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Abstract: Disturbances of the anaerobic digestion process reduce the economic and environmental
performance of biogas systems. A better understanding of the highly complex process is of crucial
importance in order to avoid disturbances. This review defines process disturbances as significant
changes in the functionality within the microbial community leading to unacceptable and severe
decreases in biogas production and requiring an active counteraction to be overcome. The main
types of process disturbances in agricultural biogas production are classified as unfavorable process
temperatures, fluctuations in the availability of macro- and micronutrients (feedstock variability),
overload of the microbial degradation potential, process-related accumulation of inhibiting
metabolites such as hydrogen (H2), ammonium/ammonia (NH4

+/NH3) or hydrogen sulphide
(H2S) and inhibition by other organic and inorganic toxicants. Causes, mechanisms and effects on
the biogas microbiome are discussed. The need for a knowledge-based microbiome management to
ensure a stable and efficient production of biogas with low susceptibility to disturbances is derived
and an outlook on potential future process monitoring and control by means of microbial indicators
is provided.
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1. Introduction

One of the main challenges to optimize biogas production is to achieve high process stability and
efficiency with low susceptibility to disturbances [1–6]. Process disturbances reduce the economic
and environmental performance of biogas systems since they lead to decreased methane yields and
hence reduce revenues, net energy yields and greenhouse gas emissions mitigation and result in
additional expenditures for remedy. Consequently, there is the need to better understand the causes,
mechanisms and effects of process instabilities and disturbances, especially the response of the biogas
microbiome in order to avoid them.

Given that the anaerobic digestion plant is technically fully operational (e.g., regarding digester
technology, mechanic feeding, temperature regulation, and stirring or pumping systems),
all instabilities and disturbances of the digestion process are attributed to malfunctioning of the biogas
microbiome induced by the operator’s management measures. The objective of this review is to define
process instabilities and disturbances while classifying different types, their causes, mechanisms and
effects on the microbial community. Additionally, an outlook on potential future process monitoring
and control strategies by means of using microbial indicators to deduce strategies for a sustainable
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microbial diversity management will be provided. The focus of this review is on agricultural biogas
production where the plants are mainly operated by farmers and run on the basis of agricultural
residues (e.g., livestock manure), energy crops (e.g., maize, grass, sugar beet) and partly residues from
the food industry and biorefineries.

2. The Biogas Microbiome

Biogas digesters are highly sensitive technological-biological systems with a diverse and
complex interacting microbial community that converts anaerobically degradable biomass into biogas.
The process can be roughly divided into the four main steps hydrolysis, acidogenesis, acetogenesis
and methanogenesis whereby the metabolites of one step are the precursors for the next step (Figure 1).
These steps run simultaneously as the involved microorganisms with their different physiological
capacities depend on each other’s degradation products and require a close spatial proximity.
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Figure 1. Compilation of the currently physiologically and/or genetically described microorganisms
putatively involved in the different steps of the anaerobic digestion process. The corresponding
reference list is given in Supplement 1. The microscopic image in the background shows a biogas
microbiome stained with DAPI (4′,6-diamidino-2-phenylindole) of an anaerobic digester treating a
mixture of energy crops and animal manure (photo by J. Klang). CO2 = carbon dioxide, H2 = hydrogen,
CH4 = methane.

So far, the most investigated species of the biogas microbiome are hydrolytic and fermentative
bacteria and methanogenic archaea. Figure 1 shows a compilation of the physiologically and/or
genetically described microorganisms involved in the different steps of the anaerobic digestion process.

The biogas microbiome does not only comprise bacteria and archaea but also viruses/phages [7]
as well as eukaryotes including fungi and protists (mainly protozoa) which are less investigated [8–10].
While it is assumed that the functional characteristics of pro- and eukaryotes are closely related to
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each other in a cooperative way [11], viruses/phages are suspected to have regulatory effects on the
microbial cell turnover [7,12].

The current state of knowledge on the biogas microbiome can be characterized by three
general statements:

• Despite intensive research and growing knowledge on the microbiome most of the species and
hence their ecological functions are still unknown [13–15].

• Each anaerobic digester develops its own specific microbiome [16–18].
• Most individuals of the biogas microbiome are generalists which are able to exist under various

conditions, hence being found in most of the biogas plants and with regard to their abundance
making the largest part of the community. In contrast, most species are specialists which occupy
specific ecological niches, are detected only in few samples and are often specific to the digester.
(In 20 anaerobic digestion plants a total number of 5938 bacterial operational taxonomic units
(OUT) were detected. Only 2.5% (around 150 OTUs) were assigned to the biogas core microbiome
with a median relative abundance of 70.3% ± 12.5% (the generalists), whereas 84.0% (around 5000
OTUs) were only found in a certain number of samples representing 3.5% ± 3.8% of the relative
bacterial abundances (the specialists) [16]).

The microbial diversity in anaerobic digesters is affected by the plant operator’s management
as this influences the microbiome’s living conditions (Figure 2). The nutritional basis for the
microorganisms is provided by the feedstocks. Their chemical composition and physical characteristics
affect the bioavailability/bioaccessibility of the anaerobically degradable compounds. The chosen
type, amount and possibly pretreatment of feedstocks determine the available amount of macro-
and micronutrients. The abiotic environment of the microorganisms is formed by the digester
technology (e.g., continuously stirred/plug flow/container, one/two-phase) and the digester operation
(e.g., loading rate, retention time or process temperature). When designing the abiotic environment of
the biogas microbiome it has to be considered that each population (sum of individuals of a respective
species in a habitat) of the biogas microbiome does not only have different optima regarding its living
requirements, but also different tolerance levels against environmental factors. If these environmental
factors exceed or fall below certain thresholds process disturbances might occur.

These management options shape the biogas microbiome which is characterized by its
taxonomic, functional and ecological diversity (Figure 2). The taxonomic diversity covers the
number and distribution of occurring species. The functional diversity defines the potential
(i.e., genetically determined) and the actually realized functions and processes of the occurring species.
The ecological diversity describes interactions of the microorganisms among each other and with
their environment. The more we are able to understand and quantitatively describe the ecological
functions of biogas microbiomes in their complexity, the more we will be able to deduce reliable and
reproducible forecasts how systems react to varying external influences and how the performance of
biogas microbiomes can be optimized and sustainably used for a knowledge-based process control.
This in turn will enable us to better use the biogas microbiome technically to the benefit of human and
environment (adapted from [19]).

In order to establish a sustainable microbial diversity management strategy for anaerobic
digestions systems, the question that still has to be answered is “Who does what, when, with whom
and why?” [5,8,14,20–23]. Moreover, there is an urgent need to better understand the taxonomic,
functional and ecological difference between well-performing and disturbed microbiomes.
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3. Types of Process Instabilities and Disturbances

3.1. Definition and Overview

The general definition of a disturbance is a temporary event that significantly changes the normal
state of a system. With specific regard to the anaerobic digestion of biomass to biogas we here define
a process disturbance as a significant change in the functionality within the microbial community
leading to severe and unaccepted decreases in biogas/methane generation and requiring counteraction
to be overcome. To which extent a decrease is accepted or not is at the discretion of the plant operator.
Since plant operators will decide mainly with regard to profitability, the accepted extent of the
disturbance depends on the respective relation of costs and revenues [24].

We distinguish process instabilities from disturbances as temporary changes in the functionality
within the microbial community that cause slight decreases in biogas/methane generation whereby
the microbiome is able to reorganize itself without active counteraction of the plant operator.

The response of microbiomes or of populations within the microbiome to process disturbances
can be described using three basic concepts [25]: (i) the microbiome can be resistant, meaning the
microbiome withstands a disturbance without changing its taxonomic, functional and ecologic
composition, (ii) the microbiome is resilient, which means that the microbiome composition returns
back to its original composition after being disturbed, and (iii) members of the microbiome are
functional redundant whereby inhibited community members can be replaced by others with
similar function.
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Instabilities and disturbances of the anaerobic digestion process may have manifold causes with
different underlying mechanisms [26–29]. The main types occurring in agricultural biogas production
can be classified as follows:

• unfavorable process temperatures,
• fluctuations in the availability of macro- and micronutrients (feedstock variability),
• overload of the microbial degradation potential,
• process-related accumulation of inhibiting metabolites such as hydrogen (H2),

ammonium/ammonia (NH4
+/NH3) or hydrogen sulphide (H2S),

• inhibition by other organic and inorganic toxicants, e.g., light metal ions, heavy metals,
chlorophenols, halogenated aliphatics, long chain fatty acids, nanomaterials, antibiotics,
or viruses.

In practice it is nearly impossible to relate an instability or disturbance to one single cause/factor;
mostly it is a combination of various factors that leads to process instabilities or disturbances (Figure 3).
In the next sections, causes, mechanisms and effects on the biogas microbiome for the first four
categories of the above mentioned disturbances are discussed. The last category is less intensively
investigated in agricultural biogas production, especially regarding the response of the microbiome,
and will not be discussed in detail here.
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Figure 3. Causes, mechanisms and effects of process disturbances on the biogas microbiome
(dashed line—microbial system; blue boxes—management measures causing process
disturbances; green boxes—microorganisms affected in the four steps of the digestion process;
colored arrows—cause–effect chains of disturbance types).

So far, no studies are available on process disturbances in full-scale anaerobic digesters which
investigate the dynamics of a process disturbance from the beginning to the end, distinguishing the
“disturbed” microbiome from the “normal/healthy” or “recovered” microbiome in order to identify
process-relevant microorganisms. This can mainly be attributed to the fact that process disturbances in
full-scale biogas plants cannot be reasonably induced due to the high operation costs and potential
economic losses. Moreover, process disturbances cannot be predicted. Consequently, studies on
process disturbances in full-scale anaerobic digesters depend on randomly occurring events challenged
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by the “search” for instabilities/disturbances directly at the right time and place when and where
the disturbances occur. Hence, such studies are case studies where the results cannot be validated
or reproduced. Because of this, most studies and hence most knowledge on process disturbances
originate from model digestion systems as they offer a broad spectrum of options to manipulate the
process under controlled conditions.

3.2. Unfavorable Process Temperatures

Temperature is one of the most important environmental factors affecting growth and metabolic
activity of microorganisms [6,18,30–33]. For the process of anaerobic digestion, biomass degradation
accelerates with increasing temperatures and hence per time unit more biomass is converted into biogas
due to higher reaction rates (Figure 3) [6,33]. However, it has to be considered that the members of the
biogas microbiome are metabolically active within certain ranges of temperature, so that changes in the
temperature regime lead to a change in the microbial community composition and ecological function
while mesophilic digesters show a higher microbial diversity then thermophilic digesters [18,30,34].
Many agricultural anaerobic digesters (especially in Germany) are operated at 40–45 ◦C, which is
between the optimal ranges for mesophilic (33–38 ◦C) and thermophilic (50–60 ◦C) conditions [6,18,31].

The temperature in anaerobic digesters should be changed slowly to enable the microbial
community to adapt to the new environmental conditions. Strong fluctuations or fast increases
or decreases carry the risk of process instabilities (Figure 3). This is well shown in an experiment which
investigated how a change in the temperature regime influences the process stability, the potential for
process optimization and the microbial community structure [6]. A temperature increase from 37 ◦C
to 52 ◦C or a decrease from 52 ◦C to 37 ◦C was performed stepwise by 2 ◦C per week. The digester
with decreasing temperature showed the most unstable process. During the temperature change
acetate and propionate concentrations were high and methane yields low. The digester with increasing
temperature operated more stable, but temporary disturbances still occurred when passing the range
between 40 and 44 ◦C. These results are in accordance with previous findings [31]. At the microbial
level a temperature sensitivity of members of the phylum Cloacimonetes was found. They disappeared
when the temperature increase passed the 40–44 ◦C range [6]. Similar findings have been reported
previously [35] indicating that this microbial group might be a suitable process indicator for upcoming
process disturbances due to an inappropriate temperature regime.

As mentioned above, a temperature increase leads to an increased metabolic activity and hence
to higher degradation rates with an accelerated release of organic acids and other process-inhibiting
metabolites such as ammonium/ammonia (NH4

+/NH3) or hydrogen sulphide (H2S) (see Section 3.6),
making the process less stable. Hence, for a permanent or temporary thermophilic digester operation
a knowledge-based management of the microbiome is necessary.

3.3. Fluctuation of Nutrient Availability

3.3.1. Feedstocks as Nutritional Basis

The feedstocks are the nutritional basis for the biogas microbiome. The macro- and micronutrients
within the feedstocks affect microbial growth and activity and hence the degradation kinetics and the
biogas/methane yield [10,36,37]. An optimal nutrient supply is essential for a stable digestion process.
That means, the feedstock composition should (i) meet the nutritional requirements of the digester’s
microbiome, (ii) result in high biogas and methane yield and (iii) lead to a high quality digestate [10].

The availability of the macro- and micronutrients for the microbial community changes depending
on the amount, composition and quality of the feedstocks as well as on the general process
performance [18,30,38,39]. The main reasons for fluctuating nutrient availability are variation of
the feedstock supply and insufficient mixing of the digester’s content.
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3.3.2. Chemical Composition of the Feedstocks

The chemical composition and the bioaccessibility of the feedstocks determine the potential
amount of biogas/methane that can be produced [29]. The theoretical biogas yield from carbohydrates,
fats and proteins are 750, 1390 and 800 norm liters per kg organic dry mass with theoretical methane
amounts of 50%, 72% and 60% [33]. The amount and bioavailability of macro- and micronutrients varies
strongly in different feedstocks. As different microorganisms have different nutrient requirements and
also different degradation capacities to certain feedstock compounds, the chemical complexity of the
supplied feedstock (either various compounds or complex molecule structures) directly affects the
diversity of the biogas microbiome [18].

Anaerobic digesters operated with easily convertible feedstocks such as sugar beet silage
or chemically stable/similar feedstocks (in function of time), such as wastewater sludge and
industrial wastes show less diverse microbial communities. Several studies have shown that these
communities are often dominated by members of the phylum Bacteroidetes, especially from the order
Bacteroidales [18,30,38,40–43]. Most of the so far described members of this phylum are known for
rapid conversion of easily degradable sugars and alcohols into acids e.g., [44–49] which indicates that
they play a crucial role in acidogenesis and acetogenesis.

In contrast, feedstocks such as biowaste, energy crops and livestock manure are chemically more
complex and/or heterogeneous in function of time. Their conversion needs a structural more diverse
community with members of various phyla (e.g., Firmicutes, Bacteroidetes, Chloroflexi, Proteobacteria,
Spirochaetes, Synergistetes, Thermotogae, Cloacimonetes as well as Euryarchaeota) e.g., [18,30,38,43,50–52].
Such communities are enabled to successively, complementarily and efficiently degrade most of
the bioavailable/bioaccessible feedstock compounds (except the anaerobically hardly-degradable
lignin [51,53]) due to a high functional and ecological diversity (broad range of metabolic pathways,
generalists, specialists, redundancy, resilience, concurrence, syntrophy, co-occurrence). As chemically
more complex feedstocks often feature high lignocellulose contents, pretreatment techniques are
applied in order to enhance rheology, degradability and hence biogas/methane production [52,54–56].
Some pretreatment techniques, mainly chemical ones, are known to generate toxic compounds [55,57]
which have to be expected to cause inhibitory effects in the subsequent digestion process. Many studies
deal with the impact of various pretreatment techniques on methane yields, but so far it has not been
investigated how the pretreated feedstocks affect the diversity of the biogas microbiome and hence the
process performance.

If the feedstock type changes, the microbial communities need to adapt to the new conditions,
not only with respect to their taxonomic composition, but above all regarding their predominant
functions and ecological behavior. Changing the feedstock does not necessarily have negative impacts
on biogas production, but should be applied with caution. For example, a stepwise increase of poultry
manure to a basic mixture of cattle slurry and solid manure led to altered nutrient supply and hence
changing environmental conditions causing process instability. Without taking countermeasures,
the microbiome reconstructed over a period of approximately 100 days [58] (see also Section 3.6).
The new microbial community was functionally redundant as similar biogas/methane yields were
recorded after the disturbance. From an ecological point of view, this can be called a naturally
controlled microbial diversity management.

3.3.3. Nutrient Distribution

It is well known that a good stirring/mixing of the digester’s content is of high importance
to evenly spread fresh feedstock material within the digester, to ensure a close contact between
the substrates (i.e., the nutrients supplied with the feedstocks) and the degrading microorganisms,
to facilitate the removal of end products of metabolism and the upflow of gas bubbles, as well as to
achieve even temperature conditions across the digester [33,59,60].

Depending on the kind of feedstock, insufficient mixing (low mixing intensity) might lead to
stratification of the digester content. Light material tends to float on the surface (floating layer
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formation) while heavier material sinks to the bottom (sedimentation) [60]. Consequently, the contact
area between microorganisms and their substrates is disrupted (Figure 3). In case of a floating layer
formation, the contact area is restricted to the boundary zone of the solid phase (the biodegradable
material) and the liquid phase where most of the microorganisms are located. Hence, only a small
fraction of the nutrients is accessible to the microorganisms causing low degradation rates.

On the other hand, too high mixing intensities are detrimental to the biogas production as the
required close contact between acid oxidation bacteria and their methanogenic partners is interrupted
(Figure 3) [60,61].

Although stirring/mixing of the digester content is of high importance, little is known about
the effects of stirring/mixing at the microbial level. Further research should investigate the effects
of stirring on the microbiome at the different stages of anaerobic digestion [60], as this could be one
option to manage the process efficiency by regulating the contact between the microorganisms and
their nutrients and hence regulate the biogas flux.

3.4. Overload of the Microbial Degradation Potential

The digestion process becomes overloaded when the biomass input (amount of organic material
added per active reactor volume and day) exceeds the degradation capacity of the biogas microbiome.
This situation may occur for instance at too high organic loading rates in combination with too short
retention times [10,40,62–64]. This leads to insufficient degradation rates and low biogas/methane
yields in proportion to the amount of the supplied biomass (Figure 3). While the hydraulic retention
time defines the medium duration of the feedstocks in the digester, the solids retention time describes
the available time for the microorganisms to establish in the digester [65].

When the retention time is too short, which is typically the case with increasing the organic
loading rate, microbial biomass cannot establish in required amounts to degrade the supplied biomass
which might cause a wash-out of microorganisms resulting in a loss of essential functions for the
ecosystem (Figure 3) [10,64,65]. Hence, organic load can only be increased when the retention time is
long enough to ensure a certain reproduction (growth) and spreading time for the microorganisms to
meet their function. This applies in particular to the slowly-growing acid-degrading and methanogenic
members of the community. Thus, for a stable process performance, retention times of more than
10 days are generally recommended [66,67].

An overload of the process can also occur when the formation of one metabolic intermediate
exceeds the degrading capacity of the microorganisms involved in the subsequent step.
This can be caused by insufficient mixing of the digester’s content, changing feedstock regimes,
increasing temperature or inhibition of specific microbial populations by NH3, H2S or H2.

Overloads often are related to acid accumulation (Figure 3), indicating an imbalance of microbial
acid producers and consumers [40,63,68,69]. The underlying mechanism is based on different ways of
obtaining energy and consequently on different growth rates: a thermodynamically more favorable
energy production results in faster growth rates of the microorganisms [70–73].

While the energy balance of most hydrolytic and acidogenic reactions is negative —meaning
a direct energy gain for the microorganisms— the reactions of acid-degrading microorganisms are
thermodynamically unfavorable and require more energy than they yield [70,71,74]. Acid-degrading
microorganisms often live in syntrophy with hydrogen scavengers, in the biogas process ideally
hydrogenotrophic archaea, due to the fact that the conversion of most fatty acids is only possible
via the formation of hydrogen (H2). Without subsequent H2 utilization by H2 scavengers such as
hydrogenotrophic archaea or homoacetogens, the acid-degrading bacteria would be inhibited by their
own metabolic end product [73]. However, the overall energy balance becomes negative and proceeds
with a low energy gain for both partners (see Section 3.5).

With regard to an acid accumulation, this means that the biomass is relatively quickly converted
into acids which can often be assigned to an increased relative abundance of members of the phylum
Bacteroidetes [40,63,69], but the acids cannot be converted into biogas in the same time frame due to the
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slower growth rates of the acid-degrading microorganisms [63]. This is of high importance and should
be carefully considered while operating a biogas plant, especially under thermophilic conditions with
a less diverse microbiome (Figure 3). From an ecological point of view, microbiomes with a high
diversity level are assumed to be more stress resistant/resilient due to a higher metabolic potential
and hence a high functional redundancy resulting in a higher stress tolerance potential according to
increasing organic loads or even overloads [4,69].

Although it is well known that high loading rates (in combination with short retention times) have
to be handled with caution, the entire regulatory processes—including the response of the microbiome
or of its members— is still not fully understood, which hampers the recommendation of respective
management strategies to efficiently control the process.

3.5. Hydrogen Inhibition

High amounts of H2 may indicate a disturbance of the microbial community equilibrium.
Methanogenic archaea are only capable to use acetic acid, H2 and one-carbon (C1) compounds,
such as carbon dioxide (CO2) [75]. This means that C3-C6 fatty acids (propionic acid, butyric acid,
succinic acid, and lactic acid) formed during acidogenesis, first have to be converted into utilizable
compounds [70,74,76]. This is carried out by bacteria, such as members of the genera Syntophomonas,
Syntrophobacter, Syntrophus, Propionibacter, Pelotomaculum, Smithella or Clostridium, who live in
syntrophy with hydrogenotrophic archaea [70,74]. Syntrophy, in general terms, is an association
of different microorganisms who mutually provide and use intermediates to and from the other
partner and hence are interdependent for survival [73–78]. By the combined metabolic activity of
microorganisms, endergonic reactions can become exergonic through the efficient removal of products
and therefore enable a microbial community to survive with minimal energy resources [70,74].

Due to the lack of suitable electron acceptors, the conversion of fatty acids is often only possible via
the formation of high-calorific H2 [70,74,77,78]. As mentioned above, without subsequent utilization
of the generated H2 by hydrogen scavengers, the syntrophic bacteria would be inhibited by their
own end product since excessive H2 concentrations make the fatty acid oxidation thermodynamically
impossible [73]. It follows that hydrogen scavengers (e.g., hydrogenotrophic archaea) depend on the
H2 which is produced by their neighboring bacteria who in turn can only grow, if the H2 is consumed.
Consequently, an inhibition of the function of hydrogen scavengers, such as hydrogenotrophic archaea
by NH4

+/NH3 or H2S inhibition, leads to a process disturbance which is reflected not only in reduced
methane yields, but also in acid accumulation (Figure 3, see Sections 3.4 and 3.6).

In this context syntrophic acetate oxidation is a particularly well investigated process that occurs
under certain environmental conditions. The energy balance of acetate oxidation is quite unfavorable
(free Gibb’s energy (∆G◦’) = +104.6 kJ·mol−1). Together with hydrogenotrophic partners the energy
balance improves to ∆G◦’ = −31 kJ·mol–1 (∆G◦’ = −15.5 kJ mol−1 per partner), whereby the H2 partial
pressure should be limited to the range 1.6 to 6.8 Pa under mesophilic conditions [79,80]. Due to
the highly complex requirements of syntrophic microorganisms for their living conditions, they can
hardly be cultivated and hence their genetic, physiologic and ecological characterization is limited.
Bacteria currently known to be capable of syntrophic acetate oxidation are Thermacetogenium phaeum,
Pseudothermotoga lettingae, Tepidanaerobacter acetatoxydans, Clostridium ultunense and Syntrophaceticus
schinkii [80].

Moreover, there are indications that high partial pressure of H2 also negatively affects hydrolysis.
An observed decrease in the degradation of wheat straw without acid accumulation (the metabolites
from acidogenic bacteria) indicates that the hydrolytic activity (the first process step) was inhibited [81].
H2 inhibition at the hydrolysis stage could be suppressed through the addition of CO2 [81].

3.6. Ammonium/Ammonia and Hydrogen Sulphide Inhibition

The anaerobic digestion of feedstock with high nitrogen contents, such as grass silage,
poultry manure or slaughterhouse waste, may negatively affect the function of the microbial
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community and hence biogas and methane generation (Figure 3). A critical issue is the formation
of ammonium (NH4

+) which is generated during the degradation of proteins, nucleic acids and/or
uric acid/urea and cannot be further degraded under anaerobic conditions [80,82–86]. In aqueous
solutions NH4

+ is in equilibrium with NH3, which shifts towards NH3 with increasing temperature
and pH. Generally, it is assumed that microorganisms, e.g., methanogenic archaea, might be affected
“in two ways: (i) the ammonium ion (NH4

+) may inhibit the methane producing enzymes directly
and/or (ii) the hydrophobic ammonia molecule (NH3) may diffuse passively into the microbial cells,
causing proton imbalance or potassium deficiency” [84].

Methanogenic archaea generate methane either by converting acetic acid
(acetoclastic methanogenesis) or by using hydrogen (H2) and carbon dioxide (CO2) (hydrogenotrophic
methanogenesis) [75]. The obligate acetoclastic methanogens (members of the family Methanothrix)
have the narrowest ranges of tolerance to NH4

+ and NH3 e.g., [84,87–89]. Frequently described and
generally accepted thresholds for concentrations of NH4

+ range from 3 to 5 g L−1 and of NH3 from 80
to 400 mg L−1 [80,84]. With rising concentrations of NH4

+ and/or NH3, changes in the taxonomic and
hence the functional diversity within the archaeal community are recorded e.g., [58,83,90,91].

For example, in a long-term, lab-scale experiment the impact of increasing amounts of poultry
manure and accordingly increasing NH4

+/NH3 concentration on the microbial diversity was
investigated [58]. During the second experimental phase the addition of 50% poultry manure
(based on VS) led to a serious process instability with a total acid concentration of 9.6 g L−1 at
5.9 g NH4

+ L−1 and 500 mg NH3·L−1, which resulted in a decrease of the methane yield by 25%.
Over the course of the instability, while operating the digester at constant conditions, the dominating
bacterial order shifted from Bacteroidetes to Clostridiales, combined with a change from acetoclastic to
hydrogenotrophic methanogenesis. With similar overall process rates after the disturbance, the adapted
microbiome was functional redundant [58]. Similar results regarding the microbiome reorganization
were published previously e.g., [83,90–93]. However, another study investigated the impact of different
ammonium sources (animal manure and ammonium carbonate) to reveal whether there is a relation
between the microbial diversity level (structure and function) and the stress tolerance potential of the
microbial community [90]. It was shown that a sugar beet silage digesting bacterial community with
a pre-dominance of members from the phylum Bacteroidetes associated with a functionally flexible
archaeal community (mainly Methanotrix, Methanosarcina, Methanoculleus), was more stress resistant
under the certain experimental conditions, than a maize silage digesting community with a more
diverse and evenly distributed bacterial community associated with a rigid archaeal community
(mainly Methanotrix). This indicates that a higher taxonomic and hence functional diversity at a
certain community part, in the presented study the archaeal community, is one important factor for
process stability.

Furthermore, members of the bacterial phylum Cloacimonetes were reported to disappear
with increasing NH4

+/NH3 concentrations [6,90]. Especially in the study by Klang et al. [90],
the relative abundance decreased more than 50 days prior to a process disturbance. In consequence,
the disappearance of these microorganisms might be a potential indicator for upcoming process
disturbances caused by increasing total ammonium nitrogen (sum of NH4

+ and NH3) concentrations.
As already mentioned and several times reported, obligate acetoclastic methanogens (members

of the family Methanotrix) are most sensitive against elevated NH4
+/NH3 concentrations. If acetic

acid cannot directly be converted into methane due to NH4
+/NH3 inhibition of the respective

microbial group, the community uses the pathway of syntrophic acetate oxidation (see Section 3.5).
Here, the acetic acid is converted into CO2 and H2 via the inverse homoacetogenesis and further
converted into methane by hydrogenotrophic archaea [79,80]. Based on the results of different studies,
the threshold for the syntrophic acetate oxidation is limited to the range 140 to 250 mg NH3 L−1

(approximately 3.0 to 3.3 g·NH4
+ L−1) at a temperature of 37 ◦C and a pH from 7.5 to 8.0 [80].

Another example for a process-related accumulation of inhibiting metabolites is the production
of hydrogen sulphide (H2S) (Figure 3). Since H2S is produced by the degradation of proteins, or,
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more precisely, of sulphur-containing amino acids, such as cysteine and methionine, an increased
amount of H2S can be expected if protein-rich feedstocks, such as grass silage, slaughterhouse waste or
biowaste, are used [18]. H2S has a toxic effect on methanogenic archaea (Figure 3), as it diffuses through
the cell membrane and denatures proteins within the cell, leading to inhibition of enzymes [65,94,95].
H2S also reacts with metal ions. The precipitation of, for example, chromium (Cr) or nickel (Ni),
which are essential as enzyme cofactors, is an indirect form of inhibition of methanogenesis by
H2S [37,95]. Although it is quite known that H2S can lead to process disturbances due to the inhibition
of the most important functional group of the biogas microbiome, the methanogenic archaea [28,82],
little is known about the underlying microbial mechanisms. De Jonge et al. [94] investigated the reaction
of a microbial community to a prolonged starvation time and the subsequent process reactivation
under thermophilic conditions. A large shift within the acetogenic and methanogenic communities
was observed, which was attributed to a strong increase in the volatile fatty acids (VFA), NH4

+/NH3

as well as H2S concentration. However, this topic still needs further research, especially regarding the
causes, mechanisms and effects on the biogas microbiome.

3.7. Further Potential Causes for Process Instabilities/Disturbances

There are several other potential causes for process instabilities/disturbances which partly enter
the system with the feedstock supply (e.g., heavy metals, organic toxicants, antibiotics), while others are
by-products originated during the break down of biomass (e.g., light metals, trace elements, long chain
fatty acids) or which are part of the native biogas microbiome, like viruses [7,12,37,53,82,96–101] Yet,
little is known about the underlying mechanisms and how they affect the biogas microbiome.

For instance, is it well known that salts (or better the cations of salts, light metal ions such as
Na+, K+, Mg2+, Ca2+, Al3+) are required for microbial growth and activity like any other nutrient,
but high salt levels can also lead to process instabilities/disturbances as they cause dehydration of
microbial cells due to osmotic pressure [82]. In the case of potential salt stress, it has often been
described that conductivity values above 30 mS cm−1 indicate unfavorable process conditions which
are related to variations in the microbial diversity [18,82,102]. Also heavy metals (Cu, Zn, Pb, Hg,
Cr, Cd, Fe, Ni, Co, Mo) are important trace elements and a certain amount is required for microbial
growth and activity. Fe, Ni and Co, for example, are considered to be most essential in anaerobic
digestion as they are important cofactors in enzyme systems in the methane formation pathway.
Consequently, a certain amount of trace elements can have a stimulating effect on the anaerobic
digestions, e.g., by increasing the volatile fatty acid utilization even at elevated TAN concentration of up
to 7.2 g L−1 while mono-digesting chicken manure [103]. Moreover, trace elements also act as a binding
component in sulfide precipitation and hence can be used to control the level of H2S [37,104]. On the
other hand H2S has a negative impact on the trace element bioavailability since trace elements are
often immobilized in sulfides, especially in anaerobic digestion with a redox potential of −300 mV and
neutral pH [37]. This in turn indirectly inhibits the process (see Section 3.6). However, in practice heavy
metals (trace elements) are often supplemented in excessive amounts to anaerobic digesters. As they are
non-biodegradable, their accumulation can inhibit acetogens, acidogens as well as methanogens [37,96].
While methanogens are assumed to be most sensitive to changes in trace element speciation and
bioavailability, knowledge on the effects of trace elements on the other anaerobic trophic groups is still
lacking [37].

In addition, some recent studies show inhibitory effects of organic compounds such as lignin
derivates [53], humic acids [99,101], or coumarin, a metabolite derived from the anaerobic conversion,
e.g., of grassland biomass [105,106]. The underlying mechanisms of inhibition are still unknown. It is
assumed that humic acids prevent cellulose degradation by binding to the corresponding hydrolytic
enzymes [99,101].

Besides these examples for abiotic factors, there are also biotic factors which might cause process
instabilities/disturbances. Significant correlations were shown between the occurrence of phages
and prokaryotes over time at the α- and β-diversity level: 40.6% of total prokaryotic community
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variation was explained by the abundance of phages, in comparison to only 14.5% by abiotic
factors [12]. This study showed that phages and the prokaryotic communities are highly interconnected,
which might be in turn responsible for process stability or even instabilities as phages are one reason
for prokaryotic cell lyses. This indicates that biotic factors should be much more considered for process
or better microbiome control in the future.

4. Perspectives of a Future Microbial Process Monitoring and Control

To ensure a stable and efficient biogas production, regular process monitoring is standard
nowadays. This does not only provide insights into the general process performance, it also provides
the opportunity to detect/recognize process instabilities/disturbances [28,29]. Yet, today’s process
control is still based on technical and chemical parameters and on the experience of the biogas plant
operators (Table 1) [8,20] resulting in various process enhancing strategies such as pretreatment
of feedstocks [52,55,56], optimization of the digester technology [107], optimization of operational
parameters [29,108] as well as the supplementation of additives [107]. Although the production of
biogas would be impossible without microorganisms, process control based on microbial diversity
parameters is still missing.

Table 1. Overview on indicators commonly used to monitor process stability and efficiency
(compiled from [27–29]). Given are the indicators, the direct or indirect information on the process as
well as efforts which are required for their measurements. CH4 = methane, VFA = volatile fatty acids,
NH4

+ = ammonium, NH3 = ammonia.

Indicator Direct or Indirect Information on Measuring Effort

feedstock composition nutrient availability high, laboratory
temperature metabolic performance low, thermometer

amount of produced biogas 1) process performance low, online-sensors
biogas composition process performance, CH4 content low, online-sensors

hydrogen (H2) inhibition of methanogenesis low, online-sensors
hydrogen sulphide (H2S) inhibition of methanogenesis low, online-sensors

redox potential reaction conditions low, redox electrodes
conductivity salt concentration low, electrical sensors
pH value 2) acid accumulation (yes/no) low, pH electrodes

VFA concentration 3) system overload high, laboratory
VFA spectrum concentration of single acids high, laboratory

NH4
+-N / NH3 inhibition of methanogenesis very high, laboratory

1 Significance of this parameter for the prediction of process instabilities/disturbances is questionable, because the
process is already disturbed when the amount of biogas decreases; 2 Useful indicator in digesters with low
buffering capacity, but low informative value to predict process instabilities/disturbances in well-buffered systems,
3 Nowadays several spectral sensors are available for on-line measurement of volatile fatty acids (VFA), but prices
are still far too expensive [29].

Nearly all recent studies describe the effects of environmental parameters on the microbial
community structure. One important research challenge is the reversed approach for exploring
the influence of the microbial community on the digester functioning and stability [2,5].
Most chemical parameters which indicate process instabilities/disturbances (e.g., acid accumulation,
elevated NH4

+/NH3, H2S, or H2 concentrations) result from previous microbial activities (see Figure 3).
A proactive approach should be developed for process control and management, to detect upcoming
instabilities/disturbances earlier in the cause–effect-chain, i.e., not only at the metabolic products that
have been produced, but already at the microbiome.

To achieve this, it is essential to better understand the anaerobic microbiome, including the
metabolic capacities of the occurring microorganisms and the fundamental mechanisms for biotic and
abiotic interactions in a temporal dimension [8,10,20,109,110]. The application of modern sequencing
tools, including 16S ribosomal ribonucleic acid (rRNA) gene amplicon libraries as well as metagenome,
metatranscriptome, and metaproteome analyses has led to many new and deeper insights in the
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microbial diversity of anaerobic digestion plants e.g., [13,14,26,109–113]. However, similar as in other
fields of microbiome research, ‘omic’ techniques only display snapshots of the microbial diversity at a
certain time under certain conditions and provide limited information about community dynamics
or ecological behavior [114], especially on the response of single species, groups of microorganisms
or entire microbiomes to varying environmental factors over time. Hence, established techniques,
such as the terminal restriction fragment length polymorphism (TRFLP), are still valuable for
microbiome screening in full-scale biogas plants, in particular with respect to microbial process
monitoring [64,80,115–118]. The disadvantage of this method, however, is a low phylogenetic
resolution, so that the identification of indicator species is not completely possible. New sequencing
technologies [119], such as Nanopore sequencing, are expected to overcome this limitation by the
possibility to elucidate microbial diversity with high phylogenetic resolution down to the species level
by full-length sequencing of the 16S rRNA gene in high temporal resolution [26,120,121].

Additionally, most of the occurring microorganisms are only known by their 16S rRNA
gene sequence (or by a reconstructed whole genome sequence), but they are not yet cultivable
and hence cannot be comprehensively described regarding their actually realized ecological
functions [13,15,16,109,110]. This highlights that the metabolic potential of the anaerobic digestion
process has not reached its limits yet, and that further optimization of the process is still to discover [4].

To optimize the process, the potentials and, above all, the limitations of the performance
of the ecosystem “anaerobic digester” have to be defined and new methods, that assess the
adaptability and resilience of microbial populations to specific environmental conditions, have to
be developed. The fundamental challenge is to quantitatively describe and understand the biogas
microbiome in its complexity and to predict its response to external influences. This can be made by
co-occurrence network analyses which (i) provide an integrated vision of all the relationships existing
between microorganisms in a given environmental matrix, (ii) show that in the case of disturbance,
interactions are the first to be affected and thus alter the functions of the ecosystem even before
the species disappear and (iii) deliver the opportunity to define keystone species within a complex
environment [109,122,123].

Currently, the available tools for detecting the microbial diversity are highly complex regarding
sample preparation and especially data evaluation and interpretation [109–111]. Identifying microbial
indicators is a precondition for developing rapid and economical microbial detection methods to
be used by plant operators and consultants. With regard to this, an efficient indicator needs to be
(i) robust, reliable and accurate while it reflects the current process status and remains stable and
coherent over time, (ii) sensitive and specific to reflect even weak variations (imbalances, disturbances)
in the environment or system over time and space, (iii) straightforward to measure and understand,
with easy interpretation by comparing with a suitable reference system, (iv) acceptable considering the
cost-benefit ratio and (v) relevant to facilitate decision-making [27,109,123].

This is of particular importance for future process control and management strategies, as there are
indications that specific microbiome members (e.g., members of the phylum Cloacimonetes) probably
can be used as indicators for upcoming process disturbances [6,90]. Further research is needed to
identify potential microbial indicators and their ranges of tolerance regarding process conditions and
to develop detection methods for practical application.

The concept to use microbial species and their abundances for monitoring, assessing and
managing processes has already been applied in several fields such as hygiene [124], food safety [125]
or ecology [126]. With the advances in microbiome research, the approach to use single species
and/or microbial diversity parameters as indicators is also considered for other areas such as soil
quality [127,128], crop health and productivity [129,130] or human health [131]. The conditions for
successful identification, development and application of microbial indicators seem promising in
anaerobic digestion since it is a closed system with a high potential to control environmental factors
and reveal their interactions with the microbiome.
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