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Reactive nitrogen oxides (NOy; NOy = NO + NO2 + HONO) decrease
air quality and impact radiative forcing, yet the factors responsible
for their emission from nonpoint sources (i.e., soils) remain poorly
understood. We investigated the factors that control the production
of aerobic NOy in forest soils using molecular techniques, processbased assays, and inhibitor experiments. We subsequently used
these data to identify hotspots for gas emissions across forests of
the eastern United States. Here, we show that nitrogen oxide soil
emissions are mediated by microbial community structure (e.g., ammonium oxidizer abundances), soil chemical characteristics (pH and
C:N), and nitrogen (N) transformation rates (net nitrification). We
find that, while nitrification rates are controlled primarily by chemoautotrophic ammonia-oxidizing archaea (AOA), the production of
NOy is mediated in large part by chemoautotrophic ammoniaoxidizing bacteria (AOB). Variation in nitrification rates and nitrogen
oxide emissions tracked variation in forest communities, as stands
dominated by arbuscular mycorrhizal (AM) trees had greater N
transformation rates and NOy fluxes than stands dominated by
ectomycorrhizal (ECM) trees. Given mapped distributions of AM
and ECM trees from 78,000 forest inventory plots, we estimate that
broadleaf forests of the Midwest and the eastern United States as
well as the Mississippi River corridor may be considered hotspots of
biogenic NOy emissions. Together, our results greatly improve our
understanding of NOy fluxes from forests, which should lead to
improved predictions about the atmospheric consequences of tree
species shifts owing to land management and climate change.
nitrification

is mediated by both ammonia-oxidizing archaea (AOA) in the
phylum Thaumarchaeota (5) and ammonia-oxidizing bacteria
(AOB), such as Nitrosomonas and Nitrosococcus (6). In many soils,
AOA greatly outnumber AOB, which has led to the hypothesis
that AOA abundances control nitrification rates in terrestrial
ecosystems (7–9). This is presumed to be especially true in acidic
forest soils, where AOA tend to dominate due to their unique
metabolic adaptations (10–12). However, the degree to which
AOA vs. AOB influence NOy emissions from soil is unknown (13)
and may depend on the fate of NH2OH. NH2OH can decompose
via abiotic or enzymatic pathways to nitrogen oxides and NO2ˉ
(14). NO2ˉ can then be volatilized as HONO or oxidized to NO3ˉ
via nitrite-oxidizing bacteria (NOB), such as Nitrobacter (15).
NO2ˉ can also sequentially convert to NO, N2O, and N2 via nitrifier denitrification or denitrification (16). While many of these
N-cycle pathways leading to NO and nitrous oxide (N2O) production
are fairly well described (17–19), investigations of the relationships
between nitrification and NOy fluxes from field soils are rare.
Of the nitrogen oxides produced during nitrification, NO tends
to receive less attention than the strong greenhouse gas, N2O.
However, after it is released by N-cycle microbes, NO can escape
the soil and contribute indirectly to atmospheric radiative forcing
through its influence on tropospheric ozone formation (1, 13); it
also mediates the oxidizing capacity of the atmosphere via the
cycling of HOx (≡ OH + HO2) (20). It was recently hypothesized
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Reactive nitrogen oxides (NO y ) can negatively impact air
quality, visibility, and human health. Biogenic sources of NOy
are poorly understood despite their growing importance in
future scenarios of decreasing anthropogenic emissions. Using
soil from two forest stands that differ in plant and soil characteristics, we show that ammonia-oxidizing bacteria and to a
lesser extent, heterotrophic microbes are the primary producers of NOy. Moreover, we show that ammonia-oxidizing
archaea contribute little to NOy yet play a central role in determining nitrogen-cycle rates in forests. Given known relationships between tree species and soil characteristics, we
conclude that NOy emissions are spatially variable, occurring in
hotspots throughout the eastern United States.

D

ecreases in anthropogenic nitrogen oxide emissions and
rises in fertilizer use and global temperatures have increased
the relative importance of soil emissions to the global reactive nitrogen oxide [NOy; NOy = nitric oxide (NO), NO2, nitrous acid
(HONO)] budget (1). While soil emissions of nitrogen oxides associated with agriculture are well studied (2), far less is known about
the sources and sinks of these gases within forests (3), which cover
∼31% of Earth’s surface. Uncertainties in the mechanisms associated with soil–atmospheric exchange of NOy within forests limit our
ability to model atmospheric composition and predict how nitrogen
(N)-cycle processes influence ozone, aerosols, and climate. To advance modeling efforts of these nitrogen oxides, a better understanding is needed of what properties control their emission.
It is well established that NOy are released during the process
of nitrification (Fig. 1), which is the microbiological conversion of
ammonia (NH3) to nitrate (NO3ˉ). Nitrification is one of the most
important steps in the global N cycle (4) in that it facilitates both
the availability of N to plants and microbes and the degree to
which ecosystems lose N via leaching (terrestrial ecosystems) and
gaseous losses (both terrestrial and aquatic ecosystems). Most of
the N transformations that occur during nitrification are mediated
by autotrophic microbes. The initial step in nitrification, NH3
oxidation, involves the oxidation of NH3 to the intermediate hydroxylamine (NH2OH) and eventually nitrite (NO2ˉ). This process
www.pnas.org/cgi/doi/10.1073/pnas.1814632116
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Fig. 1. Overview of soil N-cycle processes showing major transformations
and products. Color shading indicates process grouping: gray (nitrification),
red (nitrifier denitrification), and blue (denitrification).

that AOA require NO as a coreactant during the dehydrogenation
of NH2OH, whereas AOB do not (21), implicating AOB as the
predominant biological source of NO from soil. Furthermore,
Caranto and Lancaster (22) showed that NO is a precursor to
NO2ˉ in AOB via the NH2OH/NO obligate intermediate mechanism, indicating a possible biogenic pathway for aerobic-derived
NO. Evidence for AOB contributing to NO release comes from
culture-based assays showing that AOB produces significantly
more NO than AOA (14, 21). However, this phenomenon has yet
to be demonstrated in a soil matrix, leading to questions regarding
the environmental significance of this proposed mechanism. Furthermore, AOA have been shown to produce N2O via the spontaneous hybrid formation pathway involving the reaction of NO
with NH2OH (23). Thus, elucidating the primary source of NO
emissions may help quantify the relative amount of N2O produced
by archaeal NH3 oxidation. Recently, Taylor et al. (24) reported
an assay for discriminating between AOA and AOB nitrification
through the use of gaseous amendments that selectively bind to
either AOB ammonia monooxygenase (AMO; i.e., 1-octyne) or
both AOA and AOB AMO (acetylene), rendering the enzyme
irreversibly inactive. While this assay has been used to discriminate
sources of NO2ˉ, NO3ˉ (25), and N2O (26, 27) production, it has
not been used to partition the sources of nitrification-derived NO.
Another emerging question is the role of nitrifying microbes in
the production of HONO, which is a major source of atmospheric
OH and NO (28). Vertical gradients of HONO have been observed with the highest concentrations at ground level (29–32),
indicating that HONO production may be a function of biotic and/
or abiotic soil processes. Most studies have implicated abiotic
mechanisms associated with NOx (NO and NO2) chemistry as the
primary driver of HONO production. However, it has recently
been suggested that a portion of the NH2OH produced via NH3
oxidation is released from the soil as HONO (14, 33), assuming
that certain conditions associated with soil pH, water content, and
surface area are met (34, 35). Additionally, biologically produced
NO2ˉ may be protonated to form HONO. A recent study by
Scharko et al. (36) showed that HONO production could be decreased by the addition of nitrification inhibitors, indicating its
association with nitrification. The authors used flux measurements
and amplicon sequencing to determine links between the relative
abundances of AOA, AOB, and NOB and HONO production;
they noted that, in near-neutral pH soils, HONO flux was highest
and AOB were most abundant, whereas in acidic soils, HONO
was lower and AOA dominated, possibly indicating a pHinfluenced source of biogenic HONO. Studies of pure cultures of
AOA, AOB, and NOB indicate that lineages of AOA and AOB
can potentially produce HONO; however, AOB seem to be the
dominant contributors in laboratory cultures (14). The discovery
by Caranto and Lancaster (22) that NO is a necessary intermediate of AOB nitrification may have direct implications on
HONO production. Considering that the NH2OH/NO obligate
intermediate mechanism implicates NO as a direct precursor to
NO2ˉ (22), the relative amount of NO lost from the cell vs. the
amount oxidized to NO2ˉ will directly influence HONO emissions,
especially if a large portion of the produced NO2ˉ is released into
an acidic soil matrix. Similar to NO flux, it is unclear which tax2 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1814632116

onomic group is the major contributor to HONO emissions under
environmental conditions or if there are other biogenic sources of
HONO, such as heterotrophic bacteria and fungi.
Forests are often presumed to be strong sources of NOy (37,
38). However, determining the importance of these gases at an
ecosystem or regional scale has been challenging owing to the high
degree of inter- and intrasystem variability of many N-cycling
processes (7, 39–41). Thus, there is a need to develop predictive
frameworks that identify hotspots for reactive nitrogenous gas
fluxes in forests dominated by different biotic communities and
underlain by variable edaphic properties. Deciduous forests of the
eastern and midwestern United States are generally composed of
a mixture of tree species that associate with either arbuscular
mycorrhizal (AM) fungi or ectomycorrhizal (ECM) fungi. This
mycorrhizal differentiation has been shown to be an effective trait
integrator leading to “biogeochemical syndromes” as summarized
by the mycorrhizal-associated nutrient economy (MANE) hypothesis (42). In general, soils in stands dominated by ECM species have litter and soil pools that are rich in organic N with
relatively large C:N ratios. AM soils are much richer in inorganic
N, possess smaller C:N ratios, and have relatively high rates of net
nitrification (43). Both stand types possess acidic soils (pH 3.5–
5.5), although ECM soils tend to be more acidic than AM soils.
Given that most forests contain a mixture of AM and ECM trees,
“mycorrhizal gradients” (plots varying in their abundance of AM
or ECM trees) represent ideal systems for quantifying sources and
mechanisms of nitrogen oxide production.
In this study, we investigate which factors control aerobic NOy
production in deciduous forest soils of the midwestern United
States and advance a predictive framework for estimating these
fluxes at ecosystem and regional scales. We hypothesize that NOy
fluxes are a function of ammonium oxidizer abundances (especially
AOB, which are presumed to be the primary source of aerobic NOy
production), soil pH, and the abundance of AM-associated tree—all
factors that have been linked previously to high nitrification rates
(42, 44) and can be used to predict fluxes in field soils.
Results and Discussion
AOA Mediate Net Nitrification Rates in AM Soils but Not in ECM Soils.

We observed large differences in net nitrification between AM
and ECM soils and in response to inhibitor additions (Fig. 2).
Overall, net nitrification rates in AM soil were roughly 10 times
higher than rates in ECM soils, which were generally below detection. Greater nitrification rates in AM soils relative to ECM
soils have been observed previously (42, 43), although the underlying factors responsible for this pattern remained elusive.
Inhibitor experiments suggest that AOA are primarily responsible for nitrification in AM soils. However, AOB do contribute to NO2ˉ + NO3ˉ accumulation—albeit to a lesser extent.
The addition of 1-octyne (which inhibits AOB) had limited
effects on nitrification in AM soils, resulting in a decrease of
0.13 μg N per gram of soil per day. However, the addition of
acetylene (which inhibits AOA and AOB) decreased nitrification
(relative to the 1-octyne treatment) by 0.47 μg N per gram of soil
per day, indicating that the AOA populations contribute to nitrification to a greater extent than AOB. In contrast, inhibition of
AOA and AOB had no effect on nitrification in ECM soils.
qPCR was used to quantify the abundance of bacterial and
archaeal NH3 oxidizers [via ammonia monooxygenase subunit A
(amoA)] in soils. We found that, while AOA were more abundant than AOB for a given soil type, there were no differences in
the AOA population between AM and ECM soils (Fig. 3). AOA
abundance explained a significant amount of variability in net
nitrification rates (58%) in AM soil but not in ECM soil (SI
Appendix, Fig. S1), indicating that their comparable presence in
ECM soil was not indicative of NO2ˉ + NO3ˉ accumulation.
Moreover, the addition of acetylene had no significant effects on
net nitrification in the ECM soils, indicating that inhibition of
Mushinski et al.

AOA did not change the net production of NO2ˉ + NO3ˉ. Given
that net nitrification rates were generally below detection limits,
an important question is why ECM soils have such low rates,
although AOA abundance was similar to AM soil. One hypothesis is that the low pH of ECM soils limits nitrification. In a
previous study conducted at the same research site as this study,
Vitousek and Matson (45) showed that the addition of a liming
agent (Na2CO3) increased NO3ˉ production in ECM soils.
However, when we repeated this experiment with our soils, we
were unable to significantly increase nitrification rates, even
when soil pH was raised from 3.5 to 7 and soil was fertilized with
an ammonium supplement (SI Appendix, Fig. S2). Whether the
low nitrification rate in ECM soils results from greater microbial
assimilation of NO3−, thereby preventing net NO3ˉ accumulation
(46), or some other mechanism [e.g., chemical inhibition via
volatile organic compounds (47, 48)] warrants additional study.

NO2 ˉðaqÞ + Fe2+ + 2H+ → NOðgÞ + Fe3+ + H2 O

[R1]

2NO2 ˉðaqÞ + 2H+ ↔ 2HONOðgÞ → NOðgÞ + NO2 ðgÞ + H2 O.
[R2]
Decomposition of NO2ˉ to NO is facilitated at low pH (53),
consistent with the supplementary experiment showing that,
when HONO is flowed over both AM and ECM soils, higher NO

Despite Lower Abundances than AOA, AOB Control NOy Soil Outgassing.

NOy fluxes between AM and ECM soil were quite divergent, with
AM soil producing significantly greater flux of NO, NO2, and
HONO relative to ECM soil (Fig. 4). Furthermore, the difference
in NOy production when select NH3 oxidizers are inhibited (defined as the NH3-oxidizer effect) (described in Methodology) shows
that AOB were the primary drivers of NOy production, which is
contrary to what was shown for nitrification rates. This suggests
that there is some physiological mechanism by which AOB are
more prone to lose nitrification substrates via volatilization relative to AOA. This could primarily be a function of NH2OH loss
and subsequent conversion to NOy by abiotic processes in soil.
Specifically, both AOA and AOB have the potential to release
NH2OH to the extracellular matrix during NH3 oxidation (14).
However, some AOA taxa have been shown to release far less
relative to AOB (49). This may be a result of the uncharacterized
NH2OH-oxidizing enzyme in AOA, which may have a higher affinity for NH2OH relative to the functionally similar one found in
AOB. Thus, it is likely that NOy outgassing under aerobic soil
conditions are initiated by AOB enzymatic activity.
Interestingly, not all NOy gas fluxes behaved identically, indicating possible differentiation in production mechanisms (Fig. 4).
Mushinski et al.

Fig. 3. Quantification of AOB and AOA amoA based on copy number per
gram of soil (n = 8). Inset indicates the ratio of AOA to AOB.
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Fig. 2. Rates of total, 1-octyne, and acetylene net nitrification. Inset indicates the NH3-oxidizer effect on nitrification rates for AM and ECM soil,
which for AOB, is calculated as the difference in nitrification rate between
the no inhibitor and 1-octyne treatments. For AOA, NH3-oxidizer effect is
calculated as the differences between nitrification rate under 1-octyne and
acetylene additions (n = 8).

NO flux values were similar to another incubation-based experiment
using deciduous forest soil from the eastern United States (19). In
regard to inhibitor addition, AM soil NO flux decreased by one-half
when 1-octyne was applied, which was equivalent to NO flux when
acetylene was added. This indicates that, in AM soil, AOB contribute roughly one-half of the NO produced, and the other one-half
can be attributed to abiotic or heterotrophic sources. The observation that AOA did not contribute to NO production is consistent
with the NO intermediate mechanism postulated by Kozlowski et al.
(21) and pure culture observations by Ermel et al. (14). The primary
mechanism for NO production is likely a combined effect of
NH2OH released into the extracellular matrix (49) and subsequent
abiotic processes, the biological-derived release of NO by AOB
during NH2OH oxidation, and NO2ˉ reduction during nitrifier denitrification (22, 50). Any NO produced by AOA is not released
from the cell and rather, is utilized during NH2OH dehydrogenation
(21). NO fluxes in ECM soil were generally low and did not change
in response to inhibitors, indicating heterotrophic or abiotic sources.
Considering the lack of net NO2ˉ + NO3ˉ production in the presence of acetylene, an abiotic mechanism is the most likely NO
source in ECM soils. As shown in a supplementary experiment (SI
Appendix, Fig. S3), where AM and ECM soils were individually
coated on the walls of flow tubes and subjected to HONO, both
soils are capable of abiotically converting HONO into NO, most
likely through reaction R1 where gaseous HONO is deposited on
the soil surface as NO2ˉ and subsequently reacts with iron oxides in
the process of chemodenitrification (16, 35, 51). Alternatively, as
shown in reaction R2, NO may also be formed in acidic soil through
the self-decomposition of NO2ˉ via HONO (52). However, due to
second-order dependence on HONO concentration, R2 is predicted
to be more important at higher concentrations of HONO. Under
environmentally relevant levels of HONO, R1 is likely the more
important pathway for abiotic NO formation:

Fig. 4. Mean fluxes of NO, NO2, and HONO from hours 14, 15, and 16 of
their respective incubation in response to inhibitor additions (n = 8). Inset
indicates the NH3-oxidizer effect on NOy fluxes, where the AOB effect is the
difference in nitrification rate between the no inhibitor and 1-octyne
treatments and the AOA effect is the difference between nitrification rate
under 1-octyne and acetylene additions. NH3-oxidizer effect is based on the
combined effect of all NOy gases (NO, NO2, and HONO).

flux is observed from the more acidic ECM soil. Considering the
decline of NO flux with decreasing water content in ECM soil,
there is also the possibility that denitrification-derived NO is
being produced in anaerobic microsites, which have more access
to O2 as the soil dries out. Alternatively, it could be that the lack
of NO2ˉ + NO3ˉ accumulation in ECM soil is related to higher
NO2ˉ to NO conversion via nitrifier denitrification, which would
prevent accumulation of NO2ˉ and allow AOA to utilize the
produced NO; unfortunately, this cannot be verified, because
quantification of NO2ˉ was made simultaneously to NO3ˉ. Another interesting consequence of the high flux of NO in AM soils
is the potential for higher N2O production via the spontaneous
hybrid pathway (23). On average, N2O flux was negative and
decreased only when AOB were inhibited (SI Appendix, Fig. S4),
indicating that the majority of N2O being produced was from
AOB-derived nitrifier denitrification and was not from AOA via
spontaneous hybrid formation. The overall negative flux (or
sink) of N2O may be a function of the disproportionally large
diversity of organisms able to reduce N2O to N2 without first
producing N2O relative to the low abundance of N2O-producing
taxa, such as AOB (54).
AM soils produced positive flux for NO2, which did not change
with inhibitor additions, while ECM soil produced negative
fluxes that became more positive with the addition of inhibitors;
however, it is unclear what led to this observation. In the atmosphere, NO2 can stem from the reaction of ozone with NO
after it is emitted from soil. Our observations are not affected by
this reaction, since ozone was not present in the zero air used for
our laboratory chamber experiments. Rather, our evidence suggests that the NO2 emitted from AM soil is of biological origin
and that it is likely formed from the reaction of other nitrification intermediates (e.g., the reaction of NO and O2 on soil
surfaces as well as NH2OH decomposition) (55, 56). Previous
studies also suggest NO2 emitted from soil to be of biological
origin, perhaps a product of heterotrophic processes. For example, it was found that NO2 amounted to as much as 10% of
the NOx flux measured (57–59) from agricultural plots. However,
it should be kept in mind that chemiluminescence instruments
used in earlier studies measured NO2 using Mo-converter
channels, which indiscriminately converted other forms of NOy
to NO; this biases the measurement in favor of higher NO2
concentrations (59). Our method of detecting NO2 is not prone
to such artifacts, since we photolyze NO2 at a wavelength
(395 nm) not absorbed by most NOy species and we correct for
the amount of HONO that does absorb at this wavelength (60).
4 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1814632116

Consistent with the other two NOy gases, HONO production
was significantly higher in AM soil. HONO flux was reduced
significantly when 1-octyne was added, indicating that the main
source is AOB nitrification. The likely mechanisms for the production of HONO are enzymatic and abiotic oxidation of
NH2OH (14, 33) with subsequent protonation of NO2ˉ in the soil
matrix. Higher HONO production in AM soils is directly related
to higher levels of net nitrification. The fact that HONO is linked
to AOB activity lends to the idea that AOB are actively nitrifying, although they are in the minority relative to AOA. Additionally, this may indicate that AOA and AOB have a relatively
equivalent rate of NH3 oxidation. However, because of loss
pathways, AOB do not contribute greatly to net nitrification
rates. We suggest that higher AOB contribution to HONO
production is primarily a function of abiotic synthesis from extracellular NH2OH. It should also be mentioned that a fraction
of the HONO flux for all treatments could be a result of NO2 to
HONO conversion through iron (61) and soil organic mattermediated chemistry (62). This is especially true for unamended
ECM soil, where deposition of background NO2 was accompanied by a positive flux of HONO.
On the Mechanisms Responsible for Fluxes of NOy from Forest Soil.

The inhibitor experiments show that AOB are primarily responsible for NOy fluxes while AOA are primarily responsible
for NO2ˉ + NO3ˉ production; however, AOB are also nitrifying.
As noted above, a possible reason for AOB dominance in NOy
production is due to the high affinity of AOA for nitrificationderived substrates, such as NH2OH. We summarize a potential
mechanism for aerobic nitrogen oxide production in Fig. 5. In
short, both AOB and AOA oxidize NH3 to NH2OH. However,
some of the NH2OH produced by AOB is lost from the cell due
to lower affinity for NH2OH, whereupon it is decomposed abiotically to various nitrogenous gases. This initial step in nitrification occurs more frequently for AOB in moderate pH soils,
leading to high NOy fluxes in AM soil relative to ECM soils.
NH2OH produced in the initial step can be directly oxidized by
AOA to NO2ˉ. However, AOB have been shown to produce NO
as an intermediate via the NH2OH/NO obligate intermediate
mechanism, whereas AOA do not (22). In theory, AOB can release this NO from the cell, whereupon it can be utilized by AOA
to dehydrogenate NH2OH, possibly indicating a pseudosymbiotic relationship between AOA and AOB under aerobic
conditions. Because of their more conservative approach to
nitrification intermediates (49), AOA are shown here to be the
primary contributors to NO2ˉ + NO3ˉ production under aerobic

Fig. 5. Proposed mechanism for AOA- and AOB-dependent NOy production. Arrow width symbolizes the amount of substrate being transformed relative to starting substrate (i.e., NH3). Enzymes are listed above
arrows. Cu “P460,” putative copper-containing enzyme; E, unknown nitric
oxide oxidoreductase; HAO, hydroxylamine oxidoreductase; NC, nitrosocyanin; NIR, nitrite reductase; NOR, nitric oxide reductase.
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conditions, whereas AOB contribute less to the nitrification rate
due to some of the initial NH3 being lost from the cell as
NH2OH and NO. It is also possible that some of the produced
NO2ˉ is lost during the transfer from AOA and AOB to NOB
and subsequently protonated to HONO or reduced to NO (52).
Such loss of NO2ˉ during transfer has been shown to be prevalent
in drying soils (53). Considering that both NO and HONO fluxes
decreased when AOB were inhibited, it is possible that NH2OH
oxidation-derived NO is directly related to HONO production,
most likely through the production and subsequent protonation
of NO2ˉ. It is also conceivable that NO2ˉ can be reduced to NO
via the nitrifier denitrification pathway within anaerobic microsites. Following this step, NO can be reduced by AOB to N2O
and N2, or AOA can recycle it during the dehydrogenation of
NH2OH. As noted previously, aerobic N2O production is primarily attributed to AOB (SI Appendix, Fig. S4), indicating that
it is not likely formed from the AOA-derived spontaneous hybrid
mechanism in these soils.
Using a stepwise linear regression, soil pH was found to be the
best predictor of peak NO and NO2 flux, while nitrification rate
best predicted HONO flux (SI Appendix, Table S1). The observation that soil pH explained a significant amount of variation in
NO flux is likely due to a concurrent relationship between AOB
activity and flux. That is, we have shown that the predominant
autotrophic source of NO flux from soil is AOB, which tend to be
most abundant in less acidic environments, such as AM soil (Fig.
3). If the major factor in NO production is the activity of AOB
via NH2OH oxidation and nitrifier denitrification, then it is no
surprise that the predicted fluxes are generally higher in AMdominated forest soil relative to ECM soil. This is predominately
due to the assumed limitations of AOB at more acidic pH as
observed in ECM stands. Other studies have shown higher NO
flux at low soil pH (<4.5), which has primarily been attributed to
higher rates of chemodenitrification (63). Although the AM soil
was more alkaline than the ECM soil, it was still quite acidic (soil
pH 4.8 ± 0.2) and did possess excess nitrification products that
were likely subjected to biotic and abiotic reduction. Considering
that chemodenitrification-derived NO is more prevalent in acidic
soil, not seeing large fluxes from ECM soil was surprising. We
believe that this is a function of low rates of net nitrification,
which will require additional investigation. We see the same
relationship between NO2 flux and soil pH with higher NO2 flux
in less acidic soil. This is to be expected if NO2 stems from an
abiotic reaction involving an NO precursor on soil surfaces. The
relationship between HONO flux and nitrification rate is most
likely a function of biogenic NH2OH and NO2ˉ serving as the
precursor to HONO production.
A map of NOy flux across the eastern United States was
generated using the aforementioned NOy relationships with soil
pH and nitrification rates, which were extrapolated across the
eastern United States using georeferenced plots of known AM
and ECM tree abundance (Fig. 6). This figure illustrates that
there are clear trends in NOy production with putative hotspots
occurring throughout several ecological provinces within the
eastern United States, including the Central Interior Broadleaf
Forest, the Eastern Broadleaf Forest, the Lower Mississippi
Riverine Forest, and the Midwest Broadleaf Forest. The soils
within each of these ecological provinces possess a generally
moderate pH and narrow C:N, which likely correspond to higher
NOy flux via higher rates of NH2OH and NO2ˉ production. By
averaging all predicted NOy fluxes, we estimate that forest soils
throughout the eastern United States produce 147 ± 68 μg NOyN per square meter per hour. Previous studies that have measured fluxes of NOy focused on NO. Studies that report NO flux
values from forests are highly skewed toward ECM forests (SI
Appendix, Table S2), which makes comparisons difficult and ilMushinski et al.
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Primary Controls of NOy Production Can Be Used to Predict Flux.

Fig. 6. Map of estimated NOy flux based on mycorrhizal association for
forest inventory analysis data points throughout the eastern United States.
Areas are segmented into ecological provinces of the eastern United States.

lustrates the importance of our measurements. However, the few
studies that investigate NO flux from AM and ECM soils are in
agreement with our observation that AM soil produces more NO
relative to ECM soil (64, 65). Of our estimated average value for
NOy, 37% is attributed to NO, which corresponds to 52 ± 17 μg
NO-N per square meter per hour. This value is slightly higher
than most field-based measurements of NO (SI Appendix, Table
S2), which is likely a result of our estimates being based on peak
values at optimum soil water conditions. In that regard, our
values may represent the upper bounds of NOy emissions from
forest soil. One drawback of our analysis is the lack of coniferous
forest data. As shown in SI Appendix, Table S2, some coniferous
ECM soils have been shown to surpass deciduous AM soils in
NO flux. Subsequent NOy measurements, calculations, and extrapolations based on the MANE framework will need to take
into account independent tree species abundance in addition to
mycorrhizal status.
Although our NOy flux measurements did not consider all
NOy species (i.e., N2O5, peroxyacyl nitrates, and alkyl nitrates)
and were generated from laboratory incubations from a single
site and season, our estimates provide a direct linkage between
NOy fluxes and overstory forest composition, microbial communities, and edaphic characteristics. Such relationships are
critical for scaling estimates over large geographic regions.
Nevertheless, an important next step is to verify our estimates
using soils collected from other sites and seasons, which will yield
insights on how NOy emissions from AM and ECM soils vary
spatially and temporally (e.g., across different soil mineralogy
and in response to fluctuations in soil moisture, temperature,
and substrate availability). Additionally, the degree to which N
deposition affects regional NOy fluxes is an open question. Although previous investigations indicate that N deposition effects
on NOy emissions may hinge on the type of forest cover and
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other soil characteristics (66), spatial trends of NH4+ and NO3ˉ
deposition (67) coincide with midwestern hotspots that could
have synergistic effects in promoting NOy emissions from AM
soils in these areas. Interestingly, our highest predicted NOy flux
value (273 μg N m−2 h−1 ∼ 24 kg N ha−1 y−1) coincides strongly
with values associated with the highest N deposition values observed in the midwestern United States (>20 kg N ha−1 y−1) (67).
Furthermore, the high levels of N deposition in these areas may
be promoting the establishment of AM trees in previously ECMdominated areas, which would indirectly promote higher rates of
NOy emission from soil (68). Continued work on estimating NOy
flux will inevitably need to take into account other environmental
factors, including climate effects.

were sampled and separated by depth, and then, each depth increment was
pooled to increase mass and reduce environmental heterogeneity [n =
(4 pooled soil samples for each mycorrhizal type) × (2 fertilizer treatments) ×
(2 soil depths)]. Additionally, a separate soil core was taken for bulk density
calculations in each plot. All samples were transferred on ice packs to the
laboratory, where they were aseptically homogenized by hand, and an ∼20-g
subsample was immediately stored at −80 °C for future nucleic acid extraction.
The remaining soil was stored at 4 °C until processing and subsequent analyses.
Given that no fertilizer effects were apparent in the nitrification, qPCR, or gas
flux assays, fertilized and unfertilized samples were pooled for statistical
analysis (n = 8). Additionally, although the 5- to 15-cm depth increment was
significantly different from the 0- to 5-cm increment, for multiple variables, it
did not lead to noteworthy stand-type differences, and therefore, all analyses
noted in Results and Discussion are for 0–5 cm.

Conclusions
We presented evidence that identifies AOA as the predominant
NH3-oxidizing taxa in AM- and ECM-dominated forests stands.
In contrast, AOB are the predominant autotrophic source of
nitrification-derived NOy from soil. We attribute this lack of
AOA-derived flux to their metabolic utilization of NO as a nitrification intermediate, high affinity for NH2OH, and lack of producing NO as an intermediate during NH2OH oxidation. There is
also evidence to suggest abiotic and heterotrophic mechanisms
contribute to nitrogen oxide flux, although additional studies will
be necessary to pinpoint exact taxa and/or mechanisms responsible
for this flux. Our results also contribute to the ever-growing
characterization of differences between AM- and ECM-dominated
stands by showing that AM soils produce significantly more NOy
than ECM soils. This coincides strongly with the already reported
higher rates of net nitrification, narrower C:N ratios, and less
acidic soil pH. We do not believe that the mycorrhizal symbionts
are directly involved in the flux of NOy, but considering that they
do compete for mineral N, there is potential for indirect competition with nitrifying microbes. Finally, soil pH and nitrification
rates were found to best explain NOy fluxes, enabling us to utilize
these relationships to predict NOy flux throughout the eastern
United States based on percentage ECM tree abundance. Using
this framework, we estimate that hotspots may be found throughout
broadleaf forests of the Midwest and the eastern United States
as well as the Mississippi River corridor. Parameterizations based
on widely available data hold promise for improving the accuracy
of land surface models in representing soil NOy emissions to the
atmosphere; however, they will need to be validated before
widespread implementation.
It is particularly important to accurately represent soil NOy
emissions in models that include regions covered in hardwood
forests. Not only is land use change prevalent in these regions,
but high emissions of biogenic volatile organic compounds
(BVOCs), such as isoprene, lead to high BVOC/NOx ratios. This
combined with the fact that troposphere ozone concentrations
have decreased in the United States by 30−40% over the past
decade due to vehicle and point source emission reductions (69)
means that ozone formation in many regions of the eastern
United States will be particularly sensitive to small changes in
NOx. In such NOx-limited regions, soil emissions could be major
drivers of regional atmospheric chemistry.

Soil Physicochemical Analyses. Soil pH was determined by using an Orion pH
meter (ThermoFisher Scientific) on a 1:2 solution of air-dried soil in a 0.01 M
CaCl2 solution. An intact field-moist soil core for each depth (0–5 and 5–
15 cm) was used to calculate bulk density using Eq. 1,

Methodology
Study Area and Soil Sampling. Soil was sampled in August 2017 from a wellcharacterized nitrification gradient at Moores Creek Research and Teaching
Preserve (39°05′ N, 86°28′ W) (43). This area is dominated by fine loamy,
mixed, semiactive, mesic Typic Hapludults in the Brownstown–Gilwood series. Soil from four AM- and ECM-dominated stands (dominance implies >85% of the basal area of the stand) was sampled to a depth of 15 cm
and separated by horizon (O = 0–5 cm; A = 5–15 cm). Each stand represented
two 20 × 20-m2 paired plots, where one plot was treated with (NH4)2SO4 and
NaNO3 granular fertilizer monthly (May to October) since May 2011,
resulting in 50 kg N ha−1 y−1. For each monthly fertilizer application, the
mass ratio of ammonium to NO3ˉ was equivalent. In each plot, five soil cores
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BD =

½msoil − ðmsoil × GWCÞ
,
V

[1]

where BD is bulk density in grams soil centimeter−3, msoil is the total mass of
the soil core, GWC is gravimetric water content calculated as the mass of
water in the soil sample divided by the dry mass of soil, and V is the volume
of the soil core. The pooled samples were passed through a 2-mm sieve to
homogenize the soil and remove large organic fragments, roots, and rocks.
A 10-g aliquot of sieved soil was then dried at 60 °C for 48 h and finely
ground into powder using a mortar and pestle. The pulverized soil was used
to determine the concentration of total soil carbon and total soil N using a
Costech ECS 4010 elemental analyzer (Costech Analytical Technologies Inc.).
Environmental levels of NH4+ and NO2ˉ + NO3ˉ were quantified from 4 g of
sieved field-moist soil with 15 mL of 2 M KCl within 36 h of soil being taken
from the ground and analyzed using a Lachat QuikChem 8000 Flow Injection
Analyzer (Lachat Instruments). The method for measuring NO2ˉ and NO3ˉ
was based on cadmium reduction, where NO3ˉ in the KCl extract is reduced
to NO2ˉ and the concentration is reported as NO2ˉ + NO3ˉ. Soil properties are
summarized in SI Appendix, Table S3.
Quantification of amoA Gene Copy Number. Nucleic acids were extracted from
0.3 to 0.4 g field-moist soil using a DNeasy PowerSoil Kit (Qiagen). To obtain a
field estimate of NH3-oxidizer community size, the abundances of AOA and
AOB were assessed by qPCR of the amoA gene using the same primers and
protocol noted in Mushinski et al. (25) on a QuantStudio 7 Flex Real-Time
PCR System (ThermoFisher Scientific). Amplification efficiencies of 72–83%
and 76–86% were observed for AOA and AOB, respectively, with r2 values >0.95. It should also be mentioned that the primer sets used in this study
do not survey an NO2ˉ-oxidizing bacterial genus Nitrospira, which has recently been reported to also oxidize NH3 (70). The addition of this taxa into
the AOB grouping may lead to an alteration in the AOA:AOB ratio.
Nitrification Rates. Total nitrification rates in the presence and absence of 1-octyne
or acetylene were determined using the AOA/AOB inhibition method described
by Taylor et al. (24) for all samples. Specifically, 10 g of field-moist soil was
weighed out in quadruplicate into 125-mL Wheaton bottles. The bottle openings
were covered with parafilm, and the parafilm was punctured five times to allow
for gas exchange. The parafilm was then covered with a wetted paper towel to
maintain soil water content within the bottle and wrapped in aluminum foil.
Soils were then preincubated in the dark for ∼48 h at ambient room temperature (∼23 °C). After preincubation, one analytical replicate was used to calculate
background NH4+ and NO2ˉ + NO3ˉ levels by immediately extracting soil inorganic N with 25 mL of 2 M KCl. The remaining three analytical replicates were
capped and sealed with butyl stoppers. The second analytical replicate was used
to calculate total nitrification and left unamended. The third analytical replicate
was treated with acetylene (6 μmol L−1) to completely block autotrophic nitrification. Acetylene was prepared by making a 10-fold dilution into 125 (vol/vol)
mL of air and then adding 300-μL aliquots of the mixture to the 125-mL
Wheaton bottle containing soil. The fourth analytical replicate was treated
with 1-octyne (4 μmol L−1) to selectively inhibit bacterial AMO. This AOB inhibitor
was prepared by adding several glass beads to an empty 125-mL Wheaton bottle
fitted with a butyl stopper. Liquid 1-octyne (40 μL) was then added to the bottle
and overpressurized with 100 mL of air. The bottle was shaken vigorously for
1 min, and 2.7 mL of 1-octyne gas was added to the fourth replicate. The three
analytical replicates were incubated at room temperature for 48 h followed by
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Quantification of Soil Gas Fluxes. Fluxes of CO2, N2O, NO, NO2, and HONO were
measured from soil using a continuous flow soil incubation system coupled to a
chemiluminescent NOx + HONO analyzer (Air Quality Design, Inc.) and a cavity
ringdown infrared N2O analyzer (Los Gatos Research, Inc.). A detailed description of the analytical systems can be found in SI Appendix, Fig. S6. Three
analytical aliquots per sample (30 g) were sealed in airtight 125-mL Wheaton
bottles capped with a butyl stopper. The first replicate was normalized to 40%
GWC by adding sufficient ultrapure water to soil and was subsequently used to
quantify total flux from soil. By the end of the experiment, all soils had reached
0% GWC. Fluxes of CO2, N2O, NO, and HONO were measured from soil over the
subsequent 48-h period and calculated according to Eq. 2:

1 Ftot Ci,soil − Ci,blank
Fluxi = ×
.
τ
msoil

[2]

In Eq. 2, τ is the residence time of gas in the chamber, Ftot is the flow of the
carrier gas through the chamber, msoil is the mass of soil, and C i,soil and
C i,blank are the concentrations of analyte gas i (i = NO, NO 2, HONO)
measured within the soil containing and blank chambers, respectively.
By the end of the incubation, soil had achieved 0% water content. It
follows from Eq. 2 that positive fluxes describe net transfer of gases from
soil to air, while negative fluxes represent net transfer from air to soil
(i.e., deposition or consumption).
To inhibit AOB activity, 1-octyne (4 μmol L−1) was added to the headspace
of the second replicate and thoroughly shaken for 5 min followed by a 1-h
rest period to allow for equal diffusion of 1-octyne throughout the soil. The
soil GWC was then normalized to 40% by adding sufficient ultrapure water
to the sealed Wheaton bottle via syringe. Additionally, the antibiotic
kanamycin (final concentration in soil: 220 μg g−1 soil) was added to the soil
during the water content normalization step to inhibit further bacterial
synthesis of AMO (71). Soil was then allowed to preincubate for 24 h at room
temperature. After preincubation, caps were removed from the Wheaton
bottles, and soils were transferred to sterile 100-mm petri dishes and inserted
into the sampling chamber. A third treatment was designed to inhibit all
autotrophic nitrification. In this case, acetylene (6 μmol L−1) was added along
with the following compounds during the water normalization step: (i) the
antibiotic kanamycin (220 μg g−1 soil) to inhibit any further synthesis of bacterial AMO, (ii) the archaeal protein synthesis inhibitor fusidic acid (800 μg g−1
soil), and (iii) the well-known nitrification inhibitor nitrapyrin (200 μg g−1 soil)
to subdue any subsequent autotrophic nitrification. Flux values for all NOy
species from 48-h experiments are shown in SI Appendix, Figs. S7–S11. All
values reported in Results and Discussion are means from 14, 15, and 16 h of
each respective incubation. Fluxes for all N gases (i.e., N2O, NO, NO2, and
HONO) are in nanograms N gram soil−1 hour−1. Results from a mixed model
ANOVA, where gas flux is defined as the dependent variable, are listed in SI
Appendix, Table S4. Combined gaseous N balance for AM and ECM soils at
5–15 cm generally mimicked what was shown at 0–5 cm but was 40–60%
lower. To test the capacity for AM and ECM soil to abiotically produce NO from
the reactive conversion of HONO on soil surfaces, we utilized a jacketed
horizontal flow tube equipped with a movable injector (34, 35) and attached to the chemiluminescence detector. A detailed description of this
procedure is provided in SI Appendix, SI Materials and Methods.
Predicting Gas Fluxes Throughout Forests of the Midwest (United States). Mean
NOy (NO, NO2, and HONO) flux (Pi) in nanograms N gram soil−1 hour−1 was
subsequently converted to micrograms N per square meter per hour using Eq. 3,

1. Romer PS, et al. (2018) Effects of temperature-dependent NOx emissions on continental ozone production. Atmos Chem Phys 18:2601–2614.
2. Bouwman AF, Boumans LJM, Batjes NH (2002) Emissions of N2O and NO from fertilized
fields: Summary of available measurement data. Global Biogeochem Cycles 16:6-1–6-13.
3. Kesik M, et al. (2005) Inventories of N2O and NO emissions from European forest soils.
Biogeosciences 2:353–375.
4. Robertson GP, Groffman PM (2015) Nitrogen transformations. Soil Microbiology,
Ecology and Biochemistry, ed Paul EA (Academic, Burlington, MA), 4th Ed, pp 421–446.
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Pi = Fluxi × SBD × d × 10,

[3]

where Fluxi is gas flux of nitrogen oxide gas i (nanograms N gram soil−1
hour−1), SBD is soil bulk density (estimated at 1.0 g soil cm−3), and d is soil
depth interval in centimeters (5 for the 0- to 5-cm increment or 10 for the 5to 15-cm increment). Using Pi in a stepwise linear regression, we determined
which factors are best suited at predicting peak nitrogen oxide flux. AMand ECM-derived peak flux values for NO, NO2, and HONO (0–5 cm) were
used as response variables, while properties associated with three distinct
categories [microbial community structure (AOA:AOB), background edaphic
properties (soil pH, soil C:N, background NH4+), and process rates (net nitrification rate)] were used as independent variables. Models were selected
based on the lowest Bayesian information criterion. Soil pH and net nitrification rate were found to be the best predictors of gas flux (SI Appendix,
Table S1). We then compiled soil pH and nitrification rate data from eight
AM and ECM sites throughout the Midwest, the eastern United States, and
the southeastern United States. Specifically, four sites were in Indiana (Griffy
Woods, Lilly Dickey State Forest, Moores Creek Research Area, and Morgan
Monroe State Forest), one was in Missouri (Tyson Research Center), one was
in Georgia (Whitehall Forest), one in Wisconsin (Wabikon Forest), and one
was in North Carolina (Duke Forest). These data were then incorporated into
the three NOy-specific linear regressions (NO, NO2, and HONO) compiled
from the stepwise linear regression. We then regressed the predicted NOy
values against percentage ECM basal cover (SI Appendix, Fig. S12), which
explained a significant amount of variation in predicted NOy. The predicted
equation output for NOy in response to percentage ECM was applied to
percentage ECM data compiled from over 78,000 forest inventory plots. NO,
NO2, and HONO values were summed to obtain an estimate of NOy and then
plotted onto a georeferenced map (ArcMap 10.3; Environmental Systems
Research Institute) to obtain an estimate of NOy flux hotspots.
Statistical Analyses. Statistical analyses and graphic visualization were performed using JMP Pro-13 (SAS Institute, Inc.), OriginPro (OriginLab, Inc.), and
R (R Development Core Team). All datasets were tested for normality using
Shapiro–Wilk’s test. When data were not of normal distribution, log10
transformations were applied. For gas fluxes, the mean fluxes at 14, 15, and
16 h were used as normalized values for each biological replicate and analyzed accordingly. Soil biological, physicochemical, and flux data were statistically analyzed using a linear mixed model ANOVA where mycorrhizal
type, fertilizer treatment, soil depth, and their interactions were fixed effects, plot replicate was designated as a random variable and nested within
mycorrhizal type, and soil depth was designated as a repeated measure.
Significant differences were inferred when P < 0.05. When differences were
significant, Tukey’s honest significant differences test was performed to
assess post hoc contrasts. The NH3-oxidizer effect was calculated for net
nitrification rate and NOy gas flux. For AOB, this represents the differences
in net nitrification rate or NOy flux between the no inhibitor and 1-octyne
treatments, while for AOA, this was the difference between 1-octyne and
acetylene additions.
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