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Abstract

Denitrification is an important component of the nitrogen cycle in soil, returning reactive nitrogen to the atmosphere.
Denitrification activity is often concentrated spatially in anoxic microsites and temporally in ephemeral events, which
presents a challenge for modelling. The anaerobic fraction of soil volume can be a useful predictor of denitrification in
soils. Here, we provide a review of this soil characteristic, its controlling factors, its estimation from basic soil properties
and its implementation in current denitrification models. The concept of the anaerobic soil volume and its relationship
to denitrification activity has undergone several paradigm shifts that came along with the advent of new oxygen and
microstructure mapping techniques. The current understanding is that hotspots of denitrification activity are partially
decoupled from air distances in the wet soil matrix and are mainly associated with particulate organic matter (POM) in the
form of fresh plant residues or manure. POM fragments harbor large amounts of labile carbon that promote local oxygen
consumption and, as a result, these microsites differ in their aeration status from the surrounding soil matrix. Current
denitrification models relate the anaerobic soil volume fraction to bulk oxygen concentration in various ways but make
little use of microstructure information, such as the distance between POM and air-filled pores. Based on meta-analyses,
we derive new empirical relationships to estimate the conditions for the formation of anoxia at the microscale from basic
soil properties and we outline how these empirical relationships could be used in the future to improve prediction accuracy
of denitrification models at the soil profile scale.
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Introduction

Denitrification in soil fuels global warming and the loss of
reactive nitrogen (N) to the atmosphere. Global denitrifica-
tion rates have been increased by approximately 20% since
preindustrial times (Galloway et al. 2004; Schlesinger 2009)
and the N,O emissions as a by-product of denitrification
have increased atmospheric concentrations by 2% per decade
over the last four decades, mainly due to soil N,O emis-
sions from agriculture (Tian et al. 2020). Denitrification is
a microbial respiratory process that uses nitrogen species
as electron acceptors and involves a cascade of reduction
steps from soluble nitrate (NO; ) via intermediates (NO, ",
NO, N,0) to gaseous dinitrogen (N,) (Philippot et al. 2007;
Zumft 1997). Soil denitrification requires the presence of
suitable electron donors (e.g. organic carbon), nitrogen spe-
cies (mainly nitrate), the shortage of oxygen as the predomi-
nant electron acceptor and a microbial community with the
metabolic capacity to denitrify (Firestone 1982; Philippot
et al. 2007; Robertson and Groffman 2007).

The timing and magnitude of N,O emissions are notori-
ously difficult to predict, leading to considerable uncertainty
in N budgets and ecosystem modelling (Groffman et al.
2009; Tian et al. 2020). The difficulty in prediction is due to
the fact that denitrification in most soils, particularly in the
well aerated uplands, occurs within sub-cm to few-cm sized
microsites (Robertson 2023). The denitrification hotspots are
rich in labile carbon and nitrogen species but poor in oxygen,
despite the presence of oxygen everywhere else in the soil;
they are transient in nature, and can be extremely variable in
time and space. The variability is due to the interplay of the
abovementioned denitrification prerequisites. For example,

i) Denitrification completeness, often expressed by the
product stoichiometry, N,O/(N,O +N,), can vary widely
in soils depending on environmental factors. Low tem-
perature (Holtan-Hartwig et al. 2002), low pH (Bakken
et al. 2012; Cuhel and Simek 201 1; Simek and Cooper
2002; Xu et al. 2023), copper deficiency (Shen et al.
2020), and nitrate excess (Igbal et al. 2015; Senbayram
et al. 2019; Weier et al. 1993) can reduce denitrification
completeness. Water excess near full saturation (Friedl
et al. 2016; Guo et al. 2014) and prolonged anaerobic
conditions (Friedl et al. 2016; Senbayram et al. 2022;
Weier et al. 1993) can increase it. Of these contribu-
tors, only soil temperature can be expected to vary in
a predictable manner across the soil profile, while the
remaining soil properties can vary widely within just a
few mm to a few cm of intact soil matrix.

ii) Denitrification completeness also depends on the abun-
dance of organisms capable of completing the final
denitrification step (Cavigelli and Robertson 2001;
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Philippot et al. 2011). Furthermore, there are different
regulatory phenotypes that alter the timing and mag-
nitude of intermediates (Bergaust et al. 2011), and the
heterogeneous distribution of microorganisms in space
is notorious (Bach et al. 2018). Both the normalized
abundance of denitrification genes (Schlatter et al. 2019)
and the denitrification potential (Casey et al. 2004) have
been reported to be greater in the vicinity of earthworm
burrows and other macropores, suggesting that the soil
microstructure may have a lasting effect on patterns of
denitrification activity.

iii) Just because soil turns anoxic during wetting and
switches to anaerobic respiration, does not mean that
denitrification will occur, as nitrate can be limiting
(Hgjberg et al. 1994; Myrold and Tiedje 1985).

iv) When all other conditions are met, denitrification, in
contrast to iron or sulfate reduction, occurs regardless of
the quality of organic carbon, i.e. the degree of reduction
(Keiluweit et al. 2016; Lacroix et al. 2023). However,
the high microbial activity in hotspots fueled by easily
degradable organic compounds facilitates denitrification
due to local oxygen shortage in otherwise well-aerated
soils. These hotspots formed on decomposing plant or
animal residues can be a major driver of uncertainty in
N,O emissions (Parkin 1987).

Although the presence of microbial hotspots and their
heterogeneous distribution in soil are generally accepted
(Groffman et al. 2009; Kuzyakov and Blagodatskaya
2015), there are knowledge gaps especially at small spa-
tial scales, that currently hinder a better representation
of such hotspots in the predictive modelling of denitrifi-
cation. Locations of denitrification activity are typically
conceptualized as the anaerobic soil volume (Arah and
Smith 1989) or an anaerobic balloon that can expand or
deflate with oxygen availability (Li et al. 1992), without
reference to a specific location or soil structural proper-
ties. Conceptual ideas on how the anaerobic soil volume is
modulated by soil structure heterogeneity are few and have
not yet been implemented in common ecosystem models.

Here, we review the recent advances in the quantifica-
tion of the anaerobic soil volume fraction using various
experimental approaches and synthesize some pertinent
relationships of the anaerobic soil volume with more read-
ily available state variables through an extensive literature
review. We conducted meta-analyses focusing on i) the
critical air distances in soil leading to the formation of
anoxia and ii) the anaerobic soil volume fraction estimated
from oxic and anoxic incubations. Based on the results,
we propose a new concept for including denitrification in
process models operating at relevant scales such as that
of a soil profile. This review is primarily concerned with
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the effect of the anaerobic soil volume on denitrification.
However, we refer to previous reviews and meta-studies
covering other important aspects of denitrification such as
controlling factors (Butterbach-Bahl et al. 2013; Li et al.
2022; Saggar et al. 2013), measurement techniques (Friedl
et al. 2020; Groffman et al. 2006; Micucci et al. 2023)
and modeling approaches (Blagodatsky and Smith 2012;
Butterbach-Bahl et al. 2013; Grosz et al. 2021; Wang et al.
2021), as well as the role of anaerobic microsites for mat-
ter cycling beyond denitrification (Keiluweit et al. 2016;
Lacroix et al. 2023).

Factors controlling anaerobic soil volume
Impact of water

Microbial activity in general, and denitrification in particular,
is highly dependent on soil water content (Linn and Doran
1984; Moyano et al. 2013; Skopp et al. 1990). Water is an
essential requirement for microbial life in soil, a constituent of
cells, a solvent, and a transport medium of soluble substrates.
As a consequence, soil microbial activity decreases linearly
with the decreasing logarithm of water potential in a range
between field capacity and permanent wilting point (Man-
zoni et al. 2012). Similarly, microbial activity may be reduced
toward full water saturation as water can block air continuity
in soil pores, thereby limiting oxygen supply. Air continuity is
important for soil aeration as oxygen diffusion in water is about
10,000 times slower than in the air (Currie 1961). Relative gas
diffusivity, defined as the ratio between gas diffusivity in soil
and air, may therefore be a better, less site-dependent predictor
of denitrification than water content (Andersen and Petersen
2009; Balaine et al. 2013; Mutegi et al. 2010; Petersen et al.
2008). The optimal soil moisture for microbial activity with
unrestricted water and oxygen supply is soil-dependent with a
rather broad plateau around 50 — 60% water-filled pore space
(WFPS), or a matric potential range around field capacity, i.e.
around pF 2 (Ghezzehei et al. 2019; Moyano et al. 2013), or
a relative gas diffusivity greater than 0.015 — 0.02 (Li et al.
2021; Stepniewski 1980). The moisture level at which inten-
sive denitrification sets in ranges broadly around 70% WFPS
and varies among soils (Bateman and Baggs 2005; Cardenas
et al. 2017; Castellano et al. 2010; Gillam et al. 2008; Linn and
Doran 1984; Rohe et al. 2021; Ruser et al. 2006; Weier et al.
1993; Werner et al. 2014). Alternatively, denitrification begins
at a relative gas diffusivity of 0.005 —0.01, a range that is nar-
rower and less soil-dependent than the range of soil moisture
(Balaine et al. 2013; Chamindu Deepagoda et al. 2019; Li et al.
2021; Owens et al. 2017; Rousset et al. 2020) though higher
values have also been reported (Petersen et al. 2013).

A reason for this broad moisture transition range rather than
a sharp moisture threshold is that at low water saturation the

anaerobic soil volume might emerge in a few anoxic microsites
with high oxygen consumption in an otherwise well-aerated
soil. As the water content increases, the diffusive oxygen sup-
ply goes down and the anaerobic soil volume may gradually
spread into larger areas with lower oxygen consumption rates.

Impact of spatial heterogeneity

Oxygen availability in soils results from a delicate balance
between oxygen consumption and replenishment. This has
been shown by numerous soil incubation studies under dif-
ferent temperatures and water contents or external oxygen
concentrations (Schaufler et al. 2010; Silvennoinen et al.
2008; Veraart et al. 2011; Werner et al. 2014; Zhu et al.
2013). The total oxygen supply and demand in soil is hetero-
geneously distributed. Even if the overall water content and
substrate availability are the same, the denitrification rates
and kinetics can be very different depending on the spatial
distribution patterns of microbial hotspots (Schliiter et al.
2019; Zhu et al. 2015). Denitrification hotspots are typically
formed around decomposing plant residues (Hgjberg et al.
1994, Kravchenko et al. 2017; Parkin 1987), and sometimes
almost all N,O production can originate from a very small
fraction of the soil volume (Parkin 1987). The distribution
patterns of air-filled pores and organic residues are not ran-
dom, but are imposed by soil structure. That is, the air-filled
pore space at a given matric potential can have different spa-
tial configurations depending on how the pores were formed,
e.g. by biotic processes like bioturbation, abiotic processes
like wetting—drying cycles or technical processes like tillage.
As a consequence, the diffusion distances of dissolved oxy-
gen through the wet soil matrix can be very different depend-
ing on the soil management (see the case study on plowed
cropland soil and no-till grassland soil below) (Lucas et al.
2023a; Schliiter et al. 2020). X-ray microtomography has
been used repeatedly as a means of determining the volume
fraction and distribution of air-filled pores to help predicting
N,O emissions (Lucas et al. 2023a; Porre et al. 2016; Rabot
et al. 2015; Rohe et al. 2021).

Particulate organic matter (POM) is also not randomly
distributed within the soil matrix, but can be thoroughly
mixed into the wet soil matrix or mainly located in air-filled
macropores, depending on soil structure formation. A large
fraction of POM originates from roots and, since roots grow
into larger pores or produce their own biopores (Lucas et al.
2019, 2023b), such POM fragments are typically located
in close proximity to air-filled macropores (Kravchenko
et al. 2018b; Schliiter et al. 2022). The size, shape, and pore
distances of individual POM fragments change with POM
aging and occlusion during soil structure turnover (Schliiter
et al. 2022). At the scale of a soil horizon, under constant
land use and organic matter supply, a reasonably stable, site-
specific distribution of these POM properties should evolve,
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resulting in characteristic denitrification activities under wet
conditions. The size and physical characteristics of POM
are also important determinants of how much N,O is pro-
duced and influence the dominant pathways of its production
within the soil matrix. The larger the POM fragment, the
more decoupled from the surrounding soil matrix it may be
in terms of the microenvironment it provides to the resident
microorganisms. The effects of POM size may be particu-
larly pronounced on water content, oxygen availability, and
spatio-temporal patterns of oxygen distribution within and
around POM. Larger POM fragments absorb more water
from the surrounding soil (Igbal et al. 2013). The result-
ing greater activity of microbial decomposers (Kravchenko
et al. 2018a; Loecke and Robertson 2009) leads to oxygen
depletion and a spread of anaerobic conditions. The big-
ger the volume of C- and N-rich substrate under anaerobic
conditions, the greater is denitrification (Robertson 2023).
Water absorption by POM and subsequent anaerobic condi-
tions may also depend on the water holding capacity of POM
(Kravchenko et al. 2018a) — the higher it is, the greater is the
spatial and temporal extent of denitrification.

Impact of events and time

Both oxygen demand and oxygen supply can change very rap-
idly, leading to abrupt changes in the anaerobic soil volume
and creating ephemeral events or “hot moments” of denitrifi-
cation. The hot moments, i.e. extremely high emission events
occurring in very short periods of time, can account for a
dominant portion of the annual N,O emissions (Butterbach-
Bahl et al. 2013; Groffman et al. 2009; Song et al. 2019).
Three typical situations are known to trigger large denitrifica-
tion pulses (Groffman et al. 2009). First, spring thaw events
can release a substantial fraction of the annual gaseous deni-
trification products (Wagner-Riddle et al. 2017). This is due to
the release of large amounts of labile carbon substrates accu-
mulated during winter, while simultaneously inducing high
water contents for prolonged periods of time under increasing
temperatures. Similarly, wetting events after long dry spells
are associated with pulses in N gas fluxes. Both labile carbon
accumulated during the drought and the intracellular com-
pounds released by microbes in response to the increase in
soil water potential are rapidly mineralized upon rewetting
(Bergstermann et al. 2011; Fierer and Schimel 2003). As these
events are brief, they typically contribute less to annual trace
gas emissions than spring thaw events in northern ecosys-
tems (Groffman et al. 2009). Finally, agricultural management
practices such as irrigation, tillage, fertilization or harvest are
pulsed events that expose previously occluded or newly added
organic residues to mineralization, which can trigger large
denitrification activities especially when they coincide with
high soil water contents (Lucas et al. 2023a; Mutegi et al.
2010; Ostrom et al. 2021; Song et al. 2019).
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During denitrification events the product stoichiometry
can change quite drastically. Incubation studies have repeat-
edly shown that the N,O/(N,O +N,) product ratio decreases
with time (Friedl et al. 2016; Robertson and Groffman 2007,
Senbayram et al. 2019, 2022; Weier et al. 1993) due to
delayed formation of N,O reductase and decreasing inhibi-
tion of N,O reductase with nitrate depletion.

Time is not only an important controlling factor of deni-
trification on short, event-related time scales. The denitrifi-
cation potential of plant residues in soil also changes gradu-
ally with aging in soil. The water-extractable carbon fraction
of POM is mainly fueling denitrification (Lashermes et al.
2022) and the water-extractable carbon content decreases
with the number of leaching events (Surey et al. 2020).

Conceptual views and estimation methods
of the anaerobic soil volume

Empirical relationship with bulk O, concentration

Bulk O, concentration has been shown to be a much better
predictor for denitrification activity than water saturation
alone (Burgin and Groffman 2012; Simojoki and Jaakkola
2000; Song et al. 2019), as oxygen availability is already
an emergent property of oxygen supply imposed by the air-
filled pore space and oxygen demand by autotrophic and
heterotrophic respiration in soil. An early soil core incuba-
tion study observed escalating denitrification activity only at
an O, content of 0.5% in macropores (pO,=0.5 kPa) (Parkin
and Tiedje 1984). The critical O, content for N,O production
amounted to 3% in another mesocosm study with sieved soil
and coincided with a critical matric potential at which pores
of 95-110 pm turn from air to water-filled (Du et al. 2023).
Field studies have identified a critical O, content for N,O
emissions at a much higher level of 11-12% (Song et al.
2019; Wei et al. 2023) or observed no clear relationships at
all for N,O and a steep increase for N, at O, contents below
5% (Burgin and Groffman 2012). The critical O, content
for the increase of N,O concentration in soil and N,O fluxes
to the atmosphere can be different (Wei et al. 2023). This
decoupling can be due to air trapping in soil pores, followed
by sudden release when the matric potential reaches field
capacity, rendering critical O, changes as the better predictor
for N20O fluxes (Jarecke et al. 2016).

Under natural, non-flooded conditions the O, content in
air-filled macropores is rarely below 15% (15 kPa) for long
periods of time (Angert et al. 2015; Jarecke et al. 2016; Sil-
ver et al. 1999; Simojoki and Jaakkola 2000; Song et al.
2019; Wei et al. 2023). However, bulk O, measurements
do not accurately capture O, concentrations at anaerobic
microsites, which are typically located far from air-filled
macropores and where most of the denitrification occurs
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(Burgin et al. 2010). Distributed O, microsensor measure-
ments showed very high variability at short spatial scales
even in the absence of plant residues or other particulate
organic matter (Rohe et al. 2021), with O, contents amount-
ing to 15% in a macropore and 3% in the soil matrix a few
mm away from it. These results highlight the limitations of
estimating the anaerobic soil volume fraction via empiri-
cal relationships with bulk O, contents. Nevertheless, the
anaerobic balloon is implemented as a function of O, con-
tent in many common nitrogen cycling models (see mod-
eling section).

Relationship with microstructure - a sequence
of paradigm shifts

Direct quantification of the anaerobic soil volume began with
the development of O, microsensors some forty years ago
(Sexstone et al. 1985) and was mainly focused on soil clods
of different sizes (Hgjberg et al. 1994; Sierra and Renault
1995; Zausig et al. 1993). For decades, this pioneering work
has shaped the common conceptual view of the anaerobic
soil volume as being located in anoxic centers of wet soil
aggregates (Fig. 1a) with soil structure represented merely
as an assembly of aggregates (Ball 2013). Such aggregate
assembly models have even been proposed as a basis for
upscaling greenhouse gas fluxes from the scale of individual
aggregates to the landscape scale (Ebrahimi and Or 2018).

b) 1% paradigm shift: decoupling of anoxia and
denitrification activity

a) early view: anoxic centers in wet aggregates

d) 3" paradigm shift: different contributions of
particular & mineral-associated organic matter

54’/
-
e |

g 7

A major step toward a more realistic picture of deni-
trification activity (red in Fig. 1) was the realization that
denitrification may be decoupled from the total anoxic soil
volume (gray in Fig. 1) and concentrated at the oxic-anoxic
interfaces (Fig. 1b). This focus on interfaces first emerged
in the studies of benthic sediments and flooded soils where
concentration gradients and fluxes are mainly vertical and
where the soil-water interface is the site of highest denitri-
fication activity with little contribution from the underlying
anoxic volume (Reddy et al. 1984). Modeling of denitrifica-
tion in individual soil aggregates without nitrate limitation
indicated that in unsaturated soil the oxic-anoxic interface
is also a hotspot of microbial activity (Ebrahimi and Or
2015). At the interface, the aerobic microbial community
intercepts oxygen diffusing into the aggregate, while the
anaerobic community intercepts the carbon flux into the
substrate-depleted aggregate surface resulting in the high-
est cell densities. These opposing gradients were later also
experimentally confirmed by 2D micromodels (Borer et al.
2018). It is generally accepted that the coexistence of aero-
bic and anaerobic microsites in soil can promote coupled
nitrification—denitrification (Braker and Conrad 2011; Friedl
et al. 2021; Meyer et al. 2002; Nielsen et al. 1996; Pett-
Ridge et al. 2006), i.e. that the nitrate produced by nitri-
fication in the presence of oxygen is consumed nearby by
denitrification in the absence of oxygen. We hypothesize that
the greater the extent of such an oxic-anoxic interface, the

c) 2" paradigm shift: air distances without
shape assumptions

e) full complexity: partial decoupling of
denitrification from microstructure

air-filled pore

- water-filled pore

wet soil matrix

- anoxic zone
- fresh POM
- aged POM

Aynioe uoyeoyuyuap

Fig. 1 Conceptual views of the changing paradigms in identifying sites of denitrification activity within soil microenvironments. Zones of deni-

trification activity (red) may decouple from anoxic zones (gray) in soil
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greater the opportunities for nitrate transport and, hence, for
coupled nitrification—denitrification. However, to our knowl-
edge, the approach of quantifying the size of the oxic-anoxic
interfacial area (or volume of the hypoxic fringe) and to
relating it to denitrification activity has not yet been applied
to intact soils.

The second major conceptual improvement came with
the paradigm shift from the focus on individual aggregates
of different sizes (Fig. 1a-b) to the distribution of distances
from air-filled pores in the soil matrix (Fig. 1c). The old
paradigm relied on critical sizes of convex or even perfectly
spherical aggregates for the formation of anoxic centers
under given boundary conditions, whereas the new paradigm
did make no assumptions about the shape of the physical
domain. Both paradigms state that the local oxygen avail-
ability depends on the diffusion constraints of dissolved
oxygen through the wet soil matrix. However, ignoring the
intact pore structure and dissecting the soil into artificial
fragments is a questionable simplification of reality (Vogel
et al. 2022) that may lead to drastic underestimation of deni-
trification activity. We would like to demonstrate this using
the data from Rohe et al. (2021). Consider the soil sieved
to 4 — 8 mm, repacked to 1.3 g/cm?® and brought to an air
content of 10%, for which the average air distance in the
soil matrix is 0.99 mm (Fig. 2a). If the critical distance to
air-filled pores, beyond which the wet soil matrix becomes
anoxic is set at 1 mm, the anaerobic soil volume fraction
in this soil is 40% (Fig. 2 b,e). Consider breaking the soil

soil matrix [ water [ air

Fig.2 Illustration of changes in distances to air-filled pores result-
ing from the hypothetical fragmentation of the intact soil matrix
into a collection of “aggregates”: (a) 2D slice of an X-ray CT scan
of a soil sieved to 4-8 mm, repacked to 1.3 g/cm® and brought to an
air content of 0.10 (approx. 80% WFPS) (Rohe et al. 2021). Image
is segmented into water-filled soil matrix (yellow), air-filled pores
(white), and water-filled pores (blue). (b) Distances to air-filled pores
and the hypothetical anaerobic soil volume for the same slice, assum-
ing a critical air distance of 1 mm. Color legend for distance sizes
is included in e. (c) Distances to air-filled pores and the hypothetical
anaerobic soil volume for the same slice when the water-filled pores
are drained (assuming the same critical air distance of 1 mm). Color
legend for distance sizes is included in e. (d) Distances to air-filled
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into fragments, for the purpose of studying them in isola-
tion according to the paradigms of Figs. 1a and 1b. The
hypothetical fragmentation along the failure zones is shown
on Fig. 2(c). Such destruction of the soil structure will lead
to two simultaneous radical changes. First, the pore water
in pre-existing “inter-aggregate” pores will be drained, and
second, distances from the soil matrix to the air-filled pores
will be greatly reduced (Fig. 2e). That is, in the intact case,
the soil matrix far from air-filled pores extends over sev-
eral fragments, but once the fragments are separated, it is
only their individual sizes that determine the distances from
the air-filled pores. The draining of the “inter-aggregate”
pores alone will already reduce the average air distance and
the anaerobic soil volume fraction to 0.55 mm and 16%,
respectively, while the fragmentation will further reduce it to
0.45 mm and 11%. This fourfold reduction of the anaerobic
soil volume fraction is even accompanied by an increase
in water saturation, which is now 100% WFPS in the wet
aggregates versus approx. 80% WFPS in the repacked soil.

The paradigm shift to air distances was facilitated by the
technical advancement from needle-type microsensors to
planar optodes in order to study oxygen distribution in intact
or repacked soils under different environmental conditions.
This allowed direct estimation of the anaerobic soil volume
within areas of 10—100 cm?. This approach has been used
to study, among other things, oxygen leakage by rice roots
into an otherwise anoxic, flooded paddy soil (Larsen et al.
2015), oxygen depletion around decomposing plant residues

soil domain
0061 [\ — intact soil
i - - visible pores drained
oy - separated aggregates

0044 ' \v

anoxic

0.001 S
0 1 2 3 4 5
distance to air-filled pores [mm]

pores and the hypothetical anaerobic soil volume for the same slice
when the aggregates are separated and thus their boundaries are set
to air (assuming the same critical air distance of 1 mm). Color leg-
end for distance sizes is included in e. e) Frequency distribution of
the distances to air-filled pores in the soil matrix for (i) the original
scenario depicted in b, i.e., the intact soil matrix with an air content
of 0.10, (ii) the hypothetical fragmentation scenario where the aggre-
gates are not yet formally separated but the water in pre-existing
inter-aggregate pores is already drained, increasing the air content
to 0.15, and (iii) the hypothetical fragmentation scenario depicted in
d where both the aggregates are formally separated and the water in
pre-existing inter-aggregate pores is drained and the air content in the
aggregates is zero
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in soils of contrasting pore structures (Kravchenko et al.
2017), the expansion of anoxia around pig manure placed
in the soil in different spatial configurations (Zhu et al. 2015)
or the relationship between the anaerobic soil volume an
bulk oxygen contents in repacked soils of different carbon
content (Keiluweit et al. 2018).

Direct measurements of the anaerobic soil volume with
planar optodes have several drawbacks. The sampled areas
are rather small, pore configurations and diffusion patterns
along the sample walls are somewhat artificial, and a direct
visualization of water-filled and air-filled pores is not pos-
sible. All of these shortcomings can by and large be over-
come by X-ray tomography, which has therefore recently
begun to play a more prominent role in denitrification stud-
ies (Kravchenko et al. 2018b; Lucas et al. 2023a; Ortega-
Ramirez et al. 2023; Porre et al. 2016; Rabot et al. 2015;
Rohe et al. 2021; Schliiter et al. 2019). The main drawback
is that a direct estimation of the anaerobic soil volume is
not possible and has to be done as a combination of both
techniques (Kravchenko et al. 2017) or has to be replaced by
a correlation analysis between N-gas fluxes and air distance
metrics. A simplified approach is to compute the shortest
distances to air-filled pores for all voxels within the wet
soil matrix. Variations of this approach exist, e.g., where
isolated air pockets without connection to the headspace
are ignored for distance calculations (Rohe et al. 2021), or
where simple Euclidean distances are replaced by geodesic
distances around obstacles (Ortega-Ramirez et al. 2023). A
histogram of these air distances can then be computed and
examined for the entire soil matrix. Furthermore, the soil
matrix can be segmented at a critical air distance into hypo-
thetically oxic and anoxic fractions at shorter and longer
distances, respectively. This paradigm of identifying deni-
trification activity patches is illustrated in Fig. 1(c). Imple-
mentation of this approach requires a sensitivity analysis,
in which a series of air distance thresholds are evaluated
to determine the critical distance at which the calculated
potential anaerobic volume best correlates with measured
denitrification activity. For repacked soils of two different
carbon contents without visible plant residues this critical
air distance was 5 mm, resulting in anaerobic soil volume
fractions of <0.01 up to 0.8 (1 being the entire mesocosm)
in the WPFS range of 65 — 88%. (Rohe et al. 2021). Such
a large variation in the anaerobic soil volume fraction was
induced by the somewhat artificial, layered pore structure
in repacked soils. This anaerobic soil volume fraction was a
good proxy for oxygen supply, better than WFPS or relative
gas diffusivity, and together with CO, emissions as a proxy
for oxygen demand, predicted N,O + N, emissions quite well
(R?=0.83). The distance threshold was found to be much
shorter, as low as 0.18 mm in intact soil cores under several
bioenergy cropping systems (Kravchenko et al. 2018b). The
resulting anaerobic soil volume fraction was in the range of

0.4—0.9 for water saturations of 71 — 82% WFPS and was
a good predictor of net N,O emissions from bacterial deni-
trification (R?=0.57). The much shorter distance threshold
(5.00 vs. 0.18 mm) might have been due to the plant litter
and fresh roots that start to decompose in the intact soils
after sampling and thereby act as denitrification hotspots and
induce much higher O, consumption rates locally.

The third and most recent paradigm shift accounts for
the very different contributions of particulate and mineral-
associated organic matter (MAOM) to denitrification in
cultivated soils (Rummel et al. 2020; Surey et al. 2021).
POM and/or water-soluble organic C are better proxies
for bioavailability than soil organic matter (Lacroix et al.
2023) and should be evaluated separately to improve pre-
dictions of denitrification activity. This approach is illus-
trated in the conceptual figure (Fig. 1d) by mapping POM
in the soil matrix and concentrating all denitrification activ-
ity in POM located beyond a given critical air distance.
The average distance of POM to air-filled pores predicted
N,O emissions from intact cultivated soils incubated at
-31.6 hPa (> 60% WFPS) remarkably well, with R?>0.75
throughout the entire incubation period (Ortega-Ramirez
et al. 2023). The explained variability of this single predic-
tor, which combines both oxygen supply and demand in a
single number, was much higher than with POM volume
fraction or air-filled porosity alone. Thus, it is not the total
POM amount, but rather its degree of occlusion in the wet
matrix that is important for denitrification activity (Fig. 1d).
A recent mesocosm study indeed indicated that distinguish-
ing between this occluded POM in the soil matrix and POM
near or within pores is crucial; the former was a reliable
predictor of denitrification (N,O + N, fluxes), while the latter
significantly correlated with aerobic respiration (Lucas et al.
2024). Additionally, this study highlighted that the anaerobic
volume fraction served as a valid predictor of denitrification
only when POM is evenly distributed throughout the soil
matrix. This distribution was observed in an investigated
grassland soil, but not in a cropland soil, where most roots
and consequently POM were localized within macropores.
The association between occluded POM beyond a certain
distance from air-filled pores and N,O + N, fluxes or N,O
fluxes was very high across both land uses (R*=0.79 and
R%=0.90 respectively). Both microstructure predictors, i.e.
the anaerobic volume fraction in the soil matrix (Fig. 1c) and
the air distance to POM (Fig. 1d), performed equally well
(R?* within a range of 0.5 — 0.6) in predicting field N,O+N,
fluxes in soils under maize and sorghum cropping systems
across fertilization and precipitation events (Lucas et al.
2023a). The critical air distance threshold was <1 mm for
both crops, resulting in variable anaerobic soil volume frac-
tions of <0.01 — 0.24 during a season. However, the same
study also showed that the air distance based metrics were
poor predictors of denitrification activity in switchgrass
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cropping systems, where they were outperformed by root
volume as the single best predictor (R*=0.44). Oxygen
consumption in the rhizosphere around the massive root
systems of this perennial N-fixing plant appeared to be
more important in promoting denitrification activity. Fresh,
hydrophilic POM can absorb large amounts of water, and
due to this sponge effect, can induce denitrification, even
when it resides in air-filled macropores (Kim et al. 2020;
Kravchenko et al. 2017). Indeed, the formation of anoxic
microsites may be driven more by the POM-induced oxygen
demand than by the oxygen supply imposed by soil texture
(Lacroix et al. 2022). Such a scenario in which denitrifi-
cation activity is mainly (but not exclusively) concentrated
in POM, and in which denitrification activity is therefore
partially decoupled from air-distances, is shown in Fig. le.
We suspect that this is closest to the full complexity of the
natural soil microenvironment, but it also illustrates why
microstructure-based modeling approaches can easily fail
in predicting denitrification activity.

Another reason for this decoupling is the quality of POM.
Soil-aged POM has reached on average two times greater
air distances than fresh fibrous POM (Fig. le) due to frag-
mentation and soil structure turnover (Schliiter et al. 2022).
However, its contribution to denitrification activity may be

Fig.3 Case study of the factors
controlling the anaerobic soil
volume. The microstructure is
shown here with 2D slices from
X-ray CT scans of a) cropland
and b) grassland soils, adjusted
to a matric potential around
field capacity (-160 hPa). The
cropland is denser (1.3 g cm-3)
and has a lower soil organic
matter content (12 g kg-1)

than the grassland (1.0 g cm-3,
39.5 g kg-1) (c) The hypotheti-
cal distribution of water (blue)
in the grassland soil under very
wet conditions of hm=-15 hPa.
d) Air distances in the matrix
and in POM for the two soils at
field capacity. e) Air distances
in the matrix and in the POM
of the grassland soil for both
matric potentials

.-.o', "
o 2

air distance [mm]
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c) gréssland in moist state (-15 hPa)

low due to losses of labile C by prolonged decomposition
and potentially repeated leaching events (Surey et al. 2020).
The separation of POM into different classes based on shape
and texture has become more common (Leuther et al. 2022;
Schliiter et al. 2022), but its full potential to refine predic-
tions of denitrification potential has not yet been realized.

Case study: Air distances as a function of land use
and soil moisture

This case study demonstrates that land use and soil mois-
ture can have a drastic effect on the air distances in the soil
matrix and the disconnection of POM from air supply. To
illustrate commonly observed air distance values in topsoils
and to compare them with estimated distance thresholds for
the onset of anoxia (Sect. 3.4), we consider an intact soil
structure from two contrasting land uses, a plowed arable
soil (Fig. 3a) and a no-till grassland (Fig. 3b). We measured
air distance values in them and estimated distance thresholds
for the onset of anoxia. The internal structure of the sam-
ples was visualized by X-ray CT scans with a resolution of
20 pm. The local density is shown in gray tones from pores
(dark) to mineral grains (bright). In addition, the Euclidean
distance to the closest air-filled pore is shown with a color

d) structure effect on air distances
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scale. We assumed that all unresolved pores in the images
were water-filled, while all visible pores were air-filled. By
relating capillarity to pore diameter via the Young—Laplace
law for the given image resolution, this assumption would
correspond to the soil matric potential around field capacity
at -160 hPa; a common state for these soils at which denitri-
fication is expected to occur. In addition, the grassland was
artificially adjusted to a higher matrix potential (-15 hPa) by
filling all pores smaller than 200 um with water using a pore
size opening (Fig. 3¢); a condition that could be expected
after a heavy rainfall event. Figures 3d and 3e illustrate the
effect of structure and moisture on the frequency distribution
of air distances for all soil voxels and additionally only for
the locations of the POM.

In comparison, the grassland soil has a lower bulk den-
sity (1.0 g cm ™) and a higher soil organic matter content
(39.5 gkg™!) than the cropland soil (1.3 gcm™, 12 gkg™),
and the visible pores are more evenly distributed (Fig. 3b)
than in the cropland soil (Fig. 3a). As a result, the average
distances to air-filled pores in the soil matrix of the two
soils are very different with 0.20 mm and 0.84 mm for the
grassland and the cropland, respectively. In the grassland,
distances from air-filled pores into the soil matrix hardly
ever exceed 0.6 mm due to the disperse distribution of vis-
ible pores, whereas in the cropland soil a substantial part of
the soil matrix is more than 0.6 mm away from the air-filled
pores. POM resides in much closer vicinity to air-filled pores
(Fig. 3b), most of it less than 0.4 mm, because it is located in
biopores and decomposition creates a lot of inherent porosity
(Schliiter et al. 2022). POM is more thoroughly mixed into
the soil under grassland, with higher average air distances
in the soil matrix (0.25 mm) than under the cropland soil
(0.15 mm), despite the lower bulk density. When the soil is
wetted to a matric potential of h,,=-15 hPa, i.e. by assum-
ing that all pores smaller than 200 um are filled with water
(Fig. 3c), the average air distance in the soil matrix increases
substantially to 0.59 mm in the grassland soil (Fig. 3d). The
average air distance of the POM even increases beyond that
of the matrix (to 0.70 mm), because many fine roots are
contained in pores smaller than 200 um.

The reported values are put into perspective below by
comparing them to critical distance thresholds for the onset
of anoxia derived from an extensive literature review.

Critical air distances for the formation of anoxia —
a meta-analysis

As mentioned in the previous sections, the variability in
critical air distances leading to the formation of anoxia and
in the resulting anaerobic soil volumes can be enormous.
They are most likely controlled by soil microstructure and
by environmental factors that drive oxygen consumption or

replenishment in one way or another. To assess this vari-
ability and its drivers, we conducted a meta-analysis of a
total of 89 data sets from 27 experimental studies. The stud-
ies spanned a range of experimental tools, with 16 using
microsensors, six using planar optodes, and five using X-ray
CT, and a range of domains including wet soil aggregates,
biofilms, benthic sediments, flooded soils and intact upland
soils. Critical air distances leading to formation of anoxia
were either determined by a series of point measurements
(microsensors), derived visually (planar optodes), or esti-
mated indirectly from correlations between denitrification
rates and air distance metrics (X-ray CT). The dataset and
method description are included in the Supporting informa-
tion (Dataset S1, Section S1).

The soil domains were categorized into three classes
depending on whether distance thresholds were determined
i) directly around labile carbon sources, e.g. biofilms, fresh
leaves or manure, ii) in sieved soils without visible plant
residues, e.g. single aggregates, repacked soils or iii) in soils
with labile carbon, e.g. intact soil or soil mixed with POM

Labile Carbon

® none

100.0

® direct vicinity

® mixed with soil

Method

A A Microsensor

A B Planar Optode
® X-ray CT

distance threshold [mm]

y=7.531x%% R2=0.71 A

i 10 100 1000
O, consumption rate [umol m= s’ﬂ]

Fig.4 Relationship between critical air distance for the formation
of anoxia as a function of O, consumption rate derived from a meta-
analysis of 27 experimental studies. Of the 89 datasets included in the
meta-analysis, 22 did not have O, consumption rates. The black line
represents a fitted power-law relationship with the parameters given
in the figure. The gray dashed line represents the analytical solution
for a plane with an external oxygen concentration of 21 kPa, for a
detection limit for anoxia set to 0.1 kPa and a relative diffusion coeffi-
cient set to D/D, = 0.001. The dotted line shows the analytical solu-
tion for a spherical domain with a radius of 10 mm with the same set-
tings. The box plots on the right show the distribution of critical air
distances for different categories of whether and how labile carbon in
soil was considered (gray diamond — arithmetic mean), including all
89 datasets. Differences are tested at a significance level of p <0.05
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(Fig. 4). The distance thresholds varied by two orders of
magnitude and ranged from 0.18 to 73 mm. Shorter dis-
tances were difficult to resolve and larger distances were
rare as anoxic regions would simply not form under well
aerated conditions with large oxic margins. In soils with-
out labile carbon, the mean critical air distance for the for-
mation of anoxia amounted to 3.9 mm (median 3.2 mm).
This distance was reduced significantly to 1.9 mm (median
0.9 mm) when labile carbon was mixed into the soil, and
even further to 0.7 mm (median 0.6 mm) when measured
directly in the vicinity of labile carbon, e.g. around fresh leaf
residues or pig manure. The distance threshold exhibited a
highly significant relationship with O, consumption rates
(R?=0.71) and followed a power-law relationship with the
fitting parameters:

d

anox

— 7.531q—0341

with the distance threshold d,,,,,, in mm and the O, consumption

rate ¢ in umol m=3s~". Analytical solutions for the critical air
distance in a planar domain (dashed line),

2D
darmx = (CO - Clim)_

in a spherical domain (dotted line),

6D
danox =Ty~ \/I‘é - (CO - clim)7

are also shown in Fig. 4, with a sphere radius, r;, of 0.01 m
and an assumed external oxygen concentration in the liquid,
cg» of 285 pmol L~ and assumed detection limit for anoxia,
Cjim» Of 13.5  pumol L™". This corresponds to partial pressures
of p, = 21kPa and pj;,, = 1kPa through

c=H i

RT
with the Henry constant H of 3.2 x 1072, temperature T in
K and the universal gas constant R of 8.314 J mol 'K~
The diffusion coefficient D of 6 x 1071° m? 57! was fitted
manually in order to align d,,,, with the measured data.
The fitted D is in the range of measured or estimated dif-
fusion coefficients in the studies used for this meta-study
(2% 1072 =9 x 102 m%s™Y). It is smaller than the diffusion
coefficient of oxygen in water (D,, = 1.67 x 107 m?s™) due
to diffusion restrictions imposed by the solid matrix. For the

common Millington-type function (Millington 1959):

D _ g3
D

w

this reduction would occur at a volumetric water content
of 0.46, a reasonable value for incubation studies that were
adjusted to near saturation. The fitted, critical diffusion
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coefficient in water corresponds to a relative diffusion coef-
ficient, D/D,, of 0.001 in air (with oxygen diffusion in air of
Dy = 1.98 x 10°m? 5! and a dimensionless Henry constant
of 3.2 x 1072). It is smaller than the previously reported crit-
ical range of relative gas diffusivity, D/D,, of 0.005 — 0.01
(Balaine et al. 2013; Chamindu Deepagoda et al. 2019; Li
et al. 2021; Owens et al. 2017; Rousset et al. 2020) derived
from macroscopic N-gas release into the headspace. The dis-
crepancy suggests that some of the assumptions underlying
the analytical solutions are incorrect, such as uniform spatial
distribution of the O, consumption rate g and the domain
boundary as the only source of oxygen. The measured data
agrees better with the analytical solution of a planar domain
than with that of a spherical domain. There was measurable
denitrification activity for ¢ < 10 umol m~> s~!, although
the analytical solution for rather large spherical aggregates
(¢ 20 mm) predicts no anaerobiosis at all at this moderate
microbial activity.

Since O, consumption rates are not routinely measured in
denitrification studies, robust relationships with more read-
ily available soil properties need to be identified. For this
meta-study, a selected set of soil properties was available for
almost all data points: soil organic matter content SOC in g
C kg, temperature T in °C, external oxygen content pO, in
kPa and matric potential h,, in —hPa (i.e. high suction count-
ing positive). Note that soil moisture in the very wet range
is more easily adjusted by matric potential or varying water
tables, so this information was often reported rather than
water saturation in %. Highly significant power-law relation-
ships were identified in the following form:

dynox = @SOC? T p0,“ h,,°
The explained variability with basic soil properties was
reduced to R?=0.269 (Table 1), when all data points were

considered, including those studies where labile carbon was

Table 1 Exponents of the empirical power-law relationships between
the critical air distance threshold for the formation of anoxia (d,,.)
and several bulk soil properties

parameter data without Data with labile All data (n=61)
labile carbon carbon (n=25)
(n=36)

a (intercept) exp(-9.110)***  exp(4.413) exp(0.739)

b (SOC eftect) -0.195* -0.689 -0.514%%:%

c (T effect) 0.710%* -0.929* -0.067

d (O, effect) 2.869%** -0.118 0.582%*

e (water effect) 0.145%* 0.245° 0.186

Adjusted R>  0.717 0.347 0.269

The data from a literature review is grouped according to whether
soil contained labile carbon in the experimental setup. A significant
effect of a given bulk property on d,,, is reported as *** p<0.001,
** p<0.01, * p<0.05, “ p<0.1

anox
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added to soil. Apparently, the presence of labile carbon is
not reflected in any of the basic soil properties. When the
model was fitted separately for data points with and without
labile carbon, the explained variability increased to R>=0.347
and R?=0.717, respectively. Moreover, the relative impor-
tance of the explanatory variables changes drastically with
the samples considered. In soils without intense microbial
hotspots all explanatory variables have a significant effect
on the distance threshold, with pO, having a superior role.
In soils with microbial hotspots, all soil properties become
irrelevant, except for a slight trend with matric potential,
and only incubation temperature modulates the anoxic zone
around hotspots. For all data combined, only SOC as a proxy
for oxygen demand and the external pO, as a proxy for oxy-
gen supply had a significant effect on the distance threshold.
The signs of the estimated parameters were mostly consist-
ent with their hypothesized effects on the distance threshold,
e.g., the threshold was increased by lower SOC content, lower
temperature, higher external O, content, and higher suction.
Interaction effects were not considered in this meta-analysis.
For a typical incubation scenario, where soil samples with
10 g C kg-1 are brought to a matric potential of -10 hPa and
incubated at 20 °C and at ambient oxygen conditions (21 kPa),
the predicted distance thresholds would be 5.11 mm, 1.28 mm
and 4.73 mm for soils without microbial hotspots, with micro-
bial hotspots, and all soils combined, respectively.

With the new conceptual model for denitrification activity
based on microscale properties that we present at the end,
this distance information can be used directly. To make
such empirical relationships more general, they should be
extended to include other potentially important controlling
factors such as clay content, mineral nitrogen content and/
or pH.

Oxic-Anoxic denitrification ratio — a meta-analysis

The distance threshold for the formation of anoxia is a useful
concept based on detailed pore structure information. The
question remains whether there might be so far unnoticed,
potentially useful predictors of the anaerobic soil volume
which could be derived directly from measured gas fluxes
without the need to analyze the microscopic structure; as
such a microstructure analysis is rarely done in denitrifica-
tion studies. We conducted another meta-analysis with focus
on those gas fluxes, in which we reviewed experimentally
determined anaerobic soil volume fractions from 17 studies
with a total of 83 datasets. We collected a long list of meta-
information, following and extending the standard reporting
framework for denitrification research (Almaraz et al. 2020).
The dataset and method description is added to the Support-
ing information (Dataset S2, Section S2).

This complementary approach to experimentally
determine the anaerobic soil volume without microscale

information was proposed about forty years ago (Parkin
and Tiedje 1984). The ratio of denitrification activity in soil
incubated at ambient, or non-zero oxygen concentration to
that of the same soil incubated in an O, free atmosphere
should give a good approximation of how much anaerobio-
sis developed in microsites during the oxic incubation stage
(Parkin and Tiedje 1984; Rohe et al. 2021). The validity of
this approach depends on some rather strong assumptions. i)
N,O in the oxic treatment should only originate from deni-
trification, and not from nitrification. Otherwise, apparent
anaerobic soil volume fractions > 1 are possible. ii) Aerobic
denitrification (Yang et al. 2020) is absent, otherwise appar-
ent anaerobic soil volume fractions would be overestimated.
iii) Oxygen consumption and potential denitrification activ-
ity should be uniformly distributed over the soil volume.
Otherwise, the inference of volumes from rates is question-
able. iv) Rate comparisons should be done for a steady state
situation in both incubation stages. Otherwise, rate limita-
tions by availability of labile carbon or N species in one of
the stages may bias the ratio (see Method section S2).

The dataset covered the entire possible range of appar-
ent anaerobic soil volume fractions (seven data points > 1
were excluded from the analyses) with an average of 0.35
(Fig. 5). This wide range is an asset for identifying con-
trolling factors of the anaerobiosis formed under oxic con-
ditions. The ratio of denitrification rates (oxic over anoxic)
did not correlate well with the ratio of respiration rates
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apparent anaerobic soil volume fraction

y = 0.0971+ 0.0063x, R*= 0.41
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Fig.5 Apparent anaerobic soil volume fraction estimated from the
ratio of denitrification rates (N,O+N,) of oxic incubation to anoxic
incubation. The marginal distribution (right) shows the spread across
the entire range and the mean (blue dotted line). The scatter plot
shows the relationship and the linear model with soil organic carbon
content as the single best predictor. The color scale shows the exter-
nal partial pressure of oxygen (pO,). Most of the reported oxic incu-
bations were conducted at ambient or very low hypoxic conditions
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Table 2 Linear regression results of the apparent anaerobic soil volume fraction estimated from the ratio of denitrification rates (N,O+N,) of

oxic incubation over anoxic incubation with several input parameters

regression input variable Direction adjusted R2 p-value degrees of  min median max unit
freedom
simple pH A -0.02 0.772 51 4.1 59 8.5 -
C:N A -0.01 0391 64 6 10 65 -
clay A 0.03 0341 49 2 20 37 %
WFPS 1 0.07 0.019 72 0.43 0.64 1 -
Niin l 0.09 0.007 67 0.2 35.8 241.6 mg N kg-1
Janox/ dox 1 0.14 0.006 47 0.23 0.43 1.82 -
Niot 1 0.17 <0.001 64 0.2 22 9.8 mg N kg~!
bulk density l 0.26 0.000 62 0.41 1.11 1.5 gem™
T ! 0.29 <0.001 56 6 20 25 °C
pO, ! 0.31 <0.001 74 3 20 21 kPa
soC 1 0.41 <0.001 72 0.4 21.3 111 gCkg™!
multiple SOC +pO, + WFPS 0.31 0.006 66
all with p<0.05 0.77 0.008 17

Positive (1), negative (|) and indifferent (<>) coefficients for simple regressions are assigned according to p-values (p <0.05). The degrees of
freedom vary with missing input information from the literature review and with the number of input variables of the linear model. The mini-

mum, median, maximum and unit of all input variables are also reported

(anoxic over oxic) (Table 2, adjusted R?: 0.14) for the sub-
set of data points for which all gases (CO,, N,O, N,) were
measured. This is surprising as a switch to anoxic condi-
tions should increase the volume in which denitrification
occurs in the presence of carbon substrates and nitrate
and at the same time reduce microbial activity in previ-
ously oxic regions. In addition, we have examined nine
bulk soil properties (soil organic carbon (SOC) content,
total nitrogen content, C:N ratio, mineral nitrogen content
(NO3_+NH4+), pH, clay content, bulk density, water satu-
ration, oxygen concentration during oxic incubation, tem-
perature) for their individual and combined effect on the
apparent anaerobic soil volume fraction. Not all of them
were reported for all datasets, which reduces the subset of
included data points, especially for multiple regressions
(Table 2). SOC content was the single best predictor of the
apparent anaerobic soil volume fraction (Fig. 5,Table 2)
with a moderate adjusted R>=0.41. This is consistent with
the most significant effect of SOC on the critical distance
for anoxia formation (Table 1, all data). The explained
variability did not increase further when SOC content was
combined with water saturation (i.e. WFPS) and external
oxygen concentration (pO,). This somewhat surprising
finding may have three possible explanations. First, the
WEFPS and pO, ranges may simply have been too small
or fragmented to make a difference. For instance, most
of the incubations were performed at ambient condi-
tions (pO,~20 kPa) and only a few at hypoxic conditions
(pO, < 10 kPa), with hardly any in the range between
(Fig. 5). Second, the analysis of critical distances indi-
cated that the water and oxygen effect are most important
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for soils without plant residues and other POM (Table 1,
soils without labile carbon). In other words, the physical
diffusion constraints are more relevant for denitrification
activity in the “cold” soil matrix, whereas denitrification
activity in hotspots formed on POM is partially decoupled
from bulk water and oxygen contents. Third, the added
information content of pO, in the multiple regression with
SOC is low, despite a rather high adjusted R>=0.31 for
single regression, because on average soils with higher
SOC happened to be incubated at lower external oxy-
gen concentration. Since the amount of plant residues or
other proxies for labile carbon were typically not reported
(too few entries for DOC in Data S2), SOC was the input
variable that best approximated its abundance, but with a
large share of unexplained variability. The low predictive
power of total and mineral nitrogen content and C:N ratio
could be due to the fact that denitrification is not nitrogen-
limited in most incubation studies, either because it was
added in large amounts at the beginning or because the late
N-limited stages are excluded from the calculation (see
Methods S2). Clay content was irrelevant for the anaerobic
soil volume most likely because mesocosms were often
saturated beyond natural, texture-dependent drainage con-
ditions that would occur around field capacity. Presumably,
temperature did not deviate enough from standard labora-
tory conditions in a sufficient number of incubations to
have an effect, which may explain the somewhat artificial
negative correlation of the anaerobic soil volume fraction
with temperature. The negative correlation of the anaero-
bic soil volume fraction with bulk density reflects the fact
that in the dataset higher bulk densities are correlated with
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lower SOC contents. The pH effect on the anaerobic soil
volume fraction and thus total denitrification is perhaps
much smaller than its effect on denitrification complete-
ness. The large gain in explained variability through the
combination of all significant input parameters cannot be
explained by a combination of complementary informa-
tion, but is caused by the reduction to a small number of
consistent data points in which all properties were reported
(Table 2, Adjusted R%0.77, n= 17).

Modeling concepts of soil anaerobicity
and denitrification

Several models with varying complexity have been devel-
oped to simulate denitrification with different degrees of
spatial resolution and with or without explicit considera-
tion of soil anaerobicity. This review is limited exclusively
to models of the former type, i.e., in addition to aerobic
and anaerobic microbial growth and the production of gas-
eous nitrogen species and CO,, soil physical processes
including water distribution in the matrix and oxygen
diffusion are explicitly simulated. In the following, pore-
scale models are distinguished from upscaled, somewhat
simplified, one-dimensional soil profile-scale models and
other approaches. Finally, a new upscaled model based on
microstructural information is proposed.

Aggregate and pore scale models

The investigation of anaerobic soil volume fraction within
soil aggregates was pioneered by Currie (1961), who
distinguished between macro-diffusion of oxygen along
the vertical soil depth dimension and micro-diffusion
within aggregates of structured soils at a given depth.
This concept of diffusion was extended to diffusion within
and between aggregates and applied to log-normally
distributed aggregate size distributions (Smith 1980). This
approach was later applied to modeling of denitrification
at the soil profile scale (Arah and Smith 1989). Extending
these models to scenarios involving multiple aggregates
within 2D models, revealed a possible phenomenon in
which aggregates provide shelter to each other based on
their relative positions (Bocking and Blyth 2018). As a
result, certain aggregates receive less oxygen than their
neighbors.

The problems introduced by conceptualizing soil struc-
ture as aggregate assemblies were discussed in Sect. 3.2
in conjunction with the paradigm shift to air distances
in a continuous soil domain (Fig. la,c). This concep-
tual shift also occurred in denitrification modeling with
an alternative mechanistic approach emphasizing radial

diffusion from air-filled pores into the surrounding bulk
soil (Rijtema and Kroes 1991). Like the aggregate model,
the pore model accounts for micro-diffusion from aer-
ated pores into the bulk soil and can be combined with
macro-diffusion along the vertical soil profile. A direct
comparison showed that each approach has its inherent
strengths and weaknesses, with no clear preference for
one model over the other (Arah and Vinten 1995). For
both approaches, statistical regressions could be derived
between the modeled anaerobic soil volume fraction and
soil texture, moisture content, metabolic activity and oxy-
gen concentration. Thus, both the spherical aggregate and
cylindrical pore models expressed as a simple proxy func-
tion (rather than comprehensive explicit models of oxygen
diffusion and consumption) could be used in larger scale
models. The cylindrical pore model (Rijtema and Kroes
1991) was later extended to a more sophisticated represen-
tation of bundles of pore size classes based on water reten-
tion characteristics (Schurgers et al. 2006). Differences
in the resulting anaerobic soil volume fractions between
the two models occurred mainly at near-saturated condi-
tions (80-90% WFPS) and were caused by the contribution
of small pores to aeration of the surrounding soil matrix
in pore classes model (Schurgers et al. 2006). The pore
class model lends itself naturally to coupling with basic
soil properties, because of the existence of pedo-transfer
functions derived from large databases of soil hydraulic
properties (Carsel and Parrish 1988; Schaap et al. 2001;
Wosten et al. 1999).

A rather new approach of three-dimensional modeling
anoxic microsites based on soil structure information has
been introduced by Ebrahimi and Or (2015), who developed
a 3D angular pore network model that complements the
theoretical framework of anaerobiosis in soil aggregates
(modeled after Currie (1961) and Smith (1980)). In
addition to diffusive transport of water, carbon and nitrogen,
microbial motility due to chemotaxis was also considered.
This also shed new light on the role of carbon distribution
within soil aggregates. For instance, in the absence of
internal carbon, anaerobes become extinct, whereas in the
absence of external carbon, both aerobes and anaerobes
coexist, but aerobes shift toward the aggregate core,
changing their spatial distribution (Ebrahimi and Or 2015).

Soil profile scale models

Although much process understanding has been achieved
at the pore scale, the representation of denitrification at the
soil profile scale needs to be coupled with models describing
the dynamics of other relevant soil properties at this scale.
Appropriate models at the soil profile scale are typically
one-dimensional, dividing the soil into different layers along
the vertical axis. They are based on the assumption of lateral
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homogeneity in terms of effective system properties, such
as bulk density, soil water content, or root density, are often
measurable under field conditions. As reviewed by Heinen
(2006), many models at this scale do not explicitly include
a state variable for the anaerobic soil volume, but use prox-
ies primarily related to soil water content. For instance, in
early versions of the DNDC model, denitrification rates were
controlled by a basic switch triggered by precipitation and
soil moisture thresholds (Li et al. 1992). In the NGAS model
embedded in larger DAYCENT model, denitrification is con-
trolled by a functional relationship based on water content,
respiration, and an index of gas diffusivity (Del Grosso et al.
2000). The impact of soil structure is implicitly included
by accounting for a texture-dependent gas diffusivity index,
assuming that a high clay content would lead to a high anaer-
obic volume at modest water contents, if respiration is high.

However, some models went a step further by consid-
ering vertical oxygen diffusion and explicitly formulating
the anaerobic soil volume based on partial oxygen pressure
(Kraus et al. 2015; Li et al. 2000; Zhang et al. 2022), (see
Table 3 for an overview). Li et al. (2000) coined the term
“anaerobic balloon” to emphasize the dynamic nature of
aerobic-anaerobic portioning of the soil. This type of model
incorporates 1D vertical macro-diffusion while accounting
for microbial and fine root respiration as sink terms. The
mathematical representations of the anaerobic soil volume
in these models lack a physical mechanistic basis and are
instead based on heuristic principles. However, this approach
is easier to implement than explicit modeling of micro-dif-
fusion of oxygen and consumption in soil aggregates or the
pore space, which would require detailed information on a
number of soil physico-chemical parameters and their spatial
distribution and is also numerically challenging to solve.

The anaerobic soil volume fraction can be used as a pro-
cess switch or scaling parameter. In the case of Coup, DNDC
and LandscapeDNDC (Blagodatsky et al. 2011; Kraus et al.
2015; Norman et al. 2008), the anaerobic soil volume is
additionally used to partition nitrogen and carbon species
into aerobic and anaerobic fractions. For process rate cal-
culations such as nitrification or denitrification, only the
respective fraction of total NH,* or NO;~ within the aerobic
or anaerobic part is considered in the Michaelis—Menten or
other process descriptions.

Table 3 summarizes the empirical formulas for the calcu-
lation of the anaerobic soil volume V,, from the partial pres-
sure of oxygen pO, or other state variables and soil proper-
ties. A graphical representation of the V,, — pO, relationship
(Fig. 6) indicates a huge variability in V,, among the models
at ambient conditions and also that not all models approach
V,=1at pO, = 0 kPa. We also tested how well some of
these field-scale models (LandscapeDNDC, DNDC.vCan
and COUP) were able to reproduce the apparent anaerobic
soil volume fraction determined experimentally with the
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measured total denitrification activity in a coupled oxic-
anoxic mesocosm incubation introduced in Sect. 3.5. The
mesocosm experiments were conducted for a combination
of three soils (silt loam cropland and clayey grassland soil
in Fig. 2 and sandy cropland soil) and four water satura-
tions (60 -75% WFPS). The models were run with the soil
properties and boundary conditions of the oxic stage of the
mesocosm incubation. The full model comparison is avail-
able as Supporting information (Section S3). There was a
large variability between the modeled anaerobic soil vol-
ume fractions among models irrespective of soil (COUP:
0.02 — 0.06; LandscapeDNDC: 0.12 — 0.20, DNDC.vCan:
no anaerobicity during oxic stage), but none of them was
close to the experimental values for all soils and satura-
tions. Furthermore, the variation of the modeled anaerobic
soil volume fraction with water saturation was quite small,
so that none of the models captured the steep increase in
the measured anaerobic soil volume fraction around 75%
WEFPS. Reasons for these poor model performances are
discussed in Section S3.

Few one-dimensional soil profile models have directly
adopted numerical and statistical data from three-dimen-
sional soil structure models. For instance, Refsgaard et al.
(1991) implemented an aggregate diffusion model (Currie
1961) into the vertical one-dimensional SHE model (Abbott
et al. 1986). Riley and Matson (2000) used the statistical
representation of anaerobic soil volume as calculated by
Rijtema and Kroes (1991) and proposed by Arah and Vinten
(1995). In this model called NLOSS, the calculation of
anaerobic soil volume depends on oxygen concentration in
air-filled pores (C), oxygen consumption rate (V), volumetric
soil water content (), air-filled porosity (g,), and radius of
typical air-filled pore at moisture tension y(r,) (Table 3).
The ANIMO model has adapted the pore diffusion model by
using the anaerobic soil volume fraction to scale denitrifica-
tion and nitrification (Groenendijk et al. 2005). This concept
was further developed in the SWAP-ANIMO model (Stolk
et al. 2011) by introducing the notion of an immobile zone,
representing the pore space within aggregates, and a mobile
zone, representing the space between the aggregates. Similar
to the DNDC concept of anaerobic soil volumes, nitrification
takes place exclusively in the mobile zone, while denitrifica-
tion occurs in the immobile zone.

A consistent physically based upscaling of the afore-
mentioned three-dimensional pore model (Ebrahimi and
Or 2015) to a one-dimensional soil profile model and even
beyond was presented by the same authors (Ebrahimi and
Or 2016; 2018). They developed analytically solvable func-
tions for, e.g. respiration and denitrification activity based
on the results of numerical pore-scale models, which were
WWconvenient abstraction of the complex soil structure.
This lumped parameter represents small scale heterogeneity
in analytical or numerical models to simulate denitrification
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Fig. 6 Anaerobic soil volume fraction as a function of oxygen partial
pressure. The dependencies from the following models are plotted:
DNDC (Li et al. 1992); pNET-DNDC (Li et al. 2000); Landscape-
DNDC (Kraus et al. 2015); COUP (Norman et al. 2008). Equations
and parameter values are shown in Table 3. The two variants of the
COUP model correspond to a® = 50 and a° = 100, respectively

under changing boundary conditions at the scale of soil pro-
files. In contrast, Sihi et al. (2020) directly used measure-
ments to derive probabilistic distribution functions for soil
carbon and soil water, to describe soil heterogeneity. They
then applied a numerical model (DAMM-GHG) to a repre-
sentative sample extracted from these probabilistic distribu-
tion functions and integrated the results.

While physical, mechanistic studies at the microscale
have a long history, it's notable that the majority of com-
monly used one-dimensional soil profile models for field-
scale research do not integrate these intricate mechanisms,
although some have demonstrated their feasibility. This lim-
ited adoption is not surprising and can certainly be attributed
to the complex regulation of denitrification as detailed in
Sect. 3 and associated uncertainties in parameter determina-
tion, particularly if the model is to be universally applicable
to different soil types. Moreover, no single approach has
emerged as the superior choice, neither at the pore scale
in three dimensions nor in the one-dimensional soil pro-
file context. To streamline and improve these approaches,
a clear strategy is needed in order to (i) identify the most
salient microscale drivers of denitrification (as attempted in
this review), (ii) translate these into proxies that are com-
mensurate with parameters and state variables which are
already implemented in denitrification models acting at the
soil profile scale and (iii) establish empirical relationships
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between them that are applicable to a wide range of soils
and land uses.

The different factors relevant to local anaerobiosis, as
discussed in Sect. 3, suggest the potential benefits of sepa-
rating POM and MAOM in process models. Although the
distinction in models has received limited attention so far,
the studies by Ebrahimi and Or (2016) and Sihi et al. (2020)
show promise in addressing this challenge by accounting
for different POM distributions in the initial conditions of
the pore network model or by explicitly considering POM
in the measurements and initial formulation of probability
distribution functions for soil carbon. In the next section,
we will address the upscaling of another important micro-
scale driver of denitrification activity to the soil profile scale,
namely the air distances of the soil matrix in general and
POM in particular.

The way forward: a 1.5-dimensional denitrification
model based on microstructure

This review has provided considerable evidence that incor-
porating microstructural information into denitrification
models is a promising way forward. In Sect. 3 it was found
that the distance from the nearest air-filled pore and the
availability of readily decomposable organic carbon in the
soil matrix are the main controlling factors for denitrifica-
tion. In the following we propose a 1.5 dimensional deni-
trification model based on this microstructural information
(Fig. 7).

Current models operating at the continuum scale of a soil
profile (Sect. 4) account for the very different diffusion coef-
ficients of gases in air and water by representing the down-
ward macro-diffusion of oxygen in air, the 1st dimension,
and coupling it with lateral micro-diffusion of dissolved
oxygen in simplified geometries like spherical aggregates
or cylindrical pores, the 2nd dimension (Ebrahimi and Or
2016; Refsgaard et al. 1991; Riley and Matson 2000). The
1.5 dimensions arise from the fact that a lateral "half dimen-
sion" is not directly connected to the one below or above.
We propose to generalize this behavior by dividing a soil
core or soil profile into layers orthogonal to the vertical axis
and determining the volume of the wet soil matrix at a given
distance to the nearest air-filled pore, as well as the area
of the interface between the adjacent volumes, and using
them as weighting factors in the numerical discretization of
the half dimension. In other words, the equally sized lateral
nodes in the schematic (Fig. 7) have different volumes in the
model and their connections have different surface areas.
Knowledge of air-distance histograms obtained from X-ray
CT scans of the corresponding soil layer can be incorporated
into the model and can be used to more flexibly represent
the geochemical gradients orthogonal to the air-filled pores.
This is based on the assumption that all locations in the soil
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Fig.7 Conceptual design of a 1.5-dimensional denitrification model
at the soil profile-scale based on microstructure information (center).
The model considers vertical gas transport in air and lateral transport
of dissolved gases in the wet soil matrix (right). This lateral trans-
port occurs in a distance domain with air-distance histograms of

matrix within a certain distance from the air-filled pores
are at least statistically similar, and that meaningful average
transport and reaction parameters exist for the distance class.
Typically, we must rely on the assumption that organic car-
bon, nitrogen and the denitrification capacity of the micro-
bial community is evenly distributed in space relative to the
air-filled pores. However, if information on this distribution
is available it can be incorporated into the model.

These local distance domain models are coupled to a
traditional, vertical, one-dimensional model, where there is
still a continuous gas phase to resolve gas exchange with the
atmosphere. If there is no continuous gas phase in a layer or
no gas phase at all, the orthogonal model is not necessary,
as the distance to the next air-filled pore is now vertical and
already resolved by the traditional one-dimensional model.

The new model allows the calculation of local anoxia and
denitrification based on soil structural information and geo-
chemical properties. The structural information is derived
from undisturbed soil samples obtained by X-ray CT. A
questionable idealization of the soil structure in the form of
aggregates or cylindrical pores becomes obsolete. Moreo-
ver, the model places the concept of an anaerobic soil vol-
ume or anaerobic balloon on a spatially-explicit and clearer
physico-chemical basis, while still being efficient enough

Oxygen

4

=

POM MAOM
anox d

mineral-associated organic matter (MAOM) and particulate organic
matter (POM) that are ideally derived from available microstructure
information (left). The critical distances for the formation of anoxia

in POM and MAOM, d:ﬁff and dxﬁ?M, are either an outcome of the

model or derived from empirical equations introduced in Sect. 3

to be applied at the soil profile scale. The proposed concept
is compatible with the soil profile scale models reviewed
in Sect. 4, as the common depth-resolved state variables
(Fig. 7) drive the orthogonal oxygen diffusion and consump-
tion rates. Oxygen concentrations in the air-filled pore space
act as a boundary condition for the lateral distance domain
in each layer. A change in soil moisture and thus air-filled
porosity affects both the downward movement of gaseous
oxygen and the air distances through the wet matrix at each
depth. Temperature affects both domains, whereas MAOM
and POM are located in the distance domain either propor-
tionally with air distances, according to available microscale
information for a given soil layer (Fig. 7) or some other
hypothetical distribution that could be tested in the frame-
work of exploratory modeling. Information on dissolved,
mineral-associated and particulate organic matter fractions
is not routinely reported in denitrification studies, leaving
profiles of total organic carbon as the only depth-resolved
information of bioavailability of carbon substrates.

The mechanistic nature of this model could be fully har-
nessed by using substrate supply, e.g. calibrated with water-
extractable organic carbon as the only input information on
bioavailability, so that the local oxygen demand, the critical
distance for the formation of anoxia (d,,,,) and ultimately
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the anaerobic soil volume fraction would arise as model
outputs. Simplified versions are conceivable that use local
oxygen demand as input information (if available) in order
to estimate d,., from the analytical or calibrated equations
(Fig. 4) or from empirical equations with bulk soil properties
as input parameters (Table 1). These also allow d,, to be
estimated separately for MAOM and POM.

The model requires distance distributions to air-filled pores
as a function of water content. However, microstructure analy-
ses of intact soil cores from all relevant soil depths, as shown
in Fig. 6, are usually not available. An indirect approach out-
lined earlier would be to conceptualize the soil as a capillary
bundle model and derive idealized distance distributions from
water retention curves (Schurgers et al. 2006). Measuring
water retention curves would again require intact soil cores
from all soil depths considered, unless they are estimated from
bulk soil properties with pedo-transfer functions (Carsel and
Parrish 1988; Schaap et al. 2001). In the near future, another
option would be to use air distance histograms from the Soil
Structure Library (Weller et al. 2022). This is an open data
repository where uploaded X-ray CT data of soil structure
are analyzed according to a standardized pore space analysis
protocol. Each uploaded dataset comes with meta-information
such as soil type, land use, geographical coordinates, and soil
depth, so that the library can be searched for specific settings
and eventually used to build pedo-transfer functions.

Finally, we emphasize that such a model would only be
suitable for upscaling microstructure information to the soil
profile scale, as upscaling to the landscape scale presents a
completely different set of problems (Groffman et al. 2009).

anox

Conclusions

Denitrification activity on sub-cm to few-cm sized spatial
scales and event-based temporal scales is mainly driven by
anoxic microsites where all conditions for denitrification are
met. This local concentration of denitrification in a frac-
tion of the soil, called the anaerobic soil volume or anaero-
bic balloon, is a rather old concept that has been captured
experimentally and implemented in models for more than
thirty years. However, to date, the anaerobic soil volume has
mostly been implemented as conceptual quantity which is
calibrated to the observed denitrification, and few attempts
have been made to physically capture it by independent
observations or measurements. Accumulating experimental
evidence indicates that the inherent properties of particu-
late organic matter and its distribution within the wet soil
matrix, particularly its distances to air-filled pores, are the
main drivers of denitrification activity, with little contribu-
tion from mineral-associated matter in the soil matrix. This
was supported by meta-analyses of the controlling factors for
i) microscopic air distance thresholds for anoxia formation
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and ii) the apparent anaerobic soil volume fraction in oxic-
anoxic incubations. Both meta-analyses indicated that bulk
water and oxygen concentrations, which control the aera-
tion of the soil matrix, do not predict denitrification activity
well when this activity is concentrated in particulate organic
matter, where the micro-environmental conditions partially
decouple from the surrounding soil. Likewise, both meta-
analyses confirmed each other in that soil organic carbon
content was the single best predictor among basic soil prop-
erties for both target variables when pooled across all avail-
able data sets, but with low to moderate explained variabil-
ity (R? of 0.27 and 0.41, respectively). In the future, more
appropriate proxies for the abundance of labile carbon in soil
should be added to standard reporting protocols of incuba-
tion studies. Candidates could be water-extractable organic
carbon or particulate organic matter content derived from
imaging or density fractionation. Furthermore, we identified
considerable data gaps in both meta-analysis with a sample
size of only n=61 and n=76, respectively. Building more
robust statistical models requires much larger training data-
sets. This calls for (i) more standardized soil incubation stud-
ies that provide time series of N,O + N, emission rates and
complete reporting of essential soil properties according to
the standard reporting framework of denitrification research
(Almaraz et al. 2020) and (ii) more in-situ measurements of
local oxygen gradients combined with a thorough charac-
terization of soil properties to put the empirical equations
introduced in this paper on a more solid basis.

Many common denitrification models relate the anaerobic
soil volume fraction to the bulk oxygen concentration, which
completely ignores the spatial concentration of denitrifica-
tion activity in microbial hotspots. In addition, the exact
implementation of this relationship varies among models,
resulting in a wide variation of this anaerobic volume frac-
tion for the same input, making it more of a calibration factor
than a solid physical concept. A major obstacle to improving
such models, which operate at relevant scales (meters — hec-
tares), is that so far such microstructural information on air
distances (um — mm) of the wet soil matrix in general and of
POM in particular is only available for a few experimental
studies. A simple solution to account for microbial hotspots
in denitrification models is to stochastically distribute oxy-
gen availability. The more data-driven approach advocated
in this review is to (i) conceptualize a soil profile as a ver-
tical domain of fast gas transport in air-filled pores com-
bined with lateral transport of dissolved gases in the wet soil
matrix, (ii) establish new empirical relationships between
the critical microscale distances for anoxia formation and
several bulk properties common to all denitrification mod-
els, and (iii) to make an inventory of these distances for the
most common combinations of soil textures and land uses.
The establishment of such pedo-transfer functions has a long
history in soil science, e.g. for soil hydraulic properties, and
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huge databases for data assimilation based microstructure
information are now emerging. Although the road ahead
seems quite long at this stage, the gain in model accuracy
from this big data driven approach could make a fundamen-
tal difference in predicting ephemeral denitrification events
and changes in denitrification activity with land use change.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00374-024-01819-8.
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