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CHAPTER 2 
Molecular methods to study microbial 
succession in soil
Francisco Dini-Andreote*, Xiu Jia*, Joana Falcão Salles

Abstract
The soil environment teems with microbes that play fundamental roles in controlling 
biogeochemical cycles, thus providing support for organisms above and below ground 
to thrive. With the contemporary development of high-throughput DNA sequencing 
technologies, a growing body of literature has shown that organismal composition and 
abundance within microbial communities can orderly and sequentially change through 
time. Interestingly, these patterns of ecological succession share commonalities across 
distinct systems, e.g. receding glacier forelands, salt mash chronosequence, volcanic 
deposited	gradients,	post-mining	areas	and	abandoned	agricultural	fields.	Of	critical	
importance, most of the available literature is based on community taxa distribution, 
with relatively little known about the successional changes in community functional 
traits. Here, we provide an overview of advances in molecular methods based on DNA 
sequencing and describe how these methods can enhance our understanding of the 
dynamics of microbial communities, with particular implications for studying patterns 
of microbial succession in soils. Collectively, the use of molecular methods can pro-
mote a comprehensive understanding of how microbial communities systematically 
change over both spatial and temporal scales, thus providing the basis for predicting 
microbial community responses after short- and long-term disturbances and in future 
environmental change scenarios.

Published in book chapter:

Microbial Ecology: Current advances from genomics, metagenomics and other ‘om-
ics’, 2019, Caister Academic Press: Norfolk, UK, p. 27-44. 

*both authors contributed equally to this work
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The greatest diversity of life lies beneath our feet: a glimpse 
into the modern era of molecular microbiology of soils
Microorganisms are the major determinants of the physical, chemical and biological 
characteristics of soil (van Elsas et al. 2006, Prosser 2015). It is well-known among 
microbial ecologists that soils represent, by far, the most complex and diverse living 
ecosystem	on	earth	(Whitman	et	al.	1998a).	Perhaps	one	of	the	best	geological	defini-
tions describes soil as being a highly complex environment of aggregated particles that 
create	 an	 intricate	 three-dimensional	 network	 of	water-	 and	 air-filled	pores	 (Oades	
1984).	However,	a	missing	link	in	this	definition	is	the	living	fraction	of	soils.	Soil	is	
a complex physicochemical matrix that provides a myriad of niches to its inhabitants. 
A single gram of soil often contains about 109 bacterial individuals, encompassing 103 
– 106 distinct taxa (Torsvik et al. 2002, Gans et al. 2005, Tringe et al. 2005), in addi-
tion to numerous other microorganisms (i.e. archaea, fungi, protists, nematodes and 
viruses) and metazoans. Interestingly, although soils teem with life, the fraction of the 
soil surface area that is covered by soil microbes is <<1%, which closely approximates 
the fraction of the surface area on earth that humans occupy (Young et al. 2008). These 
soil-borne microorganisms play fundamental roles in a vast array of terrestrial ecosys-
tem functions, which include the biogeochemical cycling of soil nutrients (nitrogen, 
carbon, sulphur, phosphorus, etc.) (Falkowski et al. 2008), the sustenance of plant 
growth,	water	purification,	carbon	storage	and	the	maintenance	of	soil	physical	struc-
ture (Young et al. 2008, Vos et al. 2013).

 The study of microbes in soils has undergone a major breakthrough in the past two 
decades, with continuing advances in molecular sequencing technology circumventing 
methodological limitations. This has been coined the ‘great plate count anomaly’, in 
which only a small fraction of the bacterial cells in a soil sample (ca. 1 to 5%) is able to 
be successfully cultivated under standard laboratory conditions (Staley and Konopka 
1985). Together with direct nucleic acid isolation methods, continuous advances in 
DNA sequencing technologies have allowed the assessment of larger fractions of the 
soil microbial communities through the targeting of particular marker genes (e.g. the 
bacterial 16S rRNA gene, the fungal 18S rRNA gene or the internal transcribed spacer, 
ITS),	that	 is,	amplicon	sequencing,	used	for	community	profiling;	and	the	direct	se-
quencing of DNA samples obtained from soils, that is metagenomics.

 It is important to notice that the use of high-throughput amplicon sequencing of soil 
samples extends beyond the spectrum of taxonomic markers (referred to above), being 
also applied to target functional genes, thus providing information on the genetic diver-
sity of microbial functional groups (Pester et al. 2012, Pereira et al. 2013). In both cases, 
this strategy is used to provide information on the taxonomic/phylogenetic community 
composition and structure of microbial communities. The outcome information consists 
of an overview of the taxonomic/phylogenetic divergence of the groups present within 
and across samples, a set of ecological indices, that is, α-diversity (number of ‘species’ 
and the evenness of species within a community); and β-diversity (metrics that quanti-
fies	the	degree	to	which	species	change	across	time	and	space).
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The term metagenomics refers to the collection of genomes and genes of a given mi-
crobial community. Metagenomic information can be obtained through the direct 
high-throughput sequencing of the total DNA present in the samples (i.e. shotgun 
metagenomics). This strategy allows for the characterization of both phylogenetic and 
functional	gene	repertoires	of	microbial	communities	(Venter	et	al.	2004).	In	the	field	
of microbial ecology and biotechnology, metagenomics has arguably been revolution-
izing our understanding of the composition and functional complexity of microbial 
communities during the past decades. The use of metagenomics is fundamental for 
the provision of novel genetic information, genomic linkages between function and 
phylogeny of uncultured microorganisms, and discoveries of novel functional genes, 
biocatalysts, and enzymes. In addition, metagenomics can largely contribute to a 
better understanding of the ecological and evolutionary processes shaping microbial 
community dynamics across spatio-temporal scales in soils.

 Considering the fact that methodological advances inevitably come with inherent 
limitations, the advances in other ‘omics’ technologies have been used in a complemen-
tary manner, leading to the so-called ‘multi-omics information pipeline’ (Lamendella 
et al. 2012). In brief, this promising (yet complex) pipeline aims to integrating DNA 
profiling	data	with	information	about	gene	expression/activities	(metatranscriptom-
ics)	(Shi	et	al.	2009)	and	identification	of	protein	profiles	(metaproteomics)	(Verberk-
moes et al. 2009), which collective intends to corroborate with the characterization 
of metabolites (metabolomics) (Bundy et al. 2009). It is assumed that the joint appli-
cation of these methods, in spite of the complexity and challenge that they pose, will 
provide a robust signature of community processes and activities in soil (Franzosa et 
al. 2015b).

 Given the enormous progress in our ability to address microbial communities in 
soils, many outstanding questions in soil microbial ecology have started to be an-
swered. For example, the taxon-area relationship has been found to be applicable to 
microbial communities (Horner-Devine et al. 2004), and the greater understanding of 
microbial biogeographical patterns has provided evidence for the intuitive contention 
that microbes are often dispersal-limited (Martiny et al. 2006, Hanson et al. 2012). 
Additionally, mounting evidence has shown that bacterial communities in soils are 
largely	structured	by	differences	in	pH	(Fierer	and	Jackson	2006,	Lauber	et	al.	2009)	
and salinity (Lozupone and Knight 2007), even across continental scales. Moreover, 
at local sites, a suite of other factors that create environmental variability can exert an 
influence	on	microbial	populations	across	different	soil	systems.	These	include	plant	
cover and productivity (Berg and Smalla 2009), animal activity (Clegg 2006), wetness 
(Schimel et al. 1999), and fertilizer application (Fierer et al. 2012). Using these few 
examples of early comprehensive studies, it is now possible to envisage that microbial 
ecologists face an era of unprecedented transformation. In particular, the integration 
of	the	growing	knowledge	of	soil	microbiology	into	the	general	field	of	ecology,	such	
as the themes of biological diversity, invasion, community assembly, resistance, and 
resilience, is very challenging and promising. Now it is conceivable, through increas-
ingly	 powerful	 survey	 tools,	 to	 develop	 high-resolution	 field	 assessments,	 creative	
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experiments	and	ecological	models	that	effectively	contribute	to	the	continuous	use	of	
microbial communities as model entities to study relevant questions into the discipline 
of community ecology. These developments represent a path towards a better under-
standing of the eco-evolutionary mechanisms that shape life in soil, thus leading to the 
new era of molecular soil microbiology.

Successional patterns of soil microbial communities
Ecological	succession	can	be	simply	defined	as	how	orderly,	and	in	a	systematic	man-
ner, organismal compositions and abundances change over time (Fierer et al. 2010). 
This concept was initially developed in the study of plant communities (Clements 
1916). The theme of ecological succession in soils constitutes rather traditional con-
cepts in ecology that are as yet not fully appreciated in soil microbiology. This is due, 
in part, to methodological impairments associated with observing microbes in nature 
and	as	a	consequence	of	different	historical	paths	taken	by	the	disciplines	of	micro-
biology and general ecology (Jessup et al. 2004, Prosser et al. 2007). However, over 
the last two decades, microbial ecologists have witnessed unprecedented advances in 
their technical abilities to access microbial communities, in particular across a vast 
range of soil ecosystems worldwide (e.g. Terragenome Project Consortium (Vogel et 
al. 2009), Earth Microbiome Project (Gilbert et al. 2014)). As a result, long-standing 
questions in soil microbiology, ranging from the classical ‘who is where?’ and ‘what are 
they doing?’ to more process-oriented questions such as ‘how will they respond?’, can 
now be answered on the basis of data obtained at high resolution from experimental 
or observational studies of the geographic and habitat distributions of microorganisms 
in living ecosystems (Martiny et al. 2006, Jansson and Prosser 2013). Currently, a 
growing number of studies have demonstrated that contemporary environmental con-
ditions are able to explain the distribution of microorganisms (Hanson et al. 2012). 
However, some researchers have suggested that historical conditions also contribute to 
microbial species assemblages (Fukami 2015, Hawkes and Keitt 2015). In this context, 
the study of soil microbial community succession provides an opportunity to overcome 
this	conflict	and	resolve	the	mechanisms	driving	soil	community	structure	in	concert	
with contemporary and historical aspects.

	 The	field	of	microbial	ecological	succession	in	soils	is	still	recent,	with	the	major-
ity of the available literature relying on the investigation of community dynamics in 
receding	glacier	forelands	(Sigler	and	Zeyer	2002,	Nemergut	et	al.	2007,	Schmidt	et	
al. 2008)), post-mining areas (Huttl and Weber 2001, Kozdrój and van Elsas 2001), 
abandoned	agricultural	fields	(Elhottova	et	al.	2002,	Kuramae	et	al.	2010)	and	forest	
fields	that	have	experienced	wildfire	disturbances	(Ferrenberg	et	al.	2013).	A	common	
feature of many of these studies is the examination of the dynamism of the microbial 
communities across natural trajectories of landscape formation (primary succession) 
or recovery, in the case of disturbance (secondary succession) (Fig 2.1). This occurs 
through	the	intertwined	influence	of	shifting	local	abiotic	factors	and	the	biotic	activity	
of soil microorganisms. Critical for such studies is the use of so-called chronosequenc-
es, as environmental models for temporal soil ecology (Box 2.1). The inherent assump-
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tion of space-for-time replacement of chronosequences allows the interrogation of 
ecological and potentially physiological changes in the communities across temporal 
scales — which in the case of microbes, can range from hours to months or decades to 
millennia — in a contemporary manner. This approach is based on the assumption that 
early successional stages change systematically in a way that is similar to the trajecto-
ries previously displayed by mature stages in the past (Johnson and Miyanishi 2008, 
Walker et al. 2010).

Primary succession Secondary succession

Ecological resilience

Alternate stable state
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Figure 2.1 Schematic illustration depicting primary and secondary succession in microbial communities. 
The lower panel illustrates molecular methods based on DNA sequencing (amplicon sequencing and shotgun 
metagenomics) and their respective data output.

Ecological succession is conceptually divided into two categories, primary and second-
ary, with primary succession occurring in a non-colonized environment and secondary 
succession occurring in a previously colonized environment following a disturbance 
event	(Fig	2.1).	In	microbial	ecology,	some	authors	have	proposed	that	such	defi	nition	
should be abandoned as the dynamic changes in microbial communities appear to be 
far more complex (Fierer et al. 2010). As an alternative, these authors particularly pro-
pose	that	microbial	succession	can	be	envisaged	by	three	general	operationally	defi	ned	
categories based on carbon assimilation metabolism, all of which would traditionally 
be considered forms of primary succession: (i) Autotrophic succession: autotrophs 
are predominately initial colonizers, i.e. photoautotrophs or chemolithoautotrophs — 
the initial community develops slowly as organic carbon supply in the system comes 
mostly from the initial colonizers themselves; (ii) Endogenous heterotrophic succes-
sion: heterotrophs are predominately initial colonizers that respire or ferment organic 
compounds to generate energy — the initial succession can be fast as it is fuelled by 
organic carbon derived from the available substrate, but, as succession progresses, 
the community development can slow down as the carbon resource is consumed and 
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modified	over	time;	(iii) Exogenous heterotrophic succession: heterotrophic respires 
or fermenters are predominately initial colonizers — the organic carbon is supplied 
constantly by external inputs, which can be highly variable over time; the ecological 
succession can also be fast in the initial stages but vary, in terms of turnover, at inter-
mediate and late successional stages. However, given that this framework remains still 
to be properly tested and evaluated [see Fierer et al. (2010) for additional details], here 
we have used the more generalized concept based on colonization (primary succession) 
and recovery (secondary succession), to discuss the successional patterns of soil micro-
bial communities.

Primary succession in soil microbial communities
Patterns of microbial primary succession in soils can be observed in distinct ecosys-
tems, for example along the glacial till (Hell et al. 2013), during the microbial coloni-
zation of an emerging island (Marteinsson et al. 2015), after cycles of volcanic deposits 
(Weber and King 2010) and in the rhizosphere of plants along the course of phenolog-
ical development (Chaparro et al. 2014). Despite idiosyncrasies among these systems, 
patterns of microbial succession share commonalities (albeit expectation may occur), 
for instance microbial biomass tends to increase over time, as well as the complexity 
of biotic/abiotic conditions structuring the existing microbial communities. These pat-
terns are mostly determined by orderly changes of abiotic variables in the soil and the 
continuous	influence	exerted	by	the	dynamic	establishment	of	plants	in	these	systems.	
Often, the initial stages of succession present a higher increase in the rate of biomass 
accumulation in the soil, steadily stabilizing as succession proceeds. in addition, the 
temporal turnover of species (β-diversity) is expected to be higher in the initial stages 
given the dynamics of the system, with a progressive decrease as the system matures 
(Dini-Andreote et al. 2014).

 Historically, studies on ecological succession have been carried out mainly in gla-
cier	ecosystems,	which	—	because	of	the	deglaciation	process	—	offer	a	unique	oppor-
tunity to investigate several decades of succession over a distance of a few hundred 
meters (Sigler et al. 2002). Studies focusing on this ecosystem have already assessed 
changes	in	microbial	community	structures	(Sigler	et	al.	2002,	Sigler	and	Zeyer	2002,	
Nemergut et al. 2007), functional diversity (Deiglmayr et al. 2006, Kandeler et al. 
2006) and enzymatic activity (Tscherko et al. 2003) over time. For instance, some 
studies on bacterial community composition have shown an increase in phylotype 
diversity over time following glacier retreat (Nemergut et al. 2007), whereas others 
have	found	the	opposite	(Sigler	et	al.	2002,	Sigler	and	Zeyer	2002).	The	latter	find-
ings suggest that the development of bacterial species richness may be the opposite of 
that observed in plant succession, where species richness increases over time (Godwin 
1929, Huston and Smith 1987, Del Moral and Jones 2002, Hodkinson et al. 2003). 
However, the limited number of studies performed on microbial succession and the 
different	methodological	approaches	used	to	estimate	microbial	diversity	hinders	any	
broad conclusions. In relation to community functions, some studies have described 
bacterial activity as presenting a transient increase at the initial successional stages 



25

Molecular methods to study microbial succession in soil

followed by a decrease over time (‘hump-back’ pattern) (Schipper et al. 2001, Sigler 
et al. 2002), and microbial processes (e.g. nitrogen mineralization, ammonium oxi-
dation, arginine deaminase) and soil enzyme activity (e.g. urease, protease, xylanase, 
phosphatase, arylsulphatase) were found to reach a steady state 50 years after glacier 
retreat (Tscherko et al. 2003).

 It should be noticed that, within the same system, bacterial and fungal communi-
ties	may	exhibit	different	trajectories	during	succession.	For	instance,	by	using	ampl-
icon sequencing, Brown and Jumpponen (2014) showed that bacterial communities 
converge more in terms of community similarity than fungi, along a glacier chronose-
quence.	In	a	meta-analysis	study,	Zhou	et	al.	(2017)	illustrated	that	the	fungal	to	bac-
teria ratio (fungi/bacteria)	increased	across	successional	stages.	Specifically,	bacteria	
(r-strategists) with higher respiration per unit biomass carbon tend to be dominant 
in the early successional stages, whereas fungi (K-strategists) with lower growth and 
turnover rates than bacteria tend to prevail in more mature soil stages. In addition, 
bacteria exhibit a broader range of physiologies than fungi, for example, bacteria can 
be photoautotrophs, heterotrophs or chemoautotrophs, whereas fungi are all hetero-
trophs. Thus, bacteria are more likely to successfully colonize early successional stages, 
where photo- and chemoautotrophs can thrive, whereas fungi, given their dependency 
on organic matter availability, tend to become more successful at later stages of succes-
sion (Schmidt et al. 2014).

Secondary succession in soil microbial communities
Secondary succession is the process of the reestablishment of a community follow-
ing an ecological disturbance event that partially eliminates species from the original 
community pool (Horn 1974). Experimental assays are often performed to simulate 
ecological disturbances and to investigate community responses through time. For 
example, (Jurburg et al. 2017b) applied heat shock treatments in soil microcosms and 
investigated the post-disturbance dynamics of bacterial communities during 50 days. 
In doing so, the authors conceptualized a three-stage model of community recovery: 
(i) the initial phase was characterized by the increase in the abundance of surviving 
taxa; (ii)	in	a	second	phase,	there	was	a	significant	decrease	in	community	turnover;	
and (iii) in a third phase the community reaches a ‘stable’ state that is similar to the 
initial structure prior to disturbance (ecological resilience) or not (alternate stable 
state). Notably, these authors described that phylogenetic turnover patterns showed 
a sharp increase in ecological selection in the initial 10 days after heat disturbance, 
which suggests strong competition in the initial stages of post-disturbance recovery. 
The role of biotic interactions driving the soil microbial dynamics in the early phase of 
secondary	succession	was	in	line	with	findings	from	Goberna	et	al.	(2014),	revealing	
that resource availability select for competition-related traits (e.g. organic carbon con-
sumption). In a follow-up experiment, Jurburg et al. (2017a) showed that microbial 
responses to disturbances are also dependent on the historical events experienced by 
a given community. For example, communities that experienced sequential pertur-
bations (two cycles of heat-shock), tend to recover faster (or are more resilient) than 
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those that experienced compounded perturbations (i.e. heat- and cold-shock) (Jurburg 
et al. 2017a). The importance of historical events in determining community responses 
to	disturbances	was	further	confirmed	in	a	microcosm	experiment	showing	that	the	
responses	of	soil	bacterial	communities	to	drought	and	flooding	were	dependent	on	
land management (either sustainably-managed or intensively-grazed plots) (Jurburg 
et al. 2018).

Plant facilitates soil microbial community succession
It	is	well-known	that,	in	soil,	plant-roots	exert	an	influence	on	the	assembly	and	struc-
ture of associated microbial communities. Of particular importance, the soil section 
tightly	attached	to	the	root	and	under	its	chemical	influence	is	termed	the	rhizosphere.	
By comparing the successional trajectory of plants and microbial communities, Lozano 
et al. (2014) showed that above- and below-ground secondary succession were closely 
related. Plant roots provide one of the main primary sources of carbon that stabilize 
in the soil and then support heterotrophic microbes to thrive (Jones et al. 2009). Us-
ing 14C pulse labelling, Kuzyakov and Cheng (2001) showed that a substantial amount 
of carbon release in the rhizosphere was derived from the plant photo-assimilation. 
Therefore, it is unquestionable that successional patterns of plant-associated microbi-
omes are highly regulated by plant species, phenology, and physiology. For instance, 
by studying the root microbiome of 31 plant species that grow along a coastal tropical 
soil chronosequence that spans ca. 460,000 years, Yeoh et al. (2017) found that host 
phylogeny	 together	 with	 soil	 types	 affect	 the	 root-associated	microbial	 community	
composition during ecological succession. In addition, by combining stable isotope 
probing with phospholipid analysis and amplicon-sequencing analyses, Hannula et al. 
(2017) showed changes in the active plant associated microbiome along a secondary 
successional	 gradient	 of	 abandoned	 agricultural	 fields.	 In	 particular,	 these	 authors	
found that root-derived carbon was largely metabolized by bacteria in recently re-
covering	fields,	whereas	at	later	stages	these	resources	were	mostly	utilized	by	fungi.	
It was shown that, within the fungal community, the dominance of fast-growing and 
pathogenic	species	was	progressively	replaced	by	slow-growing	and	beneficial	fungal	
species through time. This pattern indicates a later contribution of fungi to plant-soil 
feedback, where fungi play a role in soil nutrient cycling and assist plant community 
development during secondary succession.

The functional perspective of soil microbial community 
succession
Patterns of microbial community succession can also be investigated in light of com-
munity traits and functions. Such a strategy provides a link between biodiversity pat-
terns and ecosystem functioning (Reiss et al. 2009). For example, using an ancestral 
trait reconstruction approach [i.e. PICRUST (Langille et al. 2013)], Nemergut et al. 
(2016)	showed	that	the	average	rRNA	copy	numbers	significantly	declined	from	more	
than 9 copies in the early successional stages to an ca. 3.6 copies in the late stages. 
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In	general,	organisms	containing	more	copies	of	this	gene	are	expected	to	more	effi-
ciently metabolize nutrients and quickly respond to nutrient inputs (Klappenbach et 
al. 2000, Stevenson and Schmidt 2004, Yano et al. 2013). It implies that opportunis-
tic, fast-growing r-strategists are more adapted to early successional stages, whereas 
slow-growing K-strategists are likely to be more successful in late successional stages. 
These	authors	further	suggested	that	the	consistency	of	this	finding	is	a	result	of	strong	
ecological selection, as evidenced by a meta-analysis encompassing a set of other suc-
cessional gradients, including a salt marsh chronosequence (Dini-Andreote et al. 2015) 
and	a	post-fire	disturbance	soil	system	(Ferrenberg	et	al.	2013).

 Other functional aspects of microbial communities also vary in response to soil col-
onization by microbes during primary and secondary succession, although the number 
of studies investigating these changes is still relatively scarce. For instance, Cline and 
Zak	(2015)	recently	showed	that	the	input	of	plant	detritus,	which	are	known	to	vary	
along	succession,	has	an	important	influence	on	the	microbial	community	structure,	
in particular, fungal communities. By applying amplicon sequencing to probe fungal 
and bacterial community compositions and shotgun metagenomics to assess commu-
nity	 functional	 traits,	 these	authors	 showed	 that	plants	 exert	 a	 significant	 influence	
on the turnover of soil fungal communities, whereas edaphic properties (i.e. pH) ex-
plain	 variations	 in	 bacterial	 communities.	 Specifically,	 the	 increasing	 abundance	 of	
lignin-rich C4 grasses leads to an increase in the activity of extracellular enzymes with 
lignocellulolytic activity, which was correlated with the composition of fungal genes 
associated with lignocellulolytic functions. In another study, Ortiz-Alvarez et al. (2018) 
performed a meta-analysis of microbial ecological succession and revealed that traits 
associated	with	nutrient	cycling	(i.e.	nitrogen	and	carbon	fixation,	inorganic	phosphate	
uptake and mobilization) systematically decreases as succession in soil spans. Collec-
tively this suggests that selection operates along succession by favouring taxa adapted 
to less liable (i.e. more recalcitrant) resource conditions.

A case study: microbial community succession along a salt 
marsh chronosequence
The	salt	marsh	located	at	the	island	of	Schiermonnikoog	(53°30′	N,	6°10′	E),	the	Neth-
erlands,	offers	a	unique	opportunity	to	study	ecological	succession	along	a	soil	chrono-
sequence. This is a well-documented ecosystem gradient spanning more than a century 
of	 succession	 (Olff	 et	 al.	 1997).	 The	 island	 system	 continuously	 extends	 eastwards,	 as	
sediments are deposited by wind and sea current from west to east (Dini Andreote 2016) 
(Figure 2.2). 

 The early stages are formed on the east side of the island, under the constant in-
fluence	of	the	tides,	causing	daily	aerobic-anaerobic	shifts	and	variation	in	tempera-
ture and moisture. As succession spans, there is a progressive increase in soil nutrient 
concentration and a decrease in the variability of environmental conditions. The later 
stages	of	the	succession	are	less	subjected	to	tidal	influence	and	displays	more	struc-
tured soils and abundant vegetation.
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In	this	system,	soil	physicochemical	parameters	vary	significantly	across	the	distinct	
successional stages. With succession, the sand content progressively declines from 
92.3% at the initial stage to 13.3% at the late stage, whereas the silt and clay accrete 
over time (ranging from initially 2.7% silt and 5.0% clay at the early stage up to 49.0% 
and 37.7% at the late stage). The amount of total soil organic matter increases along 
the chronosequence from 1 g/dm3 at the initial stage to 31 g/dm3 at the late stage. The 
pH decreases from 8.7 at the early stage to 7.4 at the late stage, whereas water content 
and the amount of sulphate, sodium, ammonium, nitrate and total nitrogen increase 
along the chronosequence (average value ranging from initially 12% water content, 49 
mg/cm3 sulphate, 443 mg/cm3 sodium, 4 mg/kg ammonium, 2 mg/kg nitrite and 385 
mg/kg total nitrogen in the early stage up to 38%, 469 mg/cm3, 4605 mg/cm3, 68 mg/
kg, 38 mg/kg, 5728 mg/kg in the late stage, respectively) (Dini-Andreote et al. 2014).
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Figure 2.2	The	salt	marsh	chronosequence	located	at	the	island	of	Schiermonnikoog,	the	Netherlands	[figure	
adapted from (Dini-Andreote et al. 2016b)]. The age of each stage of succession along the chronosequence was 
estimated from topographic maps, aerial photographs and the thickness of the sediment layer accumulating on 
the	top	of	the	underlying	sand	layer	(Olff	et	al.	1997,	Schrama	et	al.	2012).

Former studies along this chronosequence have shown that macro- and microbial 
communities	shift	systematically	along	the	system,	each	one	following	a	specific	dis-
tributional pattern. Regarding macro-organisms, the initial soil stages have low plant 
biomass (ca. 200 g/m2) covering only 8% of the soil, whereas the intermediated and 
late sites are more completely covered by vegetation (ca. 80% of the soil surface, bio-
mass of ca. 600 g/m2) (Schrama et al. 2012). The composition of the vegetation chang-
es along the chronosequence, from a Plantago maritima-dominated system in the 
initial stages, towards an Artemisia maritima-dominated at the intermediate stages, 
to	finally	later	stages	being	vegetated	by	Elytrigia atherica	(Olff	et	al.	1997,	Schrama	et	
al.	2012).	By	considering	the	flow	of	energy,	Schrama	et	al.	found	that	the	initial	stages	
of	this	chronosequence	are	largely	under	the	influence	of	external	marine-derived	nu-
trients (i.e. the ‘green food web’), whereas, as succession proceeds, soils are gradually 
transformed into a terrestrial environment, where the dynamics of the food web are 
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driven by internal plant production (i.e. the ‘brown food web’) (Schrama et al. 2012, 
Schrama et al. 2013).

 With respect to microorganisms, Dini-Andreote et al. (2014, 2016b) found the 
abundance of soil bacterial and fungal communities to increase along this chronose-
quence.	However,	there	were	no	significant	related	patterns	of	α-diversity of bacterial 
and fungal communities across the successional stages, which indicated that the mech-
anisms controlling species richness within these two organismal groups in soil may be 
different	(Figure	3.3)	(Dini-Andreote	et	al.	2014,	Dini-Andreote	et	al.	2016b).	

	 Specifically,	for	the	bacterial	community,	there	is	a	high	turnover	of	bacterial	commu-
nities at the initial stages, which indicate the role of temporally-driven niche partitioning 
and stochasticity driving the initial assembly of bacterial communities in this chronose-
quence. As succession proceeds, the importance of deterministic selection progressively 
increases	(i.e.	environmental	filtering	becomes	stronger),	which	was	mostly	attributed	
to the increasing concentration of sodium and variation in soil organic matter towards 
late successional stages (Dini-Andreote et al. 2015). Like the bacterial community, fun-
gal	communities	exhibited	significant	temporal	variations	at	newly	formed	sites,	which	
may be due to the dynamic conditions imposed by the tidal regime. Despite the lack of 
common pattern between bacterial and fungal α-diversity, the β-diversity patterns were 
rather similar. The higher similarity observed at the two latest stages of succession for 
both bacterial and fungal community compositions was associated with the stability of 
soil physical structure and organic matter (Dini-Andreote et al. 2016b).

 Similar to the free-living bulk soil microbiome, bacterial communities associated 
with the rhizosphere of the plant Limonium vulgare — a common plant species that 
colonizes several stages of this chronosequence — were found to be distinct across 
succession stages. In addition, the endosphere-associated microbiome of L. vulgare 
(composed	of	microorganisms	living	 inside	the	plant)	differs	 from	the	bulk	soil	and	
rhizosphere microbiomes (Wang et al. (2015). In particular, the endophytic bacterial 
communities were strongly associated with the selection imposed by the plant, and not 
clustering according to soil successional stages.

 It can be concluded that, particularly in this salt marsh chronosequence, the tidal 
regime	contributes	significantly	to	the	dispersal	and	initial	colonization/establishment	
of both bacterial and fungal communities in soil. As the soil succession proceeds, the 
multiplicity of biotic and abiotic constraints progressively increases, leading to a soil 
microbial community being structured by a dynamic interplay of salinity and organic 
matter (content and quality). In the case of plant-associated microbiomes, it may be 
envisioned that such local selective pressures are alleviated in the rhizosphere, and 
likely to be inexistent in the endosphere.

 Metagenomic analyses (shotgun metagenomics) of bulk soil samples revealed that 
the functional β-diversity patterns based on KEGG (Kyoto Encyclopedia of Genes and 
Genomes) Orthology (KO) were similar to those observed using the phylogenetic ap-
proach (amplicon sequencing based on the bacterial 16S rRNA gene and fungal ITS 
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region), indicating congruence of both function and taxonomy (Dini-Andreote et al. 
2016a). Further examination of KOs associated with antibiotic resistance, motility and 
carbon metabolism revealed two distinct scenarios of community traits along the chro-
nosequence, named the ‘colonization’ and ‘competition’ response modus (Dini-Andreote 
et al. 2018). The ‘colonization’ modus — represented by the in silico reconstruction of the 
bacterial	chemotaxis	and	fl	agellar	assembly	pathways	—	were	traits	that	prevailed	in	mi-
crobiomes	from	the	early-successional	stages	as	a	refl	ection	of	the	high	diff	usibility	(i.e.	
connectivity) in these habitats. Under such conditions, motile chemosensory behaviour 
constitutes a key physiological asset that allows bacterial cells to perceive and exploit 
diverse micro-scale nutrient patches in a dynamic manner. On the other hand, in the 
more	terrestrial	(less	connected)	habitats,	diff	usibility	becomes	limited	and	chemically	
mediated mechanisms of biotic interaction become progressively more dominant, thus 
the importance of antibiotic resistance genes at the later stages of succession, the ‘com-
petition’ modus. Moreover, both the number of genes associated with the degradation of 
carbon compounds as well as the complexity of the compounds increases towards late 
stages of succession in this chronosequence (Dini-Andreote et al. 2018).

0

250

500

750

1000

1250

0 5 15 35 65 105
Stage of succession (in years)

O
TU

 R
ic

he
ne

ss
 (u

ni
qu

e 
O

TU
s)

Bulk soil − Bacteria

Bulk soil − Fungi

Rhizosphere − Bacteria

Endosphere − Bacteria

Figure 2.3 Soil microbial diversity, expressed as number of unique operational taxonomic units (OTUs), along 
a gradient of primary succession. Bacterial diversity is highest in the bulk soil (red), decreasing in diversity 
as the degree of association with the roots of Limonium vulgare increases (rhizosphere, green; endosphere, 
purple). Fungal diversity in the bulk soil (blue) is comparable to the diversity of the endosphere-associated bac-
teria. The diversity of rhizosphere-associated bacterial follows the successional patterns associated with plant 
biomass (Schrama et al. 2012; lowest at early stages and reaching a plateau at intermediate stages of succession) 
whereas the diversity of bacteria in the bulk soil is highest in the early stages, decreasing towards the end of the 
succession. Data adapted from Dini-Andreote et al. (2014, 2016) and Wang et al. (2016).

By focusing on the KOs associated with nitrogen cycling, Dini-Andreote et al. (2016a) 
showed	that	genes	associated	with	nitrifi	cation	(amo genes, coding for ammonia monoox-
ygenase)	were	dominant	in	the	fi	rst	two	stages	of	succession	(peaking	at	5	years),	whereas	
KOs	associated	with	denitrifi	cation	(nosZ,	norB, and norC genes) and biological nitrogen 
fi	xation	(nifH, D, K) were dominant at the intermediate stage of succession (35 years). The 
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quantification	of	specific	genes	and	functional	groups	by	quantitative	polymerase	chain	
reaction (qPCR) revealed that the distribution of nitrogen-cycling genes along the soil 
successional stages was driven by niche partitioning and abiotic variables. For instance, 
regarding	the	organisms	involved	in	the	first	step	of	the	nitrification	processes	[ammo-
nia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA)], it was shown that 
there is a dominance of AOB over AOA in this system. Moreover, the relative abundance 
of AOB was higher at the intermediate stage, whereas AOA abundance increased along 
succession (Dini-Andreote et al 2016), the latter being positively correlated with potential 
nitrification	activities	(Salles	et	al.	(2017).	The	relative	abundance	of	nirK and nirS genes, 
which	encode	enzymes	that	involved	in	nitrite	reduction	during	denitrification,	also	vary	
in a distinct manner along the successional gradient, in which nirK peaked at the initial 
soil stages and steadily decreased over time, whereas nirS showed the opposite patterns 
(Dini-Andreote et al. 2016a). Similarly, opposite patterns were observed for two nosZ	
clades (encode nitrous oxide reductase), where nosZ	clade	I	occurs	about	10-fold	higher	
in abundance than the clade II (Dini-Andreote et al. 2016a). The peak of nosZ	clade	II	at	
the early stages of succession indicates that N2O emission might be lower at this stage. In 
summary, these results illustrate the potential use of combinatory approaches (amplicon 
sequencing, metagenomics, and qPCR) to probe and reconstruct taxonomic and functional 
aspects of microbial communities in a dynamically evolving ecosystem.

Molecular methods in the context of soil microbial succession: 
future perspectives
Community ecologists that study plants and animals conceptually face a delineated set 
of emergent properties that are intrinsic to complex communities, namely biological 
diversity, functional redundancy and system stability. These are key general themes 
that	serve	as	underlying	properties	from	which	more	refined	ecological	questions	can	
be raised. In microbial systems, as proposed by Konopka (2009), because microbes 
possess mechanisms for the horizontal transfer of genetic information and have a dis-
tinguished modus operandi (as we often study the system at a larger scale than that at 
which biological interactions occurs, because of analytical bottlenecks), the molecular 
methods may be considered as an emergent community property. As such, the use of 
community genetic information (i.e. the metagenome) constitutes a valuable piece of 
information to interrogate potential ecological traits as determinants of the successful 
establishment and dynamics of microbial communities. In line with this, soil metage-
nomes can be used as a property to access dynamic shifts in community traits. This can 
be	performed	at	the	level	of	metabolic	redundancy	and	niche	differentiation.

 Finally, natural microbial communities are compositionally not stable, meaning 
that	they	are	continuously	in	a	flux	(Shade	et	al.	2013).	This	dynamic	operates	at	dif-
ferent levels, from the micro- to the macro- scale, and it varies in space and across 
community types. For example, whereas at a micro-scale ‘endogenous’ dynamic in the 
relative abundance of community members and their patterns of gene expression oper-
ates,	at	a	larger	spatial	scale,	‘exogenous’	influences	exerted	by	shifting	environmental	
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factors prevail. As a result, a clear delineation of what may constitute the proper spatial 
and temporal scale to interrogate microbial systems is still a debatable topic (e.g. see 
(Vos et al. 2013). Thus, prospective frameworks that consider not only the microbial 
fraction but also the whole ecosystem succession should be encouraged in the future.

Box 2.1 The use of chronosequences as environmental 
models for temporal soil ecology

The study of temporal soil ecology is often challenged by setting appropriate 
timescales in a realistic and feasible analytical manner. This becomes even more 
complex when the investigated patterns occur over timescales that exceed decades 
or centuries. In these cases, the most appropriate method relies on the use of envi-
ronmental chronosequences. The method is based on the study of established sites 
presumed	to	represent	a	sequence	of	different	stages	of	soil	development,	with	a	
known initial establishment and a time history afterward (Walker and Del Moral 
2003). As such, a fundamental assumption regarding chronosequences is that the 
communities (either micro or macro) and local environmental/ecosystem param-
eters of the younger soil sites are gradually developing in a temporal manner that 
resembles how the older sites developed (termed ‘space-for-time substitution’) 
(Pickett 1989).

 Well-known soil chronosequences are those formed by the worldwide reces-
sion of glaciers that have occurred over the past 150–250 years, leaving glacier 
forelands with spatially-ordered sequences of terrain age (Bardgett et al. 2005). In 
addition, spatially-ordered sequences of terrain can also be found at abandoned 
fields	in	the	course	of	several	decades,	at	sand	dunes	covering	centuries	or	in	areas	
flanking	volcanos,	where	temporally-distinct	events	of	lava	flow	promote	chrono-
sequence development. Moreover, the established soil chronosequence was also 
found	to	concur	with	a	natural	salt	marsh	ecosystem	formation	(Olff	et	al.	1997).

 Finally, as chronosequences intrinsically imply the presence of ecological suc-
cession (Fierer et al. 2009, Walker et al. 2010), these model systems stand out as 
natural experiments that allow the testing of fundamental questions in temporal 
soil ecology. A few examples are: (i) ‘Do the same ecological patterns apply to 
micro- and macro-organisms, and are they caused by the same processes?; (ii) 
‘How	do	spatial	and	temporal	environmental	heterogeneities	 influence	diversity	
at	different	scales?’;	(iii) ‘What are the relative roles of stochastic and determinis-
tic processes controlling diversity and composition of communities?’; and, lastly, 
(iv) ‘What are the most appropriate baselines for determining the magnitude and 
direction of ecological changes?’ These four questions are far from being the com-
plete	list;	they	merely	represent	the	key	ones	from	the	‘Identification	of	100	fun-
damental ecological questions’ (Sutherland et al. 2013), in which chronosequences 
can be applied as a model system.
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