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(AMF) can reduce denitrification rates and nitrous 
oxide  (N2O) emissions from soils. The rapid increase 
in the literature, over the last five years, opens up the 
opportunity to address mechanisms through which 
AMF might control denitrification.
Scope In this review, we classify likely mechanisms 
through which AMF modify through their hyphae deni-
trification and  N2O emissions into two categories: prox-
imal mechanisms, manifested through direct changes to 
denitrifiers and distal mechanisms which induce indi-
rect changes to denitrifiers. We distinguish between two 
types of influences, (i) alterations in the size and activ-
ity of denitrifiers and (ii) alterations in the relative avail-
ability of two key groups of genes, nitrite reductases 
(nirK & nirS) and nitrous oxide reductases (nosZ).
Conclusion Proximal mechanisms could reduce 
 N2O emissions through depleting available soil N and 
C, metal ions, modifying soil moisture, immobilizing 
C and N or through altering the denitrifying commu-
nity, and the relative abundance of genes involved in 
denitrification. Distal mechanisms could impact deni-
trification through changing soil pH, organic matter 
decomposition, improvement in soil aggregation, as 
well as promoting plant diversity and productivity. 
There are apparently many likely mechanisms, proxi-
mal and distal, through which AMF could alter  N2O 
production, even though their ecological importance 
for N cycling remains open to question.

Keywords Arbuscular mycorrhiza · Proximal and 
distal controls · Denitrification rates · N2O emissions

Abstract 
Background The vast majority of terrestrial plants, 
including most crops, associate with fungi of the phy-
lum Glomeromycota to form symbiotic associations, 
known as arbuscular mycorrhizas. Arbuscular myc-
orrhizas play a pivotal role in the terrestrial cycling 
of nitrogen (N). Recent advances in mycorrhizal 
research show that arbuscular mycorrhizal fungi 

Responsible Editor: Katharina Pawlowski.

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11104- 022- 05534-x.

S. T. Okiobe · K. Pirhofer-Walzl · E. F. Leifheit · 
M. C. Rillig (*) 
Institut für Biologie, Freie Universität Berlin, Berlin, 
Germany
e-mail: rillig@zedat.fu-berlin.de

S. T. Okiobe · K. Pirhofer-Walzl · E. F. Leifheit · 
M. C. Rillig 
Berlin-Brandenburg Institute of Advanced Biodiversity 
Research (BBIB), 14195 Berlin, Germany

K. Pirhofer-Walzl 
Leibniz Centre for Agricultural Landscape Research 
(ZALF), Eberswalder Str. 84, 15374 Müncheberg, 
Germany

S. D. Veresoglou (*) 
School of Ecology, State Key Laboratory of Biocontrol, 
Sun Yat-Sen University, Shenzhen 518107, China
e-mail: sveresoglou@zedat.fu-berlin.de

/ Published online: 13 June 2022

Plant Soil (2022) 476:315–336

http://orcid.org/0000-0001-6387-4109
http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-022-05534-x&domain=pdf
https://doi.org/10.1007/s11104-022-05534-x
https://doi.org/10.1007/s11104-022-05534-x


1 3
Vol:. (1234567890)

Introduction

Nitrous oxide  (N2O) is a potent greenhouse gas con-
tributing to global warming.  N2O has a 300 times 
higher per unit mass global warming potential com-
pared to carbon dioxide  (CO2) and has been labelled 
the “dominant ozone-depleting  substance  in the 
twenty-first century”, responsible for the destruc-
tion of the stratospheric ozone layer (Forster et  al. 
2007; Ravishankara et  al. 2009; Griffis et  al. 2017). 
An estimated 60% of the global soil  N2O emissions 
originates from agricultural soils (Syakila and Kroeze 
2011; Reay et al. 2012). Grasslands account for two 
thirds of agricultural land across the world and are 
responsible for approximately 18% of global  N2O 
emissions (Lee et  al. 1997). Arbuscular mycorrhi-
zal fungi (AMF) are the dominant mycorrhizal type 
in these ecosystems (Smith and Read 2008; Brun-
drett and Tedersoo 2018). Global  N2O emissions and 
temperature are on the rise and expected to increase 
further (IPCC 2021). Increases in human population 
and living standards will lead to an intensification of 
the food production system, including a heavier use 
of nitrate (N) fertilizers, which will likely increase 
losses of N from ecosystems through processes such 
as N-leaching and denitrification (Springmann et  al. 
2018), if no technological changes or dedicated miti-
gation measures are implemented. Springmann et al. 
(2018) estimated that there could be a 50 to 90% 
increase in greenhouse gas emissions from agricul-
ture and more intense land use between 2010 and 
2050.

N2O is produced in soils in the course of two con-
trasting processes: denitrification and nitrification 
(Butterbach-Bahl et  al. 2013). However, over two 
thirds of global soil  N2O emissions originate from 
heterotrophic denitrification (Thompson et al. 2012). 
Heterotrophic denitrification, to which from now 
on we will refer to as denitrification, is a biologi-
cal process in which soil nitrate  (NO3

−) is reduced 
to dinitrogen  (N2) under anaerobic conditions with 
the intermediate formation of  N2O. The first step of 
denitrification, nitrate reduction, requires an electron 
donor, which in most cases is C. The identity of the 
electron donor determines the energetic costs of the 
process, which in some cases can be exothermic (i.e. 
autotrophic denitrification; Park and Yoo 2009). By 
contrast, nitrification describes a process where soil 
ammonium ions  (NH4

+) are reduced to  NO−
3 under 

aerobic conditions and can simultaneously generate 
 N2O through nitrifier-denitrification (Butterbach-Bahl 
et al. 2013). It is therefore relevant to have an in-depth 
understanding of the environmental factors control-
ling denitrification. We grouped here the environ-
mental factors controlling denitrification rates  (N2O 
and  N2 emissions) into two categories, proximal and 
distal factors (Groffman et al. 1988; Wallenstein et al. 
2006; Robertson and Groffman 2015, see “Classifica-
tion of proximal and distal controls of denitrification” 
section). Being a microbially driven process, denitri-
fication depends strongly on ongoing competitive and 
facultative interactions with other microbes, includ-
ing plant-associated microbes such as AMF. AMF 
are a widespread group of soil borne fungi associat-
ing symbiotically with the roots of about a 72% of 
the terrestrial plant species that have been described 
so far, including many agricultural plants (Brundrett 
and Tedersoo 2018; Fig. 2). AMF often enhance plant 
nitrogen (N) and phosphorus (P) uptake and plant 
yield and simultaneously promote soil aggregation 
(van der Heijden et al. 2006a, b; Nwaga et al. 2010; 
Okiobe et  al. 2015, Tisdall and Oades 1982; Rillig 
and Mummey 2006; Leifheit et al. 2014). The direct 
and indirect AMF effects of AMF on terrestrial eco-
system processes and C cycling have been discussed, 
for instance in Rillig (2004a, b), but the potential role 
of AMF on N-cycling and denitrification processes 
has been less explored.

One of the first studies addressing the role of AMF 
on  N2O emissions was by Cavagnaro et  al. (2012), 
finding negligible alterations on  N2O fluxes between 
mycorrhiza-defective tomato mutants and their wild-
type progenitors. There have been several reviews 
addressing the role of AMF in N related processes 
(Veresoglou et  al. 2012b; Hodge and Storer 2015; 
Cavagnaro et  al. 2015), but none of these studies 
has addressed AMF-mediated controls of denitrifi-
cation and related  N2O emissions in detail. Recent 
advances in mycorrhizal research demonstrate that 
AMF reduce  N2O emissions from soils (e.g. Bender 
et  al. 2014; Lazcano et  al. 2015; Zhang et  al. 2015; 
Bender et  al. 2015; Storer et  al. 2018; Teutscherova 
et  al. 2018 but see Okiobe et  al. 2019). These new 
findings are of great relevance because agricultural 
management practices, such as conventional tillage, 
have been reported to reduce AMF colonization and 
abundance in cropping systems, which might contrib-
ute to increased  N2O emissions (Bender et al. 2014; 
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Bowles et  al. 2016). Managing agricultural soils for 
conserving and augmenting AMF may not only con-
tribute to a greater sustainability in crop production 
(Rillig et  al. 2018), but also to a reduction of  N2O 
emissions. A comprehensive understanding of AMF-
mediated mechanisms on environmental controls of 
denitrification is therefore particularly desirable.

Here, we present a comprehensive review with 
new insights into how AMF can potentially alter 
proximal and distal controls of denitrification 
rates and how they could impact the magnitude of 
 N2O emissions. First, we illustrate the difference 
between proximal and distal controls (Fig. 1a) and 
their potential effect on denitrification rates and 

related  N2O emissions. Second, we explain how 
AMF can influence proximal environmental con-
trols of denitrification such as the denitrifier com-
munity structure, soil nitrate, oxygen and metal 
concentrations, available C and soil pH as well as 
distal environmental controls such as organic mat-
ter and C/N ratio, nitrification, soil moisture and 
structure and plant diversity, and how this relates to 
the magnitude of  N2O emissions. We briefly discuss 
the potential of AMF to mitigate climate change 
via their influence on denitrification rates. We con-
clude with suggestions for future studies on AMF-
mediated mechanisms on denitrification and  N2O 
emissions.
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Fig. 1  (a) Overview of the proximal (blue links) and distal 
(red links) mechanisms through which arbuscular mycorrhizal 
fungi (AMF) alters  N2O emission rates (we describe these in 
detail in the text). Proximal mechanisms induce instantaneous 
or relatively quick changes to  N2O emissions whereas distal 
mechanisms act at larger temporal scales via modifying the 
microenvironment for denitrifiers. Next to each of the mecha-
nisms we highlight the most probable direction of the effect on 
 N2O emissions on which we further rationalize in Table  S1. 
Network path lengths and intermediate nodes are not indica-
tive of the strength of the reationships and only serve the pur-
pose of highlighting that most likely the effects of AMF are of 

high complexity and that we remain unaware of possible inter-
actions between different mechanisms such as C availability 
and nitrification. We further depict the two types of changes 
in denitrification which the abovementioned mechanisms can 
induce and alter  N2O emission rates: a change in the popula-
tion size and activity of denitrifiers which is depicted here as 
a petri dish with bacterial cultures (b) and changes in the rela-
tive abundance and spatial distribution of enzymes (in particu-
lar nitrite reductases and nitrous oxide reductases) in the soil 
matrix which is depicted here for visualization purposes as a 
two-dimensional set of pores in a light brown color (c)
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Classification of proximal and distal controls of 
denitrification

During biological denitrification, soil bacteria, but 
also some fungi and archaea convert  NO3

− to  NO2
−, 

then to nitric oxide (NO) gas, and to  N2O and finally 
to  N2 in a sequence of reactions (Fig.  1; Fig.  S1) 
(Zumft 1997; Saggar et  al. 2013). The reactions are 
catalyzed by nitrate reductase (Nar); nitrite reductase 
(Nir); nitric oxide reductase (Nor) and nitrous oxide 
reductase (Nos), respectively (Zumft 1997). The 
complete process can be expressed as a net balanced 
redox reaction, where  NO3

− gets fully reduced to  N2. 
In order for denitrification to proceed, N must be pre-
sent in the form of  NO3

−. The  NO3
− can be present in 

soil either through the direct addition of ammonium 
nitrate fertilizer  (NH4NO3) or following nitrification 
of  NH4

+.
Denitrifiers are a diverse group of microbes com-

prising bacteria, fungi and archaea with over 160 
variants of nitrite reductase (Wei et  al. 2015) and 
165 variants of nitrous oxide reductase (Sanford 
et  al. 2012). A significant fraction of denitrifiers, 
estimated to approximately 1/3 of bacterial denitri-
fiers, have a truncated denitrification pathway, mean-
ing that they lack the nosZ gene and cannot reduce 
 N2O to  N2 (Fig.  S1), even though some denitrifiers 
lacking these genes have been reported to influence 
denitrification rates from soils (Philippot et al. 2011; 
Saggar et  al. 2013). This means that denitrification 
gene counts are not particularly informative of poten-
tial denitrification activity or potential  N2O produc-
tion across terrestrial habitats (Philippot et  al. 2009; 
Domeignoz-Horta et  al. 2015) and complicates pre-
dicting  N2O emissions from terrestrial systems. It is 
therefore important to differantiate between instances 
when mechanisms indiscriminately alter the popula-
tion sizes and activity of all denitrifiers (i.e. counts of 
denitrifiers abstracted here as microbial colonies in 
a Petri dish; Fig.  1b) and mechanisms that alter the 
relative abundances of denitrifiers with the ability to 
carry out complete deinitrification (i.e. the endprod-
uct is  N2) over those that can only do partial denitri-
fication (i.e. the endproduct is  N2O; here depicted as 
spatial heterogeneity of genes in soil pores; Fig. 1c). 
In the latter group we include cases where the organ-
isms are present but their physiological activity might 
be lower, such as nosZ genes at low pH (e.g. Liu et al. 
2014).

In many cases hyphae of AMF can induce direct 
changes to the microbes that carry out denitrification. 
The list of direct changes includes (i) soil N availa-
bility which AMF alter through uptake, (ii) labile C 
availability which changes in response to hyphodepo-
sition and hyphal senescence, (iii) soil oxygen con-
centrations which can be determined via hyphal respi-
ration (iv) gene abundance ratios (e.g. nirK vs. nirS; 
nosZ clade I vs type II) and overall community shifts 
in the denitrifiers that may alter the efficiency of deni-
trification and the ratio of the end-products (i.e.  N2O 
over  N2) (v) soil moisture which AMF could modify 
through absorbing and translocated water (e.g. Allen 
2007) and (vi) changes in metal availability which 
AMF hyphae assimilate. We classify here such driv-
ers as proximal controls of denitrification. Proxi-
mal mechanisms, thus, unfold through alterations 
that AM fungal hyphae growing in the soil induce 
that influence denitrifiers without the involvement 
of other organisms, but in a way that immediately 
affects aspects of the soil environment relevant for 
denitrification. There are, however, many additional 
controls of denitrification which occur through indi-
rect pathways. We refer to these factors here as dis-
tal controls of denitrification and they describe all 
other mechanisms via which AM in their symbiosis 
with plants may affect microbes carrying out denitri-
fication; these indirect effects either cascade through 
or involve other organisms (at a minimum the host 
plant) and thus typically manifest themselves with a 
time lag compared to the direct effects. Effects of the 
AM symbiosis in ecosystems unfold in a hierarchical 
manner (Rillig 2004a, b; Powell and Rillig 2018). We 
here distinguish direct effects of the hyphae of AM 
fungi in the soil on the environment experienced by 
denitrifiers from indirect effects that involve other 
organisms (e.g. plants) or processes (e.g. soil aggre-
gation). It should be understood, however, that the 
parameters we discuss under "proximal effects" can 
also be affected by the AM symbiosis indirectly, at 
a higher level of the ecological hierarchy, for exam-
ple via changing plant productivity or community 
composition. We summarize our classification into 
proximal and distal controls of denitrification and 
our expectations on how they alter denitrification 
rates and  N2O emissions in Fig.  1a. The concept of 
proximal and distal controls can be highly useful to 
guide future research to more clearly describe the 
multifaceted mechanisms that lead to changes in  N2O 
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production as we do here for AMF-mediated pro-
cesses and mechanisms.

A few studies have investigated AMF-mediated 
effects on denitrification rates and related  N2O emis-
sions via changes in environmental controls of deni-
trification. Most of these studies reported declines 
in  N2O emissions upon addition of AMF (Bender 
et al. 2014, Storer et al. 2018, see Table 1, Fig. 1a). 
A decline in denitrification rates suggests that either 
 N2O emissions are lower or that  N2 losses decline 
either with AMF or  N2O/N2 ratio, i.e. total denitrifi-
cation is reduced in the presence of AMF. Quantify-
ing directly  N2 emissions from soils is difficult due to 
technical issues and its high atmospheric background 
(Butterbach-Bahl et  al. 2013). The role of AMF in 
denitrification and  N2 emissions is largely unknown. 
We will discuss in detail how AMF modifies proxi-
mal and distal controls of denitrification and  N2O 
emissions later in the review (Table S1, Fig. 1).

It is not always straightforward to compare denitri-
fication and  N2O emission rates between studies (and 
thus assess the impact of AMF on them), because 
of occassional incompatibility of methods. The two 
most common approaches to assay denitrification are 
via gas traps (i.e. either via static chambers or assay-
ing headspace air in sealed units) to which authors 
refer as actual rates (Chadwick et  al. 2014) and via 
a denitrification enzyme activity assay, usually 
described in the literature as denitrification poten-
tial rates (Tiedje et  al. 1989). The two approaches 
have several limitations. Actual denitrification rates 
reflect strongly the soil and environmental settings at 
plant harvest and combining multiple measurements 
over time is often necessary to obtain representative 
denitrification estimates (e.g. Barton et  al. 2015). 
Also, pot-bound plants can deplete N from soil, such 
that actual denitrification rates are no longer detect-
able; to address this issue in many experiments with 
AMF, authors fertilize the soil shortly before initiat-
ing the measurements (e.g. Cavagnaro et  al. 2012; 
Bender et al. 2014). The denitrification enzyme activ-
ity assay, by contrast, has a range of technical limi-
tations (e.g. Keeney 1986), which lead to an under-
estimation of potential rates (Watts and Seitzinger 
2000) and assumes unrealistically that the enzyme 
optima are invariable across enzyme variants (i.e. 
enzymes produced by different organisms to catalyze 
a given process but maintain a slightly different pro-
tein codons) and are effectively captured by the assay. 

Denitrification potential measurements are occasion-
ally interpreted as a proxy of the size of the denitrify-
ing microbial community (e.g. Groffman et al. 1999), 
whereas actual rates additionally capture environ-
mental settings, meaning that results are not always 
comparable. For example, AMF likely increase deni-
trification potential/  N2O potential emission rates 
(as shown in the two studies that assayed denitrifi-
cation potential rates: Okiobe et al. 2019, 2020), but 
decrease actual denitrification/N2O emission rates 
(e.g. Bender et al. 2014; Storer et al. 2018). Possibly 
the best way to address the shortcomings of either of 
the approaches assaying denitrification is to combine 
them both in experimental procedures. Despite being 
less cost effective, combining the approaches could 
increase considerably the mechanistic resolution of 
any study. Alternatively, under field settings it should 
be possible to additionally capture the potential of 
the soil to support denitrification via assaying actual 
denitrification iteratively over longer periods (i.e. 
establish long trajectories of measurements). Unfortu-
nately, the existing studies on AMF addressing deni-
trification have so far narrowed their focus to one of 
the two approaches.

AMF as proximal mechanisms of denitrification

AMF-mediated mechanisms acting on available 
mineral soil N concentrations

Many of the studies addressing the role of AMF on 
 N2O emissions have been short term mechanistic 
studies under well controlled conditions (e.g. Bender 
et al. 2014; Storer et al. 2018; Table 1). In such cases, 
the most pervasive change that AMF induce to deni-
trification and  N2O emissions should have been a 
decline in the availability of N in the system via N 
uptake and immobilization (Storer et al. 2018). Deni-
trification is substrate controlled, meaning that there 
is usually a good relationship between the availability 
of  NO3

− in soil and  N2O emissions. AMF assimilate 
most of their N from soil in the form of  NH4

+ (Govin-
darajulu et al. 2005; Tanaka and Yano 2005) and do 
not directly influence  NO3

− availability. In doing 
so, AMF likely slow down nitrification and thus do 
impact  NO3

− availability (Veresoglou et  al. 2011, 
2019). An alternative way through which AMF could 
influence N availability (and thus denitrification) is 
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via speeding up assimilation (and thus depleting) of 
inorganic N pools from, soil (Johansen et  al. 1992; 
Hodge and Storer 2015; Atul-Nayyar et  al. 2009; 
Cavagnaro et  al. 2012). N-depleting effects of AMF 
should be more pronounced in controlled pot experi-
ments, the typical settings under which AMF-medi-
ated effects are tested. As a result and particularly in 
pot studies, a depletion of N from systems with AMF 
was occasionally observed, resulting in lower  N2O 
production (Bender et al. 2015; Zhang et al. 2015).

AMF-mediated mechanisms acting on soil C 
availability

The vast majority of denitrifiers are heterotrophs and 
denitrification in agricultural soils is controlled by 
labile C availability (Saggar et al. 2013). Any AMF-
mediated mechanism that influences C availability in 
soils therefore has a big impact on  N2O emissions. 
One possibility is that AMF reduce the availabil-
ity of C in the (myco)rhizosphere. AMF are a major 
C sink and alter the composition of rhizodeposition 
(Graham et  al. 1981; Jones et  al. 2004). Between 4 
and 30% of photoassimilated plant C is transferred 
to AMF hyphae (Drigo and Donn 2017), providing 
an essential C source for the survival of the fungus 
and therefore limiting rhizodeposition to the soil (e.g. 
Marschner et al. 1997; Artursson et al. 2006). Via this 
mechanism AMF likely reduce the amount of energy 
available to denitrifiers thereby delaying and reduc-
ing  N2O emissions (Fig.  1a). AMF-reduced C input 
into the mycorrhizosphere (the volume of soil influ-
enced by AMF and roots) or hyphosphere (the vol-
ume of soil influenced by AMF hyphae) has also been 
reported to decrease the abundance of  N2O-producing 
bacteria (see “AMF-mediated mechanisms on soil 
moisture” section for more details, Amora-Lazcano 
et al. 1998; Nuccio et al. 2013). There is also the pos-
sibility, however, that AMF increase C availability. 
AMF can be a source of C in soil, via hyphodeposi-
tion, hyphal grazing, and through turnover of AM 
fungal hyphae (Jones et al. 2004; Johnson et al. 2005; 
Kaiser et  al. 2015). Additionally, AMF can increase 
the decomposition of labile plant litter (Cheng et al. 
2012), potentially because of a stimulation of asso-
ciated microbes, thereby enhancing the release of C 
compounds. However, microbially derived C is effi-
ciently being incorporated into mineral-stabilized 
soil organic matter, thereby mitigating possible 

stimulating effects on the microbial community 
(Sokol and Bradford 2019). In the case that AMF 
increase the availability of C in the rhizosphere they 
could also foster higher rates of denitrification in the 
(hypho)rhizosphere. A final possibility is that we 
observe both increases and decreases in C availability 
which depend on the exact environmental settings we 
observe at each microsite. In that particular case the 
net effect that AMF induce on denitrification should 
additionally depend on the degree to which denitri-
fication is possible (e.g. whether microsites foster 
anoxic conditions; if the availability of N locally is 
high etc.) at the various microsites in soil. Overall, 
the magnitude to which AMF modify C availability 
in soil is unknown and this complicates upscaling gas 
fluxes in the rhizosphere.

AMF-mediated mechanisms acting on soil oxygen 
concentration and respiration

Overall, a large number of studies has observed 
AMF-induced increases in soil respiration (Lang-
ley et  al. 2005; Hughes et  al. 2008; Cavagnaro 
et al. 2008, 2012; Shi et al. 2010; Nottingham et al. 
2010), which have been attributed to heterotrophic 
respiration of external AMF hyphae (Heinemeyer 
et  al. 2006). For example, Nottingham et  al. (2010) 
found that AMF mycelia respired C at a rate of 1.4 t 
 ha−1  yr−1, which accounted for about 14% of total soil 
respiration and 26% of root-derived respiration in the 
forest soil. Zhang et al. (2016), by contrast, reported 
that in a semiarid step suppressing AMF increased 
soil respiration by up to 9%, suggesting that the 
impact of AMF on respiration could also be negative. 
A greater AMF mycelium respiration may deplete 
oxygen in soil and favour denitrification and  N2O 
production (Sextone et  al. 1985). This effect could 
stimulate denitrifying  N2O producers that are known 
to thrive under poor oxygen conditions (Groffman 
et  al. 1988). Low soil oxygen concentrations could 
therefore increase denitrifying enzyme activities 
while high oxygen concentrations would inhibit this 
activity (Zumft 1997; Burgin and Groffman 2012). 
The ecological importance of such likely mechanisms 
that reduce oxygen concentrations in soil remains, 
however, questionable and it is quite likely that other 
distal AMF-mediated mechanisms such as promoting 
soil aggregation (Rillig and Mummey 2006) are more 
important than soil oxygen effects per se.

Plant Soil (2022) 476:315–336322



1 3
Vol.: (0123456789)

Most of the existing literature addressing how 
AMF alter soil respiration in experiments has used 
soils from woody habitats. Propagule denisties of 
AMF in soil may be comparably lower in woody 
habitats, at least in the case of ectomycorrhizal domi-
nated temperate ecosystems, but the depth and den-
sity of the root systems should be higher (e.g. Zhou 
et  al. 2019), meaning that the results may not be 
generalizable for herbaceous systems. A particular-
ity of agricultural soils is that in addition to seasonal 
variation in rooting depth, AMF colonization and 
abundance are considerably low (Bender et al. 2014; 
Bowles et  al. 2016), meaning that soil respiration 
could have significant implications for soil C turnover 
and denitrification. It would be desirable to expand 
the focus of the existing literature through address-
ing the influence of AMF on  N2 and  N2O emissions 
via AMF-induced change in soil oxygen availability 
under agricultural soils.

AMF-mediated shifts in the denitrifying community 
structure

AMF-induced modifications on proximal controls 
of denitrification such as alterations in C availabil-
ity and competition intensity for other nutrients may 
evoke shifts in the denitrifying community. Few 
studies have shown that AMF may alter denitrify-
ing community composition as well as the nitrifying 
microbial community (Veresoglou et al. 2011, 2012a; 
Nuccio et  al. 2013). AMF further alter the rela-
tive abundance of nitrifying and denitrifying genes 
in soil but also alter the potential nitrification and 
denitrification rates in soil (e.g. Storer et  al. 2018). 
For example, AMF reduce the activity of ammonia 
oxidisers (e.g., ammonia oxidising bacterial-AOB) 
and thereby lower potential nitrification rates (Vere-
soglou et  al. 2011, 2019). This indicates that they 
may be capable of outcompeting nitrifiers for  NH4

+ 
(Veresoglou et  al. 2019). Unfortunately, the degree 
to which AMF alter the structure of the denitrifying 
microbial community has not yet been quantitatively 
estimated. A reduction in potential nitrification rates 
and abundance of denitrifiers by AMF could then 
potentially reduce overall denitrification rates and the 
magnitude of  N2O emissions (Veresoglou et al. 2011; 
Veresoglou et  al. 2012a). Additionally, the presence 
of AMF significantly increased the relative abun-
dance of two out of four denitrifying bacterial groups 

(Gemmatimonadetes and Deltaproteobacteria) pos-
sessing nosZ genes (Nuccio et al. 2013). Any differ-
ences in the distribution of the groups of microbial 
denitrifiers with and without the ability to reduce  N2O 
(i.e. availability of nosZ genes), including alterations 
resulting from AMF, could as a result potentially (i.e. 
given suitable environmental conditions) change the 
proportion of denitrification that is incomplete (i.e. 
results in  N2O emissions) and represent a mecha-
nism of  N2O production independent of N availabil-
ity. Hyphae of AMF have also been reported to alter 
the abundance of denitrifying key genes nirK and 
nirS, which are involved in the reduction of  NO3

− into 
 NO2

− and nosZ genes (Bender et  al. 2014), but also 
the community structure of bacteria maintaining nirK 
genes (Veresoglou et  al. 2012a). Many studies have 
used the abundance of denitrifying genes as a proxy 
of assayed denitrification (but see concerns raised in 
Henderson et  al. 2010; Philippot et  al. 2009, 2013). 
Bender et al. (2014) found that the abundance of key 
genes responsible for  N2O production (nirK and nirS) 
was negatively, and for  N2O reduction (nosZ) posi-
tively correlated to the abundance of AMF, indicating 
that  N2O reduction was mediated by AMF-induced 
changes in the soil microbial denitrifying commu-
nity composition. The direct effect of AMF on  N2O 
emissions rates via microbial community shifts and 
the relative importance of those in relation to associ-
ated changes in environmental conditions are poorly 
understood. If AMF disproportionally promote nosZ 
genes over nirK and nirS ones, they might also stimu-
late the  N2O-reducing ability of the denitrifiers and 
accelerate the conversion of  N2O to  N2, lowering  N2O 
emissions.

AMF can indirectly influence  N2O emissions by 
altering the abundance of N metabolism-related 
genes, rather than by altering soil chemical proper-
ties or the diversity of bacterial communities (Gui 
et al. 2021). We believe that most microbial shifts in 
soil (with some notable exceptions for groups such 
as ammonia oxidizers) occur relatively fast and this 
is as a result a proximal mechanism rather than a 
distal one. Further exploring the soil and environ-
mental conditions under which AMF might alter 
nosZ gene activity thus has the potential to develop 
into a  N2O mitigation technology, whereby soils are 
managed for conserving propagules of AMF as pro-
posed in Rillig et al. (2016).
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AMF-mediated mechanisms on soil moisture

AMF over longer timespans can translocate consid-
erable quantities of water and thus structure the soil 
microenvironment in relation to soil moisture (e.g. 
Allen 2007; but see evidence from Püschel et al. 2020 
that the water transported is insufficient to meet tran-
spiration demands of the hosts). The easiest way to 
quantify the effect of soil moisture on denitrification 
rates is via assessing water filled pore space (WFPS) 
(Table S1).  N2O emission rates increase with increas-
ing WFPS (Groffman et  al. 1988; Butterbach-Bahl 
et al. 2013). The AM symbiosis with plant roots can 
increase plant water uptake and nutrient use effi-
ciency, thereby changing soil moisture conditions 
(Augé 2001, 2004). Lazcano et al. (2015) performed 
a greenhouse experiment to compare the effect of 
mycorrhizal tomato (76R MYC) and its non-mycor-
rhizal mutant (rmc) on the  N2O emissions under dif-
ferent soil moisture conditions (drought and watered). 
They found that plant genotype affected the relation-
ship between  N2O and WFPS: soil  N2O emissions in 
the 76R MYC treatment were significantly reduced 
at high soil moisture with WFPS higher than 50% 
compared to rmc. They reported that the reduction 
of  N2O production was related to an increased pho-
tosynthesis rate and stomatal conductance at high soil 
moisture with 76R MYC, but also to increased plant 
water use efficiency by AMF colonized roots. This 
study supports earlier findings from Bender et  al. 
(2014), indicating a reduction in WFPS in response to 
AMF inoculation. They presumed that the fast water 
removal in the 76R MYC treatment increased the 
oxygen availability in the soil and therefore reduced 
the  N2O emissions, because denitrifying enzymes are 
only active under conditions of low oxygen (Burgin 
and Groffman 2012). By contrast, Zhang et al. (2015) 
found that the WFPS of the non-inoculated soil was 
slightly greater than that of the AMF inoculated soil 
and there were no differences between the control 
and AMF treatment during the flooding and drain-
ing stages in the rice paddy field. Nevertheless,  N2O 
emissions were significantly reduced in the inocu-
lated soils compared to non-inoculated because AMF 
reduced  NH4

+ and  NO3
−concentrations in the flooded 

and drained stages, respectively. AMF would lower 
the rates of  N2O emissions during precipitation events 
(i.e. rainy seasons) that are known to be the hotspot of 
denitrification compared to dryer seasons. Generally, 

the influence of AMF on soil water transport to plants 
seems to be higher in dryer soils as shown in a meta-
analysis from Augé et al. (2015). Hence, AMF effects 
on denitrification via mediating water availability 
vary depending on moisture availability, but overall 
seem to render the soil habitats more oxic, particu-
larly at low water availability, thereby reducing  N2 
and  N2O production.

AMF-mediated mechanisms on soil metal availability

Soil metals have been overlooked as proximal con-
trols of denitrification (Wang et al. 2016). Denitrify-
ing enzymes require cofactors to operate, which can 
be soil metal ions such as copper (Cu), iron (Fe) and 
molybdenum (Mo) (Zumft 1997). A cofactor is a 
non-protein chemical compound or metallic ion that 
is required for an enzyme’s activity. Cofactors are 
"helper molecules" that assist in biochemical trans-
formations, for example denitrification (Zumft 1997). 
Mo acts as a cofactor for Nar, Fe for both Nar and 
Nir while Cu acts as a cofactor for Nir and specifi-
cally for Nos because it is the only enzyme with no 
alternative Cu-cofactor (Saggar et  al. 2013; Zumft 
1997). Although AMF are usually considered impor-
tant primarily for N and P uptake (Smith and Read 
2008), they can also increase plant acquisition of zinc 
(Zn), Mo, Fe and Cu. A meta-analysis reported over-
all positive effect of AMF on Cu, manganese (Mn) 
and Fe uptake by crops (Lehmann and Rillig 2015). 
Cu and Fe protein transporters have been identified in 
the mycorrhizal structures of R. irregularis, a model 
AMF (Tamayo et al. 2014). We postulate that changes 
in soil metal concentration by AMF will have poten-
tial effects on denitrification enzymes and  N2O emis-
sion rates. The Nir in some organisms can contain 
Cu and could therefore be limited by Cu availability 
(Zumft 1997; Suzuki et al. 2000; Stein 2011). If AMF 
are taking up Cu, they may reduce the magnitude of 
 N2O production by repressing the activity of the Cu-
based Nir. However, a reduction in the availability of 
Cu can also increase  N2O production as the activity 
of the Nos, which also has a Cu-cofactor, is reduced 
(Zumft 1997). AMF reduced soil  Cu2+ availability via 
uptake (Lehmann and Rillig 2015) would therefore 
leave most of the denitrified N in the form of  N2O. 
On the other hand, when the availability of soil Fe 
(III) is high,  N2O production increases (Bengtsson 
et al. 2002). Recent studies found that the availability 
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of Fe in soils can be positively linked to  N2O pro-
duction (Zhu et  al. 2013; Wang et  al. 2016). Since 
AMF can reduce the availability of Fe by taking up 
 Fe2+ and transfering it to their host plants, they have 
the potential to reduce denitrification rates by alter-
ing the activity of Nar and Nir. However, Wang et al. 
(2016) reported a high  N2O production when soil 

 Fe2+ concentration was decreased. This study indi-
cated that the increased production of  N2O was regu-
lated by oxido-reduction reactions and the donation 
of electrons to  NO−

3 via microbial oxidation of Fe 
(II). The presence of AMF may therefore alter oxydo-
reactions between nitrates and metal ions (Fig. 2). We 
presume that changes in  N2O production could be 

Fig. 2  Bibliometric coupling (i.e. an analysis of citation tables 
of related documents) network of the eleven studies (Table 1) 
that have addressed how arbuscular mycorrhizal fungi alter 
 N2O emissions. The analysis clustered the studies into three 
compartments (while Zhang et al. 2015 did not cluster to any 
other study). The red compartment describes studies on crops 
replicating agricultural settings. The purple compartment 
includes mechanistic studies, where a quantification of  N2O 
emission rates was coupled to other N-cycling processes such 
as nitrifcation rates or N-leaching. Studies in the green com-
partment maintain some more realistic elements and were 
either carried out with multiple hosts (Jia et al. 2020; Okiobe 

et al. 2020), addressed more than one soil (Bender et al. 2014) 
or were set up in soils that had not been sterilized (Okiobe 
et  al. 2019; Okiobe et  al. 2020; some other studies such as 
Bender et al. 2014 did this as well but experimented with con-
generic mutants). The width of the links is indicative of how 
similar the set of references between any given pair of studies 
has been. Node size is representative of how similar a study 
is with the other studies in the set. In the insert we depict the 
shared (i.e. we excluded keywords present in a single study) 
keywords across the abovementioned set of eleven studies, 
which should thus present good candidate keywords for index-
ing purposes in future studies
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dependent on the regulation of soil Cu(II)/NO3
− or 

Fe(II)/  NO3
− via proximal AMF-reduced soil metal 

concentration in soils.
In summary, by lowering trace metal availability in 

soils, AMF could contribute to an inhibition of  N2O 
production. This idea needs to be tested with studies 
focusing on the direct effect of the presence of AMF 
on metal concentrations in soil and the relation to 
 N2O release.

AMF‑mediated mechanisms on distal controls 
of denitrification rates

AMF-mediated mechanisms acting on soil organic 
matter and soil C/N ratio

The C/N ratio of mineralized organic matter (OM) 
likely presents an important distal control on denitri-
fication rates because it considerably influences the 
availability of soil N (Fig. 1a). AMF enhance decom-
position and mineralization of mostly high quality 
plant litter (with low C/N ratios), and thus stimulate 
the release of mineral N, but at the same time they 
could stimulate the non-symbiotic assimilation of 
newly released mineral N by their host plants (Hodge 
2001; Hodge et  al. 2001; Hodge and Fitter 2010; 
Hodge and Storer 2015). Such effects would also 
alter the composition of the denitrifying microbial 
community, which consists of mainly heterotrophic 
bacteria. The fraction of mineralized N that is assimi-
lated by AMF is considerable, possibly spanning up 
to a 20% of plant derived from N-rich patches (Leigh 
et al. 2009). AMF-mediated decomposition in organic 
patches results in higher C/N ratios than when AMF 
are absent and this eventually increases the amount 
of N that is mineralized (Atul-Nayyar et  al. 2009). 
In this study, up to 25% of the mineralized N were 
recovered and translocated to host plants. AMF can 
firstly influence decomposition rates of OM and sec-
ondly the fate of the mineralized N and C substances 
and out-compete denitrifiers. We can see that distal 
mechanisms, such as AMF-mediated effects on OM 
decomposition, are closely linked to proximal mecha-
nisms, such as AMF induced-changes in soil N-nutri-
ent concentration and competition between AMF and 
denitrifying microbial community for C and N-nutri-
ents in the soil. Therefore, the presence of AMF may 
reduce the availability of organic C to the denitrifying 

soil community while decreasing the  N2O/N2 product 
ratio. We do not yet fully understand the trophic and 
biotic interactions (i.e. competition) between AMF 
and denitrifying microbial communities and whether 
these can slow down the cycling of N in the hypho-
sphere or else how they affect the rates of  N2O emis-
sions and the product ratio of denitrification.

Most of the studies looking at the effects of AMF 
on decomposition of organic matter were conducted 
in the lab or greenhouse and were short-term stud-
ies (Hodge 2001; Leigh et  al. 2009). Even though 
most of the existing literature supports that AMF 
increase decomposition of organic C, it is precarious 
to generalize the observation for longer term experi-
ments this differs (Verbruggen et al. 2013). We can, 
however, make use of these studies to design future 
experiments that disentangle how changes in organic 
C would alter the biotic interactions between AMF 
and denitrifiers. Such studies are of high relevance for 
gauging how AMF could alter N-cycling and denitri-
fication and can potentially be of a particularly high 
applied value for modelling purposes given several 
recent calls to integrate mycorrhizal technology in 
organic agriculture (Rillig et  al. 2016; Zhang et  al. 
2019).

AMF-mediated mechanisms acting on soil pH

Soil pH plays an important role in the activity of 
denitrifying enzymes and the regulation of  N2O emis-
sions.  N2O emissions and the denitrification potential 
ratio  [N2O/(N2O +  N2)] decrease with increasing pH 
values (Šimek and Cooper 2002; Èuhel and Šimek 
2011; Samad et al. 2016). The activity of Nos, a rel-
evant enzyme responsible for the reduction of  N2O 
to  N2 in soils, could be repressed by acidic pH, even 
when the denitrifiers are present, and thereby increase 
 N2O emissions (Dannenmann et al. 2008; Èuhel and 
Šimek 2011; Liu et  al. 2014). Bago et  al. (1996) 
reported that the presence of AMF hyphae increased 
the pH of a growth medium enriched with  NO−

3 by 
enhanced  NO−

3 uptake and releasing  OH− into or 
removing  H+ from the medium. Increase in soil pH by 
AMF was also observed in the rhizosphere of onion 
(Allium cepa L.) (Bago and Azcón-Aguilar 1997). 
Any increase in the soil pH could reduce  N2O produc-
tion. Bender et al. (2014) observed pronounced differ-
ences between inoculated and non-inocculated AMF 
tomato plants in soil pH, indicating that an increase in 
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soil pH may have contributed to reduced  N2O emis-
sions. Reduced  N2O emissions might have also been 
observed because there is often an increase in copy 
numbers of nosZ genes (Zumft 1997). There are also 
studies reporting a soil pH decrease with mycorrhiza. 
For example, in a compartmentalized pot system; Li 
et al. (1991) found that AMF reduced the pH of both 
mycorrhizosphere and hyphosphere soils by up to 1 
pH unit (but see Marschner and Baumann 2003 for a 
report where AMF reduced pH in the rhizosphere). 
The observed decreases in pH were likely a result of 
 H+ release during  NH4 uptake (Li et  al. 1991; Vil-
legas and Fortin 2001). An interesting perspective 
is that acidic soil conditions can reduce AMF diver-
sity and functioning (Graw 1979; Wang et  al. 1993; 
Helgason and Fitter 2009), meaning that any AMF-
induced declines in pH could be self-regulated and 
thus have a small impact on denitrification. In sum-
mary, the changes which AMF induce on soil pH 
and their likely ecological significance have not been 
resolved and as a result it remains unclear how such 
changes might alter denitrification. Most of the exist-
ing studies do not discriminate between AMF effects 
on soil pH and those on denitrification (e.g. Bender 
et  al. 2014) which could only get resolved through 
sophisticated mechanistic experiments.

AMF-mediated mechanisms acting on plant diversity 
and productivity

Few studies reported that increased plant diversity 
reduces  N2O production via enhanced N removal effi-
ciency and below-ground plant complementary trait 
effects in soils or changes in denitrifying communi-
ties (Niklaus et al. 2016; Abalos et al. 2017; Wenjuan 
et al. 2017 but see Bremer et al. 2007). AMF, under 
common growth settings, such as a low in P soil sub-
strates, promote plant productivity and diversity (van 
der Heijden et al. 2015; Lin et al. 2015). The authors 
found that mycorrhizal responsiveness (difference 
in plant biomass between AMF and non-AMF treat-
ments) was the main mechanism driving plant bio-
diversity and productivity. AMF enhance plant pro-
ductivity through increased plant N uptake (Nwaga 
et  al. 2010; Veresoglou et  al. 2011; Okiobe et  al. 
2015). AMF-induced increases in plant productivity, 
through higher nutrient acquisition could simultane-
ously lower N and C availability in the rhizosphere 
(see “AMF-mediated mechanisms acting on soil C 

availability” section) and this could be the reason why 
researchers occasionally report lower population den-
sities of bacterial denitrifiers (Amora-Lazcano et  al. 
1998; Bender et al. 2015). Moreover, increased abun-
dance of AMF in the plant community can lead to a 
stronger competition between plants for soil nutri-
ents, especially N and P and water (van der Heijden 
et  al. 2006a, b; van der Heijden et  al. 2015). These 
distal AMF-mediated effects could therefore reduce 
the amount of denitrified  N2O. Furthermore, AMF 
promoted plant diversity could also increase plant 
complementary traits effects (Van der Heijden 2002; 
Lin et  al. 2015). Decrease in  N2O emissions have 
been previously related to increased grassland plant 
functional traits (specific leaf area and root length 
density) as well as to grassland plants that produced 
higher plant biomass and showed larger N uptake 
(Abalos et  al. 2017). However, Okiobe et  al. (2020) 
observed no relationship between AMF and poten-
tial  N2O emission rates in a controlled-environment 
study, even though plant diversity related negatively 
with  N2O emission rates. Plant functional group 
and plant identity could also play an important role 
in the denitrification process. AMF can form tripar-
tite symbioses with leguminous plants and rhizobia 
(Larimer et  al. 2014), which are known to enhance 
 N2O production via atmospheric fixation of  N2 and 
increased soil  NH+

4 availability while grasses gener-
ally reduce  N2O production (Abalos et al. 2014, 2017; 
Niklaus et al. 2016). Plant species identity and plant-
association status with AMF are the most significant 
independent variables explaining the reduction in 
potential nitrification rates in nitrogen-limited grass-
land soils (Veresoglou et  al. 2012b), thus reducing 
substrate (i.e.  NO3

−) availability for denitrification. 
Moreover, plant species identity strongly reduced 
 N2O emissions from grassland and, in terms of rela-
tive importance, surpassed species richness, which is 
considered as a key driver of  N2O production (Abalos 
et al. 2014). There is no study reporting on AMF-pro-
moted effects on plant community structure and pro-
ductivity in relation to denitrification rates.

We postulate that AMF-promoted increases in 
plant productivity and diversity will reduce  N2O 
emissions. The magnitude of reduction in  N2O release 
would differ considerably with the degree of mutual-
ism between AMF and their individual host (impor-
tance of plant species identity) and the availability of 
symbiotic partners (importance of plant community).
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AMF-mediated mechanisms acting on soil structure

AMF promote soil structure and aggregation (Tisdall 
and Oades 1982; Rillig and Mummey 2006; van der 
Heijden et  al. 2006a, b; Leifheit et  al. 2014). AMF-
induced changes in soil structure and the resulting 
soil aeration could strongly influence microbial activ-
ity and  N2O emissions, because of the anaerobic 
requirements of denitrification (Sexstone et al. 1985; 
Khalil et  al. 2005; Ball 2013; Balaine et  al. 2016). 
The hyphae of AMF enmesh and entangle soil pri-
mary particles, organic material and small aggre-
gates, facilitating macroaggregate formation and 
thereby increasing the volume of pore space and air 
porosity between soil particles (Rillig and Mummey 
2006). Soil-aggregation-induced modifications in 
denitrification might represent a distal AMF-medi-
ated mechanism, which decreases  N2 and increases 
 N2O production via promoting incomplete over com-
plete denitrification in the soil (Schlüter et al. 2018).

Okiobe et al. (2019) explored alterations in poten-
tial  N2O emission rates in relation to a manipulation 
of soil structure and a manipulation of the densities 
of mycorrhizal propagules in the soil. The authors 
observed that extraradical hyphal densities of AMF 
correlated positively with potential  N2O emission 
rates and water stable aggregates and that potential 
 N2O emission rates increased with soil aggregation 
leading to a synergy of a proximal mechanism (i.e. 
direct effects of the abundance of AMF) and a dis-
tal mechanism (i.e. alterations in soil aggregation; 
Okiobe et al. 2019).

Mycelial networks of AMF could also improve 
soil water holding capacity and soil water repel-
lency through enhanced soil aggregation (Rillig et al. 
2010; Veresoglou et al. 2012b). We review the likely 
changes on soil moisture in “AMF-mediated mecha-
nisms acting on soil pH” section.

Additional to the effects on soil aeration and water 
retention properties, improved soil aggregation by 
AMF can increase microbial heterogeneity in the 
soil matrix, which can in turn affect denitrification. 
A large number of different microenvironments, such 
as those formed in and between soil aggregates, can 
promote diverse microbial communities (Rillig and 
Mummey 2006; Bach et  al. 2018). Any increases in 
spatial soil heterogeneity, driven by AMF, may induce 
aggregated point patterns in many microbial denitri-
fiers, and an uneven distribution of microbial  N2O 

producers and  N2O reducers. Sey et al. (2008) found 
that  N2O production is different between micro- and 
macroaggregates. These are two microhabitats, of 
which the macroaggregates are much more influenced 
by AMF than microaggregates (Rillig and Mummey 
2006). This could result in spatial variability of deni-
trification where some aggregated soil microhabitats 
host incomplete and others complete denitrification.

The abiotic interaction between soil aggregation 
and denitrification rates and the role of AMF therein 
have not yet been adequately addressed. The existing 
literature on AMF and denitrification has not sepa-
rated between direct (i.e. effect of hyphal growth of 
AMF on mineral N) and indirect effects (i.e. effect of 
AMF on soil aggregation) on denitrification and  N2O 
emissions (see Tables 1 and S1).

The role of AMF on denitrification rates in global 
change

The global surface temperature is predicted to 
increase between 1.8 and 3.6 °C by the year 2100 and 
incidences of extreme weather events are expected to 
increase in frequency (IPCC 2021). Changes in cli-
mate directly affect beneficial-plant microbes includ-
ing AMF and denitrification interactions and could 
exacerbate the rate of  N2O emissions via changes in 
temperature and soil moisture regimes (e.g. drought). 
Indirect effects include rising atmospheric  CO2 con-
centrations and associated changes in plant water use 
efficiency, plant biomass production and rhizodepo-
sition of C substrates (Butterbach-Bahl and Dannen-
mann 2011). In this section, we elaborate why AMF 
may reduce  N2O emissions from soils at increased 
temperatures and atmospheric  CO2 concentration. 
The changes (i.e. global change) we review here 
occur at considerably larger temporal scales (i.e. 
anthropocene) and this is the reason we felt that we 
should dedicate a separate section to report on them.

Overall, hyphal growth of AMF and root coloni-
zation have been reported to positively respond to 
increased temperature and atmospheric  CO2 levels 
while negatively to drought stress (Augé 2001, 2004; 
Rillig et al. 1999, 2000, 2002; Fitter et al. 2000; Com-
pant et al. 2010). Increased air temperature can result 
in increased plant photosynthesis rates, which lead 
to a greater allocation of C to AMF and thereby fos-
tering root colonization of AMF and hyphal growth 
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(Rillig et al. 2002; Heinemeyer and Fitter 2004). We 
postulate that an increase in temperature will increase 
AMF hyphal densities, and thereby reduce  N2O emis-
sions through soil N and C limitation in soils (see 
paragraph 2.4, 3.2).

Similarly, increased levels of atmospheric  CO2 
increase growth rates of the mycelium of AMF and 
soil microbial activity, and induce higher rates of 
plant photosynthesis and oxygen consumption in the 
rhizosphere (Anderson et  al. 2011; Staddon and Fit-
ter 1998; Staddon et al. 1999a, b; Rillig et al. 1999, 
2000). Cheng et al. (2012) found that AMF increased 
organic C decomposition under elevated  CO2, but 
optimized  NH4

+ acquisition from soil while reducing 
nitrification rates. We assume that reduction in nitri-
fication rates by AMF (see Veresoglou et  al. 2011; 
Storer et  al. 2018) would also reduce denitrification 
under elevated  CO2 enrichment. AMF reduced  N2O 
emissions under current and predicted future warm-
ing scenarios, pinpointing the relevance of AM plant 
symbiosis in climate change mitigation and under 
future climate change conditions (Zhang et al. 2021).

Drought stress, which is projected to increase in 
intensity and frequency in many parts of the globe 
(IPCC 2021) can impair both below- and above-
ground plant growth. This may alter the allocation of 
photosynthates in the rhizosphere as well as within 
extraradical AM mycelium (e.g. Zhang et  al. 2016). 
The density of extraradical mycorrhizal hyphae and 
root colonization of AMF declines under drought set-
tings, even though some ubiquitous species of AMF, 
such as Rhizophagus irregularis, tolerate it well 
(Augé 2001; Staddon et  al. 2004; Stockinger et  al. 
2009).  N2O emissions from soil of mycorrhizal plants 
(76R MYC) were higher than that of non-mycorrhizal 
mutants (rmc) in a drought treatment (low water-filled 
spore space < 50%), but decreased in a watering treat-
ment (high water-filled spore space > 50%), therefore 
showing lower emissions at high soil moisture and 
water-filled spore space (Lazcano et  al. 2015). This 
was explained by the fact that photosynthesis rate and 
stomatal conductance of 76R MYC were reduced by 
drought stress compared to the watering treatment. 
However, water use efficiency increased in 76R MYC 
compared with rmc plants during drought (Lazcano 
et al. 2015). Zhang et al. (2015) showed that the prox-
imal AMF-mediated effects on soil N concentrations 
showing reduction in  N2O emissions were dependent 
on the flooding and draining seasons. While drought 

stress is expected to affect growth of AMF, flooding 
conditions could be better tolerated by arbuscular 
mycorrhizal associated plant hosts. Thus, inoculation 
with AMF may condition a different ecophysiological 
response of plants in different stress conditions and 
this would impact  N2O production. The proximal and 
distal AMF-mediated effects on denitrification rates 
could vary in arid regions compared to temperate or 
tropical areas, because of variation in climate drivers 
accompanied by a spatial and temporal heterogene-
ity of  N2O production. Most of the changes we report 
here hint us that undergoing climate change, via pro-
moting mycorrhizae, should most likely reduce  N2O 
emissions from ecosystems with AMF.

Future perspectives

The existing literature strongly supports that manipu-
lating AMF could modify emission rates of  N2O from 
soils. A shortcoming of most existing studies is that 
they have been carried out under artificial settings. 
Often, the microbial community in such studies has 
been reintroduced following a sterilization of soil and 
it is thus questionable whether the assayed denitrifi-
cation and  N2O emission rates are representative of 
more realistic settings. A particular issue, however, is 
that the vast majority of studies have been carried out 
with a single species of AMF, usually Rhizophagus 
irregularis (e.g. Zhang et al. 2015; Storer et al. 2018). 
Because of pronounced physiological and functional 
differences across species of AMF, especially at high 
taxonomic ranks (e.g. Hart and Reader 2002; Sikes 
et  al. 2010), it is likely that the literature is biased 
towards the contributions (i.e. performance) of a 
specific set of widely-cultured isolates of AMF. The 
fact that plants in soil are colonized by diverse com-
munities of AMF and experience, as a result, com-
plementarity in functional benefits (van der Heijden 
et  al. 1998; Maherali and Klironomos 2007; Wagg 
et  al. 2011) further implies that the contribution of 
AMF on N cycling processes and denitrification is 
most likely being underestimated in controlled stud-
ies. These issues complicate projections on the contri-
bution of AMF on  N2O global emissions and hinder 
bids to integrate AMF-centred management practices 
for policy purposes. We can overcome these short-
comings through encouraging experimentation under 
more realistic settings such as directly comparing 
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 N2O emissions under different management practices 
targeting AMF.

An exciting recent development is the appreciation 
that the relative abundance of nitrous oxide reductase 
(nosZ) genes of clade I and clade II could determine 
the frequency at which  N2O is produced as an end 
product of denitrification (Domeignoz-Horta et  al. 
2015; Jones et  al. 2014). The vast majority of bac-
teria that possess clade I nosZ genes are denitrifiers 
possessing the full arsenal of genes needed for deni-
trification. By a considerable proportion of denitrifi-
ers possessing clade II nosZ genes are limited to the 
specific denitrification process (Graf et al. 2014). As 
a result, high relative abundances of bacteria possess-
ing clade II nosZ genes factor complete denitrifica-
tion (i.e.  N2 as end product; Jones et al. 2014). AMF, 
through hyphodeposition, mycelial turnover, and 
competition for plant C and soil nutrients (Veresoglou 
et al. 2012a, b), induce systematic community shifts 
to the microbial community in the rhizosphere. Oli-
gotrophic conditions can promote clade II over clade 
I nosZ bacteria (Graf et al. 2016; Conthe et al. 2018) 
and thus AMF-induced declines in plant available C 
could promote clade II nosZ denitrifiers. The possi-
bility that the ratio of clade I over clade II nosZ gene-
holding organisms changes in response to mycorrhiza 
has, however, not been addressed so far.

It is clear that almost all crops associate with myc-
orrhizas of the arbuscular type. Temperate woody 
habitats are dominated by ectomycorrhizas (ECM). 
ECM have comparably received little attention on 
how their manipulation modifies  N2O emissions (e.g. 
Ernfors et  al. 2011), possibly because N cycling is 
slower in these systems and growing woody plants is 
time consuming. This implies that most likely  N2O 
emissions are considerably lower from ECM-dom-
inated systems (Phillips et  al. 2013; Tatsumi et  al. 
2020; Mushinski et  al. 2021). Unlike AMF, how-
ever, some ectomycorrhizal fungi possess the abil-
ity to denitrify (e.g. Prendergast-Miller et  al. 2011), 
which could also have implications to the denitrifica-
tion capacity of the ecosystems. Linking the study of 
AMF on denitrification and  N2O emissions with that 
of ECM could uncover many common proximal and 
distant mechanisms such as immobilizing N in plant 
and microbial biomass. There is an increasingly large 
body of literature assessing the relative efficiency of 
AMF and ECM systems in performing ecosystem 
processes (e.g. Jones et al. 1998; Averill et al. 2014). 

Via combining data on  N2O emissions from arbuscu-
lar mycorrhizal and ECM systems with background 
ecosystem process rate information, it might be pos-
sible to disentangle the relative contributions of dif-
ferent distant and proximal mycorrhizal mechanisms 
in mitigating  N2O emissions.

We foresee that the accumulation of studies on 
how AMF alter denitrification will eventually lead to 
future studies pursuing more specialized topics and 
thus the field will get subdivided. To address current 
trends in topics, we carried out a bibliometric cou-
pling analysis (Martin 1964) where studies are ana-
lyzed in relation to how similar their reference tables 
are. We observed in our analysis three main clusters 
of studies (Fig. 2): studies aiming at a higher mecha-
nistic resolution which integrated assays of alterna-
tive N-cycling processes (cluster in purple), studies 
effectively reproducing agricultural settings (cluster 
in red) and a set of diverse studies using more settings 
more reminicent of natural habitats (cluster in green).

Conclusion

We synthesize recent advances in the various routes 
by which AMF may influence terrestrial denitrifica-
tion rates in soils. Contrary to the conspicuous ways 
that AMF can alter denitrification, it remains open to 
question if and to what degree those are of an ecologi-
cal significance, meaning that they have strong effects 
on ecosystems. An obvious way to move forward in 
relation to the topic is to address individual mechanis-
tic constituents (i.e. individual proximal and distant 
mechanisms) of how AMF suppress  N2O emissions, 
the end product  N2O/N2 ratio and increased  N2 losses. 
Via combining such estimates it should be possible to 
develop novel process based models which address 
the ecological importance of AMF in denitrifica-
tion. Alternatively, to assess ecological significance, 
research should move to embrace realistic settings 
and directly compare process rates. We introduce a 
novel classification of mechanisms via which AMF 
alter  N2O emissions and propose ways to better inte-
grate AMF in ongoing efforts to mitigate greenhouse 
gas emissions and global change.
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