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Abstract.  Denitrification plays a critical role in regulating ecosystem nutrient availability
and anthropogenic reactive nitrogen (N) production. Its importance has inspired an increasing
number of studies, yet it remains the most poorly constrained term in terrestrial ecosystem N
budgets. We censused the peer-reviewed soil denitrification literature (1975-2015) to identify
opportunities for future studies to advance our understanding despite the inherent challenges
in studying the process. We found that only one-third of studies reported estimates of both
nitrous oxide (N,O) and dinitrogen (N,) production fluxes, often the dominant end products
of denitrification, while the majority of studies reported only net N,O fluxes or denitrification
potential. Of the 236 studies that measured complete denitrification to N,, 49% used the acety-
lene inhibition method, 84% were conducted in the laboratory, 81% were performed on surface
soils (0-20 cm depth), 75% were located in North America and Europe, and 78% performed
treatment manipulations, mostly of N, carbon, or water. To improve understanding of soil den-
itrification, we recommend broadening access to technologies for new methodologies to mea-
sure soil N, production rates, conducting more studies in the tropics and on subsoils,
performing standardized experiments on unmanipulated soils, and using more precise termi-
nology to refer to measured process rates (e.g., net N,O flux or denitrification potential). To
overcome the greater challenges in studying soil denitrification, we envision coordinated
research efforts based on standard reporting of metadata for all soil denitrification studies,
standard protocols for studies contributing to a Global Denitrification Research Network, and
a global consortium of denitrification researchers to facilitate sharing ideas, resources, and to
provide mentorship for researchers new to the field.

Key words:

INTRODUCTION

Denitrification is widely recognized as an important
biogeochemical process in terrestrial ecosystems that is
inherently difficult to study. As one of few processes that
return reactive nitrogen (N) forms to the unreactive form
of dinitrogen (N), it plays a critical role in regulating
ecosystem nutrient availability and mitigating excessive
anthropogenic production of reactive N (Galloway et al.
2004). When it does not proceed to completion, denitri-
fication can lead to gaseous emissions of nitric oxide
(NO), a smog precursor, and nitrous oxide (N,O), a
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potent greenhouse gas and contributor to stratospheric
ozone depletion (Firestone and Davidson 1989). Mea-
suring soil N, production from denitrification is difficult
in terrestrial ecosystems because of the high atmospheric
background N, concentration (Groffman et al. 2006).
Furthermore, spatial and temporal variability in instan-
taneous point measurements of denitrification leads to
high uncertainty when scaling up the measurements in
space and time (McClain et al. 2003, Groffman et al.
2009). The importance of soil denitrification has moti-
vated many studies, but it remains the most poorly con-
strained term in terrestrial N budgets due to these
inherent challenges (Seitzinger et al. 2006). Here we take
stock of past soil denitrification studies to identify
opportunities for future studies to advance our under-
standing of denitrification despite these challenges.
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Since the turn of the 20th century, denitrification has
been studied as a potentially important fate of fertilizer
N (Voorhees 1902). Nitrogen mass balance estimates
have suggested that denitrification rates are indeed much
higher in intensive agroecosystems than in natural
ecosystems and non-intensive agroecosystems (Seitzin-
ger et al. 2006). However, denitrification fluxes estimated
by N mass balance remain uncertain due to the difficulty
in measuring biological N fixation, which is the domi-
nant input of N in unmanaged ecosystems (Galloway
et al. 2004). For example, in the tropics where ecosys-
tem-level biological N fixation rates are suspected to be
higher than measured (Cleveland et al. 1999, Houlton
et al. 2008, Hedin et al. 2009), N mass balance model
predictions of low to moderate denitrification rates may
be underestimates (Seitzinger et al. 2006, Bouwman
et al. 2013). An isotope mass balance model, which esti-
mates N losses from denitrification based on 8'°N differ-
ences between the soil pool and atmospheric inputs,
suggests that denitrification rates in some areas of the
tropics could be as high as those in intensive agricultural
regions (Fig. 1; Wang et al. 2017). However, this isotopic
approach also has high uncertainty associated with error
propagation. Therefore, empirical denitrification mea-
surements are needed to validate both N and isotope
mass balance model predictions. Given that soil denitri-
fication rates were thought to be relatively low in natural
ecosystems, past studies may have had an ecosystem or
geographic bias that exacerbates uncertainty in
denitrification estimates for these ecosystems relative to
agroecosystems.

Challenges associated with measuring soil N, produc-
tion rates have hindered efforts to constrain the
contribution of denitrification to terrestrial ecosystem
N budgets. Despite numerous studies concluding that
the commonly used acetylene inhibition technique
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underestimates denitrification rates, this method remains
popular. Other methodologies commonly used in soil
systems, such as '’N-nitrate (NO;”) tracer or helium
flow through core incubations, do not exhibit the same
measurement bias but appear relatively limited in their
adoption. Additionally, these methods are all predomi-
nantly laboratory based. The removal of soil from the
in situ environment has long been recognized to cause a
change in soil conditions that could alter measured deni-
trification rates from those exhibited in the field (Voor-
hees 1902). In addition, a discrete soil depth increment
must be sampled such that the contribution of subsoil to
ecosystem-scale fluxes may not be taken into account. In
response to a highly cited call for improved methodolo-
gies for measuring soil N, production (Groffman et al.
2006), the "*N-N,O pool dilution technique was devel-
oped to measure in situ gross N,O fluxes in the field
(Yang et al. 2011). This method may not capture all N,
production, such as from complete denitrification occur-
ring within anaerobic soil microsites (Well and Butter-
bach-Bahl, 2013, Yang et al. 2013, Wen et al. 2016).
However, it is currently the only method that provides
much-needed field measurements of gross N,O emis-
sions and uptake under undisturbed conditions (Yang
et al. 2011, Yang and Silver 2016a, b, Wen et al. 2017).
Most recently, natural abundance ISNN soil profiles
were used to estimate in situ field rates of soil N, pro-
duction by biological processes (Yeung et al. 2019).
Although the adoption of new methodologies may be
slow, analyzing trends in the use of older methodologies
could provide insight into how we can accelerate this
process.

Even if soil N, production could be easily measured,
an understanding of controls on denitrification rates and
the relative contribution of denitrification end products
would be necessary to accurately scale up measurements

Fic. 1. Geographical distribution of study site locations for soil denitrification studies published during the period of 1975—
2015 (red points) overlaid on the global distribution of denitrification rates predicted for the year 2000 by Wang et al. (2017) using
an isotope mass balance model. This model estimates N outputs in 10 x 10 km grid cells by N mass balance and estimates the den-
itrification fraction of N outputs using the 3'°N soil N and atmospheric inputs (biological N fixation + atmospheric deposition)
together with enrichment factors associated with leaching, denitrification gas loss, and ammonia volatilization.
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for ecosystem N budgets. On the one hand, this under-
standing would inform when and where to conduct mea-
surements to appropriately account for hot spots and
hot moments of denitrification in empirically deter-
mined N budget estimates. On the other hand, this
understanding could help improve the representation of
denitrification in process models used to estimate deni-
trification rates at scales relevant to ecosystem N bud-
gets (Boyer et al. 2006, Groffman et al. 2009). Treatment
manipulations of soil moisture (or oxygen; O,), NO; ™,
carbon (C), and pH have been used to demonstrate that
these variables regulate denitrification rates and the rela-
tive contribution of denitrification end products (Fire-
stone et al. 1979, Weier et al. 1993). While this approach
is commonly used to determine the role of an indepen-
dent variable in controlling a process of interest, the
change in soil conditions caused by treatment manipula-
tions represents a perturbation that can influence deni-
trification rates. Manipulative studies, therefore, can
elucidate factors regulating the development of denitrifi-
cation hot moments but may be less relevant for under-
standing spatial variability in denitrification rates likely
driven by environmental heterogeneity. Relying on
manipulative studies therefore could contribute to inac-
curacy in ecosystem-level denitrification flux estimates.

How we have studied soil denitrification in the past
has left gaps in knowledge that can be filled despite the
inherent challenges in studying this process. To assess
this, we performed a census of soil denitrification studies
in the peer-reviewed literature over a 40-yr period (1975—
2015) and used metadata from these studies to identify
gaps in prior research efforts. Where research gaps align
with major uncertainties in understanding soil denitrifi-
cation, we make recommendations for how we can
address those gaps. Since N,O and N, are often major
denitrification end products, we limited the census to
studies that included empirical measurements of both
N,O and N, fluxes. Fluxes of NO, typically a minor end
product of denitrification, are rarely measured along
with N>O and N, fluxes. Thus, we did not consider NO
in this census. However, we acknowledge that NO pro-
duction may represent a significant N source in some
terrestrial ecosystems such as in chaparral forests and
arid agricultural landscapes (Davidson and Kingerlee
1997, Almaraz et al. 2018).

METHODS

We compiled a database of 236 upland soil denitrifica-
tion studies published in peer-reviewed journals between
1975 and 2015 (Data S1: Denitrification Studies). We
searched the following terms using Web of Science:
“total denitrification,” “nitrous oxide AND dinitrogen,”
“acetylene inhibition,” “dinitrogen,” “dinitrogen AND
denitrification,” “N,O mole fraction,” “N,O yield,”
“nitrous oxide yield,” and “denitrification AND soil.”
We excluded studies conducted in wetlands, engineered
systems (e.g., bioreactors, pit toilets), and those that
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measured only potential denitrification rates or that
reported net N,O fluxes without estimates of N,
production.

High variability in experimental parameters and the
time scale of measurements precluded a quantitative
meta-analysis of denitrification rates, thus we extracted
only metadata from the studies in our database.
Extracted metadata describing study site characteristics
included the setting (i.e., laboratory or field), the type of
ecosystem (i.e., desert, grassland, pasture, cropped agri-
culture, woodland, or shrubland/heath), the continent,
and the Holdridge life zone based on mean annual
temperature and precipitation for the study location
(Holdridge 1967). Extracted metadata describing experi-
mental designs included the method used to estimate N,
production rates (Table 1); the variables that were
manipulated, the type of denitrification rates reported
(i.e., instantaneous vs. cumulative), the time frame of the
study (hours—years), the soil depth increments sampled,
and whether or not the soils were sieved. “Other” denitri-
fication measurements include '>N-N,O pool dilution
technique, isotopologues, membrane inlet mass spec-
trometer, or combined methods (e.g., N, flux determina-
tion by a '*N-aided gas flow soil core system with an
artificial atmosphere). We considered two types of
manipulations: “treatment manipulations” describe
manipulations imposed to test for treatment effects and
“protocol-based manipulations” describe manipulations
imposed on all samples as part of the denitrification
measurement protocol. For example, when N was added
to treatment samples and not to control samples to test
for the effect of N addition, we classified the N addition
as a treatment manipulation. In contrast, when N was
added to all soil samples in the experiment as part of the
I>N tracer method, we classified the N addition as a pro-
tocol-based manipulation. Compost amendments were
counted as C and N manipulations, whereas low-N
organic matter (e.g., straw) amendments were counted as
C manipulations only. Studies that included measure-
ments at multiple locations, multiple experimental treat-
ments, or that used multiple approaches were counted
for each category that applied within a given parameter.
Therefore, the total number of studies for a given param-
eter sometimes exceeds the 236 total number of studies
in the database. We reported the data for each parameter
as total counts per category or as the percentage contri-
bution of each category to the total number of studies.

RESULTS

The annual number of peer-reviewed studies published
on upland terrestrial denitrification has grown over time
(Appendix S1: Fig. S1). Acetylene inhibition was the
most commonly used method for measuring N, produc-
tion (57%), followed by the "N-NO;~ tracer method
(26%) and the direct measurement method (15%;
Fig. 2a). Acetylene inhibition has consistently been the
most commonly used method, accounting for 64%, 73%,
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TaBLE 1. Recommendations for standard metadata and units
to be reported in all future soil denitrification studies.

Metadata Units

see Table 2 for
method names

intact core,
homogenized by
gentle mixing, or
homogenized by

Method used to measure N,
production rates

Soil sample treatment

sieving
Control N, flux ug N-g~'.d ' or
mg N-m 2.d™!
Control N,O flux ug Nog~'.d ' or
mg N-m2.d™!
Soil NH," concentration ng N/g
Soil NO;™ concentration ng N/g
Soil total N concentration Y%
Soil organic C concentration %
Antecedent soil moisture %
(gravimetric)
Experimental soil moisture %
(gravimetric)
Headspace oxygen Yo
Soil temperature °C

Soil pH in water (1:1 ratio of fresh
soil mass to water volume)

Bulk soil density g/em’®

Soil texture % sand/% silt/% clay

Topographic position ridge, slope, or
valley/depression

logarithmic scale

and 59% of studies in the 1980s, 1990s, and 2000s. The
use of ""’N-NO; ™ tracers has decreased from 50% in the
1980s to 27% in the 2000s. In contrast, the use of direct
measurements has increased from 7% in the 1990s, when
these approaches were first introduced, to 19% in the
2000s. Most denitrification rates were reported as instan-
taneous rates (74%) rather than cumulative rates esti-
mated over the entire study period (Fig. 2b).

Across all studies 78% performed treatment manipula-
tions (Fig. 2c) and 71% performed protocol-based
manipulations (Fig. 2d). Nitrogen (37%), water (22%),
and C (21%) addition were the most common treatment
manipulations (Fig. 2c) whereas N (32%), water (27%),
and O, (22%) were the most common protocol-based
manipulations (Fig. 2d). In 45% of studies, multiple
treatment manipulations were imposed. Only 38% of
studies used sieved soils (Fig. 2e). Of the 206 laboratory
studies, few included soils sampled below 20 cm depth
(19%), with 0-10 and 0-20 cm depths being the most
common increments sampled (36% each; Fig. 2f).

We observed a geographical bias in the distribution of
published studies. Most studies were conducted in North
America and Europe (176 studies; 74%), with only three
studies in South America and two studies in Africa
(Fig. 2a). Managed ecosystems were studied more fre-
quently than natural ecosystems, with cropped agricul-
tural and pasture systems accounting for 39% and 14%
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of total studies, respectively (Fig. 3b). Unmanaged
grasslands (15%) and woodlands (17%) were also com-
monly studied. Shrubland/heath (1%) and desert (0.4%)
studies were rare (Fig. 3b). In terms of Holdridge life
zones with respect to precipitation, one-half of the stud-
ies were in semiarid climates, whereas 32% of the studies
were in subhumid climates (Fig. 3c). Only seven studies
were conducted in wetter climates, ranging from humid
to super-humid (Fig. 3c¢). With respect to temperature,
70% of studies were in temperate climates, while only
17% of studies were in subtropical and tropical climates
(Fig. 3d). The majority of experiments were conducted
in the laboratory (85%; Fig. 3e). The time frames of the
studies were roughly equally distributed among time
scales from hours to years (Fig. 3f).

DiscussioN

Looking back

Our census revealed several gaps that must be
addressed to advance our understanding of soil denitrifi-
cation. Some of these gaps may not be surprising given
the difficulty in measuring soil N, production rates, par-
ticularly in the field or in remote locations such as the
tropics. However, there are other gaps, such as the lack
of subsoil or unmanipulated soils data, that will be
easier to address. Here we discuss these gaps as well as
issues with standardization across studies that we identi-
fied in the process of conducting the census.

While the acetylene inhibition method has been
known for decades to generate underestimates of denitri-
fication rates (Knowles 1990, Groffman et al. 2006,
Sgouridis et al. 2016), its continued prevalence suggests
that its low cost and ease of use is a primary considera-
tion in selecting a method for measuring soil N, produc-
tion (Fig. 2b). In recent years, more studies have
included direct measurements of N, production using a
gas flow soil core incubation system, which is regarded
as yielding more accurate estimates of denitrification
rates than acetylene inhibition (Groffman et al. 2006).
However, this method is being applied by only a handful
of research groups worldwide who have the custom-built
instrumentation necessary to use this technique
(Data S1: Denitrification Studies). Similarly, the newer
1SN-N,O pool dilution technique is employed by only a
few research groups who possess the trace gas precon-
centration units needed for N,O analysis on isotope
ratio mass spectrometers. The newest >N'°N technique
for measuring in situ N, production rates requires
expensive ultra-high-resolution mass spectrometers cap-
able of clumped isotope analyses, also making this
approach inaccessible to many researchers. The contin-
ued development of improved methodologies is exciting,
but to truly advance soil denitrification research, the
training and specialized instrumentation needed to use
these methods must be more broadly accessible.
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Fic. 2. Census of metadata from upland soil denitrification studies from 1975 to 2015: (a) method used for measuring N, pro-
duction rates, (b) cumulative vs. instantaneous rates reported, (c) treatment manipulation (i.e., imposed only on experimental treat-
ment samples to test for treatment effects), (d) protocol-based manipulation (i.e., imposed on all samples as part of the protocol
used to measure N, production), (e) whether or not soil samples were sieved, and (f) maximum soil depth measured. Bars represent
the percentage of all studies; numbers to the right of each bar indicate the total number of studies.

Most laboratory studies (81%) have focused on sur-
face soils (0-20 cm depth; Fig. 1d) because soil organic
C, NO;™, denitrifier abundance, and denitrification
potential decrease exponentially with soil depth (Uksa
et al. 2014, Yang and Silver 2016a, Chen et al. 2018).
Although subsoils may exhibit substantially lower deni-
trification rates, when integrated over a larger mass com-
pared to surface soils, they may account for a large
proportion of ecosystem-scale denitrification (van
Cleemput 1998, Jahangir et al. 2012). This could poten-
tially explain the absence of groundwater NO3~ contam-
ination in some agricultural regions (Yu et al. 2019). In
addition, depth variation in microbial community com-
position, including in the diversity of denitrifiers, could
lead to differential controls on denitrification in surface
vs. subsoil horizons (Uksa et al. 2014, Barrett et al.
2016). Therefore, there is a need for more research
emphasis on subsoil denitrification to determine its
importance to ecosystem N loss to characterize controls
on process rates at depth.

Most studies involved soil manipulation as an experi-
mental treatment or as part of the protocol for

measuring soil N, production rates. The enzymes
responsible for the different steps in denitrification expe-
rience transient responses to changes in soil conditions
(Firestone et al. 1980, Letey et al. 1980b). Therefore, the
timing of sampling after the manipulation is imposed
and the study duration greatly influence how the role of
the potential controlling variable is deduced from instan-
taneous rates and cumulative rates, respectively. To bet-
ter assess controlling variables on denitrification,
denitrification rates should be measured on collections
of unmanipulated soils that naturally exhibit wide
ranges in independent variables such as C, N, soil mois-
ture, and pH. This necessitates researchers selecting
methodologies that do not require manipulating these
variables to measure soil N, production rates, particu-
larly for studies across natural gradients (Appendix S1:
Table S1).

Few studies have been conducted in the tropics where
the contribution of denitrification to ecosystem N loss is
poorly constrained by mass balance estimates. Instead
the majority of studies have been concentrated in semi-
arid and subhumid temperate ecosystems in North
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Fic. 3. Census of metadata describing the spatiotemporal context of upland soil denitrification studies from 1975 to 2015:
(a) continent on which study site was located, (b) ecosystem type, (c, d) climate based on Holdridge life zones (mean annual
temperature and precipitation), (e) experimental context (laboratory vs. field), and (f) measurement time frame. Bars represent the
percentage of all studies; numbers to the right of each bar indicate the total number of studies.

America and Europe where high fertilizer inputs support
agricultural productivity and stimulate denitrification
(Hofstra and Bouwman 2005). We speculate that logisti-
cal challenges in conducting research in the tropics
combined with the expectation of relatively low denitrifi-
cation rates in natural ecosystems have led to the low
number of tropical studies. However, the warm tempera-
tures, high precipitation, and rapid N cycling that char-
acterize the humid tropics would presumably lead to
high denitrification rates. In fact, numerous modeling
studies have suggested large N emissions from the trop-
ics (Houlton et al. 2006, Zhuang et al. 2012, Brookshire
et al. 2017). With agricultural intensification occurring
at a fast rate in the tropics (Lewis et al. 2015), denitrifi-
cation will play an even more important role in N
cycling in these regions, thus it will become increasingly
critical to improve estimates of tropical denitrification
rates.

In addition to research gaps, we found a lack of stan-
dardization across studies that limits our ability to
synthesize knowledge from the body of soil denitrifica-
tion literature. Most importantly, we observed that

“denitrification rate” is a term often applied to measure-
ments of net N,O fluxes and denitrification potential,
which are used as proxies for denitrification rates. How-
ever, net N,O fluxes provide no insight into total denitri-
fication rates because N»O yield (i.e., N,O/(N, + N,0))
varies over the entire range from 0 to 1 in terrestrial
ecosystems (Schlesinger 2009). Likewise, denitrification
potential, measured in soil slurries under anaerobic con-
ditions with an abundant supply of NO;~ and glucose,
likely does not reflect denitrification rates in the environ-
ment (Yeomans et al. 1992). The conflation of net N,O
fluxes and denitrification potential with N,O and N,
production rates clouds our ability to discern controls
on actual denitrification rates. We also observed that
metadata providing potentially important environmental
context for interpreting experimental results were vari-
ably reported across studies. For example, antecedent
soil moisture can affect the response of denitrification to
changes in soil moisture (Letey et al. 1980a, Bergster-
mann et al. 2011). The topographic position from which
soils were collected can also mediate the response of den-
itrification to changes in soil moisture (Krichels et al.
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TaBLE 2.  Comparison of empirical methods used to measure soil N,O and N, production.
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Recommended Caution in data
Method Strengths Weaknesses applications interpretation
Acetylene Targets N, production Can estimate negative N,  Comparisons of Measured N, production
inhibition.Estimates N,  from denitrification; production rates due to instantaneous rates are likely
production as the has high throughput soil heterogeneity fluxes among sites underestimates due to
difference between so can include more between control and or experimental acetylene inhibition of
N,O production in the ~ samples in acetylene-treated treatments. nitrification and

absence and presence
of acetylene, which
inhibits N,O reduction
to N, (Yoshinari and
Knowles 1976)

Direct measurement
(i.e., helium gas flow
incubation
systems).Measures
N20 and Nz
production from intact
soil cores incubated
under an N,-free
headspace (Butterbach-
Bahl et al. 2002)

>N-NO;
tracer.Measures °N,O
and >N, production
rates by tracing '°N
label from soil NO;~
pool into the N,O and
N, pools (Hauck and
Melsted 1956)

5N-N,O pool dilution.
Estimates gross N,O
emission and uptake
rates from the isotopic
dilution and
disappearance of added
ISN-N,0, respectively
(Yang et al. 2011)

Ns:Ar.Estimates N,
production rates from
changes in the N,:Ar
ratio in the headspace
of a surface flux
chamber or from soil
depth profiles of N,:Ar
ratios (Yang and Silver
2012, Fox et al. 2014)

experimental design;
is broadly accessible
because requires only
a gas chromatograph,
low cost, and easy to
learn.

Directly measures N,
production as
opposed to
estimating rates from
indirect
measurements;
measures N,O and
N, production from
the same soil core to
enable accurate
estimate of N,O
yield; has low
detection limit; does
not require addition
of substrates or
inhibitors.

Targets N,O and N,
production from
denitrification.

Can be used for in situ
measurements in the
field; targets N,O
reduction to N, by
denitrification.

Can be used to
measure in situ rates;
does not require
addition of substrates
or inhibitors.

samples; has limited
in situ capability.

Has low throughput;
requires custom
instrumentation; cannot
be used to measure
in situ rates.

Has low throughput;
has high cost for °N
label; requires an isotope
ratio mass spectrometer;
has limited in situ
capability due to
requirement for
homogenous >N label
distribution.

Has low throughput;
requires an isotope ratio
mass spectrometer
interfaced with a trace
gas preconcentration unit
for sample analysis; has
high cost for *'N-N,O
gas.

Does not target N,
production from
denitrification; has high
detection limit; requires a
dual inlet isotope ratio
mass spectrometer and
vacuum line for gas
purification for high
precision N,:Ar analysis,
or a membrane inlet
mass spectrometer.

Comparisons of
instantaneous
fluxes among sites
or experimental
treatments.

Experiments in
N-rich
environments, such
as fertilized
agricultural fields.

Field measurements
using surface flux
chambers to obtain
in situ estimates;
experiments in
which soils are not
flooded, thereby
facilitating gas
exchange between
the chamber
headspace and soil
pores (e.g.,

SN-N,O diffusion
into the soil).

Currently not
recommended for
upland soils due to
high detection limit
(Yang and Silver
2012).

incomplete inhibition of
N,O reduction by
acetylene (Knowles 1990);
differences in soil texture
or moisture among
samples can affect
acetylene diffusion, leading
to variability and/or bias in
measured rates (Knowles
1990).

N, and N,O production
cannot be attributed solely
to denitrification because
the method does not
partition sources of N,
and N,O (e.g., anammox
or Feammox could
contribute to N,
production; nitrifier
denitrification or
chemodenitrification could
contribute to N,O
production); measured
rates may overestimate
N>O relative to N,
production due to high
surface area exposure to
an aerobic headspace.

Measured rates may be
overestimates because 1°N
label addition may
stimulate process rates,
especially in environments
with low background
NO;™ (Yang et al. 2014);
measured rates may be
biased if "N label is not
homogenously distributed
(Boast et al. 1988).

Estimated gross N,O
uptake rates cannot be
equated with N,
production rates because
of unknown N, production
occurring in isolated soil
microsites (Wen et al.
2016); in a field setting, an
unknown depth of the soil
profile is probed by this
method (Yang et al. 2011).
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TaBLeE 2. (Continued)

Recommended Caution in data
Method Strengths Weaknesses applications interpretation
Clumped isotopes of Can be used to Does not target N, Field measurements  Estimated N, production

N,.Estimates N,
production rates based
on soil depth profiles
of Az values
representing the
proportional

deviation in '*N'"*N
abundance from a
random distribution of
YN and '°N isotopes in
N, (Yeung et al. 2019)

measure in situ rates;
does not require

or inhibitors.

analyses.

production from
denitrification; requires
addition of substrates  costly ultra-high
resolution isotope ratio
mass spectrometer for
clumped isotope

using soil depth
profiles to obtain
in situ estimates.

rates depend on the
assumptions used to
estimate rates from soil
depth profiles of As; this
new method has not yet
been evaluated across soil
and ecosystem types, so
potential biases and
artifacts are not yet fully
understood.

2019), possibly due to differences in soil C availability or
microbial community composition (Suriyavirun et al.
2019). The use of more precise terminology for mea-
sured process rates along with standard reporting of
metadata (Table 2) will help resolve these issues to
enable future synthesis.

Looking ahead

Here we summarize the research gaps and issues we
identified from our census and present specific recom-
mendations to address them:

1. New and improved methods for denitrification have
not yet been widely adopted by the scientific commu-
nity, hindering our understanding of field rates of
denitrification and associated controls. The establish-
ment of denitrification research centers for collabora-
tive science or as contract laboratories will increase
access to the instrumentation required for using
improved methodologies, thereby facilitating their
broader use. Given that no method is perfectly suited
for addressing all denitrification-related questions
(Appendix S1: Table 1), researchers should ideally
use a combination of methods complementary in
their strengths and weaknesses, and also consider
how the weaknesses affect data interpretation
(Table 1).

2. A better understanding of how denitrification rates
vary across the soil profile is needed to more accu-
rately estimate ecosystem N budgets. Future studies
should include both surface and subsoil measure-
ments to better constrain the contribution of subsoils
to ecosystem N loss and to determine controls on
denitrification in surface soils vs. subsoils.

3. While manipulations can help elucidate drivers of
denitrification pulses in response to changes in envi-
ronmental conditions, the use of unmanipulated con-
trols as well as studies of natural gradients are needed
to better understand background patterns in N gas
emissions.

4. Tropical soils are generally assumed to have high den-
itrification rates, yet more data are needed to validate
this prediction. International collaborations involv-
ing local researchers in the tropics will help overcome
logistical challenges of assessing denitrification in
tropical systems.

5. The term denitrification rate is often inappropriately
used to describe net N>O fluxes or denitrification
potential that do not reflect actual denitrification
rates, or to describe N,O and N, gas fluxes that can-
not be attributed solely to denitrification. Research-
ers must use precise terminology or employ methods
that target denitrification to avoid confounding deni-
trification with other processes.

6. The metadata needed to interpret soil denitrification
data within the relevant environmental context and
to synthesize results across studies are too often
excluded from published studies. We suggest that
future studies include a standard suite of metadata
(Table 2) to facilitate future meta-analyses and
synthesis.

A vision for soil denitrification research

The many scientific and logistical challenges faced by
soil denitrification researchers require that we work
together as a community to overcome these challenges.
We envision three paths for coordinating research efforts
while recognizing that researchers should retain the flexi-
bility to design experiments for their specific aims. First,
at a minimum, researchers should report a standard
suite of metadata to facilitate interpretation of their den-
itrification data within the larger body of literature
(Table 2). Second, we propose creating the Global Deni-
trification Research Network (GDRN) modeled after
the Nutrient Network (NutNet), a coordinated research
network that facilitates cross-site experiments and syn-
theses of studies in which data are collected in a consis-
tent manner (Borer et al. 2014). For researchers who
want to participate in GDRN, we have provided a mini-
mum protocol to standardize the collection of data from
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control treatments in experimental studies or collections
of soils across natural gradients in observational studies
(Appendix S1). This coordination will be critical for elu-
cidating controls on denitrification in unmanipulated
soils because syntheses across studies will likely need to
span sufficiently wide ranges in controlling variables to
determine their hierarchical importance. Third, to facili-
tate research coordination, we propose forming a con-
sortium of denitrification researchers to facilitate
sharing ideas, resources, and to provide mentorship for
researchers new to the field. The inclusion of well-
instrumented labs as part of the consortium would help
support information and technology transfer and
increase standardization among research groups. Con-
currently pursuing these three paths for coordinated
research will help us further advance understanding of
soil denitrification.
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