromatography
was 5 ppmv; data not shown). The replacement of PO4

3

−-P with HEPES and PIPES with concentrations up to
30 mM or NaCl concentrations increased up to 30 mM
did not result in any significant increase in the N2O yield
(p > 0.05), suggesting against buffer capacity or salinity
being a factor (Fig. S2). The results of these abiotic ex-
periments, albeit circumstantial, suggested PO4

3−-P en-
hancement of extracellular NH2OH turnover to N2O as
the most plausible explanation for the increased N2O

emission observed in N. europaea upon incubation at el-
evated PO4

3−-P concentrations.

N2O production from the P-rich ornithogenic soil
collected from the cormorant breeding site in Wonju,
Korea

The N2O production from soil severely contaminated from
intensive breeding of cormorants was observed for the effect
of elevated PO4

3−-P contents on N2O from soil nitrification.
Analyses of the physicochemical properties of the guano-
contaminated soil confirmed the abundance of both inorganic
N and P, which obviously originated from cormorant excre-
ments (Table S1). The PO4

3−-P contents of this soil were com-
parable to the reported values for manure-fertilized agricultur-
al soils and ornithogenic soils (Breuning-Madsen et al. 2008;
Hooda et al. 2001; Sharpley et al. 2004). The high concentra-
tion of NO3

− and NO2
− and high copy numbers of the

betaproteobacterial amoA (1.3 ± 0.4 × 109 copies g wet
weight−1) indicated history of ammonia oxidation.

Nitrification and N2O production potential were examined
with the slurries prepared with the ornithogenic soil (Fig. 3a).
Stoichiometric calculations of the N species turnover were not
possible due to organic-N mineralization and heterotrophic N-
assimilation complicating the reaction stoichiometry; howev-
er, the obvious decline in NH4

+ concentration accompanied by
the increase in NO3

− concentration in the aqueous phase of the
slurry clearly indicated active nitrification activity. The total
N2O production from the slurry amended with 1 g wet weight
soil amounted to 5.7 ± 0.2 μmol N2O-N as nitrification pro-
duced 55.3 ± 1.0 μmol NO2

−-N and 344.5 ± 27.6 μmol NO3
−-

N, an order of magnitude larger than the emission factor esti-
mates for nitrification in aerobic soils (Goodroad and Keeney
1984; Khalil et al. 2004). Incubation of the same soil slurry

Fig. 2 a The effect of varying PO4
3−-P concentration (white circle:

0 mM; black circle: 0 mM with 10 mM HEPES; white square: 5 mM;
black square: 10 mM; white triangle: 20 mM; black triangle: 30 mM) on
N2O production from aerobic abiotic decomposition of NH2OH, and b
the NH2OH concentrations before (white bars) and after (gray bars) 451 h

of incubation. The abiotic reactions were monitored in 160-mL serum
bottles with 50-mL aqueous-phase volume. The average values of tripli-
cate samples are presented with the error bars represent the standard
deviation
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with ATU resulted in the absence of N2O production, preclud-
ing the possibility that N-assimilation or abiotic reactions in-
volving NH4

+ or organic-N contributed to N2O production
(Fig. 3b). Contribution of denitrification to N2O production
cannot be completely ignored as a possibility; however, with
the headspace O2 concentrations maintained above 18% v/v
and the vessels vigorously shaken throughout the experi-
ments, occurrence of denitrification was not likely in the soil
suspensions.

Abiotic N2O production upon simulated NH2OH
release from ammonia oxidizers in the P-rich
ornithogenic and agricultural soils

Application of NH2OH to the sterilized ornithogenic soil from
the cormorant breeding site, emulating NH2OH release from
AOB to surrounding soil, resulted in a high-yield production
of N2O (Fig. 4a). No N2O production was observed in the
control without NH2OH injection, precluding the possibility
of N2O generation from abiotic processes involving NH4

+,

NO2
−, NO3

−, and/or organic N, e.g., chemodenitrification or
codenitrification (Yoon et al. 2019). Neither addition of
500 μmol NH4

+ to the sterile soil nor incubation of 30 μmol
NH2OH-N in an empty serum bottle yielded N2O (data not
shown). Initial application of 5 μmol NH2OH to the reaction
vessels containing 5 g sterile soil resulted in production of
3.45 ± 0.23 μmol N2O-N (69.0 ± 4.6% of the added
NH2OH-N) until the reaction came to a halt at t = 123 h.
This percentage yield was significantly higher than the value
(43.7 ± 3.6%) observed previously in a similar soil experi-
ments where NH2OH was added to sterilized soils (Heil
et al. 2015). The halted N2O production resumed immediately
upon addition of 5 μmol NH2OH (t = 139 h), indicating that
the depletion of NH2OH was the cause for the discontinued
N2O production. Each equimolar injection of NH2OH yielded
statistically similar amount of N2O (p > 0.05). The abiotic
N2O yields measured with other soils with lower, but broadly
ranging PO4

3−-P contents (see Table S1 for the soil proper-
ties), were significantly lower, ranging between 13.8 ± 1.0 and
53.8 ± 4.8% (p < 0.05). The heterogeneous physicochemical

Fig. 3 The change in the amounts
of NH4

+-N (white circle), NO2
−-

N (black circle), NO3
−-N (black

triangle), and N2O-N (black
square) in the soil slurry
microcosms incubated in a the
absence and b the presence of
allylthiourea (ATU). The average
values of triplicate samples are
presented with the error bars
representing the standard
deviation

Fig. 4 a N2O production from NH2OH added to 5 g wet weight of the
sterilized cormorant breeding site soil. The gray arrows indicate addition
of 5 μmol NH2OH. The averages of triplicate samples are presented with
the error bars representing their standard deviations. b The correlation
between the Box-Cox transformed (λ = 0.1) PO4

3−-P concentration and

the abiotic N2O production from 5 μmol NH2OH added to the sterilized
soil. The ornithogenic soils, the fertilized agricultural soils, and the forest
soils are represented in red, green, and black colors, respectively. The blue
line and gray shading represent the least-squares line and the 95% confi-
dence interval, respectively
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properties may have also contributed to the varying N2O
yields from these soils, as suggested by significant
Spearman’s rank correlations between multiple soil parame-
ters and NH2OH-to-N2O yields (Table S2). Nevertheless, the
Pearson’s correlation coefficient of 0.89 (p = 0.001) between
the transformed soil PO4

3−-P contents and NH2OH-to-N2O
yields (λ = 0.1 applied for transformation of both parameters)
still suggests the likelihood of PO4

3−-P enhancement of
NH2OH-to-N2O turnover in soil environments (Fig. 4b).
That the copy numbers of bacterial amoA genes were highly
correlated with the PO4

3−-P contents of the soils (Pearson’s
correlation coefficient r = 0.87, p = 0.002) also suggests that
this N2O-production mechanism may be environmentally rel-
evant in P-rich soils (Fig. S3). The P or PO4

3−-P contents were
not measured in the previous study by Heil et al. (2015);
however, fertilized cropland soils, presumably with the
highest PO4

3−-P contents of the examined soils, exhibited
the highest N2O yield from abiotic decay of added NH2OH,
also in line with the findings of this study.

Implications to the global N2O budget

Nitrification is a biogeochemical process omnipresent in soils
with organic N or NH4

+-N deposits and has been consistently
regarded as one of the major culprits of global N2O emissions
(Thomson et al. 2012; Yoon et al. 2019). The observations in
this study demonstrate that at least one of the N2O-generating
mechanisms involving nitrification, decomposition of
exported NH2OH,may be significantly amplified by the abun-
dance of PO4

3−-P in well-aerated soil systems. The PO4
3−-P

contents of the examined ornithogenic soil may appear exor-
bitant for natural soils; however, comparable PO4

3−-P con-
tents have been reported for seabird colonies covering exten-
sive land surface area, including vast penguin colonies in the
Antarctic region (Breuning-Madsen et al. 2008; Zhu et al.
2014; Zwolicki et al. 2015, 2016). The NH4

+ and NO3
− con-

tents in the soils recovered from these breeding sites suggest
that active nitrification takes place in these soils at massive
scales, as was observed at the cormorant breeding site in this
study (Mizota 2009; Park et al. 2007). The enhancing effect of
PO4

3−-P on NH2OH-derived N2O production may especially
be substantial at such sites, as nutrients originating from bird
excrements are often concentrated at the well-aerated top lay-
er, and thus, the contribution of NH2OH-derived N2O produc-
tion would be more pronounced among the N2O-producing
mechanisms (Breuning-Madsen et al. 2008). Although the
PO4

3−-P contents of agricultural soils are typically one or
two orders of magnitudes lower, the correlation observed here
suggest that N2O production enhancing effect of PO4

3−-P is
expected in fertilized soils as well (Hooda et al. 2001;
Sharpley et al. 2004). Considering the high concentrations of
organic N and NH4

+-N in these particular soil environments
that are often several orders of magnitudes larger than

unaffected natural soils, the contribution of these PO4
3−-P-

enhanced N2O productions should be accounted for when
estimating the global N2O budget.

Conclusions

N2O production in well-aerated N. europaea cultures was en-
hanced by elevated PO4

3−-P concentrations, although NH3

oxidation and cell growth were not significantly affected.
The rate and total yield of abiotic N2O production from aero-
bic decomposition of NH2OH increased with PO4

3−-P con-
centration as well, suggesting the enhancement of abiotic turn-
over of extracellularly released NH2OH to N2O as a contrib-
uting mechanism for the increased N2O production in
N. europaea cultures at high PO4

3−-P concentrations. The
high yield of N2O from abiotic NH2OH turnover on the sur-
face of PO4

3−-P-rich ornithogenic soil and the significant cor-
relation observed between the PO4

3−-P contents of soils and
the N2O yields suggest that this N2O-generating mechanism
may have significant contributions to the N2O emitted from
ornithogenic or manure-fertilized soils.
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