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Abstract

Nitrogen cycling during the biological treatment of organic waste is governed by a con-
sortium of microorganisms whose activity determines whether nitrogen is conserved as
a fertiliser resource or lost as ammonia, nitrous oxide, or dinitrogen. Composting and
anaerobic digestion are the dominant biological platforms for organic waste valorisation,
yet they impose contrasting selective pressures on nitrogen-cycling guilds. In composting,
thermophilic conditions and fluctuating oxygen availability shape sequential communities
of ammonifiers, ammonia oxidisers, and denitrifiers, with volatilisation and incomplete
denitrification as principal loss pathways. In anaerobic digestion, nitrification is effec-
tively absent and high organic nitrogen loading generates free ammonia that inhibits
methanogenic archaea, constraining process stability and reshaping community structure
toward ammonia-tolerant taxa. This review synthesises understanding of the functional
guilds, enzymes, and regulatory genes involved in nitrogen mineralisation, nitrification,
denitrification, and ammonia assimilation across both systems. It sets out the feedstock cat-
egories and regulatory frameworks that constrain treatment and product use, the operating
parameters governing nitrogen retention, and the strategies used to mitigate loss, including
additives, bioaugmentation, ammonia stripping, and struvite precipitation. We propose a
comparative framework that positions the two systems along a shared continuum of micro-
bial nitrogen regulation, in which redox regime determines which transformation pathways
are available while pH, temperature, carbon-to-nitrogen ratio, moisture, and retention time
govern the magnitude of loss. Attention is given to how upstream process outcomes deter-
mine nitrogen use efficiency and environmental risk after land application. We conclude by
identifying research gaps, including paired cross-system studies, standardised molecular
monitoring, field-scale validation, and harmonised quality standards.

Keywords: nitrogen cycling; composting; anaerobic digestion; microbial community;
ammonia volatilisation; denitrification; digestate; circular bioeconomy
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1. Introduction

The global nitrogen cycle now operates beyond a proposed safe Earth system bound-
ary [1]. Anthropogenic release of reactive nitrogen has risen sharply since industrialisation,
driven mainly by fertiliser application and fossil fuel combustion [2]. Many regions al-
ready exceed thresholds set to protect groundwater and prevent eutrophication, whereas
other regions retain scope to intensify nitrogen use safely [3]. This unevenness suggests
that uniform reduction targets are unlikely to be appropriate everywhere. Strategies that
recover nitrogen already present in a system may therefore be more useful than simply
cutting new inputs. Biological treatment of organic waste is one such recovery strategy.
Composting and anaerobic digestion convert manure, food waste, and sewage sludge
into products suitable for land application, with digestate returning nitrogen, phosphorus,
and potassium to agricultural soils in plant-available forms within a circular bioeconomy
framing [4]. Composting achieves a comparable nutrient return through a different process
pathway, and the difference between those pathways is the subject of this review.

Both processes lose nitrogen as they operate. Composting nitrogen loss occurs mainly
through ammonia volatilisation and incomplete denitrification, both of which lowers final
product quality and contributes to air pollution [5]. Anaerobic digestion loses nitrogen
differently. Nitrogen-rich feedstocks generate free ammonia during degradation, and high
concentrations can inhibit the archaea responsible for methane production [6]. This creates
a direct trade-off between feedstock nitrogen content and process stability. Microbial
community composition governs nitrogen fate in both systems, and microbial agents can
regulate which functional guilds dominate during treatment [7]. The guilds carrying that
flux are not the same in each system, since nitrification depends on oxygen and is therefore
relevant to composting rather than to digestion itself, where nitrogen accumulates as total
ammoniacal nitrogen [8]. This places microbial ecology, not reactor engineering alone, at
the centre of nitrogen retention outcomes.

Despite this shared microbial basis, composting and anaerobic digestion research has
developed separately. Composting reviews focus on aerobic nitrification and denitrification
pathways [5], whereas anaerobic digestion reviews focus on ammonia toxicity thresholds
and recovery methods [6]. Few reviews compare the two systems within a single analytical
frame. This review addresses that gap. We treat composting and anaerobic digestion as
two expressions of one underlying problem, since both require microbial communities to
partition incoming nitrogen between retention and loss. The conceptual advance offered
here is not a claim that the same guilds operate in both systems. It is that both systems
draw on the same set of nitrogen transformation nodes, and that they differ in which of
those nodes carries appreciable flux and in what constrains it. Redox regime sets which
nodes are thermodynamically available, while pH, the free ammonia fraction, C/N ratio,
temperature, substrate composition, and retention time govern how much nitrogen is lost
through them. We compare the dominant pathways, functional genes, and mitigation
strategies of each system directly. This comparison identifies which principles transfer
across systems and which do not. Section 2 sets out how the literature underpinning this
comparison was identified and selected.

2. Scope and Literature Selection

This review is a structured narrative synthesis rather than a systematic review, and
the basis on which studies were identified and retained is set out here so that the scope
and limits of the comparison are transparent. The literature was identified through Web of
Science, Scopus, and PubMed, supplemented by forward and backward citation tracking
of retained articles. Searches were conducted between June 2026 and August 2026 and
updated immediately before submission. Search strings combined a treatment term with
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a nitrogen process term, pairing compost or composting with ammonia volatilisation,
nitrous oxide, nitrification, denitrification, or nitrogen retention, and pairing anaerobic
digestion, digester, or digestate with ammonia inhibition, total ammoniacal nitrogen,
free ammonia, or methanogenesis. Further searches targeted functional gene markers
using amoA, nxrA, nxrB, nirK, nirS, nosZ, and nifH as query terms, mitigation strategies
involving biochar, zeolite, microbial inoculation, bioaugmentation, ammonia stripping,
or struvite, as well as post-application performance by pairing compost or digestate with
yield, nitrogen use efficiency, nitrate leaching, or phytotoxicity. Regulatory sources were
identified separately by searching for the governing European Union instruments alongside
comparative analyses of national compost and digestate standards.

Publications from 2020 onward were prioritised, and earlier work would have been
retained only where it provided foundational evidence for which no updated equivalent
existed. In the event, no pre-2020 source met that condition, and every study cited here
dates from 2020 or later. Peer-reviewed primary studies, meta-analyses, and reviews
reporting quantitative nitrogen measurements, molecular or functional gene data, or field
performance data were eligible for inclusion. Preference was given to primary experimental
studies where a quantitative claim could be traced to a specific measurement, with reviews
and meta-analyses used for synthesised effect sizes and for framing. Conference abstracts,
preprints, non-peer-reviewed reports, and studies reporting no nitrogen-specific outcome
were excluded. Screening proceeded from title and abstract to full text, and retained studies
were read in full before any quantitative value was carried into the text or tables.

Three limitations follow from this approach and qualify the interpretation of the evi-
dence presented in later sections. First, the composting and anaerobic digestion literatures
were searched separately and then compared, because few studies address both systems
together, so the comparison assembled here is synthetic rather than drawn from paired
experiments. Second, the mitigation efficiencies reported throughout this review originate
from studies differing in feedstock, reactor scale, and operating conditions, and the per-
centage values quoted are therefore indicative of direction and approximate magnitude
rather than directly comparable across studies. Third, because screening was not conducted
against a pre-registered protocol, selection reflects the judgement of the authors, and the
review makes no claim to exhaustive coverage of either literature. All three limitations are
returned to in Section 10.

3. Fundamentals of Microbial Nitrogen Cycling Relevant to Organic
Waste Systems

Nitrogen entering a composting pile or an anaerobic digester arrives mostly as or-
ganic nitrogen bound in protein, amino acids, and nucleic acids. Heterotrophic bacteria
convert this organic nitrogen to ammonia through mineralisation, also called ammoni-
fication [7]. This step does not depend on a single dedicated enzyme system. It results
instead from the combined proteolytic and deaminating activity of diverse heterotrophs
degrading organic matter for carbon and energy [7]. Once ammonium accumulates, its fate
diverges depending on oxygen availability. Under aerobic conditions, ammonia-oxidising
bacteria and ammonia-oxidising archaea perform the first and rate-limiting step of nitri-
fication, oxidising ammonia to hydroxylamine by means of ammonia monooxygenase, a
copper-dependent membrane enzyme whose alpha subunit is encoded by amoA [9]. The
archaeal and bacterial forms of this enzyme differ in subunit composition, which may
partly explain why ammonia-oxidising archaea and bacteria respond differently to the
same environmental conditions [9].

A third functional group, comammox Nitrospira, complicates this picture. These or-
ganisms complete the entire oxidation of ammonia to nitrate within a single cell, rather
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than dividing the task between separate ammonia oxidisers and nitrite oxidisers [10]. Co-
mammoXx Nitrospira activity is inhibited at the high ammonium concentrations typical
of nitrogen-rich waste streams [10]. This matters directly for composting and digestate
systems, where ammonium routinely exceeds the concentrations under which comammox
organisms lose activity. Canonical ammonia-oxidising bacteria appear to tolerate higher
ammonium levels, which may explain their frequent dominance over comammox popula-
tions in manure-derived systems, although direct comparative evidence from composting
and digester matrices remains limited.

Nitrite produced by ammonia oxidisers is then oxidised to nitrate by nitrite-oxidising
bacteria using nitrite oxidoreductase, whose alpha and beta subunits are encoded by
nxrA and nxrB, with Nitrobacter and Nitrospira differing in the cellular orientation of the
enzyme [11]. Because both nitrification steps require oxygen, nitrate is generated in
situ only where oxygen is available. Within an otherwise aerobic compost pile, nitrate
formed in oxic zones becomes available for denitrification at anoxic microsites. In a
strictly anaerobic digester, by contrast, nitrate is not generated internally and is present
only when introduced with the feedstock, so denitrification is correspondingly limited.
Denitrifying bacteria reduce nitrate stepwise to nitrite, nitric oxide, nitrous oxide, and
finally dinitrogen gas, with the nitrite reduction step catalysed by one of two functionally
interchangeable but phylogenetically distinct enzymes encoded by either nirK or nirS [12].
Organisms carrying nirK and organisms carrying nirS rarely co-occur within the same cell,
and their relative abundance shifts with substrate and management conditions [12]. The
final step, reduction of nitrous oxide to dinitrogen, depends on nitrous oxide reductase,
encoded by nosZ. Organisms carrying nosZ are the only known biological sink for nitrous
oxide [13]. This makes the nirK-to-nosZ and nirS-to-nosZ gene ratios a useful, if imperfect,
indicator of whether a system is likely to emit nitrous oxide or to complete denitrification
to inert dinitrogen.

A separate pathway competes directly with denitrification for the same nitrate pool.
Dissimilatory nitrate reduction to ammonium, or DNRA, reduces nitrate to ammonium
rather than to gaseous nitrogen [14]. DNRA tends to dominate over denitrification when
organic carbon is abundant relative to nitrate, a condition common in the early, carbon-rich
stages of both composting and anaerobic digestion [14]. Because DNRA retains nitrogen
within the system as ammonium instead of losing it as a gas, its relative activity against
denitrification has direct consequences for the nitrogen content of the finished product, a
point returned to in Sections 6, 7 and 9.

A less well characterised regulatory layer acts on these same guilds from outside
conventional microbial ecology. Bacteriophage predation can lyse ammonifying and deni-
trifying bacteria and release the nitrogen held in their biomass [15]. That evidence comes
from rhizosphere and paddy soils rather than from composting piles or digesters, and its
relevance to engineered waste treatment conditions remains to be established. Together,
these pathways of mineralisation, nitrification, nitrite oxidation, denitrification, and DNRA
form the shared vocabulary used throughout this review. Which of them carries appreciable
flux depends on the feedstock supplied and the conditions maintained, and Sections 4
and 5 address these in turn before Sections 6 and 7 examine how composting and anaerobic
digestion select for different balances among them.

4. Classification, Characteristics, and Regulatory Status of Organic
Feedstocks

4.1. Feedstock Categories and Nitrogen-Relevant Characteristics

Composting and anaerobic digestion draw on overlapping feedstock streams, and
much of the nitrogen behaviour of each system is determined before treatment begins by
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the composition of the material entering it. Digestate characteristics and quality depend
on the input feedstocks and on the operating conditions of the plant rather than on the
digestion process alone [16]. Compost composition is governed in the same way, since the
feedstock supplies both the nitrogen pool and the carbon that determines how much of
that pool is immobilised rather than mineralised [5].

Five broad categories account for most material processed by either route. Livestock
manures and slurries are proteinaceous and nitrogen-rich, and they arrive with a substantial
fraction of their nitrogen already in ammoniacal form. Source-separated food waste and the
organic fraction of municipal solid waste are readily degradable and moderately nitrogen-
rich, and they dominate the municipal waste stream in many low- and middle-income
settings [17]. Sewage sludge and biosolids carry high nitrogen content alongside the
contaminant burden that drives their separate regulatory treatment. Crop residues and
lignocellulosic green waste are carbon-rich and nitrogen-poor, and they function principally
as bulking and carbon-balancing materials rather than as nitrogen sources. Agro-industrial
and slaughterhouse residues are the most nitrogen-dense category and the most likely to
generate inhibitory ammonia concentrations during digestion. Table 1 summarises these
categories alongside their nitrogen-relevant properties and regulatory classification. The
practical consequence is that feedstock choice sets the nitrogen loading and the initial
speciation, while process conditions determine what happens to that nitrogen subsequently.
Digestate composition varies widely as a result, and this variability constrains how far
results from any single study can be generalised to other feedstocks [18].

Table 1. Categories of organic feedstock used in composting and anaerobic digestion, their nitrogen-
relevant characteristics, and their regulatory classification within the European Union. Nitrogen rich-
ness is expressed relative to the other categories rather than as an absolute threshold, since reported
values vary widely with source and season [16,18]. Regulatory entries follow the Waste Framework
Directive and the Fertilising Products Regulation as summarised by Prasad and Foster [19].

Feedstock Category

Nitrogen-Relevant
Characteristics

Principal Nitrogen Form
on Entry

Regulatory
Considerations

Livestock manures and
slurries

Nitrogen-rich,
proteinaceous, low C/N

Substantial ammoniacal
fraction plus organic
nitrogen

Application constrained
under the Nitrates
Directive; animal
by-product rules apply

Source-separated food
waste and organic fraction
of municipal solid waste

Moderately nitrogen-rich,
readily degradable

Predominantly organic
nitrogen

Separate biowaste
collection mandatory in the
EU since December 2023

Sewage sludge and
biosolids

Nitrogen-rich with
elevated contaminant
burden

Organic nitrogen with
ammoniacal fraction

Excluded from several
end-of-waste routes;
separate national controls

Crop residues and
lignocellulosic green waste

Carbon-rich, nitrogen-poor,
high C/N

Organic nitrogen, largely
recalcitrant

Generally unrestricted;
used as bulking and
carbon-balancing material

Agro-industrial and
slaughterhouse residues

Most nitrogen-dense
category

Organic nitrogen, rapidly
ammonified

Animal by-product
category determines
permitted processing and
pre-treatment

4.2. Regulatory Frameworks Governing Feedstock Use and Product Placement

Legal frameworks determine which feedstocks may be processed, how the resulting
product is classified, and how much of it may be applied to land, and these frameworks
differ substantially between jurisdictions. Within the European Union, the Waste Frame-
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work Directive, as amended in 2018, made separate collection of food and garden biowaste
mandatory from December 2023, which directly affects the quality and consistency of
feedstock reaching treatment facilities [19]. The Fertilising Products Regulation establishes
harmonised requirements for compost and digestates placed on the internal market, and
end-of-waste status allows a treated output to cease being classified as waste when it meets
the relevant criteria [19]. Application rates are constrained separately. Under the Nitrates
Directive the European Union caps livestock manure nitrogen, including manure-derived
digestate, at 170 kg N per hectare per year in nitrate vulnerable zones, whereas the United
Kingdom permits up to 250 kg N per hectare per year [18]. Limits outside vulnerable
zones, and for digestates derived from non-manure feedstocks, are set nationally and
may be higher. In several other major biogas-producing countries no specific application
limit applies, and rates are determined case by case [18]. Heavy metals and pathogens
are regulated across most of these frameworks, but no specific limits exist for antibiotics
or microplastics despite their environmental significance [18]. Beneath this apparent har-
monisation, national standards remain heterogeneous. A comparison of Irish compost
and digestate standards against equivalent frameworks elsewhere found substantial vari-
ation in the stability and phytotoxicity testing methods used to certify a product as safe
for land application [19]. This heterogeneity complicates direct comparison of product
quality across studies and countries. These frameworks govern what may be processed
and where the product may go, but they do not determine how nitrogen behaves during
treatment. That depends on the conditions maintained inside the pile or the reactor, which
Section 5 addresses.

5. Process Conditions Governing Nitrogen Transformation
5.1. Conditions Governing Nitrogen Retention During Composting

Composting performance depends on a small set of interacting parameters that to-
gether determine microbial activity and the partitioning of nitrogen between retention
and loss. A meta-analysis of 123 biochar-amended composting studies recommended a
carbon-to-nitrogen ratio of 20 to 30, a moisture content of 55% to 65%, a pH of 7.5 to 8.5,
an electrical conductivity below 4 mS per cm, and a biochar dose of 10% to 20% by dry
weight as the parameter set giving the most reliable trace gas mitigation [20]. These values
describe conditions under which loss is minimised rather than thresholds beyond which
the process fails, since composting proceeds across a considerably wider range. The carbon-
to-nitrogen ratio is the parameter most directly tied to nitrogen fate, because it determines
whether incoming nitrogen is assimilated into microbial biomass or released as ammonium
in excess of microbial demand. Biochar’s ammonia mitigation was strongest where the
ratio exceeded 30, which is consistent with carbon limitation restraining mineralisation,
while low ratios leave surplus nitrogen available for volatilisation [20]. Moisture content
operates less directly, since it governs the distribution of oxygen through the pore network
and therefore determines how much of the pile interior remains anoxic, which in turn
shapes the balance between nitrification and denitrification described in Section 3.

Temperature and pH act together on the ammonia equilibrium. The thermophilic
phase raises both, and ammonia volatilisation during composting is driven by this com-
bination rather than by either factor alone [5]. Conditions below pH 7.5 also reduce the
mitigating effect of biochar, so pH influences not only the loss pathway itself but the efficacy
of the interventions used against it [20]. Aeration rate, particle size, and process duration
modify these effects by controlling oxygen supply and the duration of the thermophilic
phase, and the composting microflora shifts across that phase sequence in the pattern
described in Section 6.
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5.2. Conditions Governing Nitrogen Behaviour During Anaerobic Digestion

Anaerobic digestion is configured against a different set of constraints, because the
limiting concern is not nitrogen loss to the atmosphere but inhibition of the methanogenic
community by nitrogen retained in the liquid phase. Digestion proceeds across a pH range
of approximately 5.5 to 8.5, but methanogens are sensitive to pH and perform best near
neutrality [21]. A carbon-to-nitrogen ratio of 20 to 30 is likewise favourable, and continuous
stirred-tank reactors are typically operated at hydraulic retention times of 10 to 25 days,
with organic loading rate and retention time adjusted together to prevent volatile fatty
acid accumulation [21]. Temperature regime interacts with nitrogen behaviour in a way
that has no direct composting equivalent. Thermophilic operation accelerates hydrolysis
and ammonification, but it also shifts the ammonia equilibrium toward the un-ionised
free ammonia species that is toxic to methanogens, so the same temperature increase that
improves conversion rate raises inhibition risk [6]. Free ammonia concentration rather than
total ammoniacal nitrogen is therefore the operationally meaningful variable, and it is set
jointly by total ammoniacal nitrogen, pH, and temperature rather than by nitrogen loading
alone. The tolerance limits of the microbial community to this accumulation are not fixed,
as Section 7 describes.

5.3. Parameters Common to Both Systems

Table 2 sets these parameter ranges side by side. What the comparison shows is
that composting and anaerobic digestion are configured differently on largely the same
variables. Both operate within a similar carbon-to-nitrogen window, both are sensitive
to pH and temperature, and in both systems the ammonia equilibrium responds to pH
and temperature in the same direction. The difference lies in the consequence of that
response, since in composting a shift toward free ammonia produces atmospheric loss
while in digestion it produces process inhibition. This matters for how the comparative
framework in Section 8 should be read. The pathways available differ between the two
systems, but the magnitude of nitrogen loss or inhibition within either is governed by
this shared parameter set. Oxygen availability alone therefore does not account for the
divergent nitrogen behaviour of the two systems, a qualification developed further in
Section 8.

Table 2. Operating parameters governing nitrogen transformation in composting and anaerobic di-
gestion, with the principal nitrogen consequence of each. Composting ranges are those recommended
for reliable trace gas mitigation in a meta-analysis of 123 biochar-amended composting studies [20].
Anaerobic digestion ranges follow reported operating practice for organic solid waste [21]. Val-
ues indicate conditions favourable to nitrogen retention or process stability rather than absolute
operating limits.

Parameter Composting Anaerobic Digestion Principal Nitrogen
Consequence
Below range, surplus nitrogen is
C/N ratio 20-30 20-30 available for volatilisation or

ammonia accumulation

Moisture content

Governs oxygen distribution in

o Slurry or wet regime by composting and therefore the
55-65% : - I
design nitrification and denitrification
balance
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Table 2. Cont.

Principal Nitrogen

Parameter Composting Anaerobic Digestion
Consequence
Sets the ammonia and
5.5-8.5, optimum near ammonium equilibrium and
pH 7.5-8.5 ;
neutral therefore the free ammonia
fraction
- Raises free ammonia fraction,
Mesophilic to s . e
e Mesophilic or driving volatilisation in
Temperature thermophilic phase - . ; e
thermophilic regime composting and inhibition in
sequence Jicesti
1gestion
Electrical conductivity Below 4 mS per cm Not routinely limiting ngh conduF: tivity reduces the
efficacy of biochar amendment
Phase-dependent, 10-25 days for Determines completeness of
Retention time extended through continuous stirred-tank stabilisation and extent of
maturation reactors ammonification
Aeration rate and particle Organic loading rate Cont.rols.anoxm microsite
. . . : formation in composting and
Aeration or loading size control oxygen balanced against . . .
.o volatile fatty acid accumulation
supply retention time

in digestion

6. Nitrogen Cycling in Composting
6.1. Nitrogen Transformation Across Composting Phases

Composting proceeds through a sequence of thermally defined phases, and the mi-
crobial populations responsible for nitrogen transformation shift markedly across this
sequence. During the mesophilic phase, populations associated with nitrogen fixation, ni-
trate reduction, and ammonification increase in relative abundance, then decline as the pile
enters the thermophilic phase while populations associated with denitrification continue to
increase [22]. By the maturation phase, denitrification-associated populations also decline,
alongside most other nitrogen-transforming guilds, as the system stabilises [22]. This
pattern means that the risk of nitrogen loss is not constant across a composting cycle but
concentrated at specific transitions, particularly the shift into and out of the thermophilic
phase. Figure 1 summarises this phase-dependent succession alongside the corresponding
shifts in functional gene abundance.

6.2. Functional Microbial Guilds and Gene Abundance Dynamics

Manipulating the composition of the microbial community can shift this succession
toward greater nitrogen retention. Inoculating pig and chicken manure compost with a
mixed Bacillus and Saccharomyces cerevisiae consortium increased the abundance of amoA,
nxrA, and nifH gene copies while simultaneously reducing the abundance of nirK, nirS,
and nosZ genes [23]. This shift toward ammonia oxidation and nitrogen fixation genes, and
away from denitrification genes corresponded to a 9% increase in total nitrogen content
in the finished compost [23]. Because nirK, nirS, and nosZ declined together, this result is
best read as a contraction of the denitrifying guild as a whole rather than as a change in
the nirK-to-nosZ or nirS-to-nosZ ratio introduced in Section 3, and a smaller denitrifying
population offers less capacity to convert nitrate to gaseous products of any kind. Gene
abundance indexes the genetic potential for a transformation rather than the flux carried,
and the absence of standardised quantification methods for compost matrices, discussed in
Section 10, limits how far such ratios can be compared between studies.
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Figure 1. Nitrogen transformation across the mesophilic, thermophilic, and maturation phases of
composting. The figure tracks the relative abundance of functional guilds associated with nitrogen
fixation, ammonification, nitrification, and denitrification across the three phases, showing the rise
of nitrogen-fixing and ammonifying populations in the mesophilic phase, their decline alongside
a rise in denitrifying populations through the thermophilic phase, and the general decline of all
nitrogen-transforming guilds by maturation [22]. Points of ammonia volatilisation risk and nitrous
oxide emission risk are marked at the phase transitions where they are most pronounced [5].

6.3. Nitrogen Loss Pathways: Ammonia Volatilisation and N,O Emission

The dominant nitrogen loss pathways in composting are ammonia volatilisation,
driven by the high pH and elevated temperature of the thermophilic phase, and nitrous
oxide emission, arising from incomplete denitrification at anoxic microsites within an
otherwise aerobic pile [5]. In an unamended kitchen waste compost, ammonium nitrogen
loss during the thermophilic phase reached 42.6% [24]. The relative magnitude of these
two pathways depends heavily on aeration and moisture management, which determine
how much of the pile interior remains anoxic despite bulk aerobic conditions, as set out in
Section 5.

6.4. Mitigation Strategies

Physical additives are among the most consistently effective interventions for reducing
composting nitrogen loss, although the reported magnitude of that effect varies between
synthesised estimates. A global meta-analysis of 125 studies found that biochar amendment
reduced nitrous oxide emissions by 43.49% and ammonia emissions by 47.59%, while also
lowering the finished compost’s ammonium nitrogen content by 34.96% and raising its
nitrate nitrogen content by 32.54% [25]. A separate meta-analysis of 123 studies reported
reductions of 49.8% for nitrous oxide and 35.9% for ammonia, together with a 41.3%
reduction in total nitrogen loss [20]. The two syntheses agree on the direction of the effect
but differ substantially on its magnitude, particularly for ammonia, which illustrates that
percentage efficiencies drawn from studies differing in feedstock, dose, scale, and operating
conditions should be read as indicative rather than as directly comparable quantities.

Combining biochar with zeolite produces an additional effect beyond either amend-
ment alone. In kitchen waste composting, a combined biochar-and-zeolite treatment
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reduced ammonium nitrogen loss during the thermophilic phase to 31.3%, compared with
42.6% in an unamended control, while increasing the abundance of microorganisms associ-
ated with nitrification genes and decreasing those associated with denitrification genes [24].
The mechanism appears to be partly physical, since the porous structure of biochar and ze-
olite adsorbs inorganic nitrogen directly, and partly microbial, since the same amendments
reshape the balance between nitrifying and denitrifying guilds [24]. This result comes from
a single bench-scale kitchen waste trial, and whether the same combined effect holds at
operational scale or with other feedstocks remains to be established. Microbial inoculation,
discussed above for its effect on gene abundance, functions as a complementary biological
strategy alongside these physical additives rather than a substitute for them. Table 3 sets
out these composting strategies alongside their anaerobic digestion counterparts, with
feedstock and scale reported for each so that the efficacy values are read in context.

Table 3. Mitigation and recovery strategies applicable to composting and anaerobic digestion,
with mechanism of action, feedstock, scale, and reported efficacy. Reported efficacy is not directly
comparable across rows. The feedstock and scale behind each are given in the third column.

Strategy System Feedstock and Scale Mechanism Reported Efficacy
Nitrous oxide reduced
Adsorption of inorganic 43.49% and ammonia
. . nitrogen with 47.59% across 125 studies
. . Meta-analytic, mixed e . N ) .
Biochar amendment Composting modification of nitrifying [25], and nitrous oxide
feedstocks o o
and denitrifying reduced 49.8% and
communities ammonia 35.9% across
123 studies [20]
Physical adsorption of
inorganic nitrogen
combined with
enrichment of Thermophilic-phase
Biochar and zeolite Compostin Kitchen waste, bench nitrification-associated ammonium nitrogen loss
addition P & scale microorganisms and reduced from 42.6% to
suppression of 31.3% [24]
denitrification-
associated
microorganisms
Shifts functional gene
. . abundance toward Total nitrogen content of
. o . . Pig and chicken . S .
Microbial inoculation Composting ammonia oxidation and finished compost
manure . . .
nitrogen fixation and increased by 9% [23]
away from denitrification
Contintous Introduces Ammonia toxicity fully

Bioaugmentation with
nondomesticated
consortia

Anaerobic digestion

stirred-tank reactor,
laboratory scale with
commercial-scale
estimate

ammonia-tolerant
methanogens that
establish dominance over
the inhibited resident
community

counteracted, with an
estimated 36%
improvement in methane
production at commercial
scale [26]

Ammonia stripping

Anaerobic digestion

Livestock manure
digestates, full scale

Physically removes
ammonia from digestate
under elevated pH,
temperature, and airflow

Spontaneous pH rise to
10 without reagent
dosing, with stripping
efficiency improving up
to 68 °C [27]

7. Nitrogen Cycling in Anaerobic Digestion

7.1. Nitrogen Loading, Ammonia Generation, and Free Ammonia Toxicity

Anaerobic digestion is frequently applied to the same nitrogen-rich feedstocks
favoured for composting, including livestock manure and food waste, because these sub-
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strates also offer high energy content for biogas production [21]. This overlap in feedstock
creates a shared vulnerability. As organic nitrogen mineralises inside the digester, total
ammoniacal nitrogen accumulates steadily, and a portion of this pool exists as un-ionised
free ammonia, which is the more toxic species toward methanogens [6]. The size of that
fraction is set by pH and temperature as well as by nitrogen loading, as described in
Section 5. Digester communities are not fixed in their tolerance to this accumulation. Batch
reactors adapted over more than 20 months reached ammonium concentrations of 20 g
NH,4*-N per litre without acidification or loss of methane production [8]. This adaptation
was tracked at the strain level, showing that lineages of the hydrogenotrophic archaeon
Methanoculleus bourgensis, alongside the putative syntrophic acetate oxidiser Acetomicro-
bium, accumulated positively selected mutations under sustained ammonia pressure rather
than being replaced wholesale by different taxa [8]. Both the timescale and the matrix
qualify this result, since adaptation achieved over more than 20 months in mesophilic
batch reactors fed a synthetic casein medium does not indicate that a full-scale reactor
treating real feedstock under variable loading would tolerate comparable concentrations.
Figure 2 illustrates this inhibition pathway and the points at which the mitigation strategies
discussed below intervene.
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Figure 2. Mechanistic overview of ammonia inhibition during anaerobic digestion and adaptive
methanogenic pathway shifts. The figure traces the pathway from organic nitrogen mineralisation to
free ammonia accumulation, its action on methanogenic archaea, and the resulting shift in dominant
methanogenic pathway from aceticlastic toward hydrogenotrophic and methylotrophic routes under
ammonia stress [28]. Points of intervention for bioaugmentation and ammonia stripping are marked
at the corresponding stages of the pathway, with stripping shown as transfer of ammonia to the gas
phase for capture in an acid absorber rather than as a precipitation step [8].

7.2. Microbial Community Shifts and Ammonia-Tolerant Taxa

The mechanism by which ammonia inhibits methanogenesis has been resolved in
some detail for Methanosarcina barkeri, a species commonly dominant in ammonia-stressed
digesters. Rising total ammoniacal nitrogen triggers upregulation of genes involved in
nitrogen acquisition and assimilation, with transcription of some methanogenesis genes
also increasing during the initial stages of exposure [28]. Ammonia tolerance differs by
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methanogenic pathway within the same organism. Aceticlastic methanogenesis is more
sensitive to rising ammonia than hydrogenotrophic or methylotrophic methanogenesis [28].
This pathway-specific sensitivity helps explain why ammonia-stressed digesters commonly
shift toward hydrogenotrophic methanogens as the dominant route to methane, since this
pathway tolerates higher free ammonia concentrations than the acetate-splitting route it
displaces. This mechanism has been characterised in a single species, and the extent to
which it generalises across the methanogenic community remains to be established.

7.3. Strategies for Ammonia Inhibition Mitigation

Because digester communities can adapt to elevated ammonia given sufficient time,
deliberately accelerating this adaptation through bioaugmentation is one of the most direct
mitigation strategies available. Introducing a nondomesticated mixed microbial consortium
into an ammonia-inhibited continuous stirred-tank reactor fully counteracted the ammonia
toxicity effect on methane production, with the bioaugmented methanogens establishing a
fourfold increase in abundance relative to the unaugmented control [26]. This is consistent
with the introduced culture outcompeting the resident community rather than merely
coexisting with it, although abundance of data alone do not establish displacement. A
36% improvement in methane production was reported for commercial-scale application,
but this figure is an extrapolation from laboratory data rather than a measured full-scale
outcome [26].

A separate mitigation strategy removes nitrogen from the system rather than building
microbial tolerance to it. Ammonia stripping physically recovers nitrogen from digestate
before or after digestion, transferring ammonia to the gas phase where it is captured in
an acid absorber, typically as an ammonium salt. A full-scale air-bubble stripping reactor
treating livestock manure digestate recovered ammonia without any alkaline reagent
dosing, since the pH of the digestate rose spontaneously to 10 under the tested operating
conditions [27]. Stripping efficiency in this system improved with higher temperature and
greater airflow, reaching its best-tested performance at 68 °C [27]. Unlike bioaugmentation,
which preserves nitrogen within the digester as a resource for the finished digestate,
stripping actively removes nitrogen from the system, producing a separate recoverable
ammonia stream while lowering the nitrogen content of the digestate itself. This distinction
matters for the downstream agronomic value of the digestate discussed in Section 9, since
the two strategies pull in opposite directions with respect to how much nitrogen ultimately
reaches the field. Efficiencies reported for both strategies derive from different reactor
configurations and scales. Table 3 records the feedstock and scale behind each figure.

8. Comparative Synthesis: Composting vs. Anaerobic Digestion as
Nitrogen-Regulating Systems

Composting and anaerobic digestion operate at opposite ends of the same redox axis,
and that difference determines which nitrogen transformation pathways are thermody-
namically available in each. Composting maintains bulk aerobic conditions that favour
ammonia oxidation and, at anoxic microsites, incomplete denitrification, so its dominant
loss pathway is gaseous, split between ammonia volatilisation and nitrous oxide emission
(Table 4). Anaerobic digestion excludes oxygen entirely, which removes nitrification as a
pathway altogether and instead concentrates nitrogen as accumulating free ammonia, a
liquid-phase toxicant rather than a gas-phase loss. Where composting loses nitrogen mostly
to the atmosphere during active decomposition, anaerobic digestion retains nitrogen within
the digestate but risks losing the process itself, since sufficient free ammonia can suppress
methanogenesis before nitrogen ever leaves the system.
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Table 4. Comparative summary of nitrogen transformation in composting and anaerobic digestion,
based on primary experimental studies. Entries are drawn from studies differing in feedstock and
scale and describe system behaviour under the conditions reported rather than general thresholds.

Mitigation efficacies are given separately in Table 3.

Feature

Composting

Anaerobic Digestion

Dominant nitrogen transformation
processes

Sequential rise and fall of
nitrogen-fixing, ammonifying, and
denitrifying populations across the

mesophilic, thermophilic, and
maturation phases [22]

Ammonification of proteinaceous
feedstock generating free ammonia,
with nitrification effectively absent
under strictly anaerobic conditions
and community-level adaptation to

rising ammonium concentration over
time [8]

Key microbial guilds and functional

Ammonia-oxidising and
nitrogen-fixing guilds marked by
amoA, nxrA, and nifH, and

Hydrogenotrophic methanogens,
including Methanoculleus bourgensis,
tracked at the strain level as

genes

denitrifying guilds marked by nirK,

nirS, and nosZ [23] ammonium concentration rises [8]

Principal nitrogen loss or inhibition

pathway

Ammonium nitrogen loss
concentrated in the thermophilic
phase, reaching 42.6% in an
unamended kitchen waste control
[24]

Free ammonia toxicity to
methanogens, constraining
biomethane yield as total
ammoniacal nitrogen accumulates [8]

Reported process resilience or

adaptation limit

Stepwise adaptation over more than
20 months allowed batch reactors to
tolerate up to 20 g NH,"-N per litre
without acidification or loss of
methane production [8]

Compound microbial inoculation
increased total nitrogen content by
9% relative to an uninoculated
control [23]

Redox regime alone does not determine how much nitrogen is lost. The magnitude of
loss in either system depends on the parameters set out in Section 5, since pH and tempera-
ture govern the free ammonia fraction in both, the carbon-to-nitrogen ratio determines how
much nitrogen exceeds microbial demand, and moisture and aeration determine how much
of a compost pile remains anoxic despite bulk aerobic conditions. Two facilities running
the same process under different conditions can therefore produce substantially different
nitrogen outcomes, and the divergence between composting and digestion should be read
as a difference in available pathways rather than as a complete explanation of observed
nitrogen behaviour.

This contrast carries through to the mitigation strategies each system favours. Com-
posting mitigation strategies work by either adsorbing nitrogen physically, as biochar and
zeolite do, or by shifting the balance of functional genes toward ammonia oxidation and
away from denitrification through microbial inoculation (Section 6.4). Anaerobic digestion
mitigation strategies instead work by either building microbial tolerance to the ammonia
already present, through bioaugmentation with ammonia-adapted consortia, or by physi-
cally removing ammonia from the liquid phase through stripping (Section 7.3). Despite
this surface difference, the two mitigation logics are not as distinct as they first appear.
Both composting’s microbial inoculation and anaerobic digestion’s bicaugmentation in-
tervene at the level of community composition, deliberately introducing or enriching a
functional guild rather than relying on the resident community to adapt unassisted. Both
biochar-and-zeolite addition in composting and ammonia stripping in anaerobic digestion
intervene at the physical level, removing or immobilising nitrogen rather than working
through microbial metabolism at all. Figure 2 marks where both classes of intervention act
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within the digestion pathway, while Figure 1 shows the corresponding phase-dependent
points where composting’s physical and microbial interventions are best timed.

Recognising this shared structure has practical implications beyond the two systems
considered in isolation. Since composting and anaerobic digestion often treat feedstocks
from the same agricultural or municipal waste streams, several facilities now sequence the
two processes rather than choosing between them, typically digesting the readily degradable
fraction of a waste stream first and composting the digestate afterward to stabilise it further and
recover additional nutrient value [29]. This integrated approach implicitly treats composting
and anaerobic digestion as complementary stages of one nitrogen-regulating system rather
than as competing technologies, which is consistent with the framework proposed in this
review. Table 4 sets the two systems side by side across their dominant transformations,
functional guilds, loss pathways, and reported adaptation limits.

Figure 3 makes this framework explicit. Rather than presenting composting and
anaerobic digestion as two unrelated case studies, the figure positions both along a shared
continuum defined by redox regime and the nitrogen transformation nodes that regime
makes available, with the parameters that modulate loss magnitude shown as modifiers
acting on both systems. Composting occupies the aerobic region, where nitrification
and coupled nitrification—denitrification carry appreciable flux, and anaerobic digestion
occupies the anoxic region, where those nodes are effectively closed and ammonification
dominates, with mitigation strategies from Table 3 mapped onto the continuum according
to whether they intervene physically or microbially. This positioning is the review’s central
comparative claim, that the two most common biological treatments for organic waste
nitrogen are not separate technologies requiring separate literatures, but two operating
points on one underlying regulatory system that draws on the same set of transformation
nodes introduced in Section 3. The claim is not that the same functional guilds are active in
both systems, since the guilds carrying flux differ, but that the same transformation nodes
define the space within which each system operates and that the parameters governing
flux through those nodes are largely shared.
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Unified framework: Composting (aerobic) and anaerobic digestion (anoxic) are linked along a continuum of
microbial nitrogen regulation; process parameters and mitigation strategies modulate nitrogen fate.

Figure 3. Unified conceptual framework integrating composting and anaerobic digestion along
a continuum of microbial nitrogen regulation. Composting occupies the aerobic region of the
continuum, where nitrification and coupled nitrification—denitrification carry appreciable flux and
loss is predominantly gaseous. Anaerobic digestion occupies the anoxic region, where those nodes

https:/ /doi.org/10.3390/nitrogen7030094


https://doi.org/10.3390/nitrogen7030094

Nitrogen 2026, 7, 94

15 of 22

are effectively closed, ammonification dominates, and nitrogen is retained as total ammoniacal
nitrogen [8]. Process parameters including pH, temperature, carbon-to-nitrogen ratio, moisture, and
retention time are shown as modifiers acting on both systems, since redox regime determines which
pathways are available while these parameters determine the magnitude of loss through them [20,21].
Mitigation strategies are mapped onto the continuum according to whether each intervenes at the
physical or microbial level [29].

9. From Process to Product: Nitrogen Recovery and Agronomic
Valorisation

9.1. Nitrogen Retained Through Treatment

Everything discussed in Sections 68 ultimately determines a single practical outcome,
how much of the nitrogen that entered a compost pile or digester is still present, in a
plant-available form, when the finished product leaves the treatment system. This retained
fraction is not fixed by feedstock nitrogen content alone. It is the net result of the balance
between the microbial pathways that conserve nitrogen, such as ammonia oxidation and
DNRA, and those that lose it, such as volatilisation and denitrification, discussed through-
out Sections 6 and 7. Digestate in particular carries a distinct nitrogen profile compared
with compost, since anaerobic conditions favour retention of nitrogen as ammonium rather
than its oxidation to nitrate, and this ammonium-dominant profile has direct consequences
for how the product performs once applied to soil [4].

Biological treatment is not the only route to a usable nitrogen product from organic
waste. The ammonia stripping strategy introduced in Section 7 recovers nitrogen physically
rather than biologically, transferring ammonia to the gas phase for capture in an acid
absorber, most commonly as an ammonium sulfate solution [30]. Struvite precipitation is
a separate recovery route rather than a subsequent step. Struvite is a crystalline mineral
composed of equimolar magnesium, ammonium, and phosphate, so its formation requires
suitable magnesium and phosphate sources alongside the ammonium already present, and
magnesium addition is usually necessary because digestate is typically magnesium limited
relative to the stoichiometric requirement. Precipitation is strongly pH dependent, and
the technology is used principally for phosphorus recovery rather than as a primary route
to nitrogen [30]. A field trial applying wastewater-recycled struvite to a wheat—soybean
double-crop system reported crop performance comparable to conventional mineral fer-
tiliser sources, although nitrogen and magnesium were not balanced across the phosphorus
treatments in that experiment, so it does not establish nitrogen equivalence [31]. What
these two routes share is that nitrogen removed from a digester need not leave the nutrient
economy. What separates them is the product recovered, the reagent requirement, and
which nutrient each principally targets, and the two should not be collapsed into a single
stripping-to-struvite pathway.

9.2. Agronomic Performance as a Biofertiliser

Field evidence indicates that both compost and digestate can perform comparably to
synthetic fertiliser, though not always to the same degree or through the same nitrogen
pathway. A four-year field trial in southern Germany found that digestate applied at up
to 265 kg N ha~! increased winter wheat yield by 53% to 83% relative to an unfertilised
control [32]. A meta-analysis of 40 fertilisation experiments worldwide placed the mean
apparent nitrogen fertiliser replacement value of digestate at 0.78, significantly below
mineral fertiliser, and found that individual observations ranged from below zero to above
unity, a variability only partly explained by digestate and soil characteristics [33]. Digestate
nitrogen is therefore high in value for an organic fertiliser but neither equivalent to mineral
nitrogen nor reliably predictable from feedstock alone.
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A three-year field experiment with subsurface drip-irrigated tomato tested food waste
and green waste composts across a range of compost rates and mineral nitrogen levels
using '°N-labelled fertiliser. In the second and third years, both composts maintained or
increased yield relative to no compost where mineral nitrogen was withheld or supplied
at 70% of the recommended rate, indicating that compost substituted for part of the
mineral nitrogen requirement [34]. Nitrogen use efficiency in the compost treatments
was nevertheless lower than in the no-compost treatments at the 70% and 85% nitrogen
levels, which is consistent with compost acting as a slow-release nitrogen source and
priming soil nitrogen mineralisation rather than delivering nitrogen on the same timescale
as mineral fertiliser [34]. The practical implication is that compost can reduce mineral
nitrogen requirement without necessarily improving the efficiency with which applied
nitrogen is recovered in the same season.

Evidence from multi-year field trials also cautions against assuming that amendment
benefits demonstrated during treatment carry through to the field. In a three-year field
experiment, biochar mixed with cattle slurry before application consistently reduced crop
yield and nitrogen uptake, with the reductions reaching significance in the third year
and nitrogen use efficiency declining significantly, while biochar applied alone produced
no yield effect in any year [35]. A four-year organic field study of biochar and compost
amendments similarly found that yield responses were confined to the first trial year,
although soil organic carbon stocks increased across all treatments [36]. These trials test
biochar as a soil amendment applied with organic fertiliser rather than as a composting
additive, so they do not contradict the emission reductions reported for biochar-amended
composting in Section 6.4. What they indicate is that benefits established at the treatment
stage should not be assumed to transfer to agronomic performance after land application,
since the two are measured in different compartments and over different timescales.

A separate °N-labelling study tracing manure compost, urea, and maize root residue
simultaneously found that wheat nitrogen use efficiency from manure compost was compa-
rable to that from maize root residue, at approximately 29%, while urea achieved a higher
nitrogen use efficiency of 55% in total wheat biomass [37]. This gap does not necessarily
indicate that compost nitrogen is agronomically inferior overall, since compost nitrogen
release is slower and more gradually synchronised with crop uptake across a season, but
it does mean that a grower substituting compost for urea on a nitrogen-equivalent basis
should not expect an identical short-term recovery rate.

9.3. Nitrate Leaching, Nitrous Oxide Risk, and Phytotoxicity

The agronomic value of compost and digestate depends on product maturity, and
immature material carries risks that a finished, stable product does not. A survey of
municipal solid waste compost samples found that a high proportion were immature
by germination index standards [38]. Applying immature compost or digestate to soil
risks nitrogen immobilisation and phytotoxic effects on germinating seedlings, effectively
working against the nitrogen retention gains described in Section 9.1 by making the retained
nitrogen temporarily unavailable or actively harmful to the crop it was meant to feed.

Beyond maturity, the nitrogen product’s origin also shapes its post-application envi-
ronmental footprint. A field comparison applying urea, compost, and digestate side by
side to tropical pasture reported the highest nitrous oxide emission under the digestate
treatment and the lowest under compost, whose emission intensity was comparable to
that of an unfertilised control [39]. Compost may also alter the fate of the mineral nitrogen
applied alongside it, since the same three-year tomato experiment reported retention of
fertiliser nitrogen in the compost-amended treatments [34]. A separate field comparison
of raw dairy manure composted dairy manure, and synthetic fertiliser on leachate water
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quality under corn found that treatment source shaped nutrient concentrations reaching
the leachate, underscoring that composting itself, not just the choice between organic and
synthetic nitrogen, measurably altering the downstream water-quality outcome [40]. Taken
together, these two comparisons suggest that composting’s stabilisation of nitrogen, which
lowers the ammonium-dominant, readily mineralisable pool that digestate retains, may
carry a real environmental payoff after land application, not just a processing-stage one,
although both comparisons are single-site field trials and the magnitude of that difference
is likely to be site and climate dependent.

9.4. Toward Integrated Nitrogen Management

These process-to-product linkages support the case for treating composting and anaer-
obic digestion as complementary rather than competing, a theme introduced in Section 8.
Facilities that sequence anaerobic digestion followed by composting of the digestate can
recover energy from the readily degradable fraction of a waste stream while using com-
posting to stabilise the remaining material and reduce the phytotoxicity and nitrous oxide
risks just described [29]. Figure 4 closes the comparative framework introduced in Figure 3
by mapping this full pathway, from feedstock nitrogen through microbial process outcome
to finished product nitrogen use efficiency and environmental risk.
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Figure 4. Integrated synthesis linking microbial nitrogen transformations during composting and
anaerobic digestion to fertiliser quality, agronomic nitrogen use efficiency, and environmental out-
comes following land application. The figure traces two parallel pathways, one for compost and
one for digestate, each showing how the balance of retention and loss pathways established during
treatment carries through to field-level nitrogen use efficiency [32,33], post-application nitrous oxide
and leaching risk [39,40], and the maturity-dependent risk of nitrogen immobilisation or phytotoxicity
upon land application [38].

10. Knowledge Gaps and Future Directions

10.1. Cross-System Microbiome Comparison

The comparative framework developed in Section 8 rests on synthesising the separately
published composting and anaerobic digestion literatures rather than on studies that
measure both systems side by side using a shared methodology. Few studies apply the
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same isotopic or molecular toolkit across aerobic and anaerobic treatment of the same waste
stream. One exception used a 1°N stable isotope pool dilution approach to directly compare
aerobic and anaerobic nitrogen cycling within a single landfill simulation experiment,
finding that reactive nitrogen loss was strongly triggered by aeration while fully anaerobic
reactors remained comparatively stable in their nitrogen isotope signature [41]. This kind
of paired, methodologically consistent comparison remains rare between composting
and anaerobic digestion specifically, and expanding it represents a direct way to test
the comparative framework proposed in this review rather than infer it from separately
conducted studies. Until such studies exist, the framework should be read as a synthesis
proposed for testing rather than as a conclusion established by direct measurement.

10.2. Molecular Monitoring Tools

Quantifying the functional genes discussed throughout Sections 3-7 depends on
qPCR methods that are not yet standardised across laboratories. A recently developed
multi-amplicon synthetic DNA standard was designed specifically to reduce the cost and
inconsistency of preparing separate standard curves for each nitrogen-cycling gene target,
covering AOA and AOB amoA, nirK, nirS, and nosZ, and includes a non-target spike se-
quence to estimate DNA extraction efficiency [42]. Nitrite oxidation and nitrogen fixation
markers such as nxrA, nxrB, and nifH fall outside that panel, so the gene set discussed
in Sections 6.2 and 7.2 is not yet covered by a single standardised assay. Tools of this
kind have so far been validated primarily in agricultural soils rather than in composting
or digester matrices, which present their own extraction challenges due to high organic
matter content and, in digestate, high moisture and ammonium concentrations. A recent
methodological review of compost microbiome research similarly concluded that inte-
grating multiple molecular approaches, including metagenomics, metatranscriptomics,
and metaproteomics, improves resolution of microbial and metabolic dynamics across
composting phases, but noted that no single method yet provides a complete picture on
its own [43]. This limitation bears directly on the gene-abundance findings reported in
Sections 6.2 and 7.2, since gene abundances and ratios such as nirK-to-nosZ index genetic
potential rather than measured flux, and are quantified by methods that differ between
the studies compared. Adapting and validating standardised gene quantification tools
specifically for composting and digester conditions would allow the phase-dependent and
system-dependent patterns described in Sections 6 and 7 to be compared quantitatively
across studies rather than qualitatively.

10.3. Field-Scale and Pilot-Scale Validation

Many of the mechanistic findings summarised in Sections 6 and 7 originate from
laboratory-scale or bench-scale reactors, and it remains uncertain how consistently these
findings translate to full-scale operation. A bibliometric and experimental review of anaero-
bic digestion sludge microstructure research found that approximately 65% of experimental
studies were conducted at laboratory scale with limited pilot-scale validation, identifying
this as a significant gap in confirming whether laboratory findings hold at pilot and in-
dustrial scales [44]. This validation gap applies with comparable force to the mitigation
strategies discussed in Sections 6 and 7, since biochar dosing, bioaugmentation inoculum
survival, and ammonia stripping efficiency can all be sensitive to reactor geometry and
mixing conditions that differ substantially between bench- and full-scale systems. It applies
most directly to the 36% methane improvement reported for bioaugmentation, which is
an extrapolation to commercial scale rather than a measured full-scale result, and to the
combined biochar and zeolite effect, which rests on a single bench-scale kitchen waste trial.
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10.4. Co-Occurring Risks Beyond Nitrogen

Nitrogen is not the only constituent whose fate is shaped by the microbial community
dynamics discussed throughout this review. A study combining metagenomics and untar-
geted metabolomics in an integrated anaerobic digestion and composting system treating
the organic fraction of municipal solid waste found that antibiotic resistance dynamics
shifted across the treatment train in ways that tracked microbial community change rather
than remaining constant [45]. This finding is a reminder that the same microbial guilds
regulating nitrogen retention and loss, discussed in Sections 6-8, are also implicated in
the fate of co-occurring contaminants, and that mitigation strategies optimised for nitro-
gen retention should be evaluated for their effect on these co-occurring risks rather than
assessed for nitrogen outcomes in isolation. Regulatory frameworks reinforce this point,
since heavy metals and pathogens are controlled across most jurisdictions while antibiotics
and microplastics are not, as noted in Section 4.2.

10.5. Policy Harmonisation and Geographic Unevenness

The agronomic and environmental outcomes described in Section 9 depend on com-
post and digestate meeting consistent quality standards, and current standards vary con-
siderably by jurisdiction, as Section 4.2 sets out. That variation compounds a separate
geographic imbalance in the underlying research base. A systematic review of anaero-
bic digestion implementation in developing countries found that despite organic waste
comprising most of the municipal solid waste in many low- and middle-income settings,
anaerobic digestion adoption for municipal biowaste remains comparatively rare there
relative to rural manure-based applications [17]. This regional imbalance in adoption
and evidence parallels a similar geographic unevenness recently flagged in the broader
nitrogen management literature [46], suggesting that the evidence base underlying this
review, like that literature, is not uniformly distributed across the regions where organic
waste treatment is most needed.

10.6. Limitations of the Present Synthesis

Three limitations of this review follow from the approach described in Section 2 and
qualify its conclusions. The composting and anaerobic digestion literatures were searched
separately and then compared, so the framework is assembled from studies not designed
for cross-system comparison. The quantitative efficiencies cited throughout are not com-
mensurable, having been measured under different feedstocks, doses, scales, and operating
conditions, and the divergence between two biochar meta-analyses reported in Section 6.4
indicates that even synthesised estimates of the same intervention differ substantially. Sev-
eral of the mechanistic findings relied upon derive from single studies or single organisms,
including the ammonia inhibition mechanism characterised in Methanosarcina barkeri and
the combined biochar and zeolite effect demonstrated in one bench-scale trial, and these
should be treated as working evidence rather than as established generalisations.

10.7. Priorities for Future Research

Drawing these threads together, five priorities stand out. First, paired studies applying
a shared isotopic or molecular methodology across composting and anaerobic digestion of
the same feedstock would test the comparative framework proposed in Section 8 directly
rather than by inference. Second, standardised molecular monitoring tools validated specif-
ically for compost and digester matrices would allow the gene-abundance findings sum-
marised throughout Sections 6 and 7 to be compared quantitatively across studies. Third,
pilot- and full-scale validation of the mitigation strategies discussed in Sections 6.4 and 7.3
would clarify which laboratory-demonstrated efficacies hold under field conditions. Fourth,
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consistent reporting of feedstock, scale, and operating conditions alongside reported effi-
ciencies would allow future syntheses to reconcile rather than merely juxtapose divergent
estimates. Fifth, harmonised quality standards for compost and digestate, informed by
research conducted across a wider geographic range than the current evidence base reflects,
would support the integrated nitrogen management approach outlined in Section 9.

11. Conclusions

This review treated composting and anaerobic digestion not as separate waste treat-
ment technologies but as two expressions of a single underlying problem, the microbial
regulation of nitrogen fate under contrasting redox conditions. That framing has held, with
one qualification. Composting selects for aerobic nitrogen transformation, and its dominant
loss pathway runs through the atmosphere as ammonia and nitrous oxide. Anaerobic
digestion excludes oxygen, concentrating nitrogen instead as free ammonia in the liquid
phase, where the risk is not atmospheric loss but suppression of the microbial process
itself. The qualification concerns what the two systems share. It is not the set of active
microbial guilds, since nitrification depends on oxygen and carries no appreciable flux
inside a strictly anaerobic digester, reopening only during digestate storage or aerated
post-treatment. What they share is the set of nitrogen transformation nodes available in
principle, and the parameters that govern flux through whichever nodes are open. Redox
regime determines which pathways are thermodynamically available. The parameters pH,
temperature, carbon-to-nitrogen ratio, moisture, and retention time determine how much
nitrogen is lost through them, and these act in the same direction in both systems even
though the consequence differs, producing volatilisation in one and process inhibition in
the other. Recognising this division between pathway availability and flux magnitude is
the conceptual advance this review offers beyond summarising two separate literatures.
That structure carries consequences beyond the treatment process. The nitrogen retained
through composting or digestion, and the pathways that produced that retention, shape
how the finished product performs in the field, from its fertiliser replacement value relative
to mineral nitrogen to its risk of causing nitrous oxide emission or phytotoxicity if applied
before maturity. Facilities that sequence digestion with composting already exploit this
continuum, recovering energy from the readily degradable fraction while relying on aerobic
stabilisation to reduce the risks digestate alone would carry. Substantial gaps remain. The
framework rests on synthesis rather than paired measurement, molecular tools are not
standardised for these matrices, reported efficiencies are not comparable across studies,
and validation at operational scale and across a wider geographic range is lacking.
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