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Improved understanding of microbial communities
The Earth is estimated to harbour around 1012 microbial species (Locey and Lennon 2016), 
4–61030 prokaryotic cells with microbial cell numbers estimated to be approximately 
1.2  1029 in aquatic environments and 4–51030 in terrestrial systems (Whitman et al. 
1998b, Singh et al. 2009). These microbes constitute about 60% of the Earth’s biomass and 
allocate 350–550 Pg of carbon in total (Whitman et al. 1998b, Singh et al. 2009). Phyloge-
netic analysis of prokaryotic genomes has pointed that the last universal common ancestor 
(LUCA) of archaea and bacteria is likely the pioneer organisms that enable exploring the 
hydrothermal environments on the young Earth (Weiss et al. 2016). Since the emergence 
of microbes around 3.8–3.5 billion years ago, the evolution of microbes has tightly inter-
twined with Earth’s environmental evolution (Arndt and Nisbet 2012). For instance, the 
photosynthetic activity of Cyanobacteria was responsible for the substantial change of the 
atmosphere of our planet in the Proterozoic Eon, as they assimilate CO2 and release O2, 
leading to the great oxygenation event (Holland 2006, Lyons et al. 2014). This event is 
perceived to be responsible for the big extinction of microbes, but also paved the way for 
the evolution of early eukaryotes (Knoll et al. 2016). After witnessing the extinction of more 
than 99.9 % of all evolutionary lines that used to live on Earth (Mayr 1997), bacteria and 
archaea are still ubiquitous on Earth and live together with other organisms in this Anthro-
pocene. These microbes with a wide range of ecological breadths occupy any living system 
on Earth, including soil, sediments, river, lake, ocean, glacier, hydrothermal vents, etc. 
They can be characterized as either free-living organisms, or host-associated organisms, 
such as plant-associated or animal-associated ones (Thompson et al. 2017).

 Our knowledge about microbes tracks back to the 17th century when Antonie van 
Leeuwenhoek developed a microscope to observe bacteria together with other ‘ani-
malcules’ (O’Malley 2007). Later on, identifying microbial species using the culturing 
approach in the 19th century, we began to acquire knowledge of microbes, such as their 
classification,	cellular	properties	and	physiology	(e.g.	thermal	tolerances,	the	substrates	
they consume, or the enzymes they produce) (Blevins and Bronze 2010). But the ma-
jority of microorganisms from natural environments are unculturable under laboratory 
conditions, leading to the ‘great plate count anomaly’, namely the order of magnitude of 
environmental	cells	that	formed	in	culture	media	is	different	from	the	number	of	them	
detected by microscopic examination (Staley and Konopka 1985). Until today, research-
ers are in the dilemma to study environmental microorganisms in the culturable state, 
even though a lot of endeavours have been made and the implications of new approaches 
currently being proposed (Stewart 2012, Browne et al. 2016). 

 After the discovery of nucleic acids as genetic materials and the advance of molecular 
biological techniques, microbiologists began to endeavour on identifying microorgan-
isms by directly sequencing nucleic acids – DNA or RNA – instead of based on culturable 
cell characteristics. A revolution in microbiology occurred when Carl Woese applied the 
16S ribosomal RNA molecule as a biomarker to analyse the phylogenetic relationship 
of microbes in 1977 (Woese and Fox 1977), which was developed as the three-domain 
system, bacteria, archaea and eukaryote in 1990 (Woese et al. 1990). At the same time, 
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genetic markers started to be used to examine the distribution of marine bacteria in the 
Sargasso Sea using nucleic acid hybridization probes (Giovannoni et al. 1990). Later 
on,	the	development	of	low-resolution	DNA	fingerprinting,	such	as	DGGE	(Denaturing	
gradient gel electrophoresis), TRFLP (terminal restriction fragment length polymor-
phism) and ARISA (automated ribosomal intergenic spacer analysis), has enabled the 
understanding of patterns of microbial communities (Nocker et al. 2007). In the mid-
2000s, advances in high-throughput DNA sequencing of amplicons have improved the 
identification	of	different	microbial	communities	by	targeting	the	16S	rRNA	or	18S	rRNA	
genes,	the	internal	transcribed	spacer	(ITS),	or	specific	functional	genes	(Logares	et	al.	
2012, Knight et al. 2018). Besides, high-throughput sequencing of untargeted shotgun 
metagenomics of environmental samples, together with other ‘omics’ approaches, such 
as metatranscriptome, metaproteome and metabolome, have been providing high-reso-
lution information on the composition and functional characteristics of microbial com-
munities (Handelsman 2004, Franzosa et al. 2015a, Hultman et al. 2015). Using these 
approaches, a few large projects were initiated aiming at unveiling the factors structuring 
microbiomes	and	their	functions	across	different	habitats,	such	as	the	Earth	Microbiome	
Project (Thompson et al. 2017), the Tara Oceans Project (Sunagawa et al. 2020) and the 
Human Microbiome Project (Turnbaugh et al. 2007).

 The rapid advance of sequencing platforms has revolutionized our understanding 
of microbial communities. This led to the emergence of the term ‘microbiome’, i.e. a 
collection of all microorganisms, such as bacterial, archaea, fungi, viruses, protists or 
other eukaryotes, that live in the same habitat and tightly interact with each other and 
their local environment. Other researchers prefer the term ‘microbiota’, while a com-
bination of microbiota, their genomes and their environments refer to the microbiome 
(Chase	et	al.	2020).	Due	to	difficulties	associated	with	profiling	all	types	of	microbes	
in	a	given	study,	most	studies	focus	on	targeting	a	specific	group	of	organisms	within	
the microbiome. In these cases, it would be better to use the original terms, such as 
bacterial, archaeal or fungal communities rather than the term ‘microbiome’ [see (Berg 
et al. 2020)]. Throughout this thesis, I set a focus on studying the ecological process-
es and mechanisms mediating the assembly and successional dynamics of bacterial 
communities.	Worth	mentioning,	since	most	of	my	findings	relate	to	principles	of	
ecology,	rather	than	specific	organismal	processes,	it	is	likely	that	they	are	valuable	and	
can be applied and/or extended to other organismal groups.

	 With	the	advance	of	technologies	and	the	efforts	of	researchers	across	countries,	
we have been improving our knowledge on the physiology of microbes, their phylog-
eny, ecological interactions with other organisms, their distribution and functionality 
(Parks et al. 2018). Microbes play a fundamental role in ecosystem processes and pro-
vide essential ecosystem services, such as the maintenance of nutrient cycling, and the 
promotion of health of their associated hosts (e.g. Homo sapiens, domestic animals 
and crops). To better understand their role in ecosystem functioning and predict how 
the	functions	they	performed	changes	in	response	to	environmental	fluctuations,	it	is	
important to identify the ecological mechanisms mediating their assembly, especially 
by	partitioning	species	with	different	abundances	within	a	given	community.
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Mechanisms of species coexistence 
Microbial populations rarely live alone in natural habitats, in contrast, a collection 
of potentially interacting microbial populations usually occur together, thus forming 
microbial communities (Prosser et al. 2007). A key focus in community ecology is to 
understand the processes maintaining the coexistence of species and the building-up 
of species abundances from local to global spatiotemporal scales (Chesson 2000, Ovas-
kainen et al. 2017). Below I introduce some bases from both contemporary ecological 
processes and the historical contingency perspectives.

 Ecological theories that were introduced to explain species coexistence originated 
in plant and animal communities, which has been debated along two distinct lines of 
reasoning:	 the	niche	 and	neutral	 theories.	 The	 ecological	 niche	 of	 a	 species	was	first	
proposed	by	George	E.	Hutchinson	in	the	1970s,	which	defined	the	dynamics	of	popula-
tions as a result of a set of environmental conditions (Holt 2009). This theory highlights 
the importance of deterministic processes that emphasizes ecological selection through 
abiotic	 factors	(environmental	filtering)	or	species	 interactions	(antagonistic	and	syn-
ergistic interactions) [see (Chase and Leibold 2003)]. On the other hand, the neutral 
theory developed by Stephen P. Hubbell primarily focused on the tropical rain forest 
with high diversity (Hubbell 2001). The neutral theory emphasizes stochastic process-
es, such as random demography, probabilistic dispersal, speciation and unpredictable 
disturbances, as the main determinants of species abundance in a community. Recent 
characterizations of microbial communities provide evidence of deterministic process-
es	in	structuring	community	dynamics,	such	as	environmental	filtering	or	interspecies	
competition (Koeppel and Wu 2014). In other cases, stochastic processes were also 
found	to	be	important	drivers	influencing	microbial	community	assembly	(Zhou	et	al.	
2013).	To	date,	mounting	evidence	suggests	these	two	processes	influence	community	
assembly	simultaneously,	and	their	relative	influences	change	over	time	and	across	eco-
system types (Stegen et al. 2012, Fillinger et al. 2019, Jiao et al. 2020). The challenge 
lies in quantifying their relative contributions structuring community assembly and the 
mechanisms	underpinning	their	variations	at	different	temporal	and	spatial	scales	(Til-
man 2004, Gravel et al. 2006, Leibold and McPeek 2006, Adler et al. 2007).

	 In	2010,	Mark	Vellend	introduced	a	framework	unifying	different	concepts	used	
to explain the patterns of species distribution in ecological communities. He did that 
by proposing that any given community is structured by four high-level ecological and 
evolutionary	processes,	namely	speciation	(or	diversification),	dispersal,	selection	and	
ecological drift (Vellend 2010, Vellend 2016). This conceptual synthesis avoids the 
dichotomy discrepancy between deterministic and stochastic processes, diminishes 
the	 redundant	 theories	 in	 community	 ecology,	 and	provides	a	 coherent	and	unified	
framework.

 In addition to these contemporary processes, historical contingency also plays an 
important	role	in	influencing	community	assembly,	also	known	as	‘priority	effect’	(Fu-
kami	2015).	Priority	effects	were	reported	mostly	 in	plant	and	animal	communities.	
For instance, it was shown that the initial establishment of plant species in an area 



13

General introduction

exerted	an	effect	on	newly	assembled	plant	communities	during	grassland	restoration	
and	postfire	conifer	recruitment	(Werner	et	al.	2020).	Nowadays,	studies	in	microbial	
ecology	started	to	value	the	importance	of	the	priority	effect	influencing	microbiome	
assembly. For example, in a transplant experiment, the initial inoculated bacterial 
community reduced the success of taxa establishment from the later arriving commu-
nity, thus indicating the assembly to depend on the order and timing of species arrival 
(i.e.	dispersal)	 (Svoboda	et	al.	2018).	Priority	effect	was	also	suggested	 to	affect	 the	
interplay	of	diversification,	drift	and	selection	in	structuring	the	infant	gut	microbiota,	
therefore, determining long-lasting consequences for infant health (Sprockett et al. 
2018).	Given	that,	a	better	understanding	of	priority	effects	in	microbial	ecology	can	
offer	new	insights	into	predicting	and	directing	the	future	states	of	microbiomes	across	
divergent systems.

 Together, understanding community assembly from both contemporary and his-
torical perspectives will facilitate predicting the dynamics of microbial communities, 
such as community turnover during succession or recovery following disturbance 
events. Besides, this can also assist the estimation of ecosystem functioning, as the 
assembly processes and ecosystem functioning are tightly related (Leibold et al. 2017, 
Bannar-Martin et al. 2018, Mori et al. 2018). Ecosystem functioning is most likely 
maximized at intermediate levels of dispersal because dispersal limitation can con-
strain ecosystem functioning by reducing the arriving of better-suited species, while 
excess dispersal among heterogeneous habitats can reduce ecosystem functioning by 
introducing maladapted species with relative poorly environmental performance (Gra-
ham and Stegen 2017, Leibold et al. 2017).

Rare microbes matter
With	the	advance	of	sequencing	technologies,	studies	often	find	a	tremendous	number	
of taxa in microbial communities, which are generally composed of a few abundant 
taxa co-occurring with numerous low abundance ones (Pedros-Alio 2012). Sogin et al. 
(2006)	were	the	first	to	extensively	describe	the	low	abundance	of	specific	microbial	
taxa and how they account for most of the phylogenetic diversity in deep sea water. In 
this	study,	a	collection	of	low	abundance	taxa	was	first	coined	as	the	‘rare	biosphere’.	In	
comparison to macroorganisms, rare bacteria and archaea might be less constrained 
by reproduction, being mostly limited by nutrient availability and their oligotrophic 
metabolism. Hence, the prokaryotic communities often show longer tails in the rank 
abundance curves in comparison to eukaryotic communities (Shade et al. 2018).

 After the term was coined in 2006, the rare biosphere has been substantially inves-
tigated across diverse habitats, mostly using high-throughput sequencing approaches. 
However,	the	definition	of	the	rare	biosphere	has	not	yet	been	unified.	Most	studies	use	
amplicon sequencing to characterize the rare biosphere, even though it is challenging to 
distinguish real living taxa from relic DNA and	artificial	biases	(e.g.	chimeras	generated	by	
PCR	and	sequencing	artefacts).	Some	studies	defined	the	rare	biosphere	within	commu-
nities,	while	others	define	it	using	the	metacommunity	approach	(i.e.	the	whole	dataset).	 
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Furthermore, the thresholds used to partition the rare from the abundant (‘common’) 
biosphere are either based on relative abundances (e.g. <1%, <0.1% or <0.01%), or se-
quence number (e.g. < two sequences in a data set) (Galand et al. 2009, Campbell et al. 
2011, Logares et al. 2014, Reveillaud et al. 2014). 

 Species in the rare biosphere do not necessarily show similar distribution pat-
terns	across	 space	and	 time.	Lynch	and	Neufeld	 (2015)	have	proposed	five	 types	of	
rarity,	which	presents	the	temporal	abundance	profiles	of	different	rare	groups.	(i) The 
r-selected microbes that are periodically recruited from the rare biosphere 
can switch between abundant and rare states depending on periodic environmental 
conditions, such as daily changes and seasonality. (ii) Similar to the periodic dynamic 
group, the r-selected microbes that persist at relatively low abundances can be occa-
sionally recruited from the rare biosphere, i.e. responding to occasional epi-
sodic or stochastic events, such as precipitation and stress release. (iii) The K-selected 
microbes that periodically increase in abundance but are permanently rare 
are adapted to exist at low relative abundance and respond with shifts in abundance 
to avoid predation; these taxa occupy narrow niches with increased susceptibility to 
starvation. (iv) Similar to above, the K-selected microbes that are permanently rare 
with consistent abundance persist at low-abundances by occupying narrow niches 
and escaping predation, although they might have increased susceptibility to starva-
tion. (v) Transiently rare taxa are occasionally existent due to limited immigration, 
i.e.	a	recently	immigrated	species	is	rare	when	it	first	enters	a	community	by	chance	
via dispersal. Most current studies have been accounting for the rare biosphere as a 
unique group of taxa, however, to better predict the patterns and consequences of the 
rare	biosphere	in	a	given	ecosystem,	partitioning	across	these	different	types	of	rarity	
offers	a	promising	approach.

 For some time, the rare biosphere was believed to serve merely as a ‘seed bank’ of 
microbial taxa, whereas only abundant species were assumed to contribute to ecosys-
tem functioning (Pedros-Alio 2006, Lennon and Jones 2011). However, recent studies 
revealed	a	significant	proportion	of	the	rare	biosphere	to	be	active,	such	as	rare	bacte-
ria in marine ecosystems (Campbell et al. 2011) and rare bacteria, archaea and protists 
in freshwater ecosystems (Debroas et al. 2015, Inceoglu et al. 2015). A study in the 
plant	rhizosphere	has	found	91%	of	plant-specific	positive	response	bacteria	belong	to	
the rare biosphere (bacteria of <0.1% relative abundance) (Dawson et al. 2017). Some 
rare microbes, such as nitrite oxidizers, maintained at low abundance by high mortali-
ty rates were shown to transport a large portion of nutrients for other organisms when 
they lyse (Kitzinger et al. 2019). To be noticed, rare taxa sometimes even make dispro-
portionate contributions to ecosystem functioning, such as a bacterium that makes 
up 0.006% in 16S rRNA gene amplicon library drives the major sulphate reduction 
(Pester et al. 2010). Besides the functionality performed directly by active rare taxa, 
the rare biosphere also serves as a genetic reservoir of species that allow the rapid 
colonization	of	new	habitats	or	buffer	community	functioning	against	environmental	
fluctuations	 or	 species	 invasion	 (van	Elsas	 et	 al.	 2012,	Nuccio	 et	 al.	 2016,	 Liang	 et	
al. 2020). Given the importance of rare taxa, a better understanding of the ecological 
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processes mediating their distribution and long-term persistence in the environment 
is key to advance our ability to monitor, predict and manipulate distinct functional 
aspects of microbial communities across divergent systems.

Aim of this thesis
This thesis aims to investigate how distinct ecological processes interplay in mediat-
ing soil bacterial community assembly during succession. Greater attention is given 
to members of the microbial rare biosphere due to their high diversity and relevance 
for ecosystem functioning. This thesis focuses on disentangling the underlying mech-
anisms governing the assembly and successional dynamics of distinct fractions of soil 
bacterial communities based on organismal relative abundance distribution. I do that 
by answering the following questions:

• What is the contribution of distinct ecological processes to the structuring of 
microbial communities during succession? 

• Does	the	use	of	different	biomarkers	(RNA	or	DNA)	reflect	distinct	responses	
of the processes structuring bacterial community turnover during succession?

• Is the interplay of ecological processes structuring the rare and common bac-
terial	 biospheres	 different	 from	 each	 other?	 To	what	 extent	 do	 the	 relative	
influences	of	ecological	processes	contribute	to	the	distinct	types	of	rarity	in	
bacterial communities?

• How	 does	 dispersal	 by	 inundation	 influence	 the	 soil	 bacterial	 community	
structure	at	different	stages	of	succession?	Are	these	effects	related	to	the	se-
lective pressure imposed on local bacterial communities, their diversity and/
or	historical	contingency?	Which	groups	of	species	are	more	affected	by	inun-
dation, rare or common?

Outline of the thesis
The aforementioned questions are sequentially addressed throughout this thesis in 
three	parts.	The	first	part	focuses	on	aspects	of	the	microbial	community	succession,	
and biomarkers choice in sequencing approaches (Chapter 2 and 3). The second part 
(Chapter 4 and 5) explores the ecological processes structuring the rare biosphere 
of microbial communities. Because rare species constitute a large proportion of the 
diversity of microbial communities, unveiling the ecological mechanisms maintaining 
their existence helps to understand the rate of microbial community turnover during 
succession.	Since	dispersal	is	a	crucial	process	that	influences	soil	bacterial	commu-
nities in salt marshes, the last part (Chapter 6)	focuses	on	quantifying	the	influence	
of dispersal by inundation on soil bacterial communities coming from contrasting 
successional stages. All these questions were tested on a barrier island in the Wadden 
Sea, Schiermonnikoog, the Netherlands. This island provides a chronosequence of salt 
marshes that has been developing for over a century, providing the perfect scenario for 
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studying space per time replacement. Figure 1.1 provides a schematic overview of the 
topics	addressed	in	the	individual	chapters,	which	are	briefly	introduced	below.

 Chapter 2 gives an overview of recent studies in microbial community succession 
using high-throughput sequencing approaches. In this chapter, I provide a general 
synthesis of the patterns and processes structuring microbial community assembly 
and turnover during both primary and secondary succession. Additionally, this chapter 
presents	previous	findings	from	studies	performed	at	the	island	of	Schiermonnikoog,	
the Netherlands, showing the primary succession of free-living soil bacterial and fun-
gal communities from both taxonomic and functional perspectives and the bacterial 
communities associated with the rhizosphere of Limonium vulgare, a plant species 
that is found in all successional stages having plant cover.

	 Most	of	the	studies	profiling	microbial	communities	are	based	on	environmental	
DNA and do not distinguish between active and dormant organisms/populations, or 
even account for the existence of relic DNA in soil. Chapter 3 compares environmen-
tal DNA and RNA based approaches for studying patterns of community assembly and 
turnover	in	soil	bacterial	communities.	This	is	achieved	by	sampling	soils	across	five	
successional stages along a primary succession chronosequence at Schiermonnikoog. 
Bacterial communities were characterized by sequencing both 16S rRNA amplicons 
from	the	extracted	DNA	and	RNA	transcripts	of	this	gene.	The	relative	influences	of	
assembly processes were estimated using a combination of modelling approaches, i.e. 
phylogenetic and taxonomic community structure null model analyses.

 Chapter 4 provides a perspective on community assembly processes structuring 
the	microbial	rare	biosphere.	Together	with	co-authors,	I	first	examined	the	different	
definitions	 of	 the	microbial	 rare	biosphere	 and	hypothesized	 that	different	 types	 of	
rarity are driven by the distinct interplay of ecological processes. This chapter provides 
an overview of the framework used to study how the microbial rare biosphere is struc-
tured using a community assembly approach, as in Chapter 3.

 Chapter 5 is an initial test of the hypotheses conceptualized in Chapter 4. Using 
the 16S rRNA data acquired in Chapter 3, I access how ecological processes structure 
the	bacterial	rare	biosphere	in	space	(five	successional	stages)	and	time	(four	sampling	
time	points),	thus	leading	to	different	types	of	rarity.

	 Salt	marsh	with	constant	influence	by	tidal	inundation	represents	a	critical	inter-
face between marine and terrestrial ecosystems (Mitsch and Gosselink 2000). How-
ever, dispersal processes of bacteria from marine to terrestrial ecosystems have not 
yet been rigorously/extensively studied. In Chapter 6,	I	focus	on	exploring	the	effect	
of dispersal promoted by sea water inundation on soil bacterial community assembly 
at	different	stages	of	succession.	Together	with	co-authors,	I	performed	a	microcosm	
experiment	where	we	quantified	how	dispersal	by	inundation	influences	soil	bacterial	
communities from two distinct successional stages. A sterile sea water treatment was 
also	used	to	distinguish	the	influence	of	inundation	between	abiotic	(changes	in	soil	
characteristics) and biotic factors (bacterial dispersal). Bacterial communities were 
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characterized through 16S rRNA gene sequencing over a treatment period of 20 days. 
By	doing	so,	we	evaluate	the	infl	uence	of	dispersal	by	inundation	on	soil	bacterial	com-
munities	from	the	early	and	late	stages	of	succession,	and	how	the	infl	uence	is	aff	ected	
by diversity, selection and historical contingency. 

 Finally, results obtained throughout this thesis are synthesized and further dis-
cussed in Chapter 7. In particular, I discuss how assembly processes structuring dif-
ferent fractions of bacterial communities and maintaining taxa coexistence operate. I 
do	that	by	integrating	my	fi	ndings	with	contemporary	literature.	In	the	end,	I	discuss	
current	challenges	and	potential	future	directions	in	this	fi	eld	of	research.
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Figure 1.1 Schematic overview of the main research aspects explored in this thesis. The lengths of open arrows 
represent the successional time of microbial communities developed from non-colonized habitat. (A) A primary 
successional gradient is presented by a space-for-time substitution approach. (B) A secondary successional 
gradient is presented by a series of communities developed after a disturbance event. (C) A rank abundance 
curve represents the species distribution in a community based on the rank of species abundance.





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.
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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).
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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 
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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).
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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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Comparing	the	influence	of	assembly	
processes governing bacterial 
community succession based on DNA 
and RNA data
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Abstract
Quantifying which assembly processes structure microbiomes can assist predic-
tion, manipulation, and engineering of community outcomes. However, the relative 
importance of these processes might depend on whether DNA or RNA are used, as 
they	differ	in	stability.	We	hypothesized	that	RNA-inferred	community	responses	to	
(a)biotic	fluctuations	are	faster	than	those	inferred	by	DNA;	the	relative	influence	of	
variable selection is stronger in RNA-inferred communities (environmental factors 
are	 spatiotemporally	 heterogeneous),	whereas	 homogeneous	 selection	 largely	 influ-
ences	DNA-inferred	communities	(environmental	filters	are	constant).	To	test	 these	
hypotheses, we characterized soil bacterial communities by sequencing both 16S rRNA 
amplicons from the extracted DNA and RNA transcripts across distinct stages of soil 
primary	succession	and	quantified	the	relative	influence	of	each	assembly	process	us-
ing ecological null model analysis. Our results revealed that variations in α-diversity 
and temporal turnover were higher in RNA- than in DNA-inferred communities across 
successional stages, albeit there was a similar community composition; in line with 
our hypotheses, the assembly of RNA-inferred community was more closely associated 
with environmental variability (variable selection) than using the standard DNA-based 
approach,	which	was	 largely	 influenced	by	homogeneous	selection.	This	study	 illus-
trates the need for benchmarking approaches to properly elucidate how community 
assembly processes structure microbial communities. 

Published in Microorganisms, 2020, 798 (8)
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Introduction
Research on ecological succession is key to advance our understanding of how com-
munities	are	assembled	and	affect	ecosystem	functioning	and	dynamics.	In	accordance	
with classical studies on plant community succession, the relatively recent advances 
in	high-throughput	sequencing	technologies	and	microbiome	profiling	have	revealed	
that microbial communities across a broad range of habitats also undergo sequential 
changes	through	different	time	scales	(Nemergut	et	al.	2007,	Brown	and	Jumpponen	
2014, Burcham et al. 2019).

	 Most	 studies	 have	 profiled	 bacterial	 community	 composition	 across	 succession	
gradients by sequencing the 16S rRNA gene from environmental DNA (Brown and 
Jumpponen 2014, Chaparro et al. 2014, Castle et al. 2016, Vigneron et al. 2017). How-
ever, the environmental DNA used for identifying bacterial taxonomy/composition can 
not only come from viable cells, but also from extracellular DNA and undecomposed 
DNA from dead cells (termed as ‘relic DNA’), which is known to be ubiquitous in soils 
(Lorenz and Wackernagel 1987, Carini et al. 2016). Due to the fact that relic DNA can 
stay	in	the	environment	for	an	unpredicted	period	of	time,	profiling	bacterial	commu-
nities	by	DNA	not	only	has	the	risk	of	over	inflating	the	diversity	estimation	(Emerson	
et al. 2017), but also can lead to potentially erroneous signals of temporal variability in 
microbial communities (Carini et al. 2020). It was argued that relic DNA contributes 
minimally to the characterization of bacterial community composition, but bias can 
still arise when community turnover is faster than the turnover of the relic DNA pool 
(Lennon et al. 2018). Since the sequential change of the bacterial community over time 
is the interest of studies on ecological succession, relic DNA left in the environmental 
DNA samples will obscure these changes. Unlike DNA, RNA has short half-life times, 
and can often be used to represent putatively active fractions of bacterial taxa that are 
alive in the environment (Schippers et al. 2005). As such, the RNA-based approach 
can	better	reflect	the	turnover	of	bacterial	communities	during	succession,	especially	
for short term successional dynamics. However, few studies have examined bacterial 
community succession using both DNA- and RNA-based approaches (Schippers et al. 
2005, Denef et al. 2016, Jurburg et al. 2017a, Jurburg et al. 2017b), and we still lack 
understanding	of	how	much	those	two	approaches	affect	the	outcome	of	bacterial	com-
munity turnover during succession.

	 Disentangling	the	relative	 influences	of	community	assembly	processes	structur-
ing the microbiome distribution is important for understanding community turnover 
during succession (Dini-Andreote et al. 2015). For instance, the trajectories of bacte-
rial communities during primary and secondary succession have been shown to follow 
different	 assembly	 processes	 (Dini-Andreote	 et	 al.	 2015).	 In	 brief,	 during	 primary	
succession, the assembly processes were found to gradually shift from stochastic to 
deterministic (Dini-Andreote et al. 2015). Conversely, during secondary succession, 
the assembly processes governing the dynamics of bacterial communities were found 
to	be	influenced	by	the	previous	state	of	the	communities	prior	to	a	disturbance	event	
(Dini-Andreote et al. 2015). For instance, soil bacterial communities were structured 
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from	more	to	less	stochastic	processes	after	a	wildfire	disturbance	(Ferrenberg	et	al.	
2013). While a disturbance experiment has shown a strong deterministic recovery 
during secondary succession (Jurburg et al. 2017b). 

 Quantifying the assembly processes is often dependent on either taxonomic or phy-
logenetic information of the investigated meta-community. Interestingly, it was shown 
that	the	phylogenetic	structure	of	RNA-inferred	bacterial	communities	is	significantly	
more clustered than that of the DNA-inferred communities, thus resulting in a stronger 
environmental	filtering	signal	(Mueller	et	al.	2016).	Selection	through	environmental	
filters	or	biotic	interactions	allows	species	with	certain	traits	to	establish	and	persist	
within the local community. The selective pressure can be either evenly distributed 
among communities (i.e. homogeneous selection) or heterogeneous (i.e. variable se-
lection),	resulting	in	community	turnover	and	variation	differences	(Dini-Andreote	et	
al.	2015,	Stegen	et	al.	2015).	Given	that	DNA	and	RNA	differ	 in	stability,	we	expect	
RNA-inferred	 communities	 response	 to	 biotic/abiotic	 fluctuations	 to	 be	 faster	 than	
those inferred by DNA. Therefore, the signal of variable selection is expected to be 
stronger in RNA-inferred communities, while the signal of homogeneous selection is 
expected to be stronger in DNA-inferred communities.

	 In	 this	study,	we	 investigated	 the	dynamics	of	bacterial	communities	across	five	
successional stages in a primary succession soil chronosequence. Soil samples were 
collected across the successional stages and within successional stages at four time 
points. The analysis of DNA-derived 16S rRNA gene sequences encompassed the to-
tal fraction of bacterial communities including DNA from non-viable cells; and the 
RNA-derived 16S rRNA sequences encompassed the content of bacterial ribosomes 
indicating	 the	potentially	 active	 fraction	of	 total	 bacteria	 communities.	We	first	 ex-
amined	to	what	extent	these	two	approaches	affect	the	results	of	bacterial	community	
turnover during primary succession, and then compared the interplay of community 
assembly	processes,	and	evaluated	whether	these	two	approaches	affect	the	outcomes	
and conclusions of microbial community successional dynamics in soils.

Materials and methods 
Study site and soil sampling
The study was conducted in a salt marsh ecosystem at the island of Schiermonnikoog, the 
Netherlands	(53°30′	N,	6°10′	E).	This	island	displays	a	progressive	growth	expansion	east-
wards caused by the continuous sedimentation of particles carried by wind, currents and 
flooding	cycles.	This	natural	chronosequence	spans	over	100	years	of	succession,	in	which	
early successional stages are located in the east and late stages in the west. Soil physico-
chemical properties, aboveground biomass, and ecosystem disturbances gradually change 
from early to late successional stages (Schrama et al. 2012, Dini-Andreote et al. 2014). For 
instance,	the	flooding	frequency,	soil	sand	content	and	soil	pH	decrease	as	succession	pro-
ceeds, while vegetation coverage, soil silt and clay content and overall nutrient status (e.g. 
total nitrogen, total carbon, nitrate and ammonia) increase (Dini-Andreote et al. 2014). A 
detailed description of the sampling sites can be found in (Dini-Andreote et al. 2014).
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To characterize the spatiotemporal variation of bacterial communities in this system, 
triplicate	soil	samples	were	collected	from	five	successional	stages	(i.e.	0,	10,	40,	70	
and 110 years) in May, July, September and November 2017 (60 samples in total). At 
each replicate, 20 soil cores (3.5 cm diameter, 10 cm depth) were randomly sampled. 
A total of 2 g of the collected soil that was homogeneously mixed was preserved in 
LifeGuard Soil Preservation Solution (Qiagen, Hilden, Germany) and stored at -80 °C 
for further nucleic acid extraction.
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Purification of RNA

Purification of DNA

Purify RNA by DNase

Library preparation 
PCR (35 cycles)

cDNA synthesis &
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Figure 3.1	Workflow	applied	in	this	study.	Procedures	for	analyzing	RNA	samples	are	shown	in	red,	proce-
dures for analyzing DNA samples are shown in blue, and common procedures are shown in black.

Nucleic acid extraction, amplicon library preparation and 
sequencing
The total RNA and DNA were co-extracted from 2 g of soil for each of the 60 samples using 
the RNeasy PowerSoil Total RNA kit (Qiagen, Hilden, Germany) with the RNeasy Pow-
erSoil DNA Elution kit (Qiagen, Hilden, Germany), following the manufacturer’s instruc-
tions (Figure 3.1). After eluting the RNA samples from the capture column of the RNeasy 
PowerSoil Total RNA kit, the bound DNA on the capture column was further eluted using 
the RNeasy PowerSoil DNA Elution kit. Remaining DNA in RNA samples was removed 
using the DNase Max kit (Qiagen, Hilden, Germany). We performed PCR reactions for 
10% of RNA samples to verify whether the amount of DNase applied was enough to ensure 
DNA was completely removed from RNA samples. The DNA-free RNA was converted to 
cDNA by incubating with random hexamers using the Transcriptor High Fidelity cDNA 
Synthesis	Kit	 (Roche,	Basel,	Switzerland),	which	was	 then	purified	using	 the	MinElute	
PCR	Purification	Kit	(Qiagen,	Hilden,	Germany).	DNA	and	cDNA	were	quantified	using	a	
NanoDrop	2000	Spectrophotometer	(Thermo	Fisher	scientific,	Waltham,	MA,	USA).
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We	profiled	the	DNA-	and	RNA-inferred	bacterial	communities	by	sequencing	the	V4	
region of the bacterial 16S rRNA gene and 16S rRNA transcripts, respectively, using 
primer	pair	515F	(5′-GTGCCAGCMGCCGCGGTAA-3′)	and	806R	(5′-GGACTACHVG-
GGTWTCTAAT-3′)	 (Caporaso	 et	 al.	 2011,	Caporaso	 et	 al.	 2012).	Each	PCR	 (25	µL)	
contained	12.5	µL	of	AccuStart	II	PCR	ToughMix	(final	concentration	1×;	QuantaBio,	
Beverly,	MA,	USA),	1	µL	of	DNA/cDNA	template,	1	µL	of	each	primer	(final	concen-
tration	200	pM),	and	9.5	µL	of	MOBIO	PCR	water	(MOBIO,	Carlsbad,	CA,	USA).	PCR	
amplification	was	run	for	35	cycles	for	DNA	samples,	and	23	cycles	for	RNA	samples	to	
minimize the accumulation of random errors during reverse transcription. Apart from 
this, all library preparation procedures were kept identical for DNA and cDNA samples. 
The PCR started with 3 min at 94 °C followed by 35 or 23 cycles at 94 °C for 45 s, 50 °C 
for	60	s,	and	72	°C	for	90	s,	with	a	final	extension	at	72	°C	for	10	min.	Amplicons	were	
pooled	in	equimolar	concentrations	and	used	for	paired-end	sequencing	(2	×	151	bp)	
on an Illumina MiSeq platform (Illumina, Hayward, CA, USA) using the MiSeq reagent 
kit V2 (Caporaso et al. 2011). Sequencing was performed in separate runs for DNA 
and cDNA samples at the Environmental Sample Preparation and Sequencing Facility 
of the Argonne National Laboratory, USA. Raw reads of both DNA- and RNA-based 
sequences used in this study are available in the Sequence Read Archive of the National 
Center for Biotechnology information under the accession number PRJNA546612.

Sequence processing, analysis of community structure and 
statistical analyses
We used the QIIME2 pipeline (version 2019.10) to process 16S rRNA gene and rRNA 
sequences (Bolyen et al. 2019). The demultiplex sequences were uniformly trimmed 
to 150 bp (forward and reverse), and then were denoised to infer Amplicon Sequence 
Variants (ASVs) that were of 253 bp in length using the DADA2 plugin with default 
settings	(Callahan	et	al.	2016).	Because	the	error	models	might	be	different	between	
runs, we performed a DADA2 denoising process on each run separately, and then 
merged feature tables and representative sequences from the two runs. Taxonomy 
was assigned to representative sequences using the Silva 132 Naive Bayes 515F/806R 
taxonomy	 classifier	 (Yilmaz	 et	 al.	 2014).	 All	 ASVs	 affiliated	 to	 archaea,	 chloroplast	
and mitochondria, as well as singletons were removed from the dataset. A de novo 
phylogenetic tree was generated from representative sequences by aligning sequence 
fragments via MAFFT, masking ambiguous alignments and inferring a tree using the 
FastTree algorithm (Price et al. 2009). A rooted tree was created by putting root at the 
midpoint of the farthest tips among the tree. To make samples comparable, the feature 
table	was	rarefied	to	a	depth	of	15,000	sequences	per	sample.	We	estimated	β-diversity 
using both the weighted and unweighted UniFrac distance in QIIME 2.

 All subsequent analyses were carried out in R (v3.5.0) (RStudio Team 2015, R 
Core Team 2017). To compare bacterial communities between DNA- and RNA-based 
approaches, among successional stages and across time points, principal coordinate 
analysis (PCoA) and permutational multivariate analysis of variance (PERMANOVA) 
were conducted using the ‘pcoa’ and ‘adonis’ function in the packages ape and veg-
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an, respectively (Dixon 2003, Paradis et al. 2004). Pair sample Wilcoxon tests were 
performed to compare the temporal turnover between the DNA- and RNA-inferred 
bacterial communities within each successional stage (Dixon 2003).

Quantification of community assembly processes governing 
community succession
We applied a framework that assesses the phylogenetic and taxonomic turnover of 
communities, and further used null modelling distributions to quantify the relative 
influences	of	distinct	assembly	processes	mediating	community	turnover	(Stegen	et	al.	
2013,	Stegen	et	al.	2015).	In	the	first	step,	we	estimated	the	importance	of	stochasticity	
and selection using the β-nearest taxon index (βNTI) between pairs of communities. 
This index compares the observed phylogenetic turnover in species between a pair of 
communities and a null distribution. The observed phylogenetic turnover between 
pairs of communities was determined by β-mean nearest taxon distance (βMNTD) 
using the function ‘comdistnt’ in the package picante (Kembel et al. 2010). The null 
distribution	of	phylogenetic	turnover	was	generated	by	randomly	shuffling	the	ASVs	at	
the tip of the phylogenetic tree 999 times. As previously described (Dini-Andreote et 
al. 2015, Stegen et al. 2015), βNTI > 2 indicates variable selection is the dominant as-
sembly process governing the turnover between a given pair of communities, since the 
phylogenetic	turnover	is	significantly	greater	than	that	expected	by	chance.	βNTI < -2 
indicates homogeneous selection takes a leading role between a given pair of commu-
nities,	as	phylogenetic	turnover	is	significantly	lower	than	expected	by	chance.	|βNTI| 
<	2	indicates	the	absence	of	selection,	and	a	greater	influence	of	stochastic	processes,	
such as dispersal and/or drift. In the second step of the analysis, we examined the 
non-selection processes with the abundance weighted Raup-Crick metric (RCbray). We 
did this by comparing the ASV taxonomic turnover between a pair of communities and 
the null distribution (Chase et al. 2011, Stegen et al. 2013). To create a RCbray metric, the 
Bray–Curtis	dissimilarity	between	observed	communities	was	first	calculated.	Then,	
the null distribution of the Bray–Curtis dissimilarity between simulated communi-
ties was constructed by randomly sampling ASVs 999 times. The RCbray matrix was 
generated by comparing the Bray–Curtis dissimilarity between a pair of communities 
and the null distribution of Bray–Curtis dissimilarity. When |βNTI| < 2 and RCbray > 
0.95, community turnover is dominated by dispersal limitation, as the dissimilarity 
between observed communities is higher than the expectation. |βNTI| < 2 and RCbray < 
-0.95 indicates homogenizing dispersal, as the community turnover between observed 
communities is lower than the null expectation. If |βNTI| < 2 and |RCbray| < 0.95, both 
phylogenetic and taxonomic community turnover of observed communities are not 
different	 from	the	null	distributions.	In	other	words,	neither	selection	nor	dispersal	
dominate	the	assembly	processes,	their	influences	on	community	turnover	act	together	
with drift, thus being termed as ‘undominated processes’. Together, we quantify the 
relative	influence	of	each	assembly	process	by	the	proportion	of	each	assembly	process	
within each dataset or treatment.

The analysis of βNTI relies on the correlation between relatedness of species phyloge-
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ny and their ecological niches. We estimated the optimal niche of ASVs (occurrence > 
5) with soil pH, soil sodium concentration, soil organic carbon and soil water content 
using the function ‘wascores’ in the package vegan. Phylogenetic distance across ASVs 
was generated using the ‘cophenetic’ function in the package picante. Last, we tested the 
phylogenetic signal (i.e. the correlation between phylogenetic distances and the distanc-
es between optimal soil conditions across ASVs) using the function ‘mantel.correlog’ in 
the	package	vegan.	For	all	the	four	soil	parameters,	significant	positive	correlations	were 
observed	at	short	phylogenetic	distances,	confirming	the	assumption	for	suitable	ecolog-
ical inferences using short phylogenetic distance based on βNTI (Figure S3.2). Figures 
were made using the ggplot2 package (Wickham 2010). All scripts used in this study are 
available on GitHub: https://github.com/Jia-Xiu/Jia_et_al_Microorganisms_2020.

Results 
Comparing bacterial community structure based on DNA and 
RNA approaches
After	denoising,	filtering	the	low	quality,	short	length	and	chimeric	sequences,	as	well	
as removing singleton and non-target taxa, the total dataset consisted of 12,741,738 
reads (this encompasses 120 bacterial 16S rRNA libraries, 60 for DNA- and 60 for 
RNA-inferred bacterial communities). After rarefying the feature table to 15,000 reads 
per sample, the rarefaction curves for most DNA-based samples reached a steady pla-
teau,	but	some	RNA-based	samples	did	not,	which	indicates	the	sampling	efforts	were	
enough for most DNA-based samples, while more sequencing depth was potentially 
needed for some RNA-based samples (Figures S3.1 and S3.3). In the end, a total of 
28,278 unique ASVs were obtained for the complete dataset, in which 19,608 ASVs 
were observed from the DNA-based dataset and 20,784 ASVs from the RNA-based 
dataset (Figure S3.4). We found the variation of α-diversity (i.e. richness, phylogenetic 
diversity, Shannon and Pielou’s evenness indexes) to be greater in RNA-inferred com-
munities than in DNA-inferred communities across all successional stages (see Table 
S3.1 and Figure S3.5 for details). 

 Principal coordinates analysis based on both weighted and unweighted UniFrac 
metrics showed a clear separation of bacterial communities in each successional stage 
at	 the	first	axis	of	PCoA,	 indicating	 the	majority	of	 the	variation	 in	β-diversity w as 
attributed	to	differences	across	successional	stages	(Figure	3.2A,	B).	Sequencing	ap-
proach	(DNA-	and	RNA-based	samples)	had	a	 lower	effect	on	community	composi-
tion	than	the	successional	stage.	Even	though	community	profiles	based	on	DNA	and	
RNA taken at the same successional stages were similar, a cluster separation of the 
DNA- and RNA-inferred bacterial communities was observed at the third axis of PCoA 
plots (Figure 3.2C–F). Accordingly, PERMANOVA results showed that successional 
stage	was	the	most	significant	factor	influencing	the	turnover	of	bacterial	communi-
ties measured by both weighted and unweighted UniFrac metrics (R2 = 0.48 and R2 
= 0.41, respectively; p < 0.001), followed by sequencing approach (R2 = 0.12 and R2 = 
0.07, respectively; p < 0.001; Tables 1 and S2). We also observed the sampling month 
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signifi	cantly	contributes	to	the	variation	of	bacterial	communities,	albeit	at	a	smaller	
magnitude (R2 = 0.03, p < 0.001; Tables 3.1 and S3.1). 
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Figure 3.2 β-diversity	patterns	of	bacterial	communities	displaying	diff	erences	according	to	soil	succession-
al stages and sequencing approach (i.e. DNA- or RNA-based). Weighted (A,C,E) and unweighted (B,D,F) 
UniFrac distances were used to calculate β-diversity, which was visualized using principal coordinate analysis 
(PCoA).	PCoA	results	are	illustrated	in	diff	erent	ordinate	axes.	Colors	represent	successional	stages	(i.e.	0,	10,	
40,	70	and	110	years	of	 succession),	and	diff	erent	shapes	represent	RNA-	and	DNA-based	approaches.	The	
percentages in the axes show the variation of species composition explained by each ordinate.
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Table 3.1 Three-way permutational multivariate analysis of variance (PERMANO-
VA)	showing	the	influence	of	different	factors	on	β-diversity of bacterial communities 
based on weighted UniFrac distances. The rows ‘Dataset’, ‘Year’ and ‘Month’ indicate 
RNA- or DNA-based approaches, successional stages and within-stage temporal turn-
over, respectively.

Groups Df * SumSqs * MeanSqs * F.Model * R2 * p-values †

Dataset 1 0.606 0.606 65.362 0.123 <0.001

Year 4 2.373 0.593 64.016 0.482 <0.001

Month 3 0.165 0.055 5.931 0.033 <0.001

Dataset:Year 4 0.309 0.077 8.336 0.063 <0.001

Dataset:Month 3 0.048 0.016 1.726 0.010 0.0436

Year:Month 12 0.523 0.044 4.706 0.106 <0.001

Dataset:Year:Month 12 0.158 0.013 1.422 0.032 0.0246

Residuals 80 0.741 0.009  0.151

Total 119 4.924 1

* Df—degrees of freedom; SumSq—sum of squares; MeanSqs—mean of squares; F.Model—F value by permu-
tation; R2—explained variation; p-values	based	on	9999	permutations.	†	significant	p-values (p < 0.001) are 
shown in bold.

By further looking into the temporal variation of bacterial communities within each 
successional stage, we found the temporal turnover of RNA-inferred communities to 
be	significantly	higher	than	that	of	DNA-inferred	communities	across	all	successional	
stages (p < 0.001 in Wilcoxon signed-rank test, Figure 3.3). This pattern was further 
statistically	 supported	 by	 PERMANOVA	 (the	 influence	 of	 sampling	 time	 points	 on	
RNA-inferred communities: R2 = 0.051, p < 0.001; DNA-inferred communities: R2 = 
0.038, p < 0.05; Table S3.3). Across successional stages, we found the temporal turn-
over of bacterial communities to be higher at early successional stages and to progres-
sively decrease as succession spans for both DNA- and RNA-based approaches (Figure 
3.3).	The	influence	of	sampling	month	on	community	turnover	was	stronger	at	early	
(i.e. 0 and 10 years) than late successional stages (i.e. 40, 70 and 110 years; Table S3.4).

	 We	identified	the	dominant	phyla	(>3% of total abundance) in both DNA and RNA 
datasets to be Proteobacteria, Bacteroidetes, Actinobacteria, Acidobacteria and Planc-
tomycetes (Figure 3.4). As ecological succession proceeds, the relative abundance of 
most bacterial phyla changes in a similar manner in both DNA- and RNA-based sam-
ples. For instance, the relative abundance of Firmicutes were nearly identical in both 
datasets across all successional stages. However, even though most of the dominant 
phyla changed their relative abundances in a similar manner, their relative abundanc-
es	 in	DNA-	and	RNA-based	samples	were	different.	Some	phyla	had	higher	relative	
abundances in the DNA dataset, such as Acidobacteria, Actinobacteria, Planctomy-
cetes, Gemmatimonadetes and Verrucomicrobia, while others such as Proteobacteria 
and Entotheonellaeota had higher relative abundances in the RNA dataset. Besides, 
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we	also	found	diff	erent	phyla	distribution	patterns	across	successional	stages	between	
DNA- and RNA-based samples. For example, Cyanobacteria only appeared at a higher 
relative abundance in the RNA-inferred communities at early successional stages, but 
not in the DNA-inferred communities. The relative abundance of Nitrospirae in the 
RNA-inferred communities decreased quickly along succession, but not in the DNA-in-
ferred communities. The relative abundance of the candidate phylum V18 was stable in 
the RNA-inferred communities but declined rapidly at the DNA-inferred communities 
as succession proceeded.
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Figure 3.3 Boxplots displaying the temporal variation of RNA- and DNA-inferred communities along the soil 
successional stages. The temporal variation was based on weighted UniFrac distances of communities across 
distinct sampling time points. *** indicates p < 0.001 in Wilcoxon signed-rank test.
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Figure 3.4 Line plots displaying the dynamic changes in relative abundances of bacterial phyla (mean relative 
abundance > 0.1%) based on DNA- and RNA-inferred communities. The x-axis displays successional stages in 
years (i.e. 0, 10, 40, 70 and 110 years of succession), and the y-axis displays the phyla relative abundance (in % 
of the total abundance). Points indicate average, and error bars represent standard errors from the averages.

Diff erences in assembly processes between DNA- and RNA-
inferred communities
We examined whether and how the interplay of assembly processes varies between 
DNA- and RNA-based samples by calculating the βNTI and the RCbray metric. The 
results show that selection (i.e. variable and homogeneous) dominated the assembly 
processes of both DNA- and RNA-inferred communities (Figure 3.5A). Homogeneous 
selection was the dominant process across all samples, especially for the temporal vari-
ation, as succession proceeded (Figure 3.5B). Variable selection was overall less fre-
quent, accounting for the temporal variation of communities at the initial successional 
stage (0 year of succession; Figures 3.5B and S3.6) and the spatial turnover of commu-
nities	at	diff	erent	sampling	time	points	(Figure	S3.7).	Interestingly,	in	relative	terms,	
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we found homogeneous selection to have a stronger signal in the community assembly 
of DNA-inferred communities, whereas variable selection had a stronger signal in the 
RNA-inferred communities (Figure 3.5A). Similar results were also observed in the 
interplay of assembly processes accounting for both temporal and spatial variations of 
bacterial communities (Figures 3.5B and S3.7).
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Figure 3.5	 Pie	 charts	 and	 stacked-bar	 plots	 displaying	 the	 relative	 influences	 of	 assembly	 processes	
governing	community	turnover.	(A)	The	pie	charts	show	the	relative	influence	of	distinct	assembly	processes	
determining	 the spatiotemporal variation of RNA- and DNA-inferred communities. (B) Stacked-bar plots 
display the relative influences	 of	 distinct	 assembly	 processes	 structuring	 the	 temporal	 variation	 of	 bacterial	
communities	 in	 each	 successional	 stage	 based	 on	 both	 RNA-	 and	 DNA-based	 approaches.	 *	 indicates	 the	
influence	 of	 homogenizing	 dispersal and undominated processes for the turnover of RNA-inferred 
communities to be 0.62% and 0.06%, respectively.	**	indicates	the	influence	of	homogenizing	dispersal	and	
undominated	processes	for	the	turnover	of DNA-inferred communities to be 0.68% and 0.45%, respectively.

Discussion 
In this study we examined the assembly processes underlying bacterial community 
succession by considering discrepancies in characterizing bacterial communities using 
DNA- and RNA-based approaches. Similar to previous studies (Dini-Andreote et al. 
2014), we found bacterial communities gradually change over time along this primary 
successional chronosequence based on both DNA and RNA community inferences. 
Patterns of temporal turnover of DNA- and RNA-inferred communities were also 
found	to	signifi	cantly	change	over	the	course	of	succession.	We	detected	signifi	cantly	
higher temporal turnover at the early stages of succession, corroborating with pre-
vious	fi	ndings	 in	 the	ecological	 successional	ecosystems	 (Dini-Andreote	et	al.	2014,	
Ortiz-Alvarez et al. 2018). Although community composition and dynamics were found 
to	 be	 similar	 between	DNA-	 and	RNA-based	 approaches,	 diff	erences	 exist	 between	



45

The influence of DNA- and RNA-based approaches

both methods which is consistent with what has been found in previous work (Grif-
fiths	et	al.	2000).	Most	importantly,	the	DNA-	and	RNA-inferred	communities	often	
displayed	different	dynamic	changes,	with	RNA-inferred	communities	changing	faster	
over	time	(Bastida	et	al.	2017,	Meyer	et	al.	2019).	These	differences	are	likely	attributed	
to	 the	distinct	noises	 imposed	by	 extracellular	DNA	and	RNA	due	 to	differences	 in	
their stabilities and lifetime in the environment. In this salt-marsh ecosystem, the tides 
constantly bring microbial cells (i.e. dispersal) from sea and replenish the soil bacterial 
communities at initial stages. It is likely that maladapted organisms can rapidly die 
and	significantly	enrich	the	pool	of	environmental	relic	DNA,	thus	affecting	the	diver-
sity estimation (Lennon et al. 2018).

	 Moreover,	 observed	 differences	 between	 RNA-	 and	 DNA-inferred	 communities	
can	occur	due	to	intrinsic	differences	in	the	copy	number	and	transcription	of	the	16S	
rRNA genes across distinct taxa. For example, we found Proteobacteria and Cyano-
bacteria to be detected at higher relative abundances in the RNA- rather than DNA-in-
ferred	communities,	which	corroborates	the	finding	reported	by	Denef	et	al.	(2016).	
Proteobacteria taxa are likely to have higher copies of the 16S rRNA gene in their cells, 
which have been previously considered as copiotrophs (Fierer et al. 2007, Lankiewicz 
et al. 2016). However, in some cases, the copy number of ribosomes has nothing to 
do with cell activity. For instance, a Cyanobacteria species, Aphanizomenon ovalispo-
rum, has a high number of ribosomes in its dormancy rather than in its vegetative cell 
(Sukenik et al. 2012). Cell size was also suggested to positively correlate with the num-
ber of ribosomes in bacterial cells (Denef et al. 2016). These discussions are not only 
relevant for bacterial communities, as fungal communities in groundwater aquifers 
were	also	found	to	have	discrepant	profiles	when	based	on	DNA	and	RNA	approaches.	
For instance, 30%–40% of the total fungal operational taxonomic units (OTUs) were 
only detected in RNA-based sequencing (Nawaz et al. 2019). Taken together, the copy 
number of 16S rRNA gene, the metabolic state of a cell and innate ribosome content 
all	can	affect	the	disproportionate	recovery	of	different	bacteria	based	on	DNA-	and	
RNA-inferred	community	profiling.

	 DNA-based	amplicon	sequencing	was	previously	found	to	inflate	richness	estima-
tion, given that environmental DNA does not only encompass viable bacteria cells but 
also relic DNA. However, our results show an opposite pattern. This discrepancy might 
occur because low-abundant bacteria that are metabolically active have higher chances 
of being detected using RNA- rather than DNA-based gene sequencing, since metabol-
ic active (high growth rate) bacterial cells contain more ribosomes than inactive cells 
(Ramos et al. 2000). In this study, we observed more unique rare taxa in the RNA data-
set compared to the DNA dataset (Figure S3.8). In addition, a substantial number of 
rare taxa were detected in higher rRNA:rDNA ratios (Figure S3.9), which suggest they 
were metabolically active. In line with our expectation, a study in glacier-fed streams 
reported	that	low	abundant	taxa	were	over-present	in	the	community	profiled	by	16S	
rRNA (cDNA) sequencing (Wilhelm et al. 2014). In this context, the higher richness 
of taxa in the RNA dataset is reasonable and to some extent expected, since active 
rare	taxa	that	are	not	identified	by	DNA-based	sequencing	can	be	detected	using	the	
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RNA-based approach. Given that metabolically active rare taxa can disproportionally 
be detected when using these two approaches, we advise that future studies focusing 
on rare taxa should take a careful consideration of data interpretation when based on 
DNA and RNA sequencing inferences.

	 The	quantification	of	community	assembly	processes	using	both	DNA-	and	RNA-
based	approaches	was	dominated	by	selection.	In	relative	terms,	the	influence	of	vari-
able selection was higher in the RNA-inferred communities, suggesting that RNA-in-
ferred	communities	more	rapidly	respond	to	environmental	fluctuations	compared	to	
a more ‘stable’ scenario of DNA-based communities. This is consistent with a previous 
finding	 showing	 that	 the	 phylogenetic	 community	 structure	 of	RNA-based	 commu-
nities changes quickly in response to variations in pH and carbon to nitrogen ratios 
(Mueller	et	al.	2016).	Moreover,	the	higher	influence	of	homogeneous	selection	in	the	
DNA-based	communities	indicates	that	communities	profiled	by	DNA	are	expected	to	
display higher overall correlations with stringent environmental factors that are ho-
mogeneously distributed. In addition, the direct use of DNA (particularly in systems 
such as soils) can often account for a large proportion of inactive cells/taxa that has no 
environmental responses. This aligns with the idea that cell inactivation and dormancy 
constitute a life strategy to persist in the environment under unfavorable conditions 
(Jones and Lennon 2010). Together, since DNA- and RNA-based sequencing have 
different	outcomes	in	recovering	bacterial	communities,	inferences	in	the	quantitative	
influence	of	 community	assembly	processes	 inferred	by	null	modelling	analysis	will	
also	likely	vary	significantly.

Conclusions
The broad use of amplicon sequencing has greatly advanced our understanding of the 
ecological processes structuring bacterial communities during succession. However, 
DNA-	and	RNA-based	approaches	can	generate	distinct	profiles	of	community	compo-
sition.	This	can	be	caused	by	differences	in	the	stability	of	DNA	and	RNA,	differences	
in the copy numbers of the 16S rRNA gene, in addition to changes in the number of 
transcripts	of	this	gene,	i.e.	differences	in	cell	active	states	and	lifestyle.	Here,	we	used	
these	two	approaches	to	profile	bacterial	communities	across	a	primary	successional	
gradient	and	quantified	the	relative	influences	of	community	assembly	processes	gov-
erning community turnover. Our results demonstrate that RNA-based communities 
have	greater	variation	in	community	composition	and	are	relatively	more	influenced	
by variable selection; while DNA-inferred communities have less variation and are rel-
atively	more	influenced	by	homogeneous	selection.	Future	studies	advancing	knowl-
edge on the community assembly of bacterial communities and successional dynamics 
must be cautious when interpreting data obtained from either DNA- or RNA-based 
sequencing approaches.
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Figure S3.1	Line	plots	 showing	 the	 rarefaction	curves	of	 communities	profi	led	by	 (left	 column)	RNA-	and	
(right column) DNA-based sequencing. Colors represent samples, and distinct successional stages, sampling 
months, and replicates are separated by underscores in the legend panel.
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Figure S3.2 Mantel correlogram showing the correlation between phylogenetic distances Amplicon Sequence 
Variants (ASVs) and the environmental optima of ASVs, which was based on pH, sodium concentration 
(Sodium), soil organic matter (SOM) and soil water content (SWC). Correlograms were presented for the DNA 
(upper	 panel)	 and	RNA	 (lower	 panel)	 datasets,	 respectively.	 Solid	 symbols	 indicate	 signifi	cant	 correlations	
(P <	0.01),	and	open	circles	indicate	non-signifi	cant.
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Figure S3.3 Sampling depths for both RNA- and DNA-based approaches. Sampling depths are indicated by 
the ratio between the observed richness and the estimated richness, i.e. ACE and Chao1 indexes.



50

CHAPTER 3

121148670 7494

RNA DNA

Figure S3.4 Venn diagram showing the overlaps of unique ASVs across RNA- and DNA-based datasets.
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Figure S3.5 Changes in α-diversity along successional stages as indicated for both RNA- and DNA-based 
approaches; (A) observed richness and (B) Simpson index. Colors indicate the RNA- and DNA-based samples. 
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spatial variation of bacterial communities in each sampling month, based on both RNA- and DNA-based ap-
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Figure S3.9 Density plot showing the distribution of RNA:DNA ratio in the rare and common biospheres. 
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Table S3.1	Coefficient	of	variation	(cv)	of	α-diversity metrics (i.e. richness, Shannon 
index, phylogenetic diversity and Pielou’s evenness) in each successional stage based 
on both DNA and RNA datasets. The ‘Year’ column indicates the successional stages 
(i.e. 0, 10, 40, 70 and 110 years of succession). 

α-diversity indexes Year RNA DNA

mean + se cv mean + se cv
Richness 0 1589 ± 136 29.68 1471 ± 124 29.27

10 1771 ± 128 24.96 1813 ± 88 16.76

40 1982 ± 146 25.57 1765 ± 51 10.05

70 2008 ± 87 15.05 1530 ± 82 18.62

110 1922 ± 87 15.61 1552 ± 65 14.56

Shannon 0 6.25 ± 0.19 10.49 6.57 ± 0.15 7.85

10 6.52 ± 0.13 6.84 6.94 ± 0.06 2.99

40 6.51 ± 0.19 10.15 6.72 ± 0.05 2.55

70 6.59 ± 0.11 6.04 6.57 ± 0.06 3.35

110 6.67 ± 0.05 2.84 6.54 ± 0.05 2.81

Phylogenetic diversity 0 103.62 ± 6.67 22.29 112 ± 7.93 24.53

10 101.1 ± 4.3 14.72 121.36 ± 4.31 12.29

40 105.19 ± 5.23 17.23 113.22 ± 2.57 7.87

70 105.18 ± 3.75 12.34 91.15 ± 3.15 11.99

110 102.09 ± 2.89 9.82 97.24 ± 2.68 9.55

Pielou’s evenness 0 0.851 ± 0.018 7.43 0.911 ± 0.007 2.57

10 0.875 ± 0.013 5.34 0.927 ± 0.003 1.04

40 0.861 ± 0.019 7.53 0.899 ± 0.005 1.75

70 0.867 ± 0.011 4.2 0.899 ± 0.003 0.97

110 0.883 ± 0.005 2.02 0.892 ± 0.002 0.77
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Table S3.2 Three-way permutational multivariate analysis of variance (PERMANO-
VA)	showing	the	influence	of	different	factors	on	β-diversity of bacterial communities 
based on unweighted UniFrac distances. The rows ‘Dataset’, ‘Year’ and ‘Month’ corre-
spond to RNA- or DNA-based datasets, successional stages, and sampling time points, 
respectively.

Groups Df* SumSqs* MeanSqs* F.Model* R2 * p-values†

Dataset 1 1.894678 1.894678 19.50067 0.068356 <0.001

Year 4 11.41465 2.853663 29.37085 0.411816 <0.001

Month 3 0.804883 0.268294 2.761375 0.029038 <0.001

Dataset:Year 4 1.691929 0.422982 4.353476 0.061041 <0.001

Dataset:Month 3 0.352236 0.117412 1.208444 0.012708 0.1631

Year:Month 12 2.527413 0.210618 2.167748 0.091184 <0.001

Dataset:Year:Month 12 1.259296 0.104941 1.080091 0.045433 0.2492

Residuals 80 7.772774 0.09716 0.280425

Total 119 27.71786 1

* Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permu-
tation; R2 - explained variation; p-values	based	on	9999	permutations.	†	significant	p-values (P < 0.001) are 
shown in bold.

Table S3.3	Permutational	multivariate	analysis	of	variance	showing	the	influence	of	
successional stages (Year) and sampling time (Month) on the turnover of RNA- and 
DNA-based datasets (based on weighted UniFrac distances).

Datasets Groups Df* SumSqs* MeanSqs* F.Model* R2 * p-values†
RNA Month 3 0.661255 0.220418 2.461365 0.051627 0.0011

Year 4 6.501652 1.625413 18.15064 0.507609 <0.001

Month:Year 12 2.063418 0.171951 1.920145 0.161099 <0.001

Residuals 40 3.582052 0.089551 0.279665

Total 59 12.80838 1

DNA Month 3 0.495864 0.165288 1.577657 0.0381 0.0387

Year 4 6.604928 1.651232 15.76083 0.507493 <0.001

Month:Year 12 1.723291 0.143608 1.370719 0.13241 0.0192

Residuals 40 4.190723 0.104768 0.321997

Total 59 13.01481 1

* Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permu-
tation; R2 - explained variation; p-values	based	on	9999	permutations.	†	significant	p-values (P < 0.001) are 
shown in bold.
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Table S3.4	Permutational	multivariate	analysis	of	variance	showing	the	influence	of	
RNA- and DNA-based dataset and sampling month on the variation of bacterial com-
munities at each successional stage (based on weighted UniFrac distances).

Year Groups Df* SumSqs* MeanSqs* F.Model* R2 * p-values†
0 Dataset 1 0.45 0.45 3.93 0.11 <0.001

Month 3 1.28 0.43 3.70 0.32 <0.001

Dataset:Month 3 0.47 0.16 1.37 0.12 0.0339

Residuals 16 1.84 0.12 0.46

Total 23 4.04 1

10 Dataset 1 0.56 0.56 5.05 0.16 <0.001

Month 3 0.75 0.25 2.28 0.22 <0.001

Dataset:Month 3 0.31 0.10 0.93 0.09 0.6406

Residuals 16 1.76 0.11 0.52

Total 23 3.38 1

 40 Dataset 1 0.94 0.94 10.10 0.30 <0.001

Month 3 0.39 0.13 1.39 0.12 0.0926

Dataset:Month 3 0.29 0.10 1.05 0.09 0.3457

Residuals 16 1.48 0.09 0.48

Total 23 3.10 1

70 Dataset 1 0.75 0.75 8.58 0.26 <0.001

Month 3 0.44 0.15 1.68 0.15 0.0232

Dataset:Month 3 0.28 0.09 1.06 0.10 0.3486

Residuals 16 1.40 0.09 0.49

Total 23 2.87 1

110 Dataset 1 0.89 0.89 11.09 0.31 <0.001

Month 3 0.47 0.16 1.97 0.16 0.0083

Dataset:Month 3 0.26 0.09 1.08 0.09 0.3144

Residuals 16 1.29 0.08 0.44

Total 23 2.91 1

* Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permu-
tation; R2 - explained variation; p-values	based	on	9999	permutations.	†	significant	p-values (P < 0.001) are 
shown in bold.
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Community assembly processes of the 
microbial rare biosphere
Xiu Jia, Francisco Dini-Andreote, Joana Falcão Salles

Abstract 
Our planet teems with microorganisms that often present a skewed abundance distri-
bution in a local community, with relatively few dominant species coexisting alongside 
a high number of rare species. Recent studies have demonstrated that these rare taxa 
serve as limitless reservoirs of genetic diversity, and perform disproportionate types 
of functions despite their low abundances. However, relatively little is known about 
the mechanisms controlling rarity and the processes promoting the development of 
the	rare	biosphere.	Here,	we	propose	the	use	of	multivariate	cut-offs	to	estimate	rare	
species	and	phylogenetic	null	models	applied	 to	predefined	rare	taxa	to	disentangle	
the	 relative	 influences	of	 eco-evolutionary	processes	mediating	 the	 assembly	of	 the	
rare	biosphere.	Importantly,	the	identification	of	the	factors	controlling	rare	species	
assemblages is critical for understanding the types of rarity, how the rare biosphere is 
established,	and	how	rare	microorganisms	fluctuate	over	spatiotemporal	scales,	thus	
enabling prospective predictions of ecosystem responses. 
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The copious rare taxa in microbial communities 
Advances in high-throughput sequencing technologies have provided extensive infor-
mation of the vast majority of uncultured microbes across disparate systems (Locey 
and Lennon 2016). Despite technical limitations hampering a realistic molecular char-
acterization of microbiomes, such as the distinction between truly living cells from relic 
DNA	(Carini	et	al.	2016)	and	artificial	methodological	biases	(e.g.	chimeras	generated	
by	PCR	and	artificial	taxa	originated	from	de novo operational taxonomic unit (OTU) 
binning algorithms), it is common knowledge that microbial communities harbour a 
large number of low-abundant taxa, coexisting with a small fraction of dominant ones 
(Ashby et al. 2007, Nemergut et al. 2011). The fraction composed of low-abundant taxa 
is termed as the microbial ‘rare biosphere’ (Sogin et al. 2006).

Box 4.1 Highlights
• Increasing	 sequencing	 depth	 efforts	 and	 the	 number	 of	 replicates,	 and	

performing standardized benchmarking analyses, will improve the resolution 
of rare biosphere dynamics across spatiotemporal scales. 

• The rare biosphere dominates microbial communities, and often accounts for 
important ecosystem services. Technical procedures limit our understanding 
of the rare biosphere. 

• The	 detection	 of	 rare	 taxa	 should	 be	 based	 on	 multivariate	 cut-offs,	 by	
removing	rare	OTUs	until	removal	influences	community	similarity.	

• Different	types	of	rarity	are	structured	by	interplay	in	community	assembly	
processes. Determining assembly processes for rare species is essential to 
understand	if	they	differ	from	processes	governing	abundant	microbes.	

• Understanding the ecological processes structuring each type of rarity is 
essential to know how the rare biosphere might respond to environmental 
changes.

 While the ‘hidden’ diversity that constitutes the rare biosphere is often neglected due 
to low sequencing coverage and/or singletons removal step during data processing, it 
can	influence	community	structure	and	play	essential	roles	in	community	functioning	
and stability (Jousset et al. 2017). For example, Gobet et al. (2012) showed that, after 
removing	up	 to	50%	of	 the	 rare	 species	 from	 their	dataset,	 the	previously	 significant	
turnover in community composition was no longer observed, indicating that rare spe-
cies	significantly	account	for	shifts	in	β-diversity. In addition, the rare biosphere serves 
as	a	reservoir	of	species	—	greatly	contributing	to	the	quantification	of	species	richness	
within a given community — and functional genes. Both the number of species (phyloge-
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netic reservoir) and the genetic diversity (functional potential) of these species provide 
an ‘ecological insurance’ for the community by contributing to important ecosystem 
processes and services. For example, using dilution-to-extinction approach in soil mi-
crocosms, van Elsas et al. (2012) found that removal of rare species leads to a negative 
relationship between microbial diversity and invasion. Their results provide evidence 
that rare species contribute to ecosystem stability, where more diverse systems hinder 
the establishment of an alien species through resource competition (Mallon et al. 2015). 
Moreover, given the fact that the rare biosphere is composed of functionally relevant 
taxa,	changing	 local	conditions	can	 lead	to	fluctuations	 in	abundance	of	hitherto	rare	
taxa,	which	might	influence	ecosystem	functioning.	A	recent	study	on	lake	ecosystems	
demonstrated that the presence of an organic pollutant led to a substantial increase in 
the abundance of rare microbial taxa capable of decomposing the pollutant (Wang et 
al. 2017). Finally, environmentally active rare taxa can have a disproportionately large 
functional	effect	in	ecosystem.	For	instance,	Pester	et	al.	(2010)	showed	that	Desulfos-
porrosinus, despite comprising less than 0.006% of the total microbial community, had 
a fundamental role in sulphate reduction in peatland soils. 

 Although the impact of the rare biosphere on ecosystem services is directly linked 
to	the	types	of	rarity	—	that	is,	how	rare	organisms	fluctuate	over	time	and	space	—	we	
currently lack technical and theoretical frameworks that allow for a proper categori-
zation of the rare biosphere, both in terms of the threshold of rarity and which types 
of rarity dominates in a given community. Moreover, we argue that understanding 
the processes mediating the community assembly of rare taxa is essential to advance 
fundamental knowledge of the rare biosphere. In this opinion article, we provide a 
synthesis on how statistical and ecological strategies can be applied to disentangle the 
assembly of the rare biosphere, under the assumptions that each type of rarity is driven 
by	a	specific	interplay	of	known	ecological	and	evolutionary	processes.

The types of rarity
In general (macro-organismal) ecology, Rabinowitz et al. (1986) provided seven distinct 
categories	of	rarity	based	on	the	population	sizes	in	a	local	community,	habitat	specificity	
and geographic distributions. In this context, only species with broad geographic distri-
bution and habitat tolerance, as well as large local abundance, are not considered rare. 
Thus,	the	great	majority	of	species	that	does	not	fit	in	this	categorization	will	be	classified	
into one of the types of rarity (Magurran and Henderson 2011). Moreover, the rare bio-
sphere	has	both	spatial	and	temporal	dimensions.	Therefore,	the	identification	of	rare	
species	will	depend	on	the	location	and	frequency	of	sampling,	as	well	as	sampling	effort	
and methodology (Magurran and Henderson 2011). This spatiotemporal concept allows 
for the delineation of two distinct types of rarity: (i) species that are rare through space 
within a given temporal window (spatially rare), and (ii) species that are rare through 
time within a given spatial domain (temporally rare). 

 Firstly, rarity can be characterized based on low population abundances within a 
local community, where rare species are represented by a long tail in rank–abundance 
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curves.	Second,	rarity	can	also	be	defined	by	habitat	specificity,	as	some	taxa	with	spe-
cific	functions	and	metabolisms	can	thrive	only	in	specific	niches.	Here,	a	strong	role	
in abiotic selection is expected, as is the case for microbial extremophiles occurring in 
harsh environments under extreme temperature, radiation, pressure, salinity and pH 
(Rothschild and Mancinelli 2001). Third, rarity can be associated with taxa occurring 
at narrow geographic ranges, as a result of environmental selection and/or dispersal 
limitation (Sul et al. 2013). Temporal rarity can be categorized as (i) conditionally rare, 
that	 is,	 those	 taxa	 that	stay	at	 low	abundances	but	become	prevalent	under	specific	
circumstances (Shade et al. 2014), or (ii) permanently rare, that is, those taxa that 
occur at low abundances regardless of spatial or temporal scale (Lynch and Neufeld 
2015). The persistence of these permanently rare organisms within a community is 
likely	associated	with	particular	life-history	strategies	and	ecological	trade-offs,	where-
as traits such as dormancy and sporulation might be relevant for conditionally rare 
taxa as they favor large-scale dispersal and longer temporal persistence under unfa-
vorable	environmental	conditions.	Although	the	current	definition	of	rarity	applies	to	
both macro and microbial ecology, identifying the types of rarity in microbial com-
munities remains a major challenge, in particular given the sheer number of species 
and methodological biases associated with it (see next section for details). For these 
reasons and other methodological constraints, we advocate that the microbial rare bio-
sphere should be investigated in a community context rather than individual species 
as is usually applied in macro-organismal ecology. In doing so, the distinctiveness in 
the types of rarity and the processes underpinning them can be investigated using the 
fundaments of community ecology.

Categorizing ‘the rare biosphere’ in microbial ecology
Despite	advances	in	defining	rarity	in	general	ecology	(Rabinowitz	et	al.	1986,	Magur-
ran	and	Henderson	2011),	the	operational	definition	of	the	rarity	in	microbial	ecology	
is	still	challenging.	The	current	sequencing	coverages	achieved	in	community	profiling	
often	fail	to	fully	describe	microbial	communities,	thus	leading	to	insufficient	detec-
tion	and	therefore	an	underestimation	of	rare	microbial	taxa	(Zhou	and	Ning	2017).	In	
addition, as reference databases do not encompass the diverse magnitude of microbial 
species, the use of reference-based OTU binning is known to exclude a large portion 
of rare taxa. Lastly, microbial ecologists also have to contend with the fact that taxa 
abundances	obtained	by	community	profiling	are	relative,	rather	than	absolute	values,	
which	largely	influences	the	identification	of	rare	taxa (Weiss et al. 2015). 

	 In	addition	to	these	issues,	we	still	 lack	a	unified	method	to	distinguish	rare	from	
abundant	taxa.	Currently,	artificial	thresholds	are	often	used	to	delineate	rare	organisms	
— for example, species with relative abundances below 0.01% or even 0.001% are placed 
within the rare biosphere (Galand et al. 2009). Similarly, the number of sequences in a 
dataset is used to determinate rarity, with either OTUs that appear only once in a given 
sample (local community) or in the entire dataset (metacommunity) determining the 
group to which they are classed (Gobet et al. 2012). However, an important drawback 
of these two approaches is the strong correlation between abundance or frequency of 
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occurrence and sequencing coverage, that is, the greater the number of sequences (se-
quencing	effort),	the	higher	the	chance	of	detecting	low-abundant	OTUs.	In	some	cases,	
researchers characterize rarity by shifts in taxa abundances, as rare species may drop be-
low the detection limit under unfavourable environmental conditions, but bloom when 
the environment becomes favourable, although this approach cannot detect permanent-
ly	rare	species	(Aanderud	et	al.	2015).	An	alternative	is	the	use	of	multivariate	cut-offs	
which	sets	rarity	cut-offs	after	the	systematic	removal	of	rare	OTUs	from	the	dataset,	at	
the	point	where	removal	has	an	influence	on	community	similarity	(Gobet	et	al.	2010).	
This	can	provide	a	community-specific	definition	of	rarity,	and	allow	the	discrimination,	
per sample, of the rare OTUs, which can be further tested regarding assembly processes 
(see, below, the section ‘Using community assembly theory to infer the types of rari-
ty’), by focusing only on the rare subset of the dataset. It is important to note that the 
threshold of rare species is dependent on the β-diversity	and	 therefore	 influenced	by	
the number and identity of samples. Thus, the removal of samples from the analyses 
or the addition of new ones requires running new simulations [systematic application 
of	multiple	cut-off	values,	generating	truncated	communities,	which	are	used	to	gener-
ate sample-by-sample dissimilarity matrices that are further compared to the original 
matrix through nonparametric Spearman correlations and Procrustes analyses (Gobet 
et	al.	2010)].	Instead	of	relying	on	artificial	thresholds,	by	exploring	the	effect	of	rarity	
on community structure, this method is driven by ecological interpretation, which can 
provide conceptual inferences across a continuum of abundance. We thus recommend 
this approach, as it provides a comprehensive understanding of the ecological processes 
regulating the abundant and rare fractions of microbial communities. 

Disentangling the assembly processes of the microbial rare 
biosphere
The discipline of microbial community ecology is progressing from the description of 
patterns towards a mechanistic understanding of how communities are assembled, by 
seeking to investigate how ecological processes structure and maintain the composi-
tion of species from local to global spatiotemporal scales (Ovaskainen et al. 2017). 
Historically, ecologists have debated along two distinct theoretical lines to examine 
and interpret community assembly: the niche-based theory and the neutral theory 
(Box 4.2). Nowadays, this polarized dichotomy has been suppressed, as it has become 
more broadly accepted that both stochastic (‘neutral’) and deterministic processes in-
fluence	community	assembly	simultaneously	(Stegen	et	al.	2012).	The	challenge	lies	in	
quantifying	their	relative	influences	across	community	types	and	unveiling	the	mecha-
nisms underpinning their variations across space and time. In line with that, Vellend’s 
theory of ecological communities proposes that four high-level ecological and evolu-
tionary	processes,	namely	selection,	dispersal,	drift	and	diversification,	drive	all	prin-
ciples in community ecology (Vellend 2010, Vellend 2016). These processes interplay 
across community types, shaping the microbial community structure and their biogeo-
graphic	 patterns,	 and	 influencing	 both	 abundant	 and	 rare	 species	 across	 any	 given	
settings (Hanson et al. 2012). Although distinguishing some of these processes might 
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still be a challenge in microbial system, such as in the measurement of in situ diversi-
fication	rates,	Stegen	et	al.	have	proposed	a	framework	that	enables	the	relative	quan-
tification	of	these	processes	in	microbial	communities	(Stegen	et	al.	2013,	Stegen	et	al.	
2015). We suggest that a variation of this framework can be applied to disentangle how 
these processes operate in distinct fractions of microbial communities, thus enabling 
the	quantification	of	the	interplay	between	ecological	processes	involved	in	the	assem-
bly of the rare biosphere (Box 4.3 and 4.4).

Evidence suggests that rare species are susceptible to local elimination by drift or com-
petition by other abundant species (Melbourne and Hastings 2008); however, it remains 
largely unclear how other assembly processes operate in the rare biosphere – knowledge 
that is critical to foster our understanding of the types of rarity. Evidence from macro-or-
ganisms shows that the occurrence of rare and abundant species is often regulated by 
different	ecological	processes	(Bell	2000,	Magurran	and	Henderson	2003).	In	the	case	
of microbial communities, relatively little is known about how these ecological processes 
regulate the assembly of the rare biosphere. One of the few studies addressing this issue 

Box 4.2 Ecological processes mediating community 
assembly using phylogenetic inferences 

To	infer	on	the	influence	of	ecological	processes	structuring	community	compo-
sition, Webb and colleagues laid out a heuristic framework to examine deviations 
between phylogenetic community structure and the null expectation by random-
ization procedures, referred to as ‘phylogenetic null model’ (Webb 2000, Webb et 
al. 2002). This framework is based on the assumption that closely related species 
have similar ecological niches, and that species coexistence patterns depend on 
competition or physiological tolerance (Webb et al. 2002). An extended method, 
which combines phylogenetic community structure and standardized Bray-Curtis 
matrix	with	null	models,	builds	on	Webb’s	framework	by	allowing	the	identifica-
tion of the ecological processes mediating community assembly (Box 4.4) (Stegen 
et al. 2013, Stegen et al. 2015). Within this model, ecological processes are divided 
into	five	variants:	variable	selection,	homogeneous	selection,	dispersal	limitation,	
homogenizing dispersal and undominated processes. Variable selection results 
in high compositional turnover, where environmental factors (biotic and abiot-
ic) shift temporally or spatially. In contrast, homogeneous selection leads to low 
compositional turnover, where the selection is consistent through time and space 
(Dini-Andreote et al. 2015). Dispersal also shows two variants: at low dispersal 
rate, dispersal limitation combined with drift leads to a large community turn-
over; whereas, at high dispersal rate, it causes a homogenization of community 
composition (i.e. homogenizing dispersal) (Leibold et al. 2004). Finally, when 
selection, dispersal and drift contribute equally to community composition and no 
one dominant, the variant is called an undominated process (Stegen et al. 2015).
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showed that, in microbial communities from the Arctic Ocean, abundant species follow 
a	log-normal	distribution,	while	rare	species	fit	a	log-series	distribution	(Galand	et	al.	
2009). These results indicate a more deterministic assembly of abundant taxa, while 
the assembly of rare species is mediated by stochastic processes. However, rank abun-
dance distribution is sensitive to the size of the ‘tail’ in species distribution, that is, the 
number of rare species (Magurran and Henderson 2011), and therefore, partitioning rare 
individuals from abundant ones might undermine the approach and revoke the results. 
This suggests that rank abundance curves, although broadly used to investigate assembly 
processes of the entire community (Woodcock et al. 2007), cannot be properly extended 
to study subsets of communities. Alternatively, the use of phylogenetic null models (Box 
4.3)	would	 represent	a	 scientifically	 sound	alternative	 to	contrast	assembly	processes	
driving rare versus abundant fractions of microbial communities, as the basic assump-
tion relies on phylogenetic signal (ecological traits correlating with phylogeny) rather 
than solely on the number and distribution of individuals. 

Box 4.3 Niche and neutral theories in community ecology
The niche theory emphasizes the importance of determinism, that is, it raises 
ecological	selection	as	a	unique	ecological	process	that	influencing	the	identities	
and abundance of species. This theory assumes both the role of selection imposed 
by	abiotic	factors	(also	termed	as	‘environmental	filters’)	and	species	interactions	
(antagonistic	and	synergistic).	In	microbial	ecology,	such	theory	fits	well	within	
two postulates: (i) the Bass Backing hypothesis that ‘Everything is everywhere, but 
the environment selects’ (O’Malley 2007), and (ii) the Gause (1934) postulate that 
‘the niche that is occupied by one organismal type is very unlikely to be also occu-
pied by another one’. A large amount of research has supported the importance of 
selection via abiotic factors such as pH, salinity and the concentration and com-
position of organic carbon, in determining microbial community structure (Fierer 
and Jackson 2006, Lozupone and Knight 2007, Fierer et al. 2009). Beyond such 
a paradigm, Hubbell’s neutral theory stresses that neutral and often stochastic 
processes can largely mediate the assembly and dynamic changes in community 
structures (Hubbell 2001). This theory assumes that random demographic as-
pects, probabilistic dispersal, speciation and unpredictable disturbance are the 
mechanisms generating divergence across community types (Tilman 2004, Gravel 
et al. 2006, Leibold and McPeek 2006, Adler et al. 2007). 

Using community assembly theory to infer the types of rarity
Revealing the relative contribution of the ecological processes structuring the rare bio-
sphere	will	not	only	add	substantial	knowledge	towards	the	identification	of	biotic	and	
abiotic	drivers	of	rarity,	but	will	also	assist	in	the	classification	of	the	types	of	rarity	
proposed by Lynch and Neufeld (2015) (Figure 4.1). Within this framework, if deter-
ministic	processes	have	a	higher	influence	on	the	assembly	of	the	rare	biosphere,	the	
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existence of the rare biosphere is largely caused by narrow niches and a set of abiotic 
and	biotic	 interactions	that	affect	specific	population	dynamics	within	a	community	
(Jousset et al. 2017). This phenomenon leads to rare populations that are driven by 
trade-offs	and	will	persist	at	low-abundances,	that	is,	permanently	rare	(Figure	4.1A).	
This	type	of	rarity	occurs	due	to	the	strong	homogeneous	selection,	as	these	specifically	
rare taxa occupy narrow niches and can often interact with other species. For instance, 
oligotrophic organisms can successfully persist under low nutrient conditions, as they 
cannot reach high abundances within a community due to intrinsic metabolic con-
straints (Fierer et al. 2007). Moreover, low-abundant species can be suppressed/con-
trolled by competitors, that is, through antibiosis or outcompeted in the exploitation 
of nutritional resources, leading to the phenomenon of negative frequency dependency 
(Yenni et al. 2012). In addition, the ‘kill the winner’ theory indicates that bacteria and 
archaea face strong predation pressures, mostly by protozoan grazing and viral attack 
(Rodriguez-Valera	et	al.	2009),	which	mainly	occurs	in	a	species-specific	manner,	af-
fecting the abundance of taxa preferentially exploited by predators. 

 On the other hand, rare taxa can periodically switch between abundant and rare (Fig-
ure 4.1D, green line). The dynamics of their abundances depends on variable selection 
through	periodic	 changes	 in	environmental	 conditions,	 such	as	 seasonal	fluctuations.	
Similar to the periodically dynamic group, species that persist at relatively low abun-
dances can become more prevalent (Figure 4.1D, yellow line) by responding to occa-
sional events such as precipitation and nutritional pulses. Under stressful conditions, 
these taxa remain at low growth rates and consequently low densities. In extreme cases 
this can lead to microbial dormancy, in which the organism enters a reversible state of 
decreased metabolic activity that can persist for long periods of time under unfavourable 
or harsh local environmental conditions (Lennon and Jones 2011). However, it is disput-
able whether these organisms should be considered part of the rare biosphere (see next 
section). Once favourable conditions arise, both active but slow-growth and dominant 
rare species gradually recover their population densities. Shade et al. (2014) described 
that conditionally rare taxa are usually at low abundance but can occasionally increase 
their	abundances	under	suitable	conditions.	They	surveyed	nine	different	ecosystems	
and reported that 1.5–28% of all detected taxa are conditionally rare taxa. Importantly, 
the conditions described above indicate the role of deterministic processes in driving the 
assemblage of both permanently and conditionally rare organisms, through homoge-
neous and variable selection, respectively (Shade et al. 2014). 

 Alternatively, stochastic processes can also play a role in the assembly of the rare 
biosphere. Passive dispersal is the common mechanism of microbial dispersal, for 
example, through wind, water and/or by hitch-hiking on other organisms (Ai et al. 
2013). It has been assumed that microbes have ubiquitous dispersal capability due to 
their size and are not restricted by geographical barriers, as asserted by Baas Becking 
dictum ‘everything is everywhere’ (O’Malley 2007). However, it has recently been 
shown, through a modelling approach, that microbes are in fact dispersal-limited 
(Wilkinson	et	al.	2012).	In	any	case,	it	is	likely	that	dispersal	has	a	larger	influence	on	
the microbial rare biosphere than on rare macro-organisms, as their smaller size facil-
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itates displacement by passive dispersal. Thus, taxa can persist in the rare biosphere 
by	 (unrestricted)	 dispersal	 processes,	 with	 populations	 fluctuating	 by	 drift	 process	
while remaining below a rarity threshold (Figure 4.1B). Alternatively, transiently rare 
taxa could arise when recently immigrated species enter a community by a dispersal 
process (Figure 4.1C). The biogeographic patterns of the rare biosphere in the Arctic 
Ocean support that dispersal limitation, together with selection and drift, potentially 
promote cross-systems rare biosphere divergences (Galand et al. 2009). It is worth 
mentioning	that,	along	with	dispersal,	 the	diversification	process	can	also	 introduce	
new species into a community (Nemergut et al. 2013). Due to the relatively small 
genome sizes and often high growth rates, microorganisms evolve faster than mac-
ro-organisms through mutations or via horizontal gene transfer (Rainey and Travisano 
1998, Ochman et al. 2000). Thus, the generation of new species/genotypes contributes 
to the rare biosphere, although assessing the relative contribution of speciation to rar-
ity remains challenging in view of the current molecular approaches used for species 
identification	(see	next	section).

(A) Permanently rare (B) Periodic distributions,
permanently rare

(C) Transiently rare (D) Conditionally rare

Homogenous selection
Dispersal limitation
Diversi�cation
Drift

Homogenizing dispersal
Drift Variable selection

βNTI < -2

-2 < βNTI < +2

RCbray < -0.95 RCbray > +0.95
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Figure 4.1 The ecological processes mediating the structure of low-abundant species according to the type of 
rarity.	The	upper	four	panels	show	the	(temporal	or	spatial)	abundance	profiles	of	different	rare	types	[adapt-
ed from (Lynch and Neufeld, 2015)]. The dashed line is the abundance threshold of the rare biosphere. The 
outcome from Stegen’s quantitative framework (Box 4.3 and 4.4) can be used to deduce the main ecological 
processes (grey panels) responsible for each type of rarity, as well as the between-community nearest taxon 
index (βNTI) values associated with each of the assembly processes (deterministic or stochastic; lower panel). 
(A) Permanently rare taxa are species whose abundance remains steadily low, due to strong homogeneous
selection, and assembled in a deterministic manner. In (B)	the	abundance	of	rare	species	fluctuates,	but	always
below the rarity threshold. In this case, selection is weak, and communities are assembled in a stochastic man-
ner by processes associated with homogenizing dispersal and ecological drift. (C) Transiently rare species are 
those	that	have	immigrated	to	the	community	or	emerged	due	to	diversification	processes.	These	species	can	
occasionally go extinct as a result of drift and/or dispersal limitation. (D) Conditionally rare taxa are those that 
periodically	or	occasionally	reach	high	abundances,	in	response	to	environmental	fluctuations.	These	taxa	are	
strongly driven by variable selection where selective pressure changes through time and/or space.
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Based	on	the	lines	of	evidence	presented,	we	argue	that	different	ecological	processes	
are	associated	with	the	different	types	of	rarity.	In	order	to	quantify	the	importance	of	
each process in driving the assembly of the rare biosphere, and the biotic and abiotic 
mechanisms	underpinning	their	relative	influences,	we	advocate	using	the	approach	
proposed by (Stegen et al. 2013), which combines the use of phylogenetic inferences 
and null modelling approaches (Box 4.4) to quantitatively probe major ecological pro-
cesses (e.g. variable selection, homogeneous selection, dispersal limitation, homoge-
nizing dispersal, and undominated processes; Box 4.3) involved in structuring the rare 
biosphere (Stegen et al. 2015).

Box 4.4 Modelling community assembly and ecological 
processes

The use of phylogenetic information enables the elucidation of the phylogenet-
ic relatedness of species within and across communities. The basic requirement 
for using such a method is the conservation of a phylogenetic signal, which in-
dicates that ecological traits are not distributed randomly across a phylogenetic 
tree (Losos 2008). Between-community mean nearest taxon distance (βMNTD), 
which is based on the mean distance to the nearest neighbour, is a measure of the 
clustering of closely related species (Webb et al. 2002). Null model distribution of 
βMNTD	can	be	built	by	shuffling	species	among	the	tips	of	the	phylogenetic	tree	or	
between	different	communities	using	randomizations	and	permutation	analyses.	
The β-nearest taxon index (βNTI), a standardized measure of the MNTD, is then 
generated by comparing the observed and the null distribution of βMNTD, using 
the following formula:

𝛽𝛽𝑁𝑁TI = !"#$%!"#&!"#$%$%&&
'((!"#$%$%&&)

	 (4.1)

A value of |βNTI| > 2 indicates that observed turnover between a pair of commu-
nities is governed primarily by selection, in which βNTI > +2 is consistent with 
variable selection, while βNTI < -2 indicates homogeneous selection (Dini-And-
reote et al. 2015). As a corollary, |βNTI| < 2 means that the turnover of a group 
of communities is governed by dispersal limitation, homogenizing dispersal or 
undominated processes (Stegen et al. 2015). To disentangle these processes, 
the Raup-Crick matrix (RCbray), built based on the standardized Bray-Curtis 
matrix of communities, provides information on whether the observed degrees 
of turnover	 deviates	 significantly	 from	 the	 expectation	 (Chase	 et	 al.	 2011).	
This	 value	 equals the deviation between observed Bray-Curtis and the null 
distribution, ranging from -1 to +1. Within this, |RCbray| <	0.95	can	be	interpreted	
as	an	influence	of	undominated processes. In turn, dispersal limitation coupled 
with drift leads to greater than expected turnover (RCbray > +0.95), whereas 
RCbray < -0.95 indicates that turnover in community composition is governed 
primarily by homogenizing dispersal (Table 4.1).
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(Continued from previous page) 

In order to determine the ecological processes controlling the assembly of rare 
communities, we propose using a variant of the method described above which 
would use only the rare species present in each sample (determined by multivar-
iate	cut-off	analyses)	to	generate	the	phylogenetic	tree.	This	tree	will	serve	as	the	
basis for calculating the observed and null βMNTD, generating βNTI values for 
each rare community, which can be < −2 or > +2, indicating that rare communities 
are driven by deterministic processes and can be considered to be permanently 
rare (homogeneous selection) or conditionally rare (variable selection), respec-
tively. Alternatively, the rare communities can be driven by stochastic processes 
(–2 < βNTI < 2), in which case RCbray should be used to determine whether 
communities are transiently rare (RCbray > +0.95), permanently rare with periodic 
distribution (RCbray < –0.95), or driven by undominated processes (–0.95 < RCbray 
< +0.95).

Table 4.1 Criteria to quantify the importance of ecological processes responsible for 
turnover between communities (Stegen et al. 2015).

βNTI RCbray Processes

< -2 Homogeneous selection

< -0.95 Homogenizing dispersal

-2	<	βNTI	<	2 -0.95 < RCbray < +0.95 Undominated processes

> +0.95 Dispersal limitation acting with drift

> +2 Variable selection

Challenges in the investigation of rare assemblages 
To unravel the assembly processes of the rare biosphere, it is important to obtain infor-
mation on the entire community at multiple time points (time series), for instance by 
increasing	sequencing	depth	efforts,	replicates	and	benchmarking	analyses.	The	devel-
opment	of	techniques	to	remove	artificial	sequences	from	a	dataset	will	help	us	to	accu-
rately	investigate	microbial	communities.	In	addition,	a	finer	taxonomic	resolution	will	
decrease the omission of rare taxa. For instance, it has been argued that exact sequence 
variants	defined	by	methods,	such	as	UNOISE3,	DADA2,	and	Deblur,	provide	greater	
resolution in marker gene analysis and improve reusability, reproducibility and com-
prehensiveness for microbial community analyses (Callahan et al. 2017).

 A potential bias lies in the use of relative abundances (i.e. standardizing the num-
ber of taxa within microbial communities) to facilitate the comparison across com-
munities. While this is common practice, Props et al. (2017) showed that the use of 
absolute	abundances	 leads	 to	different	 community	patterns	 than	 those	observed	by	
relative abundances. Thus, whether abundances are displayed by relative or absolute 
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values	may	influence	the	conclusions	we	draw	on	the	rare	assemblages	(Magurran	and	
Henderson 2011). Other alternatives could rely on measuring microbial communities 
based on the number of sequences per mass of substrate (Stegen et al. 2016) or by 
quantifying	 absolute	 taxon	 abundances	 using	 flow	 cytometry,	 quantitative	 PCR,	 or	
fluorescence	in	situ	hybridization	(Props	et	al.	2017).

	 A	further	challenge	refers	to	microbial-specific	issues,	which	cause	microbial	ecol-
ogy to deviate from general (macro-organismal based) ecological principles (Prosser et 
al. 2007), such as the distinction between inactive or dormant cells and active ones. The 
combined	use	of	DNA-	and	RNA-based	sequencing	could	provide	the	first	evidence	to	
distinguish active from inactive taxa in the rare biosphere. However, to overcome the 
variation in RNA copy number and microbial activity, new high-throughput methods 
should be developed, which will ultimately provide answers to questions such as the 
following. (i) How active is the rare biosphere, that is, does it encompass only inactive 
cells? (ii) An even more conceptual question: can both active and inactive fractions 
be considered to be equal contributors to the rare biosphere? Or should a conceptual 
partition between functionally rare and dormant (nonfunctional) rare be proposed? 

 Another potential discrepancy between macro- and micro-organismal ecology 
lies	 in	 the	 identification	 of	 speciation	 rates	 and	 extinction	 events.	 Speciation	 is	 an	
important evolutionary process that cannot currently be measured at the resolution 
used in microbial community studies, given the high phylogenetic signal and the low 
evolutionary rate associated with the rRNA gene, which is often used for phylogenetic 
purposes.	Extinction,	which	has	been	defined	by	Vellend	as	the	outcome	of	selection	
and drift rather than being considered a process in itself, cannot be taken into consid-
eration until the extent of microbial diversity has been fully scrutinized. While extinc-
tion might happen, the same species can recolonize the same patch if dispersal from a 
nearby patch takes place, thus rendering its detection currently impossible (Nemergut 
et al. 2013).

Concluding remarks and future perspectives
Although rare species are key constituents of microbial communities’ diversity and 
functionality, the processes driving rarity remain unclear, both from a conceptual and 
technical perspective. Regarding the latter, most of the literature is based on the dom-
inant species in microbial communities because low-abundance species are routinely 
removed from data sets in order to avoid noise caused by sequencing artifacts (Jous-
set et al. 2017). In order to gather information on the entire microbial community, 
low-abundant species must be included and not discarded arbitrarily. Moreover, as 
sequencing	technologies	advance	and	become	more	affordable,	it	is	expected	that	se-
quencing depths will continue to increase in the near future, alongside proper sample 
acquisition and benchmarked computational analyses. Collectively, these practices 
will reveal the temporal and spatial dynamics of the rare biosphere at a higher resolu-
tion. From a practical standpoint, we argue that, by combining strategies of increased 
sequencing	depth	and	multivariate	cut-off	values	with	theoretical	models	of	commu-
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nity assembly, it will be possible to determine the ecological processes controlling the 
rare biosphere, and by doing so, identify the types of rarity. A next step will consist 
of linking the rare fraction of communities to their ecosystem functioning. A recent 
modelling attempt indicated that communities that are stochastically assembled due 
to high dispersal rates (homogenizing dispersal), could harbour microbes that are 
maladapted to the environment, potentially leading to a reduction in function when 
compared to a community driven largely by selection (Graham and Stegen 2017). It 
remains to be tested whether rare communities driven by stochastic processes (tran-
siently	 rare	 or	 permanent	 rare	with	 periodic	 distributions)	 negatively	 influence	 the	
ecosystem processes they are associated with. Or whether deterministically assembled 
rare communities (permanently or conditionally rare) contribute to the ecosystem 
processes as much as do the abundant taxa. Moreover, future research should focus on 
understanding whether the rare biosphere is simply a subset of the abundant or total 
community	or	whether	it	follows	a	specific	path	either	in	terms	of	community	assembly	
processes or functioning. 

 To a large extent, a more comprehensive knowledge of rare biosphere assembly 
rules will enhance our understanding of seminal questions in microbial ecology about 
why microbial communities are so diverse and what the main processes underpinning 
the observed diversity are (see Outstanding questions in Box 4.5). It will also pave the 
way towards guiding future experiments and environmental sampling in searching for 
generalized patterns and processes mediating the assembly and ecological role of the 
microbial rare biosphere.
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Box 4.5 Outstanding questions
• What	 are	 the	 relative	 influences	 of	 the	 community	 assembly	 processes	
regulating	 the	 copious	 rare	 species?	 Do	 these	 processes	 differ	 from	 those	
mediating the abundant organisms or total biosphere? 

• What is the fraction of each rarity type within the rare biosphere? How does 
that vary across community types?

• Is	 there	a	difference	between	the	ecological	processes	regulating	the	active	
and inactive fractions of the rare biosphere? 

• Do	 the	 influences	 of	 community	 assembly	 processes	 structuring	 the	 rare	
biosphere vary between ecosystem types? If so, what are the biotic/abiotic 
mechanisms mediating these variations across distinct community types? 

• What are the functional implications of shifting mechanisms mediating the 
community assembly of distinct types of rarity? 

• Are	 the	 relative	 influences	 of	 community	 assembly	 processes	 consistently	
associated with changes in relative or absolute taxa abundances?
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CHAPTER 5
Unveiling the interplay of ecological 
processes shaping the bacterial rare 
biosphere
Xiu Jia, Francisco Dini-Andreote, Joana Falcão Salles

Abstract
Although biological communities harbour a large proportion of rare species, relatively 
little is known about how distinct ecological processes structure their existence. Here, 
we combined null modelling with spatiotemporal turnover in taxa rarity to connect 
assembly	processes	with	distinct	types	of	rarity.	First,	we	found	an	overall	 influence	
of homogeneous selection (i.e. spatiotemporally constant) on rarity. Second, by par-
titioning rarity types, we found homogeneous selection explained the prevalence of 
permanently rare taxa, suggesting their persistent low abundances to be restrained by 
physiological traits. Variable selection (i.e. spatiotemporally variable) explained the 
dynamic of conditionally rare taxa, indicating their ability to switch between rarity 
and commonness by responding to spatiotemporal variability. Collectively, we provide 
a new framework to model community assembly and predict microbiome dynamic 
changes through space and time. Besides, this study contributes to the establishment 
of a link between conceptual and empirical developments on the ecology of microbial 
rare biosphere. 

In preparation for publication
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Introduction
Communities are generally composed of a few highly abundant species along with 
numerous	 low	abundance	ones,	 in	which	 the	 latter	 is	defined	as	 the	 rare	biosphere	
(Sogin et al. 2006, Pedros-Alio 2012). In microbiomes, rare microbial species play cru-
cial roles in ecosystem functioning, for instance by preventing pathogen spread, con-
trolling nutrient cycling and contributing to pollutant degradation (Pester et al. 2010, 
van Elsas et al. 2012, Rivett and Bell 2018, Hausmann et al. 2019). It remains unclear, 
however, how distinct ecological processes interplay in determining the assembly and 
successional dynamics of distinct types of microbial rarity.

 In plant and animal communities, rarity is caused by either less competitive ability 
combined with frequency-dependent selection, narrow niche requirement, or limited 
dispersal ability (Rabinowitz et al. 1984, Magurran and Henderson 2003, Reinhardt et 
al. 2005, Yenni et al. 2012). These mechanisms are likely to apply to microorganisms 
(Jousset et al. 2017), for example, bacterial specialists can occupy niches that are not 
explored by generalists and thus being able to persist at low abundances (Szekely and 
Langenheder	 2014).	 Limited	 dispersal	 or	 species-specific	 (a)biotic	 constraints	 have	
also recently been reported as important mechanisms governing bacterioplankton rar-
ity (Mo et al. 2018). Recently, Kurm et al. found that low competitive ability often can-
not explain the existence of rare bacterial species, which indicates that physiological 
constraints do not always drive rarity (Kurm et al. 2017). Although these mechanisms 
are	diverse,	they	are	not	in	conflict	and	can	operate	simultaneously.	Their	relative	im-
portance	might	vary,	thus	contributing	to	different	types	of	rarity	within	and	across	
community types.

	 Processes	such	as	selection,	dispersal,	diversification	and	drift,	as	well	as	their	in-
teractions, drive the overall patterns observed in ecological communities, including 
community assembly (Vellend 2010, Nemergut et al. 2013, Vellend 2016). We have 
recently proposed that by identifying the processes that drive the dynamics of rare 
microbial communities over time, through the combination of phylogenetic and tax-
onomic community structures with ecological null models (Stegen et al. 2013, Stegen 
et al. 2015), one could sort out the mechanisms leading to the composition of the rare 
microbial biosphere as well as the contribution of each type of rarity [see (Jia et al. 
2018)]. This can be achieved in a stepwise manner, based on the assumption that 
phylogenetically related species have more similar ecological niches than the species 
drawn	randomly	from	the	phylogenetic	tree	(Webb	et	al.	2002).	After	differentiating	
common	from	rare	species,	which	can	be	realized	through	several	methods,	the	first	
step consists of determining whether the community structure of each one of these 
components (rare or common) is driven by selection (either variable or homogeneous) 
or not (i.e. stochastic assembly) (Lynch and Neufeld 2015, Jia et al. 2018). This infor-
mation can be obtained by comparing the phylogenetic structure of observed commu-
nities with the distribution of the phylogenetic community structures of null models 
(Figure	 S5.1,	 Step1).	 When	 the	 phylogenetic	 turnover	 is	 significantly	 higher	 than	
that of the null expectation, community assembly is primarily mediated by variable 
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selection, which indicates that community turnover is regulated by shifting environ-
mental conditions over space or time. However, if community phylogenetic turnover 
is	significantly	lower	than	that	of	the	null	expectation,	community	assembly	is	medi-
ated by homogeneous selection, suggesting that community turnover is governed by 
environmental	filters	that	do	not	undergo	spatiotemporal	changes	(Dini-Andreote	et	
al. 2015, Stegen et al. 2015). When the phylogenetic distance between a given pair of 
communities	is	not	significantly	different	from	null	distribution,	there	is	an	absence	
of selection, indicating that community turnover is primarily governed by stochastic 
processes such as dispersal and/or drift. These processes can be further disentangled 
by calculating the dissimilarity of taxonomic composition between two communities 
[Bray-Curtis (BC) distance] relative to the null distribution, using a Raup-Crick ma-
trix (Chase et al. 2011, Stegen et al. 2013) (Figure S5.1, Step2). Here the supervised 
assumptions are the following: (i) high dispersal rates lead to homogeneous species 
distribution across communities (i.e. homogenizing dispersal; observed BC is higher 
than null BC); (ii) low dispersal causes high species turnover (i.e. dispersal limitation; 
observed BC is lower than null BC); and (iii) when both phylogenetic and taxonomic 
community	structures	do	not	differ	from	the	null	expectations,	neither	selection	nor	
dispersal	contributes	significantly	to	community	assembly.	In	this	scenario,	ecological	
drift	as	well	as	negligible	potential	effects	of	selection	and	dispersal	drive	community	
turnover, and is collectively termed as ‘undominated processes’ (Stegen et al. 2015).

	 The	current	literature	categorizes	five	types	of	rarity:	‘permanently	rare’,	‘perma-
nently rare with periodic distribution’, ‘transiently rare’, ‘periodic recruitment from 
the rare biosphere’ and ‘occasional recruitment from the rare biosphere’ (Lynch and 
Neufeld 2015). We hypothesize that conditionally rare species are driven by variable 
selection,	 as	 their	 fitness	 changes	 along	 with	 environmental	 (spatial	 or	 temporal)	
gradients (Jia et al. 2018). Thus, conditionally rare species can be found in the rare 
biosphere under unfavourable physicochemical or biological conditions, but become 
occasionally or periodically abundant once local conditions become favourable (Shade 
et al. 2014). In contrast, the existence of permanently rare species can be structured 
by	homogeneous	selection	(Jia	et	al.	2018),	as	the	low	abundances	and	fitness	of	per-
manently rare species might be associated with K-strategies for stable environmental 
factors (Strous et al. 1998). For example, specialized oligotrophic bacteria displaying 
a narrow ecological niche (and/or lower competitive ability) are expected to show 
minimal	response	to	seasonal	fluctuations	of	the	labile	carbon	pool	through	the	year,	
as their metabolisms are mostly responding to recalcitrant carbon resources that are 
more constant over time (Goldfarb et al. 2011). In the absence of selection, we expect 
the homogenizing dispersal and/or drift to contribute to the existence of species that 
show	periodic	fluctuations	in	abundance,	albeit	not	reaching	higher	abundances	(Jia	
et al. 2018). This might occur because high dispersal rates replenish the loss of individ-
uals that can occasionally go extinct. Alternatively, we predict that dispersal limitation 
and local extinction through stochastic demographic processes result in the appear-
ance of transiently rare taxa, which might migrate from another habitat but cannot 
indefinitely	sustain	their	low	level	of	abundance	(Jia	et	al.	2018).	Finally,	the	diversifi-
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cation process can also account for the generation of new species/genotypes within the 
rare biosphere (either by mutation and/or horizontal gene transfer) (Jia et al. 2018). 
If	this	process	results	in	higher	fitness,	organisms	will	persist	over	time	(permanently	
or conditionally rare); otherwise, they will be either eliminated by natural selection 
or drift, and then constrained as transiently rare (Jia et al. 2018). However, due to 
inherent methodological hurdles associated with identifying new species/genotypes in 
natural	ecosystems,	the	diversification	process	was	not	quantitatively	included	in	our	
analysis.

 Here, we used this approach to empirically quantify the extent to which these 
ecological processes govern the assembly and successional dynamics of the distinct 
types of rarity [see (Jia et al. 2018)] and the abundant subcommunities in soil bacterial 
communities. In order to test our hypotheses, we used data on an ecological gradient 
of soil primary succession spanning over a century on the island Schiermonnikoog, the 
Netherlands, which provides variation in biotic and abiotic conditions while under the 
influence	of	same	species	pools	(Jia	et	al.	2020).	The	profiling	of	the	rare	biosphere	
along	 this	gradient	at	different	points	 in	 time	allowed	us	 to	 cover	enough	variation	
of species turnover and to identify the distinct types of rarity across both spatial and 
temporal scales. Moreover, the characterization of the common microbial biosphere 
allowed us to identify the mechanisms driving the assembly of common species. The 
putatively ‘active’ bacterial rare and common biospheres were characterized by se-
quencing the reverse transcribed bacterial 16S rRNA transcripts obtained from soil 
bacterial communities. First, we partitioned the common and rare biosphere compo-
nents	using	three	rarity	cut-off	values	(i.e.	0.2%,	0.1%	and	0.05%)	and	applied	the	null	
model	approach	 to	quantify	 the	 relative	 influence	of	ecological	processes	 (Stegen	et	
al.	2013,	Stegen	et	al.	2015).	Then,	we	categorized	and	quantified	the	distinct	types	of	
rarity and commonness (Figure S5.2) (Lynch and Neufeld 2015, Jia et al. 2018). Last, 
we provide a conceptual overview of how community assembly processes regulate dif-
ferent components of bacterial communities, which will serve as the basis for further 
hypotheses	development	in	this	emergent	field	of	science.

Methods
Soil sampling and sequencing
The 16S rRNA sequence data analyzed in this study have been deposited at the Sequence 
Read Archive of the National Center for Biotechnology Information and are accessible 
through the accession numbers PRJNA546612 (Jia et al. 2020). Details of soil sam-
pling	and	sequencing	are	provided	in	SI	methods	and	in	(Jia	et	al.	2020).	Briefly,	soil	
samples were collected along a well-characterized soil chronosequence located on the 
island of Schiermonnikoog, the Netherlands (53°30’ N, 6°10’ E). This chronosequence 
covers over 100-years of primary succession in a developing salt marsh ecosystem, 
since the sedimentation of particles carried out by the tide/wind causes the island to 
progressively	extend	eastwards	(Olff	et	al.	1997).	Soil	physicochemical	properties	and	
community composition (both of macro- and micro-organisms) sequentially change 
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over	time	along	with	the	gradient	(Olff	et	al.	1997,	Schrama	et	al.	2012,	Dini-Andreote	
et al. 2014). For example, this chronosequences presents a transition from sandy to 
clay soil. In addition, the overall soil nutrient status (i.e. organic carbon content, total 
nitrogen, ammonium, nitrate, and sulphate) increases over time, whereas soil pH de-
creases from ca. 8.7 to 7.4, as the succession advanced (Dini-Andreote et al. 2014). To 
capture the variation in the rare biosphere across these sites, and also to include the 
temporal	dynamics	within	each	site,	we	collected	soil	samples	across	five	successional	
stages (i.e. 0, 10, 40, 70 and 110 years of development from 1809 to 2017) in May, 
July, September and November 2017 (Figure 5.1A). To capture the putatively ‘active’ 
bacteria	from	soil,	the	V4	region	of	bacterial	16S	rRNA	was	amplified	based	on	reverse	
transcribed total soil RNA using the primer set 515F and 806R (Caporaso et al. 2011, 
Caporaso et al. 2012). Sequencing was performed on a paired-end Illumina MiSeq (2 
×	151bp)	run	(Illumina,	USA)	at	the	Argonne	National	Laboratory	using	the	Version	2	
chemistry sequencing reagent kit (Caporaso et al. 2011). 

Sequence processing
Sequence data analysis was performed using the open-source QIIME2/2018.2 pipeline 
(Bolyen et al. 2019). Samples were demultiplexed resulting in a total of 9,852,975 raw 
reads across the 60 samples. We applied the Divisive Amplicon Denoising Algorithm 
(DADA2) to infer exact/amplicon sequence variants (ASVs) (Callahan et al. 2017). 
In	doing	so,	reads	were	filtered,	denoised	and	dereplicated;	chimeras	were	removed;	
paired-end	reads	were	merged	and	ASVs	were	 identified.	We	obtained	a	 feature	 ta-
ble (site-to-species matrix) for ASVs. Taxonomic information was obtained using the 
SILVA	database	(Silva	119	Naive	Bayes	515F/806R	taxonomy	classifier)	(Yilmaz	et	al.	
2014). A phylogenetic tree was constructed by aligning representative sequences per 
ASV using the FastTree plugin in QIIME2 (Price et al. 2009).

Defining the rare and common biospheres
After compiling the feature and taxonomy tables, community analyses and statistics 
were performed in the R environment (R version 3.5.0) (RStudio Team 2015, R Core 
Team 2017). Figures were generated using the ggplot2 and venn.diagram packages 
(Wickham 2010, Chen and Boutros 2011). The feature and taxonomy tables were com-
bined,	and	all	ASVs	affiliated	to	archaea,	chloroplasts	and	mitochondria	were	removed.	
The	 feature	 table	was	rarefied	 to	a	depth	of	31,500	sequences	per	sample	using	 the	
‘rarefy’	 function	 in	 the	package	vegan	 (Dixon	2003).	The	 rarefied	 feature	 table	was	
used	 for	downstream	analyses.	We	define	 rarity	 as	per	 sample	 rather	 than	 through	
the entire dataset, which can obstruct observing the dynamics of the rare species. This 
allows us to properly depict sample-by-sample variations in rarity. 

	 To	determine	the	most	suitable	cut-off	value,	we	fitted	the	frequently	used	rarity	
cut-offs,	i.e.	1.0%,	0.1%	and	0.01%	(Galand	et	al.	2009,	Campbell	et	al.	2011,	Logares	et	
al. 2014, Reveillaud et al. 2014, Yamamoto et al. 2019), to the rank abundance curves 
in our dataset (Figure S5.6B). These plots show that using 1.0% or 0.01% would either 
overestimate or underestimate the size of the rare biosphere in our samples (Figure 
S5.6B),	respectively;	whereas	the	cut-off	value	of	0.1%	contained	proper	tails	of	rank	
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abundance curves in the data, thus showing a good representation of the rare bio-
sphere.	In	addition,	to	complement	this	fixed	threshold,	we	applied	a	‘sample-specific	
rarity	cut-off’	approach,	in	which	rarity	is	defined	using	a	similar	algorithm	to	calculate	
the	h-index	(Hirsch	2005),	where	species	are	defined	as	rare	when	their	abundance	is	
not higher than their rank in the rank abundance curve (Figure S5.7). To ensure that 
the	rare	biosphere	would	not	be	overestimated,	we	recalibrated	cut-offs	by	the	sam-
pling depth value, i.e. the ratio of the number of observed species (Sobs) to the number 
of estimated species (Schao1).	Although	this	calibration	step	is	useful,	it	did	not	influence	
our dataset due to our high sampling depth, which ensured that the observed rich-
ness values were close to the real species distributions (i.e. rarefaction curves steadily 
reached a plateau, Figure S5.3).

	 By	using	this	approach,	the	average	of	sample-specific	rarity	cut-offs	was	identified	
as 0.2% (Figure S5.8, S5.6A). Furthermore, as Chao1 represents the lower bound of the 
richness	estimation	(Haegeman	et	al.	2013),	we	tested	two	additional	rarity	cut-offs,	
i.e. 0.2% and 0.05%, which aligned with the tails of the relative abundance curves and 
represents	intervals	deviations	from	the	usually	fixed	threshold	of	0.1%.	We	split	the	
dataset into two community components (the rare and common biospheres) by using 
above-mentioned criteria, which entailed the tails of rank abundance curves in our 
dataset (0.2%, 0.1% and 0.05%; Figure S5.6A).

Define distinct types of rarity and commonness
After	defining	the	rare	and	common	biospheres,	we	further	classified	rare	and	common	
ASVs into distinct types of rarity and commonness (Figure S5.2), as follows: ‘condition-
ally rare/common’—rare ASVs in one or few samples that are occasionally common in 
other samples; ‘transiently rare’—ASVs that appear only once in the rare biosphere 
across all samples (stage of succession and sampling time); ‘permanently rare’—ASVs 
that are only present in the rare biosphere and appear more than once across all the 
samples; ‘permanently common’—ASVs consistently present above the rare threshold 
across	all	 samples.	 It	 should	be	mentioned	at	 this	point	 that	properly	defining	per-
manently rare ASVs is challenging. In this study, we sampled bacterial communities 
across a spatial chronosequence (from early ‘sandy’ to mature ‘clay’ soils), considering 
within-stage temporal variations (from May, July, September, and November). Such 
efforts	allowed	a	thorough	depiction	of	soil	bacterial	communities	in	this	system,	thus	
supporting a valid representation of the distinct types of rarity, in particular with re-
spect to permanently rare ASVs.

Community analysis
Principal coordinate analysis (PCoA, ‘pcoa’ function in the package ape) was used to 
visualize community distances using Bray-Curtis distances (‘vegdist’ function in the 
vegan package) (Dixon 2003, Paradis et al. 2004). To assess whether biosphere com-
ponent,	stage	of	succession	and	sampling	time	had	significant	effects	on	the	bacterial	
community structure, permutational multivariate analysis of variance (PERMANOVA, 
‘adonis’ function in the vegan package) was performed based on Bray-Curtis distances 
using 9,999 random permutations.
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Quantifying the relative influences of distinct community 
assembly processes
To quantify community assembly processes structuring the common and rare bio-
sphere, we used a previously developed approach (Stegen et al. 2013). Namely, phylo-
genetic community turnover was inferred based on values of the β-nearest taxon index 
(βNTI) across all samples. We calculated βNTI using the package picante and the script 
created by Stegen et al. (2013), which is the standardization of between-community 
mean nearest taxon distance (βMNTD), as follows:

𝛽𝛽MNTD = 0.5 *∑ 𝑓𝑓!"min(∆𝑖𝑖"𝑗𝑗#) +
$!
!!%&

∑ 𝑓𝑓!#min(∆𝑖𝑖#𝑗𝑗")
$"
!"%& 6	,  

𝛽𝛽𝛽𝛽TI = '()*+#$%,'()*+&'((
-.('()*+&'(()

(5.1)
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 (5.2) 

ative abundanwhere fik is the rel ce of ASV i in community k, nk is the number of ASVs in 
community k, fim is the relative abundance of ASV i in community m, nm is the number 
of ASVs in community m, and min (∆ik jm) is the phylogenetic distance among closest 
ASVs occurring in community k and community m. The distribution of βMNTD from 
null	models	was	built	by	shuffling	ASVs	among	the	tips	of	the	phylogenetic	tree	with	
999 permutations. βNTI values above +2 indicate a greater phylogenetic turnover in 
observed communities compared to that of the null model distribution. This indicates 
a	strong	influence	of	variable	selection	on	community	turnover.	βNTI values below -2 
indicate lower phylogenetic community turnover in observed communities compared 
to	that	of	the	null	model	distribution,	which	further	indicates	the	influence	of	homoge-
neous selection on community assembly (Stegen et al. 2013, Dini-Andreote et al. 2015, 
Stegen et al. 2015). If -2 < βNTI <	+2,	community	turnover	does	not	significantly	de-
viate from null expectation, and is thus governed mostly by stochastic processes, such 
as dispersal limitation, homogenizing dispersal or undominated processes. To disen-
tangle these processes, in a follow-up analytical step, the Raup-Crick matrix based on 
the standardized Bray-Curtis matrix (referred to as RCbray) was used to test whether 
the observed degree of turnover deviates from the expectation (Chase et al. 2011). We 
applied the script created by Stegen et al. to compute RCbray matrix for all communities 
(Stegen et al. 2013). A null distribution of the Raup-Crick matrix was built by simu-
lating 999 times each pair of communities. The RCbray was calculated by the deviation 
between observed values and the null distribution, which were rescaled to a range from 
-1 to +1. RCbray > +0.95 indicates dispersal limitation coupled with drift that leads to 
community turnover greater than the expected, whereas RCbray < -0.95 indicates that 
community turnover is primarily governed by homogenizing dispersal. Last, -0.95 < 
RCbray <	+0.95	is	interpreted	as	indicating	undominated	processes.	We	quantified	the 
relative	influences	of	each	of	these	processes	by	calculating	the	percentage	βNTI and 
RCbray	values	that	fulfil	the	above	criteria	across	all	the	pairwise	comparisons	per	each 
community compartment (Figure S5.1, Step 3).
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Results
We	obtained	a	rarefi	ed	feature	table	containing	31,500	cDNA	sequences	per	sample,	
encompassing a total of 22,490 potentially active ASVs. Rarefaction curves of most 
of the samples reached a steady plateau, and the estimated ASVs richness using the 
Chao1 index was mostly equivalent to the observed richness, thus indicating a good 
representation of ASV richness in our dataset (Figure S5.3, S5.4). The structure of 
bacterial	 communities	 signifi	cantly	 changed	 along	 the	 successional	 chronosequence	
(PERMANOVA R2 = 0.45, P < 0.01 for Jaccard distance and R2 = 0.61, P < 0.01 for 
Bray-Curtis distance; Figure S5.5 and Table S5.1), similar to previous observations 
(Dini-Andreote et al. 2014). 
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Figure 5.1 The distribution of bacterial species in the common and rare biospheres. (A) Sampling sites are 
shown	on	the	map	of	the	island	of	Schiermonnikoog,	the	Netherlands.	Distinct	colours	represent	diff	erent	suc-
cessional stages along the soil chronosequence that gradually develops from the east to the west. Dots represent 
the	sampling	sites	at	fi	ve	successional	stages,	namely	0,	10,	40,	70	and	110	years	of	succession	(from	1809	to	
2017).	Modifi	ed	version	from	Dini-Andreote	et	al.	(2016a).	This	image	was	originally	generated	using	ArcGIS.	
(B) The number of rare and common ASVs and the number of shared ASVs in the rare and common biospheres. 
(C) Principal Coordinate analysis (PCoA) derived from Bray-Curtis distance of bacterial composition for the 
rare	and	common	biospheres	represented	by	open	and	fi	lled	symbols,	respectively.	Symbols	represent	succes-
sional stages (0, 10, 40, 70 and 110 years in succession). Percentage in the axis labels shows the variation of 
species composition explained by each ordinate.
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Bacterial composition in the rare and common biospheres
Based	on	a	rarity	cut-off		of	≤ 0.1% of total relative abundance per community, the rich-
ness of the rare biosphere (encompassing 22,368 ASVs) was roughly 10-fold higher 
than that of the common biosphere (total of 2,319 ASVs, Figure 5.1B, Figure S5.9). 
Moreover,	the	rare	and	common	biospheres	diff	er	in	phylum	composition,	in	that	the	
rare biosphere encompassed a larger number of bacterial phyla (total of 44) compared 
with the common biosphere (total of 22, Figure S5.10). Also, 22 bacterial (candidate) 
phyla were exclusively found within the rare biosphere. The composition of ASVs was 
also	signifi	cantly	diff	erent	between	the	rare	and	common	biospheres	(PERMANOVA	
R2 = 0.12, P < 0.01; Figure 5.1C, Table S5.2), and there was even distinct community 
composition across each successional stage (PERMANOVA R2 = 0.27, P < 0.01). As 
succession proceeds, the level of divergence between the rare and common biosphere 
was found to progressively increase (Figure 5.1C). In line with this observation, PER-
MANOVA	analysis	revealed	a	signifi	cant	interaction	between	successional	stages	and	
the community component (rare and common biospheres; PERMANOVA R2 = 0.20, P
< 0.01). It is worth mentioning here that similar patterns of β-diversity were obtained 
using	the	rarity	cut-off		values	of	0.2%	and	0.05%	(see	Figure	S5.11	and	Table	S5.2).
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Figure 5.2	The	relative	 influence	of	each	assembly	process	shapes	 the	species	 turnover	of	 the	common	(A) 
and rare (B)	 biospheres.	 Pie	 plots	 show	 the	 relative	 influence	 of	 each	 assembly	 process	 across	 all	 samples.	
Bar plots in the middle and right show the interplay of assembly processes governing the temporal variation 
of communities within each successional stage (i.e. 0, 10, 40, 70 and 110 years in succession), and driving the 
spatial variation of communities across successional stages at four sampling times (i.e. May, July, September 
and November), respectively. The βNTI and RCbray values were used to quantify the relative importance of each	
assembly	 process.	 Colours	 represent	 different	 assembly	 processes,	 i.e.	 variable	 selection,	 homogeneous	
selection, dispersal limitation, homogenizing dispersal and undominated processes. The asterisk represents 
the impact of homogenizing dispersal and undominated processes for the turnover of the complete community, 
which are 0.56% and 0.06%, respectively.
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The influence of assembly processes structuring the rare and 
common biospheres
Our results revealed that distinct processes mediate the structure of the bacterial rare 
and common biospheres. Overall, the taxa turnover of the rare biosphere was largely 
governed by homogeneous selection (66.67%, Figure 5.2B). Variable selection and 
dispersal	limitation	also	had	minor	influences	on	the	rare	biosphere,	i.e.	19.94%	and	
13.39%, respectively. On the other hand, common biosphere assembly was governed 
by a dynamic interplay among variable selection, homogeneous selection, dispersal 
limitation, undominated processes, and homogenizing dispersal (Figure 5.2A).

	 Similar	results	were	observed	when	we	used	the	rarity	cut-off	values	of	0.2%	and	
0.05%	to	define	the	rare	biosphere	(Figure	S5.12).	Specifically,	homogeneous	selection	
together with variable selection and dispersal limitation had consistent impacts on 
turnover	of	the	rare	biosphere	at	the	three	rarity	cut-offs	(Figure	S5.12B).	Variable	se-
lection was consistently the most important process regulating community turnover of 
the common biosphere (Figure S5.12A). For both the rare and common biospheres, the 
influence	of	homogeneous	selection	gradually	decreased	once	the	rarity	cut-off	became	
stricter (from 0.2% to 0.05%), whereas the importance of variable selection and dis-
persal	limitation	slightly	increased	(the	relative	influence	of	variable	selection	changed	
from	19.04%	 to	25.03%;	 the	 relative	 influence	of	dispersal	 changed	 from	11.53%	 to	
16.05%).
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Types of rarity and commonness. 
We	identified	a	total	of	11,838	permanently	rare	ASVs	(encompassing	38	phyla),	8333	
transiently rare ASVs (42 phyla), 2197 conditionally rare/common ASVs (21 phyla), 
and	122	permanently	common	ASVs	(11	phyla)	using	the	rarity	cut-off	of	0.1%	(Figure	
S5.13). By quantifying the abundance and richness of each type of rarity/commonness, 
we found that permanently rare and conditionally rare ASVs are the dominant types 
of rarity in the rare biosphere (Figure 5.3, Table S5.3). In terms of relative abundance, 
more than half of the rare biosphere is represented by permanently rare ASVs (54.73 ± 
0.85%, average ± standard error), followed by conditionally rare ASVs (41.13 ± 0.96%). 
This occurs even though the number of conditionally rare ASVs (437 ± 15 ASVs) is far 
lower than that of permanently rare ASVs (1,258 ± 53 ASVs). Last, transiently rare 
ASVs (139 ± 13 ASVs) only constituted 4.14 ± 0.42% of the total abundance of the 
rare biosphere. On the other hand, for the common biosphere, conditionally common 
ASVs (185 ± 4 ASVs) formed the dominant type of commonness, which encompassed 
95.84 ± 0.41% of the total abundance of the common biosphere, whereas permanently 
common ASVs (5 ± 1 ASVs) only encompassed 4.16 ± 0.41% of the total abundance 
(Figure 5.3, Table S5.3).

 The relative abundance and richness of each type of rarity/commonness shifted 
along	with	the	decrease	in	rarity	cut-offs	(i.e.	0.2%,	0.1%	and	0.05%).	Regarding	the	
rare	biosphere,	 the	 total	relative	abundance	decreased	as	 the	rarity	cut-off	becomes	
stricter,	 i.e.	 61.59%,	 45.65%	 and	 28.36%	 at	 rarity	 cut-off	 values	 of	 0.2%,	 0.1%	 and	
0.05%,	 respectively.	Moreover,	 as	 the	 rarity	 cut-off	 became	 stricter,	 the	 proportion	
of permanently and transiently rare ASVs decreased, while conditionally rare ASVs 
increased (Figure S5.14, S5.15 and Table S5.3). Regarding the common biosphere, the 
proportion of conditionally common ASVs decreased, while permanently common in-
creased	as	the	rarity	cut-off	became	stricter	(Figure	S5.14,	S5.15	and	Table	S5.3).

Discussion
The microbial rare biosphere is crucial for maintaining ecosystem diversity and func-
tioning. However, it remains unknown how this large component of microbial commu-
nities is structured, and which ecological processes such as selection, dispersal, drift 
and	diversification	contribute	to	the	dynamics	of	this	large	proportion	of	low	abundant	
microbes. Here, we applied a quantitative approach to investigate how these processes 
govern the spatiotemporal turnover of the actively rare and common biospheres of 
bacterial communities across a natural soil chronosequence. We have opted for an 
RNA-based	approach	to	profile	bacterial	communities,	rather	than	usual	DNA-based,	
as the latter has the risk of misestimating rare species due to the pervasive existence 
of relic DNA in soil (Carini et al. 2016). Although RNA-based approaches also have 
limitations,	such	as	the	variable	number	of	ribosomal	transcripts	at	different	activities,	
we argue that this approach is more relevant for rare biosphere studies, as it controls 
for pseudo-rare species that can be potentially detected by DNA-based approach. Even 
though the RNA approach might wrongly classify rare species with high copy numbers 
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of rRNA as abundant, it provides certainty that all active rare species are real and alive. 
Since	 the	overall	 assembly	processes	did	not	differ	 significantly	between	DNA-	and	
RNA-based approaches (Jia et al. 2020), we expected to draw similar conclusions for 
the rare biosphere when using the DNA-based approach.

 Using a primary succession system, where variation in soil physicochemical char-
acteristics coexists with similar source communities, we showed that selection was the 
main driver of both rare and common biospheres. This is in accordance with previ-
ous	findings	that	both	the	rare	and	common	biospheres	show	similar	biogeographic	
patterns, i.e. species in these two sub-communities are sensitive to environmental 
conditions (Logares et al. 2013, Jiao and Lu 2020). However, in this study, we further 
demonstrate that the rare and common biospheres are assembled through a distinct 
interplay of ecological processes.

Turnover of the rare biosphere is mainly driven by homogeneous 
selection
Collectively, our results reveal that homogeneous selection, variable selection and dis-
persal limitation led to higher ASV richness in the rare biosphere. The fact that the rare 
biosphere	was	primarily	influenced	by	homogeneous	selection	indicates,	according	to	
our hypothesis, that the permanently rare species represent the main type of rarity 
observed in the rare biosphere. This suggests that a large fraction of the rare biosphere 
is not driven by biotic and abiotic variation. Rather, the environmental conditions that 
largely impose selection on the rare biosphere turnover are constant in our system, 
such as sodium content (Dini-Andreote et al. 2015). Similarly, a study that targeted 
culturable low abundant bacteria found that the relative abundance of slow-growing 
rare	taxa	was	not	affected	by	changes	in	nutrient	concentration	(Kurm	et	al.	2019b).	
These results together suggest permanently rare ASVs have potential selection advan-
tages at low abundances with a particular set of ecological traits (e.g. low growth rate 
and	 competitive	 ability)	 that	 enable	 them	 to	 withstand	 environmental	 fluctuation,	
therefore, ensuring long-term persistence.

 Variable selection was a secondary but important process structuring the turnover 
of the rare biosphere. Some soil physicochemical properties substantially changed 
throughout the course of succession in this ecosystem or sampling times (Dini-Andreote 
et al. 2014), which expectedly imposes variable selection. For example, a large change 
in the quality and quantity of soil organic matter has been shown to be consistent with 
variable selection across successional stages (Dini-Andreote et al. 2015). In line with 
our hypothesis, variable selection operating through changes in environmental con-
ditions was responsible for the dynamics of conditionally rare species; conditionally 
rare ASV was another dominant type of rarity in our system. This idea is supported 
by	Kurm	et	al.	who	found	that	rare	taxa	with	the	ability	to	grow	fast	are	affected	by	
variation in nutrient concentration (Kurm et al. 2019b). Conditionally rare taxa relying 
on labile nitrogen for metabolism were also found to increase in abundance as nitrogen 
limitation	is	alleviated	(Aanderud	et	al.	2018).	These	collectively	confirm	that	the	shift-
ing of species between the rare and common biospheres is related to environmental 
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fluctuations,	i.e.	variable	selection	can	be	responsible	for	the	presence	of	conditionally	
rare species (see discussion on balancing rarity and commonness).

 Last, dispersal limitation also contributed to the turnover of the rare biosphere, al-
beit to a lower extent. A previous study reported that rare taxa tend to be geographically 
restricted (Galand et al. 2009), and as such, we suggest that dispersal limitation might 
be important for the persistence of a small fraction of the transiently rare species. These 
transiently rare species are introduced via limited dispersal processes but are not capable 
of adapting to the new abiotic or biotic conditions, for instance immigrant bacteria face 
colonization resistance by the resident microbiome. In one study, transient food-borne 
bacteria were found to be able to temporarily coexist with the resident gut microbiome, 
but biotic competition hindered its long-term persistence within the community (Ivanov 
and Honda 2012). In this salt marsh ecosystem, transiently rare bacteria likely resulted 
from restricted dispersal processes, such as pelagic microbes carried by the tide, terres-
trial microbes dispersed by the wind, or microbes hitchhiking on eukaryotic organisms 
(Warmink et al. 2011, van Veelen et al. 2017). These transiently rare species have often 
been described in communities of macro-organisms(Snell Taylor et al. 2018); however, 
the dynamics and ecological roles of this type of rare species in the microbial communi-
ties remain mostly elusive. As such, understanding the ecological basis of their assembly 
and dynamics will provide the initial step towards this endeavour.

	 By	systematically	partitioning	the	rare	and	common	biospheres	at	three	cut-off	val-
ues (i.e. 0.05%, 0.1% and 0.2%), we found that the results of community assembly are 
highly	consistent.	Importantly,	the	relative	influences	of	distinct	ecological	processes	
and the types of rarity were found to change in a coordinated manner when increasing 
the	stringency	of	the	rarity	cut-off.	For	example,	the	influence	of	homogeneous	selec-
tion decreased congruously with the proportion of permanently rare ASVs in the rare 
biosphere,	and	the	influence	of	variable	selection	and	the	proportion	of	conditionally	
rare ASVs in the rare biosphere increased in a similar fashion. Similarly, the increased 
relative	 influence	 of	 dispersal	 limitation	 also	 aligned	with	 the	 increased	 number	 of	
transiently rare ASVs. Taken together, these results strengthen our conclusion that 
each	type	of	rarity	is	influenced	by	a	distinct	interplay	of	ecological	processes.

Turnover of the common biosphere is mostly governed by 
variable selection
To contrast the processes structuring the rare biosphere, we also investigated the 
assembly	of	 its	 counterpart,	 the	 common	biosphere.	Overall,	 the	 relative	 influences	
of community assembly processes changed in structuring the common biosphere as 
succession proceeded—an opposing pattern to that observed for the rare biosphere. 
Variable	selection	was	the	most	dominant	process	across	different	successional	stages	
and sampling time, namely selection operates through environmental heterogeneity 
and/or	biotic	interactions	(Dini-Andreote	et	al.	2015).	This	finding	indicates	that	the	
common	biosphere	is	likely	more	sensitive	to	biotic	and	abiotic	fluctuations	than	the	
rare biosphere. This is in agreement with the abundance of dominant bacterial taxa 
that	fluctuate	in	response	to	disturbance	treatments	(Kurm	et	al.	2019a).	For	exam-
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ple, members belonging to the phylum Cyanobacteria showed higher abundance in 
the common biosphere at early successional stages, i.e. 0 and 10 years of succession 
(Figure S5.10). At these sites, the vegetation coverage is patchy, which provided appro-
priate conditions for oxygenic photosynthetic organisms (Dini-Andreote et al. 2014). 
Besides, biotic interactions, such as antagonism, are more frequent among common 
rather than rare taxa (Rivett and Bell 2018). Unsurprisingly, the common biosphere 
mostly consisted of conditionally common species, which can retract into the rare 
biosphere under harsh environmental conditions. For instance, degraders of organic 
pollutants in the freshwater ecosystem were described as members of the condition-
ally rare taxa, dependent on the bioavailability of these pollutants (Wang et al. 2017). 
Campbell et al. also showed that around 55% of the bacterial taxa in marine systems 
can	fluctuate	between	abundant	and	rare	states(Campbell	et	al.	2011).	In	our	system,	a	
dominant role of variable selection in structuring the common biosphere was observed 
at	all	the	tested	rarity	cut-offs,	i.e.	from	0.2%	to	0.05%	(Figure	S5.12),	with	the	relative	
importance	of	selection	increasing	as	rarity	cut-off	value	was	decreased.	Specifically,	
the increase in variable and homogeneous selection aligns with the increased number 
of conditionally and permanently common ASVs, respectively (Figure S5.15).

	 Homogenizing	dispersal	and	undominated	processes	also	influenced	the	assembly	of	
the common biosphere, but not the rare biosphere. By analyzing microbial biogeograph-
ical patterns, Meyer et al. showed that abundant taxa are less restricted in distribution 
than low abundant ones (Meyer et al. 2018). A study of rare and dominant prokaryotic 
lineages in hydrothermal vent systems also reported that abundant lineages of archaea 
displayed a more cosmopolitan distribution, while rare lineages of archaea and almost all 
bacterial	lineages	are	not	widely	dispersed	(Anderson	et	al.	2015).	Together,	these	find-
ings	support	that	abundant	taxa	tend	to	be	influenced	by	homogenizing	dispersal	and	
display	widespread	distributional	patterns,	while	rare	organisms	tend	to	be	influenced	
by dispersal limitation and present narrow distributional patterns.

Balancing rarity and commonness
We show that the rare biosphere corresponds to about 90% of the total bacterial diver-
sity in these soils. Given that higher diversity helps to stabilize ecosystem processes in 
response to perturbation, decreases community susceptibility to invasion by non-na-
tive	microbial	taxa,	and	increases	nutrient	cycling	by	resource	partitioning	(Griffiths	
et al. 2001, Hooper et al. 2005, Langenheder et al. 2010, Bardgett and van der Putten 
2014, Mallon et al. 2018), it is likely that the rare biosphere accounts for a fundamental 
but underestimated role in the functioning and stability of soil ecosystems. We demon-
strate	in	this	study	that	the	ecological	processes	structuring	the	rare	biosphere	differ	
from that of the common biosphere, leading to distinct species distribution and com-
position.	Moreover,	 the	 relative	 importance	of	different	ecological	processes	 reveals	
the dynamics between these components of the soil bacterial communities, as exempli-
fied	in	Figure	5.4.	Specifically,	the	common	biosphere	consists	mostly	of	conditionally	
common species, which can retract into the rare biosphere under harsh environmental 
conditions. In this sense, part of the rare biosphere serves as a reservoir for the com-
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mon species, in which they can stay at low abundance to avoid harsh conditions and 
respond once favourable environmental factors emerge, thus building up their popula-
tion sizes (Figure 5.4). The remaining part (about 2/3 of the rare biosphere) however, 
is largely driven by a homogeneous selection, restraining these species to constant 
lower abundances. As such, these permanently rare species are more prone to perish 
in	response	to	environmental	disturbances,	which	can	lead	to	devastating	eff	ects	on	
the ecosystem processes provided by the rare biosphere.

Common                                                                             Rare
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Figure 5.4 Conceptual	fi	gure	displaying	the	relative	infl	uences	of	distinct	ecological	processes	on	the	dynamics	
of	the	common	and	rare	microbial	biospheres.	This	fi	gure	depicts	a	rank-abundance	curve,	in	which	species	
abundance (purple line) is ordered from high (common biosphere) to low (rare biosphere). In this study, we 
demonstrated that the majority of the rare species constantly remain at low abundances and are thus being 
structured by homogeneous selection (red arrow), whereas dispersal limitation (brown arrow) plays a reduced 
role. A substantial fraction of the common species and a large fraction of the rare species shift between the rare 
and common biospheres across space and time due to variable selection (green arrows). In contrast with the 
rare biosphere, the abundance of common species is also driven by homogenizing dispersal (brown arrow) and 
drift (blue arrow), and to a lesser extent by homogeneous selection (red arrow).
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Figure S5.1	Methodological	framework	to	calculate	the	relative	influences	of	distinct	assembly	processes,	us-
ing	phylogenetic	(Step	1)	and	taxonomic	(Step	2)	distribution	(modified	from (Stegen et al. 2013, Stegen et al. 
2015)). In Step 1 (upper left panel), (A) selection is inferred by the deviation of βMNTDobs from βMNTDnull

 

(i.e. βNTI value). (B, C) βMNTDobs (solid black lines) represents the phylogenetic distance between a given 
pair of communities, whereas βMNTDnull (dashed grey lines) indicates the null distribution of phylogenetic 
turnover, generated	by	 shuffling	 species	 in	 the	 tips	 of	 the	 phylogenetic	 tree.	 The	predominance	 of	 variable	
selection	 leads	 to distinct phylogenetic species composition between two communities, e.g. communities C1 
and C2 that dwell in distinct environmental conditions (illustrated in the upper right corner). In this case, the 
phylogenetic distance of observed communities (βMNTDobs) is higher than that of the null distribution 
(βMNTDnull), i.e. βNTI > +2.  Homogeneous selection (e.g. communities C1 and C3) generates a similar phylo-
genetic structure between observed communities in comparison with the null expectation, i.e. βNTI < -2. 
Non-significant deviation of βMNTD between observed communities and the null distribution indicates the 
absence of selection, i.e. that dispersal and/or drift processes govern community turnover (-2 < βNTI < +2). 
In Step 2 (upper right panel), (D) dispersal and /or drift are further quantified by the Bray-Curtis based Raup-
Crick (RCbray). (E, F) This is done by calculating the deviation in the taxonomic difference (Bray-Curtis) 
between a given pair of observed communities (Brayobs, solid black lines) and a randomly sampled 
distribution (Braynull, dashed grey lines). Dispersal limitation leads to a significant distinct community 
composition between a given pair of communities (e.g. communities C4 and C6), i.e. RCbray > +0.95. On the 
contrary, the predominance of homogenizing dispersal generates a significant clustering between a given pair 
of communities (e.g. communities C5 and C6), i.e. RCbray < -0.95. When neither selection nor dispersal is 
significant, i.e. neither βNTI nor RCbray are significantly different from the null distribution, the combination 
of drift, dispersal and selection (termed as undominated processes) is responsible for the random pattern in 
community turnover. In Step 3 (lower panel), the βNTI and RCbray matrices acquired from Step 1 and Step 2, 
are used to calculate the fraction of pairwise comparisons with significant values, which infer the relative 
influences of distinct assembly processes. In steps 1 and 2, circles with numbers indicate communities located 
in different locations and/or environmental gradients.
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Figure S5.2	Workflow	 for	defining	 the	 common	and	 rare	biospheres	and	classifying	 the	different	 types	of	
rarity	and	commonness.	Amplicon	sequence	variance	(ASVs)	were	defined	as	rare	or	common	in	each	commu-
nity	according	to	their	abundance,	and	then	classified	as	permanently	common,	conditionally	rare/common,	
transiently rare and permanently rare according to their rarity/commonness and/or frequency of occurrence 
across the complete dataset.
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Figure S5.3 Rarefaction curves of individual samples. Curves are visualized by the observed number of am-
plicon sequence variants (ASVs) against the number of sequence reads by randomly re-sampling. Lines with 
diff	erent	colours	indicate	diff	erent	samples/communities.	Sample	IDs	in	the	legend	indicate	the	successional	
stage, sampling month, and replicate (separated by underscores).
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Figure S5.4 Violin plots displaying α-diversity indices (i.e. richness, Chao1). The panels display values across 
successional stages (i.e. 0, 10, 40, 70 and 110 years) and sampling time (i.e. May, July, September and November).
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Figure S5.5 Principal Coordinate Analyses (PCoA) displaying bacterial community β-diversities across suc-
cessional stages (i.e. 0, 10, 40, 70 and 110 years) and sampling time (i.e. May, July, September and November). 
(A) PCoA plot based on Jaccard distances. (B) PCoA plot based on Bray-Curtis distances.
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Figure S5.6	Rarity	cut-off		values	based	on	the	rank	abundance	curves	of	all	samples	(grey	lines).	The	x-axis 
displays the abundance of amplicon sequence variants (ASVs) on a log scale, and the y-axis displays the rank 
of	their	abundances.	The	rarity	cut-off		values	are	shown	as	dashed	lines	and	their	respective	percentages	are	
indicated in the panels. (A)	Rarity	cut-off		values	are	commonly	used	in	the	literature	(1.0%,	0.1%	and	0.01%;	
blue	lines)	and	their	fi	t	on	our	dataset	(Galand	et	al.	2009,	Campbell	et	al.	2011,	Logares	et	al.	2014,	Reveillaud	
et	al.	2014).	The	orange	line	indicates	the	average	of	sample-specifi	c	cut-off	,	i.e.	0.2%	(for	further	detail,	see	
Figure S5.7). (B)	Distinct	rarity	cut-off		values	were	tested	in	this	study	(0.2%,	0.1%	and	0.05%;	blue	lines).
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Figure S5.7	Conceptual	fi	gure	displaying	the	method	used	to	defi	ne	the	sample-specifi	c	rarity	cut-off		based	
on the rank abundance curve of a community (green line). Species with abundances above the intercept line 
(y=ax,	orange	line)	are	classifi	ed	as	common,	and	those	below	as	rare.	The	slope	of	the	intercept	line	(a) rep-
resents the sequencing depth, i.e. the ratio of the value of observed species (Sobs) to the value of the estimated 
species (Schao1).
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Figure S5.8	Panels	displaying	 the	 sample-specifi	c	 rarity	 cut-off	s	of	 each	 individual	 sample	 in	our	dataset.	
The	sample-specifi	c	rarity	cut-off		values	are	set	between	57	and	81	reads	(numbers	in	blue).	ASVs	with	read	
counts	below	these	values	are	defi	ned	as	rare,	and	those	above	as	common.	The	average	of	the	sample-specifi	c	
rarity	cut-off	s	is	69	reads,	which	equals	to	0.2%	of	the	total	abundance	per	sample.	This	value	is	based	on	a	
rarefi	ed	ASV	table	at	31,500	reads	per	sample.	Partial	of	the	rank	abundance	curve	in	each	sample	is	showed	
by	grey	lines.	Red	lines	indicate	the	recalibrated	intercept	used	to	identify	the	sample-specifi	c	rarity	cut-off	s.	
Sample IDs on top of the panels indicate the successional stage, sampling month, and replicate (separated by 
underscores).
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Figure S5.9 Venn diagrams indicating the number of amplicon sequence variants (ASVs) in the rare (green 
circle)	and	common	(orange	circle)	biospheres.	Values	are	shown	at	rarity	cut-off	s	of	(A) 0.2%, (B) 0.1% and 
(C) 0.05%.
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Figure S5.10 Bar charts displaying the relative abundances of rare and common species per bacterial phyla 
(green	and	orange	bars,	respectively).	The	rare	and	common	biospheres	were	defi	ned	by	the	rarity	cut-off		of	
0.1%. The height of each bar represents the average relative abundance of each phylum in the corresponding 
sampling group. The x-axis displays the sampling time (M-May, J-July, S-September and N-November) and 
successional stage (0, 10, 40, 70 and 110 years), and the y-axis displays the relative abundances (in %).
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Figure S5.11 Principal Coordinate analyses (PCoA) based on Bray-Curtis distances of bacterial communities 
across successional stages (i.e. 0, 10, 40, 70 and 110 years), separated by the rare and common biospheres. Each 
plot	displays	the	result	at	a	diff	erent	cut-off		value:	(A) 0.2%, (B) 0.1% and (C) 0.05%.
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Figure S5.12	Plots	displaying	the	relative	infl	uences	of	distinct	assembly	processes	structuring	the	common	
(upper	panel)	and	rare	(lower	panel)	biospheres	at	diff	erent	rarity	cut-off		values	(0.2%,	0.1%	and	0.05%).	*indi-
cates	the	relative	infl	uences	of	homogenizing	dispersal	(0.23%)	and	undominated	processes	(0.11%)	for	the	rare	
biosphere	at	the	rarity	cut-off		of	0.2%.	**indicates	the	relative	infl	uences	of	homogenizing	dispersal	(0.23%)	
and	undominated	processes	(0.51%)	for	the	rare	biosphere	at	the	rarity	cut-off		of	0.05%.
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Figure S5.13 Bar charts displaying the number of amplicon sequence variants (ASVs) in each type of rarity and 
commonness	per	bacterial	phylum.	The	rare	and	common	biospheres	were	defined	at	the	rarity	cut-off	of	0.1%.	
The height of each bar represents the number of ASVs. 
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Figure continued from previous page
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Figure S5.14 Bar charts displaying the relative abundance of each type of commonness (A, C and E) and rar-
ity (B, D and F).	The	plots	display	changes	across	five	successional	stages	(0,	10,	40,	70	and	110	years)	and	four	
sampling times (M-May, J-July, S-September, N-November). The common and rare biospheres are shown at 
distinct	rarity	cut-offs:	(A, B) 0.2%, (C, D) 0.1%, and (E, F) 0.05%.
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Figure continued from previous page
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Figure S5.15 Bar charts displaying the number of ASVs of each type of commonness (A, C and E) and rarity 
(B, D and F).	The	plots	display	changes	across	five	successional	stages	(0,	10,	40,	70	and	110	years)	and	four	
sampling times (M-May, J-July, S-September, N-November). The common and rare biospheres are shown at 
distinct	rarity	cut-offs:	(A, B) 0.2%, (C, D) 0.1%, and (E, F) 0.05%.

Table S5.1 Permutational multivariate analysis of variance (PERMANOVA) results 
showing	the	influence	of	successional	stage	(Year),	sampling	time	(Month)	and	their	
interaction on the community β-diversity, based on (A) Jaccard distances and (B) 
Bray-Curtis distances, respectively.

Df Sums of Sqs Mean Sqs Pseudo-F R2 Pr(>F)
(A) Jaccard

Year 4 10.407 2.602 14.872 0.450 <0.001

Month 3 1.312 0.437 2.499 0.057 <0.001

Year:Month 12 4.428 0.369 2.109 0.191 <0.001

Residuals 40 6.998 0.175 0.302

Total 59 23.145 1

(B) Bray-Curtis

Year 4 12.317 3.079 32.226 0.611 <0.001

Month 3 0.997 0.332 3.480 0.049 <0.001

Year:Month 12 3.017 0.251 2.631 0.150 <0.001

Residuals 40 3.822 0.096  0.190

Total 59 20.153 1

Df - degrees of freedom; Sum of Sq - sum of squares; Mean Sqs - mean of squares; Pseudo-F - F value by 
permutation; R2 - explained variation; P-values based on 9999 permutations
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Table S5.2 Permutational multivariate analysis of variance (PERMANOVA) results 
based on Bray-Curtis distances of the bacterial rare and common biospheres. Results 
are	shown	at	distinct	rarity	cut-off	values:	(A)	0.2%,	(B)	0.1%,	and	(C)	0.05%.

Df Sums of Sqs Mean Sqs Pseudo-F R2 Pr(>F)
(A) 0.2%

Biosphere 1 6.485 6.485 52.443 0.130 <0.001

Month 3 1.007 0.336 2.714 0.020 <0.001

Year 4 13.426 3.356 27.143 0.270 <0.001

Biosphere:Month 3 1.380 0.460 3.719 0.028 <0.001

Biosphere:Year 4 10.092 2.523 20.404 0.203 <0.001

Month:Year 12 2.883 0.240 1.943 0.058 <0.001

Biosphere:Month:Year 12 4.586 0.382 3.091 0.092 <0.001

Residuals 80 9.893 0.124 0.199 

Total 119 49.752 1

(B) 0.1%

Biosphere 1 6.189 6.189 46.573 0.125 <0.001

Month 3 0.936 0.312 2.348 0.019 <0.001

Year 4 13.281 3.320 24.985 0.268 <0.001

Biosphere:Month 3 1.396 0.465 3.501 0.028 <0.001

Biosphere:Year 4 9.680 2.420 18.210 0.195 <0.001

Month:Year 12 2.751 0.229 1.725 0.056 <0.001

Biosphere:Month:Year 12 4.674 0.389 2.931 0.094 <0.001

Residuals 80 10.632 0.133  0.215 

Total 119 49.539 1

(C) 0.05%

Biosphere 1 5.988 5.988 38.187 0.119 <0.001

Month 3 0.974 0.325 2.071 0.019 <0.001

Year 4 12.408 3.102 19.784 0.247 <0.001

Biosphere:Month 3 1.343 0.448 2.855 0.027 <0.001

Biosphere:Year 4 9.271 2.318 14.783 0.185 <0.001

Month:Year 12 3.028 0.252 1.610 0.060 <0.001

Biosphere:Month:Year 12 4.619 0.385 2.455 0.092 <0.001

Residuals 80 12.544 0.157  0.250 

Total 119 50.175 1

Df - degrees of freedom; Sum of Sq - sum of squares; Mean Sqs - mean of squares; Pseudo-F - F value by 
permutation; R2 - explained variation; P-values based on 9999 permutations
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Table S5.3 Summary table displaying the percentage and richness of each type of 
commonness	and	rarity	at	distinct	cut-off	values	(0.2%,	0.1%,	and	0.05%).

Rarity 
cut-off

Biosphere Types of rarity/
commonness

Proportion in each 
biosphere (relative 
abundance)

Number of 
ASVs in each 
biosphere

0.2% Rare Permanently rare 66.92 ± 0.65% 1560.95 ± 59.27

Transiently rare 3.33 ± 0.36% 139.88 ± 12.85

Conditionally rare 29.75 ± 0.67% 249.25 ± 7.04

Common Conditionally common 98.54 ± 0.43% 73.88 ± 1.69 

Permanently common 1.46 ± 0.43% 0.98 ± 0.30

0.1% Rare Permanently rare 54.73 ± 0.85% 1258.00 ± 52.66

Transiently rare 4.14 ± 0.42% 138.88 ± 12.78

Conditionally rare 41.13 ± 0.96% 437.37 ± 14.85

Common Conditionally common 95.84 ± 0.41% 185.42 ± 4.06

Permanently common 4.16 ± 0.41% 5.25 ± 0.69

0.05% Rare Permanently rare 40.96 ± 0.88% 815.42 ± 40.01

Transiently rare 5.93 ± 0.58% 135.17 ± 12.41

Conditionally rare 53.11 ± 1.13% 632 ± 27.24

Common Conditionally common 90.77 ± 0.66% 413.42 ± 8.62

Permanently common 9.23 ± 0.66% 28.88 ± 2.88



CHAPTER 6
Effect	of	dispersal	by	inundation	on	soil	
bacterial communities depends on soil 
developmental stage
Xiu Jia*, Cas Cornet* and Joana Falcão Salles 

Abstract
Dispersal is crucial for the dynamics and assembly of bacterial communities during 
ecological succession. However, the relative importance of dispersal is often not di-
rectly measured. Here, a microcosm experiment was performed to directly evaluate the 
effect	of	dispersal	by	sea	water	inundation	on	bacterial	communities	from	soils	that	are	
naturally	subjected	to	different	inundation	regimes,	i.e.	the	early	and	late	stages	of	a	
salt marsh primary succession located on the island of Schiermonnikoog, the Nether-
lands. Bacterial communities were characterized through 16S rRNA gene sequencing 
over a treatment period of 20 days. Our results show that bacterial communities from 
two	 successional	 stages	 responded	 differently	 to	 inundation.	 Community	 structure	
changed systematically with time in the early stage soil, but was relatively stable in 
the	late	stage	soil.	In	the	early	stage	soil,	the	richness	of	bacterial	communities	signifi-
cantly increased over time, which was mainly driven by the increase of low-abundant 
bacteria.	The	different	influence	of	inundation	on	two	successional	stages	may	be	at-
tributed to both contemporary conditions and historical contingency. Taken together, 
our results highlight that bacterial communities in the early successional stage of salt 
marsh are sensitive to inundation and vulnerable to accelerated sea-level rise. 

In preparation for publication

*both authors contributed equally to this work
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Introduction
Intertidal salt marshes are important ecosystems and provide unreplaceable ecosys-
tem services, especially through soil bacteria, which are responsible for maintaining 
nutrient cycling, productivity and biodiversity (Baker et al. 2015, Wilbanks et al. 2017). 
With increased rates of sea-level rise, salt marshes will become a vulnerable ecosys-
tem (Church et al. 2013), as rapidly elevating sea-levels can break the balance of tidal 
erosion and sediment deposition as well as change salt marsh conditions (Kirwan and 
Murray 2007). Understanding how soil bacterial communities respond to this potential 
change in inundation is thus crucial, given their key role in sustaining this ecosystem.

	 Tidal	 inundation	 influences	soil	bacterial	communities	 in	salt	marsh	ecosystems	
through	both	abiotic	and	biotic	 factors.	Tidal	 inundation	periodically	fills	soil	pores	
leading to higher soil water content and lower soil oxygen conditions, which favours 
anaerobic microbes. Furthermore, the mean high water level determines the max-
imum of soil salinity (Wang et al. 2007), which strongly impacts the soil microbial 
community (Dini-Andreote et al. 2014). In addition to changes in soil physicochemical 
conditions, tidal inundation also contributes to the dispersal — the movement and 
establishment of organisms between habitats — of bacteria from marine to terrestrial 
habitats and among soils in adjacent locations and surface horizons. 

 Dispersal facilitated by the organism itself (active dispersal) or by external factors 
such as wind, water or another organism (passive dispersal) (Hanson et al. 2012), 
represents a crucial process linking adjacent local communities, which forms a meta-
community (Leibold et al. 2004). Limited dispersal results in distinct species com-
position across space (Stegen et al. 2015, Moeller et al. 2017), while excess dispersal 
can	cause	the	mass	effect	among	communities	(Adams	et	al.	2013,	Stegen	et	al.	2015).	
Even though the notion ‘everything is everywhere’ is often highlighted in microbial 
communities (de Wit and Bouvier 2006), microbial dispersal is not always barrier-free 
as suggested by evidence from biogeography and model analyses (Telford et al. 2006, 
O’Malley 2007, Wilkinson et al. 2012). A previous study has found dispersal limitation 
to be more prevalent than homogenizing dispersal in structuring salt marsh soil bac-
terial communities, suggesting that either the movement of bacteria is not facilitated 
by exogenous forces across habitats or a lower capacity for active dispersal among 
communities (Jia et al. 2020). Under sea-level rise scenarios, frequent inundation 
may result in excess dispersal from marine to terrestrial habitats causing that recip-
ient community (soil) to include a higher proportion of organisms immigrating from 
the sea water and homogenizing communities in microhabitats at the local scale (e.g. 
between soil horizons). 

 Bacterial species distributions are not regulated by dispersal alone, but the inter-
play between dispersal and other fundamental ecological processes, such as selection 
and drift (Vellend 2010, Vellend 2016). For instance, dispersal limitation maintains 
the diversity of manipulated microalgae communities, but only under the selection 
imposed by a light intensity gradient across local patches (Matthiessen et al. 2010). 
Moreover,	large-scale	(field)	experiments	that	manipulated	dispersal	rates	of	bacteria	
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demonstrated	that	dispersal	and	selection	have	interaction	effects	on	the	community	
structure (Evans et al. 2017, Albright and Martiny 2018). When selection pressure was 
strong,	variations	 in	bacterial	communities	were	similar	at	different	dispersal	rates;	
whereas, when selection pressure was low, communities experienced more variations 
at lower dispersal rates compared to higher dispersal rates (Evans et al. 2017). Final-
ly,	historical	contingency	via	the	effect	of	immigration	history	or	past	environmental	
conditions	also	affects	the	assemblage	of	species	(Fukami	2015,	Vass	and	Langenheder	
2017). For instance, early-arrive microbes might hinder the establishment of later-ar-
riving	ones	through	competitive	exclusion	(a.k.a.	priority	effect)	(Tucker	and	Fukami	
2014).	However,	experimental	evidence	on	how	dispersal	affects	the	soil	bacterial	com-
munities by interacting with environmental selection and historical contingency in salt 
marsh ecosystems is largely missing.

	 Quantifying	dispersal	and	its	relative	influence	on	shaping	bacterial	communities	
is often inferred from variations in β-diversity (Stegen et al. 2015, Louca et al. 2016). 
In	variation	partitioning	analysis,	the	effect	of	dispersal	limitation	is	evaluated	through	
the	correlation	of	community	dissimilarity	and	the	difference	in	distance	between	sites	
by partitioning out the autocorrelation of environmental variation across space (Gil-
bert and Lechowicz 2004, Legendre et al. 2005, Smith and Lundholm 2010). Since 
measured environmental factors cannot fully represent all environmental variations, 
the precise evaluation of dispersal in microbial ecosystems is still a challenge (Legen-
dre et al. 2005). 

	 Here,	we	performed	a	microcosm	experiment	 to	directly	evaluate	 the	 influence	of	
dispersal	by	inundation	and	tease	apart	the	interaction	effect	of	dispersal	with	contem-
porary and historical factors on soil bacterial communities. For that purpose, we took 
soils from the early and late successional stages of a primary succession chronosequence 
located in the island of Schiermonnikoog, the Netherlands. It presents an ideal arena 
to disentangle the interplay of assembly processes because the mechanisms controlling 
community assemblage gradually change as succession proceeds (Ferrenberg et al. 2013, 
Datta et al. 2016). Soil communities are naturally subjected to a decreasing inundation 
frequency from the early to late successional stages. Moreover, selection becomes more 
prominent with the development of the succession through increasing salt concentration 
and soil organic matter in the soil (Dini-Andreote et al. 2015, Jia et al. 2020). We thus 
tested	the	influence	of	dispersal	by	inundation	on	soil	bacterial	communities	by	apply-
ing	different	 inundation	 frequencies	of	natural	 (dispersal	with	bacterial	 immigration)	
or sterile (without bacterial immigration) sea water — which allows distinguishing the 
influence	of	inundation	between	biotic	and	abiotic	factors,	respectively	—	to	microcosms	
containing soils from early or late successional stages. The potential shifts in bacterial 
communities were followed through time (6 time points over a treatment period of 20 
days) using 16S rRNA gene sequencing. This set up allowed us to disentangle how the 
frequency	of	inundation	changes	community	structure	and	whether	this	effect	is	depen-
dent on contemporary and historical factors imposed on local bacterial communities. 
We	hypothesized	that	dispersal	by	inundation	has	less	influence	on	communities	that	
are under stronger selection (late successional stages) compared to communities that 
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experience less selection pressure (early successional stage). In other words, we expect 
the	effect	of	dispersal	frequency	to	be	linked	to	selection	pressure,	generating	different	
effects	depending	on	the	stage	of	succession.	Specifically,	we	predicted	that	low	dispersal	
frequency (compared to early stage soil control) will reduce the α-diversity and turnover 
(β-diversity) of the bacterial community structure in early stage samples, whereas high 
dispersal frequency (compared to late stage soil control) will increase the α-diversity and 
turnover (β-diversity) of the bacterial community structure in late stage samples, but to 
a lesser extent. Finally, we hypothesized that high levels of dispersal without immigra-
tion	(sterile	sea	water)	will	have	the	effect	of	homogenizing	bacterial	communities	at	the	
microscale in both stages of succession. This will be observed at the local scale through 
reduced α-diversity and turnover (β-diversity) when compared to conditions assisted by 
dispersal (natural sea water).

Materials and methods 
Soil sample collection
The soil used in the microcosm experiment was collected from two successional stag-
es, i.e. the 0-year stage (N53°30’20, E6°19’53) and the 70-year stage (N53°29’37, 
E6°16’21), from a primary ecological succession on the island of Schiermonnikoog, the 
Netherlands. The island grows eastwards by accumulating sediments on its eastern 
shore and exhibits distinct characteristics in biotic and abiotic factors across the chro-
nosequence. Early successional stage (0-year stage) is characterised by the beginning 
of plant colonization and frequent turbulence caused by daily tidal inundation, while 
late successional stage (70-year stage) is characterised by well-established vegetation 
and low frequency of tidal inundation (Dini-Andreote et al. 2014). Along with the in-
crease of plant biomass during succession, a high percentage of sand in the early stage 
soil is replaced by a high percentage of clay and silt in late stage soil (Dini-Andreote 
et al. 2014). Accordingly, salt concentrations, nutrients (e.g. soil nitrogen and carbon) 
in the early successional stages are relatively low and accumulate greatly at the late 
stages. Together, the food-web changes from mostly marine-derived to a more internal 
nutrients-based terrestrial ecosystem as succession proceeds (Schrama et al. 2012). On 
March 21st 2018, we collected surface soil (0–10 cm depth) from 0- and 70-year stages 
of the succession, and stored the soil at room temperature for 12 days before starting 
the microcosm experiment. 

Microcosm experiment setup
We	carried	out	a	time-series	(20	days)	microcosm	experiment	that	allowed	for	artificial	
application	 of	 sea	water,	 thus	mimicking	different	 inundation	 frequency	 levels	 (see	
Figure	6.1).	This	enables	us	to	examine	the	effect	of	dispersal	by	inundation	on	the	bac-
terial communities from soils collected from both stages. The soil of each successional 
stage was sieved through a 4-mm sieve to homogenize the sample and remove plant 
debris. Triplicate samples were taken from each soil stage as untreated samples (i.e. 0 
days) and stored in 15 ml falcon tubes at -20°C for DNA extraction. 12 grams soil from 
the 0-year stage and 7.5 grams soil from the 70-year stage, were distributed into PVC 
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cylinders of 125.66 cm3	(2	cm	radius	×	10	cm	height)	which	were	capped	by	a	piece	of	
cotton cloth on the bottom to retain the soil during inundation. The cylinders with soil 
were kept apart, according to the treatment and replicate, with separate boxes of 4.6 
litres (36 independent microcosms) comprising 12 treatments with an experimental 
replication of three (Figure 6.1 and S6.1). Each box contained 6 soil containing cylin-
ders,	that	were	destructively	sampled	at	different	time	points,	over	a	20-day	period.	
In	 each	 box,	 a	 drainage	 tap	was	 secured	 for	 controlling	water	 flow	 and	 inundation	
time,	and	a	foam	filter	medium	was	placed	on	the	bottom	to	allow	water	flow	and	re-
semble natural water retention of lower soil layers. We set up the microcosms at room 
temperature with windows covered to block direct sunlight. Every box representing 
a replicate of a successional stage (0- or 70-year old) was treated by inundation with 
either natural sea water (naturally-occurring immigrating bacteria) or sterile sea water 
(without	immigrating	bacteria)	at	four	inundation	frequencies,	i.e.	2×	per	day,	1×	per	
day,	1×	per	3	days	and	1×	per	7	days.	Within	those	frequencies,	2×	per	day	represents	
natural	tidal	inundation	frequency	at	0-year	stage,	while	1×	per	7	days	approximates	
the	low	tidal	inundation	frequency	at	70-year	stage	in	the	field.	PVC	cylinders	and	cloth	
were sterilized by autoclave, and boxes were cleaned with 70% ethanol before use.

 The sea water was collected daily during high tide from the Wadden Sea in the 
Netherlands (N53°28’28.0, E6°12’27.4) and incubated at room temperature for one 
day in 25 litre bottles before use. Part of the sea water was pressure cooked for 20 
minutes and incubated at room temperature for one day in 10 litre bottles before use 
for sterile water inundation. Inundation was simulated by retaining water in the boxes 
for 1h before draining. Destructive soil sampling was performed by taking 5 ml of soil 
at 2, 4, 8, 12, 16 and 20 days of a single cylinder for every replicate and treatment for 
DNA extraction using 15 ml falcon tubes and stored at -20°C. 

DNA extraction and sequencing
The DNA extraction was performed using the DNeasy PowerSoil Kit (QIAGEN, Germa-
ny). To optimise DNA extraction, 1.5 g and 0.25 g of soil were used from the 0- and 70-
year stage, respectively; because the 0-year stage has considerably higher volumetric 
mass density. Libraries of the V4 hypervariable region of bacterial 16S rRNA gene were 
constructed in accordance with the Earth Microbiome Project (Caporaso et al. 2011, 
Caporaso	et	al.	2012).	Each	25	µL	PCR	mixture	contained	12.5	µL	of	QuantaBio’s	Ac-
cuStart	II	PCR	ToughMix,	0.2	µM	primer	515F	(5’-GTGCCAGCMGCCGCGGTAA-3’),	
0.2	µM	primer	(5’-GGACTACHVGGGTWTCTA-AT-3’),	9.5	µL	of	MOBIO	PCR	water	
and	1	µL	of	template	DNA.	Each	sample	was	identified	by	a	12-base	barcode	sequence	
that linked on the forward primer. PCR started with 3 minutes at 94 °C followed by 23 
cycles	with	45	s	at	94	°C,	60	s	at	50	°C,	and	90	s	at	72	°C,	and	a	final	extension	for	10	
min	at	72	°C.	PCR	products	were	quantified	with	a	Quant-iT	PicoGreen	double-strand-
ed DNA kit (Invitrogen, USA) and combined into a pool with equimolar concentrations 
of	each	sample.	The	sample	pool	was	purified	with	the	AMPure	XP	Beads	(Beckman	
Coulter,	USA),	and	then	quantified	with	a	Qubit	fluorometer	(Invitrogen,	USA).	Pooled	
amplicons	were	diluted	 to	2	nM,	denatured,	 and	diluted	 to	 a	final	 concentration	of	
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6.75 pM with a 10% PhiX spike for increasing the diversity of our library. The paired-
end sequencing of the V4 region of 16S rRNA gene was done using an Illumina MiSeq 
platform (PE 150bp, Illumina, USA) using Version 2 chemistry sequencing reagent 
kit (Caporaso et al. 2011) at the Environmental Sample Preparation and Sequencing 
Facility (ESPSF) of the Argonne National Laboratory. 

Natural sea water

Sterile sea water

0          2           4           8          12          16         20    

Sampling day  

2 × / day
1 × / day
1 × / 3 days
1 × / 7 days

2 × / day
1 × / 7 days

Soil
0-year stage
70-year stage

inundation

Figure 6.1 Schematic representation of the microcosm experiment design and sampling timeline. Two types 
of soil (i.e. soil collected from the 0-year and 70-year stages of the primary succession) were imposed two 
inundation	conditions	(i.e.	natural	or	sterile	sea	water)	and	four	inundation	frequency	(i.e.	2×	per	day,	1×	per	
day,	1×	per	3	days,	and	1×	per	7	days).	Before	starting	the	experiment,	samples	were	taken	from	two	types	of	
soil (day 0). For each treatment, soil samples were collected on day 2, 4, 8, 12, 16 and 20. Control indicates the 
conditions	that	resemble	the	natural	situation,	namely	2×	per	day	for	the	0-year	stage	and	1×	per	7	days	for	the	
70-year stage. The experiment design was replicated three times.

Sequences and statistical analysis
The resulting sequences were processed through the QIIME2 pipeline (version 
2019.10). Raw sequences were demultiplexed, and then the DADA2 plugin was used to 
generate Amplicon Sequence Variants (ASVs) which are about 253 base pairs in length, 
in which sequences were trimmed from 0 to 250bp at both sides and chimera were 
removed by using the consensus approach. A Silva 132 (99%) Naive Bayes 515F/806R 
taxonomy	classifi	er	was	aligned	to	representative	sequences	to	assign	taxonomy	(Yil-
maz et al. 2014). Eukaryotic, archaeal, chloroplast and mitochondrial sequences were 
removed from the dataset. After rarefying the feature table at 13,000 reads per sample, 
we detected 21,547 amplicon sequence variants (ASVs) from 222 samples, consisting 
of	216	samples	with	diff	erent	treatments	over	the	course	of	the	experiment	(day	2,	4,	8,	
12, 16 and 20), and another 6 samples from day 0 to represent the initial soil bacterial 
communities of both soil stages before application of any treatments.

 All additional analyses were carried out in R (version 3.5.0) (RStudio Team 2015, 
R Core Team 2017). To distinguish which subsets (abundant and rare) of the bacterial 
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community contribute to the variation in bacterial diversity, each bacterial community 
was split into two subcommunities, i.e. the rare and common biospheres, using rarity 
cut-off		0.1%	of	total	abundance	per	sample.	In	brief,	a	collection	of	ASVs	with	relative	
abundance <	0.1%	in	a	community	was	defi	ned	as	the	rare	biosphere,	while	others	were	
collectively	defi	ned	as	the	common	biosphere.	Richness	was	calculated	by	the	‘diver-
sity’	function	in	the	package	vegan	(Dixon	2003).	Spearman’s	rank	correlation	coeffi		-
cient of a relationship between the number of ASVs and sampling time was extracted 
by the ‘stat_cor’ function in the package ggpubr (Kassambara 2017). Principal coordi-
nate analysis basic on Bray-Curtis distance was performed using the ‘pcoa’ function in 
the	package	ape.	To	evaluate	which	factors	signifi	cantly	infl	uence	bacterial	community	
structure, permutational multivariate analysis of variance (PERMANOVA) was per-
formed using the ‘adonis’ function in the vegan package.  To investigate the temporal 
turnover of bacterial communities, the linear regression between Bray-Curtis distance 
between observed communities and their temporal distance (days between sampling 
time) was analyzed by using the ‘lm’ function in the stats package. To further examine 
the level of variance in β-diversity, distance to centroid between days for each commu-
nity was determined via betadisper()$distances (Anderson et al. 2006). Figures were 
generated using the ggplot2 package (Wickham 2010). All scripts used in this study are 
available on GitHub: https://github.com/Jia-Xiu/dispersal_experiment_2018.

Results
Overall treatment eff ect
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Figure 6.2 Correlation between richness of bacterial community and sampling time. Trend lines were drawn 
only	for	signifi	cant	linear	correlations	(p < 0.05) between richness (y-axis) and sampling day (x-axis) based on 
the	Spearman	method.	The	Spearman’s	rank	correlation	coeffi		cient	(R)	and	signifi	cance (p) are given in the 
bottom right corner of each panel. Panels are separated by soil stage per row and inundation frequency per 
column.	The	legend	shows	the	format	diff	erences	between	the	water	treatments.

Before	addressing	our	questions,	we	fi	rst	considered	the	overarching	response	of	diff	er-
ent treatments on bacterial communities from two types of soil during the microcosm 
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experiment. Our results showed that successional stages and sampling time have a stron-
ger	infl	uence	on	α-diversity than the frequency and water type of inundation treatment 
(Figure 6.2, Figure S6.2). The richness and evenness of soil bacterial community were 
higher in the late successional stage (70-year) compare with the early successional stage 
(0-year) during the course of the experiment (0-year vs. 70-year comparison, Wilcoxon 
test, P <	0.05),	even	though	the	diff	erence	of	richness	between	two	types	of	soil	were	
not	signifi	cant	at	day	16	and	20	(Figure	S6.2).	Before	starting	the	experiment,	the	70-
year stage also showed higher α-diversity	than	the	0-year	stage,	though	not	signifi	cant	
(Figure S6.2). At the start of the inundation treatment, the α-diversity in the 0-year stage 
decreased immediately at day 2 and then gradually increased over time, while the 70-
year stage remained stable across the course of the experiment (Figure 6.2, Figure S6.2). 
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Figure 6.3 Principle coordinate analysis based on Bray-Curtis distances showing β-diversity of bacterial 
communities	 under	 diff	erent	 inundation	 treatments	 in	 (A) the complete dataset, the dataset of (B) 0- and 
(C) 70-year stages. Points indicate bacterial communities. Colours represent sampling day after starting the 
inundation experiment. Shapes represent (A) successional stages or (B, C) the water type of inundation, name-
ly	fi	lled	circles	 indicate	natural	sea	water	adding	treatments,	while	open	circles	 indicate	sterilized	sea	water	
adding treatments.

Similarly, our data on beta diversity revealed that successional stage was the major 
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driver of community composition (PERMANOVA: R2 = 0.71, P < 0.001; Figure 6.3A, 
Table S6.1). The largest variation in bacterial community composition was explained by 
successional stage (PCoAfirst	axis=71,2%), in which 0-year stage showed larger variations 
than 70-year stage during the course of the experiment (PCoAsecond axis=2,2%; Figure 
6.3, Table S6.1 and S6.2). Sampling time and the interaction between the successional 
stage	 and	 sampling	 time	 also	 influenced	 the	 variabilities	 in	 bacterial	 communities,	
even though to a lower extent (PERMANOVA, R2 = 0.034 and R2 = 0.028, respectively; 
P < 0.001, Table S6.1). 

The influence of inundation by natural sea water
As	expected,	the	effect	of	dispersal	by	inundation	on	soil	bacterial	communities	was	
dependent on the successional stage. Soil bacterial communities from the 0-year stage 
subjected to inundation by natural sea water showed an increase in richness over time 
regardless of inundation frequency (Spearman’s correlation: R ≥ 0.73, p < 0.001; Figure 
6.2 upper panel). While the correlation was not observed in the 70-year stage, except 
for	the	lowest	inundation	frequency	(1×	per	7	days	treatment;	Spearman’s	correlation:	
R = 0.47, p = 0.047; Figure 6.2 lower panel). These results indicate that the diversity of 
soil bacterial communities from the 70-year stages are more stable in response to shifts 
in inundation frequency when compared to that of the 0-year stage. 

 We further investigated whether the observed changes in bacterial communities 
were	linked	to	the	rare	and/or	abundant	bacteria	components	by	using	rarity	cut-off	
0.1%.	Our	data	revealed	that	the	temporal	effect	on	richness	in	both	successional	stag-
es was driven mainly by the rare biosphere (average 77% and 80% of total ASVs in 
0- and 70-year stage, respectively; Figure S6.3). In accordance, the number of ASVs 
in the rare biosphere depicted a nearly identical pattern to the overall richness for the 
0-year stage (Spearman’s correlation: R ≥ 0.72, p < 0.05), but not the 70-year stage 
(Figure	S6.3B).	In	the	common	biosphere,	no	significant	correlation	was	observed	be-
tween the number of ASVs and sampling time for both 0- and 70-year stage, except for 
a	weakly	significant	positive	correlation	when	inundated	with	1×	per	7	days	in	0-year	
stage (Spearman’s correlation: R = 0.47, p = 0.047, Figure S6.3A). 

	 We	observed	no	 effect	 of	 inundation	 frequency	on	bacterial	 community	 compo-
sition (Bray-Curtis distances) inundated by natural sea water when considering both 
successional stages together (Table S6.1). Since two successional stages exhibit distinct 
soil bacterial community composition, we further performed β-diversity analysis with-
in each successional stage. Results showed that most of the variations among commu-
nities were derived from sampling time (PERMANOVA, R2 = 0.25 and R2 = 0.18 for 
0-and 70-year stage, respectively; P < 0.001) and the interactions between sampling 
time and inundation frequency (PERMANOVA, R2 = 0.189 and R2 = 0.203 for 0- and 
70-year stage, respectively; P < 0.001; Table S6.3 and S6.4, Figure 6.3B, 4C). The in-
fluence	of	inundation	frequency	was	significant,	but	to	a	lesser	extent	(PERMANOVA,	
R2 = 0.049 and R2 = 0.045 for 0-and 70-year stage, respectively; P < 0.001; Table S6.3 
and S6.4, Figure 6.3B, 4C). Besides, the bacterial communities from the 0-year stage 
showed higher temporal turnover than those from the 70-year stage (Figure 6.4). How-
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ever, this increase in turnover was similar across all inundation frequencies (Figure 
6.4).
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Figure 6.4 Regression analysis of the temporal turnover of the bacterial communities. Community dissimi-
larity is measured in Bray-Curtis distance, and delta time is the time distance between a given pair of samples 
in days. Panels are separated by soil stage per row and inundation frequency per column. The legend shows 
the	format	diff	erences	between	the	water	treatments.	Trendlines	characterize	the	ordinary	least	squares	linear	
regression model with the formula and r2 given at the top for every water treatment observed in the panel.

Diff erence in natural and sterile sea water inundation
The richness of bacterial communities under sterile sea water inundation shows simi-
lar	patterns	as	in	natural	sea	water	treatment.	Though	signifi	cant	correlations	between	
richness and time were only observed in 0-year stage at the inundation frequency of 
2×	per	day	(Spearman’s	correlation:	R = 0.61, P < 0.01), and in 70-year stage at the 
inundation	frequency	of	1×	per	7	days	(Spearman’s	correlation:	R = 0.55, P = 0.017; 
Figure 6.2). In consistence with results from natural sea water treatments, under ster-
ile sea water inundation, the temporal changes of richness in the rare biosphere were 
coherent with that of entire communities, suggesting that the response of bacterial 
communities to sterile sea water inundation was also primarily induced by the low 
abundant bacteria (Figure S6.3B).

	 A	 signifi	cant	 diff	erence	 in	 community	 composition	 was	 observed	 between	 nat-
ural and sterile sea water treatments (PERMANOVA: R2 = 0.009, P < 0.001), even 
though	 less	 strong	compared	with	 the	 infl	uence	of	 successional	 stage	and	sampling	
time (Figure 6.3, Table S6.2). When focusing on each successional stage, we found that 
the	diff	erence	between	natural	and	sterile	sea	water	treatments	was	larger	in	0-year	
stage than 70-year stage (PERMANOVA, R2 = 0.098 and R2 = 0.022 for 0- and 70-year 
stage, respectively; P < 0.05; Figure 6.3B, 6.3C and Table S6.5, S6.6). Furthermore, 
inundation by natural sea water led to a stronger variance of soil bacterial communities 
compared	to	inundation	by	sterile	sea	water	(Figure	6.5),	even	though	this	diff	erence	
was	insignifi	cant	(Table	S6.7).
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Figure 6.5 Boxplots represent the variance of β-diversity based on Bray-Curtis distances. The value of each dot 
represents the distance of each bacterial community to the average centroid of the corresponding group. The 
0-year stage is plotted on the left and the 70-year stage on the right. Natural and sterile sea water treatments 
are presented in grey and black, respectively. 

Discussion
The dispersal of microbial cells is often taken for granted due to their small size, high 
abundance and relatively short generation time. However, it has seldom been properly 
quantifi	ed	from	an	experimental	perspective	and	in	the	context	of	selection	(Nemergut	
et	al.	2013).	This	study	aims	at	exploring	the	infl	uence	of	dispersal	processes	through	
tidal inundation and their interaction with contemporary conditions and historical 
contingency	on	the	soil	bacterial	communities	in	a	salt	marsh	ecosystem.	Our	fi	ndings	
revealed that soil bacterial communities change in structure while keeping a similar 
number	of	species	in	response	to	the	frequency	of	inundation.	The	infl	uence	of	inunda-
tion was weaker than that of the successional stage, indicating that the degree of selec-
tive pressure, diversity or historical contingency exerted by the successional stages has 
been	sustained	over	the	course	of	the	experiment.	Furthermore,	time	infl	uenced	more	
heavily the observed changes in community structure than inundation frequency, sug-
gesting	that	the	infl	uence	of	inundation	on	soil	bacterial	communities	emerge	over	a	
longer time scale. Below we discuss these aspects in the context of diversity, abiotic 
constraints, historical contingency, and bacterial abundance.

Contemporary conditions and historical contingency contribute 
to the response of soil bacterial communities to inundation
In order to verify whether dispersal by inundation would depend on contemporary condi-
tions and historical contingency, we applied several inundation frequencies to soil bacterial 
communities	from	contrasting	succession	stages.	Our	results	show	signifi	cant	changes	in	
bacterial communities over the course of the inundation experiment in early successional 
stages, while bacterial communities were relatively stable at late successional stages. The 
diff	erence	in	stability	between	successional	stages	might	relate	to	both	contemporary	con-
ditions and historical contingency at two successional stages. First, the higher stability of 
bacterial communities at late stages may be attributed to their higher richness at late stages 
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as compared to the bacterial communities from early stages. Evidence has shown that the 
diversity of microbial communities relates to its stability, i.e. microbial communities with 
higher species richness are less susceptible to invasion and environmental perturbation 
than the less diverse communities (Girvan et al. 2005, Cook et al. 2006).

	 Another	explanation	is	that	the	effect	of	dispersal	depends	on	the	selective	pressure	
imposed on local bacterial communities. Selection and dispersal processes have been 
indicated	to	weigh	in	differently	on	the	deterministic	and	stochastic	balance	depending	
on successional stage (Dini-Andreote et al. 2015). The balance shifts from predomi-
nantly stochastic in early soil stages to increasingly deterministic over later soil stages, 
supposedly due to sodium salt concentrations (Dini-Andreote et al. 2015). Sodium 
concentrations are lower (closer to salt concentration in sea water) in early soil stag-
es compared to later soil stages, thus providing little selective pressure there, which 
allows	dispersal	processes	to	more	profoundly	affect	the	assembly	of	the	community.	
In addition to salt, the higher carbon content complexity of the soil organic material 
might represent additional selective pressure to marine microbial immigration in the 
later stages, leading to higher stability (Dini-Andreote et al. 2018). For this reason, in 
our salt marsh ecosystem, bacterial communities with lower diversity might be less 
resistant to species invasion compared to bacterial communities with higher diversity.

	 Historical	contingency	may	be	also	attributed	to	the	different	responses	of	bacterial	
communities to inundation in these two successional stages. Since communities in late 
stages are putatively developed from communities same as early stages, communities 
have a longer time (i.e. 70 years) to build up and modify the environments in late stages 
than	early	stages.	As	the	mechanisms	of	priority	effects	stated	by	Fukami	(2015),	species	
colonized	at	early	stages	can	affect	species	colonized	at	late	stages	through	niche	preemp-
tion	and	niche	modification.	In	this	context,	the	early	and	late	stages	we	studied	display	
different	levels	of	historical	contingency.	Even	though	diversity	and	selection	might	be	
contemporary	conditions	that	affect	how	bacterial	communities	respond	to	inundation,	
the	difference	of	 these	biotic	and	abiotic	conditions	between	the	early	and	late	stages	
may be derived from historical contingency. In other words, the legacy of historical con-
ditions might also determine the response of soil bacterial communities to inundation. 
Consistent	with	previous	findings	on	aquatic	bacterial	communities,	that	historical	con-
tingency is enhanced under warming conditions, our results also indicate that historical 
contingency is stronger at late successional stages with high selection pressure (Vass et 
al. 2020). As diversity, selection and historical contingency are intertwined in our sys-
tem, we however cannot determine the relative contribution of each factor to the stability 
of the bacterial communities in response to shifts in inundation.

Low abundance taxa contribute the most to the variation of 
bacterial communities in response to inundation
An	interesting	finding	is	that	inundation	mainly	affects	the	rare	biosphere	of	bacterial	
communities,	while	the	common	biosphere	remains	unaffected.	As	the	richness	of	the	
rare biosphere only increased in the early stage, this further implies that low selective 
pressure at this stage allows more marine species to join the rare biosphere waiting to 
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develop their population with time. Moreover, high inundation can bring maladapted 
marine	bacteria	into	the	soil,	which	cannot	propagate	due	to	their	lower	fitness	and	thus	
reside in the rare proportion until they die out. In contrast, late stage soil reduces the 
potential of newly introduced bacteria to colonise through competition via high diversity 
or high selection pressure via soil physicochemical conditions. To be noticed, the possi-
ble	effect	of	relic	DNA	on	the	measurements	has	to	be	considered,	in	particular	on	the	
rare biosphere (Jia et al. 2020). As relic DNA has been described to account for 40% of 
prokaryotic DNA, and indicated to persist over weeks or longer (Carini et al. 2016), any 
potential	effects	on	the	rare	biosphere	could	be	obscured	by	its	presence.	Therefore,	an	
improvement of approaches that account for the level of relic DNA in extensive soil sam-
ple	processing	will	help	to	understand	the	influence	of	inundation	on	the	rare	biosphere.

Inundation with dispersal increase variation in bacterial 
communities
Besides measuring dispersal directly and disentangling its interaction with contemporary 
and historical factors, this control experiment using sterile sea water enables us to distin-
guish	between	the	relative	influence	of	inundation	via	dispersal	and	abiotic	factors.	The	
shifts in community structure in response to inundation by natural and sterile sea water 
were	minor,	albeit	significant,	indicating	that	inundation	shapes	soil	bacterial	community	
in salt marshes through both bacterial dispersal and changes of soil conditions. This ex-
pectedly	has	a	stronger	effect	in	the	early	development	stage	compared	to	the	late	stage.	
Moreover, reductions in the variation of community structures without immigration com-
pared to with immigration suggesting marine microbes brought by inundation have biotic 
interactions of soil bacterial communities and then change their structure. 

 Notably, in this study, we only considered immigration of bacteria in sea water and 
dispersal within a community, but did not consider the species transportation medi-
ated by inundation between soil communities. Although our focus lies on dispersal by 
tidal inundation, this is not the only pathway of immigration for bacteria in the natural 
soil. For instance, bacteria can also migrate by air or through contact with animals. In 
this experiment, dispersal by air is homogeneous across sites, which is the same on 
salt	marshes	but	to	a	greater	level,	as	wind	in	the	field	is	stronger	than	indoor	airflow.	
Moreover, soil bacterial communities continuously receive carbon supply from plants 
during the growth season in natural ecosystems. Our microcosm experiment is a closed 
system experiment, as no extra source of carbon was provided, which might underes-
timate	the	influence	of	selection	at	late	successional	stages.	Moreover,	sieving	the	soils	
removed the presence of soil vertebrates that could contribute to dispersal. Together, 
these	aspects	suggest	that	dispersal	might	be	higher	under	field	conditions.

Soil bacterial communities in early successional stages 
susceptible to sea-level rise
In	conclusion,	the	research	presented	here	indicates	that	the	influence	of	inundation	
on soil bacterial communities is governed by both species immigration and soil biotic 
and	 abiotic	 conditions.	 Importantly,	 this	 influence	 is	 differentiated	 by	 the	 develop-
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ment stage of ecological succession which may attribute to contemporary conditions 
and	historical	contingencies.	Specifically,	the	rare	biosphere	of	bacterial	communities	
in earlier development stages experiences more alterations in diversity and community 
structure as a result of dispersal through inundation. Though the contribution of the 
microbial rare biosphere to ecosystem functioning is still being explored, many reports 
state its irrefutable importance relating to ecosystem health and services (Jousset et al. 
2017), suggesting changes of the bacterial rare biosphere by inundation at early suc-
cessional stages may also induce changes in the ecosystem functioning. Overall, since 
bacterial communities at early successional stages are more vulnerable than late stages 
in sea-level rise scenarios, future conservation attempts of soil bacterial communities 
should put more focus on early stages of succession. 
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Supplementary material

Figure S6.1 Part of the microcosm experiment setup. Photo took on 11 April 2018.
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Figure S6.2 α-diversity of bacterial communities in 0- and 70-year stage during the microcosm experiment. 
Asterisks	indicate	signifi	cant	diff	erence	in	Wilcoxon	signed-rank	test,	i.e.	n.s.,	*,	**,	and	***	indicate	not	signif-
icant, P < 0.05, P < 0.01 and P < 0.001, respectively.
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Figure S6.3 Correlation between the number of ASVs in the (A) common and (B) rare biospheres of the bac-
terial community and sampling time. A collection of ASVs with relative abundance < 0.1% in a community is 
defi	ned	as	the	rare	biosphere,	while	others	were	defi	ned	as	the	common	biosphere.	Trend	lines	were	drawn	only	
for	signifi	cant	linear	correlations	(p < 0.05) between richness (y-axis) and sampling day (x-axis) based on the 
Spearman method. Correlation (R)	 and	 signifi	cance (p) are given in the bottom right corner of each panel. 
Panels are separated by soil stage per row and inundation frequency per column. The legend shows the format 
diff	erences	between	the	water	treatments.
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Table S6.1 Three-way permutational multivariate analysis of variance (PERMANO-
VA)	showing	the	influence	of	different	factors	on	β-diversity (Bray-Curtis distances) of 
bacterial communities inundated by natural sea water. The rows ‘Soil’, ‘Day’ and ‘Fre-
quency’ correspond to successional stages (i.e. 0- and 70-year), sampling time 
points (i.e.	day	2,	4,	8,	12,	16	and	20),	and	inundation	frequency	(i.e.	2×	per	day,	1×	
per	day,	1×	per	3	days,	and	1×	per	7	days),	respectively.

Factors Df* SumsSqs* MeanSqs* F.Model* R2 * P-values†

Soil 1 25.966 25.966 454.502 0.717 0.0001

Day 5 1.241 0.248 4.343 0.034 0.0003

Frequency 3 0.241 0.080 1.404 0.007 0.1976

Soil:Day 5 1.026 0.205 3.593 0.028 0.0007

Soil:Frequency 3 0.242 0.081 1.413 0.007 0.2003

Day:Frequency 15 0.989 0.066 1.154 0.027 0.2704

Soil:Day:Frequency 15 1.010 0.067 1.179 0.028 0.2434

Residuals 96 5.485 0.057 NA 0.152 NA

Total 143 36.200 NA NA 1.0 NA

* Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permu-
tation; R2 - explained variation; P-values	based	on	9999	permutations.	†	significant	P-values (P < 0.001) are 
shown in bold.

Table S6.2 Four-way permutational multivariate analysis of variance (PERMANOVA) 
showing	the	influence	of	different	factors	on	β-diversity (Bray-Curtis distances) of bacterial 
communities inundated by natural and sterile sea water. The rows ‘Soil’, ‘Water’, ‘Day’ and 
‘Frequency’ correspond to successional stages (i.e. 0- and 70-year), inundation water types 
(i.e. natural and sterile sea water), sampling time points (i.e. day 2, 4, 8, 12, 16 and 20), and 
inundation	frequency	(i.e.	2×	per	day	and	1×	per	7	days),	respectively.

Factors Df SumsSqs MeanSqs F.Model R2 P-values
Soil 1 19.255 19.255 343.027 0.709 0.0001
Water 1 0.254 0.254 4.529 0.009 0.0204
Day 5 0.956 0.191 3.405 0.035 0.0011
Frequency 1 0.084 0.084 1.490 0.003 0.1991
Soil:Water 1 0.252 0.252 4.492 0.009 0.0162
Soil:Day 5 0.845 0.169 3.011 0.031 0.0030
Water:Day 5 0.350 0.070 1.245 0.013 0.2506
Soil:Frequency 1 0.085 0.085 1.506 0.003 0.1952
Day:Frequency 5 0.364 0.073 1.296 0.013 0.2339
Soil:Water:Day 5 0.327 0.065 1.165 0.012 0.3024
Soil:Day:Frequency 5 0.364 0.073 1.295 0.013 0.2280
Residuals 72 4.042 0.056 NA 0.149 NA
Total 107 27.176 NA NA 1.0 NA

Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permutation; 
R2 - explained variation; P-values	based	on	9999	permutations.	Significant	P-values (P < 0.001) are shown in bold.
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Table S6.3 Two-way permutational multivariate analysis of variance (PERMANO-
VA)	showing	the	influence	of	different	factors	on	β-diversity (Bray-Curtis distances) of 
bacterial communities in 0-year stage inundated by natural sea water based. The rows 
‘Day’ and ‘Frequency’ correspond to successional stages sampling time points (i.e. day 
2,	4,	8,	12,	16	and	20)	and	inundation	frequency	(i.e.	2×	per	day,	1×	per	day,	1×	per	3	
days,	and	1×	per	7	days),	respectively.

Factors Df SumsSqs MeanSqs F.Model R2 P-values
Day 5 1.383 0.277 4.740 0.252 <0.001

Frequency 3 0.267 0.089 1.526 0.049 0.0058

Day:Frequency 15 1.036 0.069 1.183 0.189 0.0149

Residuals 48 2.801 0.058 NA 0.510 NA

Total 71 5.487 NA NA 1.000 NA

Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permuta-
tion; R2 - explained variation; P-values	based	on	9999	permutations.	Significant	P-values (P < 0.01) are shown 
in bold.

Table S6.4 Two-way permutational multivariate analysis of variance (PERMANOVA) 
showing	the	influence	of	different	factors	on	β-diversity (Bray-Curtis distances) of bac-
terial communities in 70-year stage inundated by natural sea water based. The rows 
‘Day’ and ‘Frequency’ correspond to successional stages sampling time points (i.e. day 
2,	4,	8,	12,	16	and	20)	and	inundation	frequency	(i.e.	2×	per	day,	1×	per	day,	1×	per	3	
days,	and	1×	per	7	days),	respectively.

Factors Df SumsSqs MeanSqs F.Model R2 P-values
Day 5 0.884 0.177 3.162 0.186 <0.001

Frequency 3 0.216 0.072 1.285 0.045 0.0083

Day:Frequency 15 0.964 0.064 1.149 0.203 0.0023

Residuals 48 2.684 0.056 NA 0.565 NA

Total 71 4.747 NA NA 1.000 NA

Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permuta-
tion; R2 - explained variation; P-values	based	on	9999	permutations.	Significant	P-values (P < 0.001) are shown 
in bold.
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Table S6.5 Three-way permutational multivariate analysis of variance (PERMANO-
VA)	showing	the	influence	of	different	factors	on	β-diversity (Bray-Curtis distances) of 
bacterial communities in 0-year stage inundated by natural and sterile sea water. The 
rows ‘Water’, ‘Day’ and ‘Frequency’ correspond to inundation water types (i.e. natural 
and sterile sea water), sampling time points (i.e. day 2, 4, 8, 12, 16 and 20), and inun-
dation	frequency	(i.e.	2×	per	day	and	1×	per	7	days),	respectively.

Factors Df SumsSqs MeanSqs F.Model R2 P-values
Water 1 0.428 0.428 7.467 0.098 <0.001

Day 5 1.046 0.209 3.649 0.238 <0.001

Frequency 1 0.100 0.100 1.746 0.023 0.0145

Water:Day 5 0.363 0.073 1.267 0.083 0.0239

Day:Frequency 5 0.388 0.078 1.353 0.088 0.0066

Residuals 36 2.064 0.057 0.470

Total 53 4.389 1.000

Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permuta-
tion; R2 - explained variation; P-values	based	on	9999	permutations.	Significant	P-values (P < 0.01) are shown 
in bold.

Table S6.6 Three-way permutational multivariate analysis of variance (PERMANO-
VA)	showing	the	influence	of	different	factors	on	β-diversity (Bray-Curtis distances) of 
bacterial communities in 70-year stage inundated by natural and sterile sea water. The 
rows ‘Water’, ‘Day’ and ‘Frequency’ correspond to inundation water types (i.e. natural 
and sterile sea water), sampling time points (i.e. day 2, 4, 8, 12, 16 and 20), and inun-
dation	frequency	(i.e.	2×	per	day	and	1×	per	7	days),	respectively.

Factors Df SumsSqs MeanSqs F.Model R2 P-values
Water 1 0.078 0.078 1.425 0.022 0.0266

Day 5 0.755 0.151 2.748 0.214 <0.001

Frequency 1 0.068 0.068 1.240 0.019 0.0948

Water:Day 5 0.313 0.063 1.141 0.089 0.0659

Day:Frequency 5 0.339 0.068 1.236 0.096 0.0108

Residuals 36 1.978 0.055 0.560

Total 53 3.532 1.000

Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permuta-
tion; R2 - explained variation; P-values	based	on	9999	permutations.	Significant	P-values (P < 0.01) are shown 
in bold.
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Table S6.7 Permutation test for homogeneity, i.e. multivariate dispersion from the 
group centroid

Successional 
stage

Inundation
frequency

Df SumsSqs MeanSqs F.Model P-values

0-year 1×	per	7	days Groups 1 0.0042 0.0042 3.790 0.0577

Residuals 34 0.0380 0.0011

1×	per	3	days Groups 1 0.0028 0.0028 2.295 0.1361

Residuals 34 0.0421 0.0012

70-year 1×	per	day Groups 1 0.0022 0.0022 2.471 0.1259

Residuals 34 0.0306 0.0009

2×	per	day Groups 1 0.0013 0.0013 4.057 0.0511

Residuals 34 0.0105 0.0003

Df - degrees of freedom; SumSq - sum of squares; MeanSqs - mean of squares; F.Model - F value by permuta-
tion; R2 - explained variation; P-values based on 9999 permutations. 
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Synthesis

The	mounting	evidence	that	microbial	diversity	affects	ecosystem	functioning	and	sta-
bility	justifies	further	studies	of	the	mechanisms	driving	species	coexistence	and	the	
dynamics of community composition in space and time. The work presented in this 
thesis studies ecological processes governing the turnover of soil bacterial communities 
during succession with particular attention to the dynamics of the common and rare 
biospheres.	It	also	investigates	the	influence	of	dispersal	mediated	by	contemporary	
conditions and historical contingency on community assembly. Soils represent a ma-
jor organic carbon reservoir and contribute an important habitat for bacteria (among 
other microorganisms) that are essential for nutrient cycling and the maintenance of 
below- and above-ground productivity and diversity. This thesis attempts to reveal the 
mechanisms underlying the community assembly of soil bacterial communities and 
the	turnover	of	bacterial	groups	with	different	abundance	distribution	patterns	during	
succession by answering the questions presented in Chapter 1 (see Aims of this thesis 
and Figure 1.1).

 In this chapter, I will discuss the knowledge gathered from previous chapters (see 
Figure 7.1). In brief, I start this thesis by examining knowledge on microbial succession 
from	literature,	as	well	as	the	influence	of	sequencing	approaches	on	quantifying	bac-
terial community turnover and assembly. Next, I discuss aspects of community assem-
bly of the microbial rare biosphere, and a framework to disentangle the mechanisms 
underlying	the	coexistence	of	the	different	types	of	rarity.	Later,	I	show	the	influence	
of	 dispersal	 as	 promoted	 by	 inundation	 on	 soil	 bacterial	 communities	 at	 different	
successional	stages.	Here	I	also	discuss	the	influence	of	contemporary	conditions	and	
historical contingency on the dynamic changes in soil bacterial communities. Last, I 
describe the outlook of this thesis with an emphasis on the general conclusions, cur-
rent	challenges	and	potential	future	directions	in	this	field	of	research.	All	my	research	
questions were addressed by studying a barrier island in the Wadden Sea, Schiermon-
nikoog, the Netherlands. This system presents a unique undisturbed salt marsh chro-
nosequence spanning over 100 years of primary succession.
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Microbial community succession 
Ecological succession is characterized by the trajectory of species replacement and 
changes in relative abundance over time. Knowledge of microbial succession helps to 
understand temporal dynamics of microbial communities and predict how microbi-
al communities develop from newly formed habitats or after disturbance events. In 
Chapter 2, I found consistency in primary succession when synthesizing results from 
a growing body of literature on microbial succession. For instance, microbial biomass 
increases over time during primary succession, such as in the glacier retreat chronose-
quence, the colonization gradient of volcanic deposits, and in the rhizosphere of plants 
during growth developmental stages. Besides, microbial communities often develop 
from	 simplifi	ed	make-up	 at	 the	 onset	 of	 colonization	 towards	 complex	 community	
structures and arrangements. In contrast, trajectories of microbial secondary succes-
sion lack consistency. After disturbance, microbial communities can either recover to 
the original state or develop alternative states. This directly relates to the resistance 
and resilience of communities before disturbance, and the type, duration, strength and 
frequency of disturbance events (Shade et al. 2012). 
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Microbial communities increase their total biomass and 
complexity during primary succession, while show less 
consistency in secondary succession. 
The succession of different groups of micro- and 
macro-organisms are tightly related to each other (Chapter 2).

The RNA-inferred communities present a higher temporal turnover 
in comparison with DNA-inferred communities.
The assembly of RNA-inferred communities is more closely associ-
ated with variable selection than that of DNA-inferred communities, 
which is more influenced by homogeneous selection. 
The RNA-based approach detects more metabolic active rare taxa
than the DNA-based approach (Chapter 3). 

The rare biosphere assembly is mostly driven by homogeneous
selection, while the common biosphere is driven by a broader 
array of processes, in which variable selection plays a major role.
Permanently and conditionally rare taxa are two dominant types
of rarity in bacterial communities, which are structured by homo-
geneous and variable selection, respectively (Chapter 4, 5). 

Early stage of sucession Late stage of sucession

The influence of dispersal by inundation on 
soil bacterial communities from:

Soil bacterial communities change systematically with time at 
the early stage under sea water inundation, but are relatively 
stable at the late stage. 
The higher richness of the rare biosphere at the late stage is 
related to the stability of soil bacterial communities in response 
to dispersal by inundation (Chapter 6).

Succession:

Microbial rare biosphere:

Permanently rare Conditionally rare

Transiently rare

Figure 7.1 Summary of the main results in the corresponding chapters of this thesis. Environmental factors 
increasing and decreasing along the primary successional gradient are shown in orange and turquoise, respec-
tively (middle left). Keywords in grey boxes relate to the topics presented in this thesis. Main results are listed 
beside each inset box.
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The succession of each group of micro- and macro-organisms is not independent, but 
tightly associated with each other. For instance, the interaction between plant and soil 
microbial communities through litter input and root exudates are especially important 
in early successional stages, which are typically characterized by nutrient-poor soils 
(Knelman et al. 2012). In comparison with bacterial communities, the development of 
fungal communities is tightly associated with the development of plant communities in 
a course of primary succession (Harantová et al. 2017). By focusing on previous studies 
performed in this system (Schiermonnikoog), I found that communities of micro- and 
macro-organisms developed together as succession proceeds (Chapter 2). Also, both 
bacterial and fungal communities reach the highest biomass at the intermediate stage 
of succession (ca. 40-50 years) and remain relatively stable afterward [see Figure 2.1 
and 4.1 in (Dini Andreote 2016)]. Even though bacterial communities associated with 
the rhizosphere and endosphere of the plant Limonium vulgare	show	different	distri-
bution patterns along the successional stages (Wang et al. 2015), additional evidence 
on direct interactions between micro- and macro-organisms are still missing in this 
system,	thus	requiring	future	research	efforts.

	 In	addition	to	the	biological	components,	methodological	issues	might	also	influ-
ence our ability to study patterns of microbial succession. Amplicon sequencing of the 
bacterial	16S	rRNA	gene	from	environmental	DNA	is	often	used	to	profile	community	
composition during succession. Due to the existence of relic DNA in soil, I explicitly 
considered how sequencing approaches (i.e. sequencing 16S rRNA amplicons from en-
vironmental	DNA	and	RNA	transcripts)	influence	our	interpretations	of	the	assembly	
processes during primary succession in Chapter 3. In comparison to the DNA-based 
approach, the RNA-based approach revealed a higher temporal turnover of bacterial 
communities in both short-term (bimonthly) and long-term (over 100 years succes-
sion).	The	difference	relates	to	ubiquitous	relic	DNA	in	soil	and	the	short	half-life	time	
of	RNA,	as	the	dead	bacterial	cells	profiled	by	relic	DNA	obstruct	signals	of	changes	in	
community	composition.	Different	from	the	previous	findings	that	relic	DNA	inflates	
the estimation of richness (Lennon et al. 2018), in Chapter 3, I observed a higher 
richness in the RNA- than DNA-based dataset. This discrepancy is related to the 
low-abundance species from the rare biosphere that are metabolically active, which 
can only be detected by the RNA-based approach rather than the DNA-based approach 
when	using	the	same	sampling	effort.	

 Species turnover during succession is mediated by shifts in community assembly 
processes. Chapter 3 shows a distinct interplay of ecological processes in the assem-
bly	of	microbial	communities	across	successional	stages	and	the	increasing	influence	
of deterministic processes as succession proceeds, which is consistent with previous 
findings	(Dini-Andreote	et	al.	2015).	Dini-Andreote	et	al.	(2015)	found	that	stochastic	
processes	prevail	at	early	successional	stages,	while	 late	stages	are	strongly	affected	
by deterministic processes. However, Chapter 3 of this thesis indicates that selec-
tion	also	plays	an	important	role	in	early	successional	stages.	This	difference	may	be	
attributed to the variation in sequencing depth between both studies, which is varied 
from 2,600 to 15,000 sequences per sample in Dini-Andreote et al. (2015) and Chap-
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ter 3, respectively. Higher detection of rare species, which are primarily structured by 
selection processes (Chapter 5),	can	be	profiled	with	higher	sequencing	depth.	There-
fore, a stronger signal of variable selection was observed at early successional stages 
in Chapter 3 compared to what was described in Dini-Andreote et al. (2015). This 
selection might be a result of temporal variation in soil conditions induced by the tide, 
such as changes in oxygen and water content. Besides, Chapter 3 also investigates 
how	sequencing	approaches	affect	the	relative	importance	of	each	assembly	process.	
The assembly of RNA-inferred community was more closely associated with variable 
selection driven by environmental heterogeneity, while the assembly of DNA-inferred 
community	was	more	influenced	by	homogeneous	selection	driven	by	the	consistent	
environmental conditions. This also occurs because RNA is less stable than DNA in 
the environment. The RNA-based approach encompasses a fewer number of dead mi-
crobial cells than the DNA-based approach. This results in a stronger association of 
community	changes	with	environmental	fluctuations	(i.e.	variable	selection).	

Assembly of the rare biosphere
The rare biosphere hosts the majority of species diversity in a community (> 90 % 
of total species) and it is characterized by the long tail in the rank abundance curve 
(Chapter 5). Disentangling the interplay of ecological processes structuring the rare 
biosphere helps to answer how highly diverse microbial communities maintain such 
a high number of coexisting species. To understanding the mechanisms controlling 
rarity and the processes promoting the dynamics of the rare biosphere, in Chapter 4, 
I	proposed	to	link	the	types	of	rarity	with	the	relative	influence	of	assembly	processes,	
using the phylogenetic approach coupled with ecological null models to disentangling 
the processes structuring the rare biosphere. 

 These ideas were further tested in Chapter 5 using empirical data from Chapter 3, 
enabling to examine the dynamics of the rare biosphere across both the short (bimonthly) 
and	long	(succession	over	100	years)	temporal	scales.	Worth	mentioning,	the	five	succes-
sional stages also served as an environmental gradient across space, as the space-for-time 
replacement aspect of chronosequence is often assumed to represent the successional 
stages (see Box 2.1 in Chapter 2). I found the rare biosphere assembly to be mostly driven 
by homogeneous selection (i.e. spatiotemporally constant), while the common biosphere 
assembly — which consists of abundant species — is driven by a broader array of pro-
cesses, in which variable selection (i.e. spatiotemporally variable) plays a major role. In 
other words, both the rare and common biospheres are tightly associated with selection 
processes. While the rare biosphere is mostly determined by stringent environmental fac-
tors, the common biosphere is strongly structured by variation in environmental factors. 
This	finding	stands	in	contrast	to	the	notion	that	rare	species	are	controlled	by	stochastic	
processes, for instance, due to their small population size, rare species are much more 
susceptible to ecological drift (Vellend 2016). This discrepancy can be attributed to the 
fact	that	distinct	types	of	rarity	exist,	thus	leading	to	an	interplay	of	different	ecological	
processes structuring their occurrence [see Chapter 4 and (Lynch and Neufeld 2015)].
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By	partitioning	the	different	types	of	rarity,	in	Chapter 5, I found homogeneous se-
lection to explain the prevalence of permanently rare taxa, whereas variable selection 
explained the dynamic of conditionally rare taxa. This suggests environmental condi-
tions that impose selection on permanently rare taxa are constant, while substantially 
changed on conditionally rare taxa. Conditionally rare taxa stay at low abundances in 
the rare biosphere to avoid harsh conditions and build up their population sizes once 
favourable environmental factors emerge, thus reaching up to abundance levels of 
common taxa. Most taxa in the common biosphere of one community can be found in 
the rare biosphere of other communities, indicating part of the rare biosphere (about 
1/3 of rare taxa) serves as a reservoir for the common species under harsh environmen-
tal conditions. The permanently rare species (about 2/3 rare taxa), however, are more 
prone to perish at low abundances despite environmental disturbances. Last, a small 
fraction of the rare biosphere accounts for transiently rare taxa. The restricted disper-
sal process is likely responsible for the existence of transiently rare taxa in the soils. 
This occurs because some species introduced by limited dispersal are unable to reach 
high	fitness	in	the	new	habitat	or	it	is	constrained	by	the	resident	community,	such	as	
pelagic microbes carried by the tide (Chapter 6), terrestrial microbes dispersed by the 
wind from long distance, or microbes hitchhiking on eukaryotic organisms (Grossart et 
al. 2010, Albert Barberán 2015). Together, this chapter contributes to our understand-
ing of how the relative importance of ecological processes shape the rare biosphere and 
the dynamic of distinct types of rare taxa, providing an example to be tested in other 
ecosystems, and potentially across other organismal types.

The influence of dispersal during ecological succession 
Dispersal	is	an	important	process	influencing	the	assembly	of	soil	bacterial	commu-
nities in salt marshes. In Chapter 6, I evaluated the extent to which soil bacterial 
communities	from	different	successional	stages	respond	to	dispersal	by	simulating	in-
undation. Here, a microcosm experiment was performed by the application of natural 
sea	water	to	simulate	four	levels	of	inundation	frequency,	i.e.	2×	per	day,	1×	per	day,	1×	
per	3	days,	and	1×	per	7	days.	Soils	collected	from	early	(0-year)	and	intermediate/late	
(70-year)	successional	stages	were	used,	since	different	successional	stages	host	dis-
tinct bacterial species and community composition. Sterile sea water was also applied 
allowing	to	distinguish	the	different	influences	of	biotic	(dispersal	of	microbial	cells)	
and	abiotic	 (physicochemical	 changes	 in	 soil).	 In	brief,	 I	 found	no	 significant	effect	
of	the	overall	 influence	of	 inundation	across	the	four	 levels	of	 inundation	frequency	
tested at soils from both successional stages. Sampling time was the most important 
factor driving the variation in soil bacterial communities. Both α- and β-diversity of 
bacterial communities changed systematically with time in the early stage, but were 
relatively more stable in the late stage, which might link to the higher diversity, selec-
tion pressure and historical contingency found at this stage. 

 Soil at late stages is characterized by high nutrient contents, which provides more 
niches	 and	 therefore	 supports	higher	bacterial	diversity.	Together	with	our	finding,	
this corroborates with the notion that higher diversity leads to higher stability (Wagg 
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et	al.	2018).	Bacterial	communities	at	late	stages	with	higher	diversity	buffer	against	
environmental	fluctuation	induced	by	sea	water	inundation,	and	also	resist	the	colo-
nization of later arriving species by occupying more niches and leaving less available 
niches. In contrast, early successional stages with lower diversity are more prone to 
be	affected	by	inundation	by	both	biotic	and	abiotic	factors.	This	is	mostly	a	result	of	
changes in members of the rare biosphere, suggesting rare microbes in the early suc-
cessional stage of salt marsh are sensitive to inundation and can be vulnerable to ac-
celerated	sea-level	rise.	Alternatively,	the	effect	of	dispersal	might	also	depend	on	the	
selective pressure imposed on local bacterial communities in two successional stages. 
For instance, sodium concentrations are lower in the soil of early successional stages 
compared to later successional stages, thus providing little selective pressure there, 
which	allows	dispersal	processes	to	more	profoundly	affect	the	assembly	of	bacterial	
communities.	Last,	the	different	responses	of	these	two	successional	stages	to	dispersal	
by	inundation	indicate	succession	exerts	a	cascade	of	historical	contingency	effects	at	
which	the	species	at	the	earlier	successional	stage	influence	the	successful	colonization	
of species at the next stage during soil formation. 

Direction for future research
Bridging gaps between general and microbial ecology
Both	empirical	and	theoretical	approaches	are	needed	to	effectively	evaluate	how	mi-
crobial communities are assembled across multiple spatial and temporal scales. With 
the	advances	in	sequencing	approaches,	we	are	experiencing	an	explosion	in	the	field	
of microbial ecology and its integrating with aspects of community ecology. Theories 
from macroecology have been tested in microbial ecology, even though these theories 
do	not	always	fit	the	rules	and	specificities	of	microbial	systems.	As	an	important	gap	
still persists between the theoretical framework of macroecology and microbial ecology 
(McGill	et	al.	2019),	it	is	crucial	to	find	what	are	the	differences	between	the	macro-	
and	microbial	ecology,	what	causes	these	differences,	and	what	is	are	the	general	rules	
applied for both systems.

Disentangling biotic and abiotic selection
In this thesis, I used the four general eco-evolutionary processes, i.e. selection, disper-
sal,	ecological	drift	and	diversification,	proposed	by	Vellend	(2010)	as	a	framework	to	
study the community assembly of soil microbes. Despite homogeneous and variable 
selection are partitioned in this thesis, selection is a general ecological process that 
relates to the variation of both abiotic and biotic factors. The distinction between these 
two was not directly partitioned in this thesis. In particular, species utilize a variety of 
resources	or	have	different	environmental	optimal	conditions.	Future	studies	focusing	
on	which	and	how	environmental	 factors	affect	 the	co-existence	and	distribution	of	
species are still needed. Besides, divergent types of species interactions (e.g. mutu-
alism, syntrophy, proto-cooperation, commensalism, antagonism/ammensalism, 
parasitism, predation, competition) play fundamental roles in structuring the ecolog-
ical dynamics of microbial communities (Faust and Raes 2012, Lv et al. 2019). For in-
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stance,	protist	predation	influences	the	structure	of	bacterial	and	fungal	communities	
in	the	rhizosphere	(Gao	et	al.	2019).	Efforts	on	investigating	these	interactions	within	
and	between	different	microbial	groups	(e.g.	bacteria,	 fungi,	viruses,	protists,	algae)	
are of crucial importance for advancing our understanding of species coexistence and 
their consequences on ecosystem functioning (Ratzke et al. 2020). 

Microbial speciation
The speciation process of microorganisms is often faster than that of macro-organ-
isms. This is mostly due to their shorter generation times and higher ability to ex-
change genetic materials across far-related phylogenetic groups. Thus, rapid evolution 
in microbes potentially leads to the convergence of ecological and evolutionary scales. 
In	other	words,	speciation/diversification	is	tightly	tangled	with	other	ecological	pro-
cesses, such as in the case of biotic interactions being a key predictor of bacterial evolu-
tionary trajectories when species adapt to novel environmental conditions (Scheuerl et 
al. 2020). Experiments using controlled microbial population in the laboratory can en-
able to empirically test this evolutionary process, for instance, a team lead by Richard 
E. Lenski has reported the evolutionary trajectory of 12 Escherichia coli populations 
in 60,000 generations during a >25 years experiment. They found that populations 
diverge into ecotypes evolving new abilities to exploit previously untapped carbon 
sources locally available (Lenski 2017). However, due to several challenges associated 
with	measuring	diversification	in situ,	we	still	lack	a	consensus	of	how	diversification	
together	with	 ecological	 processes	 influence	 bacterial	 community	 structure	 and	dy-
namics.	Hence,	 future	efforts	on	 the	direction	of	eco-evolutionary	dynamics	and	 its	
influence	on	community	assembly	and	succession	are	still	needed.

Beyond soil bacteria
This thesis seeks to develop a general framework for understanding the ecological pro-
cesses structuring the rare biosphere across distinct types of rarity. To generalize con-
clusions on the rare biosphere, future studies require comprehensive investigation of a 
broad	array	of	microbial	groups	and	different	habitats	with	the	application	of	state-of-
art technologies. The high diversity in the rare biosphere not only appears in bacterial 
communities, but also in other microbial groups. For instance, rare freshwater protists 
represent the majority (>70%) of total OTUs and phylogenetic diversity (Debroas et al. 
2015). Further studies on the rare biosphere of other microbial groups, such as viruses, 
archaea,	fungi	and	microeukaryotes,	will	facilitate	finding	general	mechanisms	shaping	
the microbial rare biosphere. Moreover, although in this thesis I focused on bacterial 
communities in the soil system, bacterial communities are ubiquitous across divergent 
systems, including ‘harsh’ or ‘poor’ (human perspective) environments, such as the 
deep subsurface environment (Bar-On et al. 2018). Studies across distinct systems are 
still scarce, especially concerning how the rare biosphere is assembled (Anderson et al. 
2015, Yang et al. 2017). In addition, to better understand the dynamics of the rare bio-
sphere, a well-designed study with frequent time-series data collection is also needed, 
given that the majority of studies based on snapshots in time are unable to capture the 
temporal dynamics of rare taxa with faster generation turnover rates. Besides, some 
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ultra-rare species, which are unable to be detected by amplicon sequencing, can only 
be noticed when they reach high abundances as conditions change (Emerson et al. 
2017). Thus, constituting another step forward and dependent on the sensitivity of 
approaches and new technologies for species detection.

Ecological significance 
Recent studies reveal that rare species are often active, and some of them can even 
perform disproportional functionality in a system. However, the ecological roles of the 
majority of species in the rare biosphere are still unknown. The recovery of their ge-
nomes through culture-independent approaches, e.g. metagenome assembly (Parks et 
al. 2017, Nayfach et al. 2019) and single-cell sequencing (Woyke et al. 2017, Pachiadaki 
et al. 2019), can provide novel insights into their ecological roles. For instance, the 
metagenome-assembled genomes (MAGs) from the rare biosphere showed that a rare 
bacterium belongs to the candidate phylum Goldbacteria is able to grow on cellulose 
(Doud et al. 2020), and four rare bacterial populations from the candidate phylum TM7 
can only use the pentose phosphate and heterolactic fermentation pathways (Albertsen 
et al. 2013). Implementing a targeted cell-sorting approach with subsequent single-cell 
sequencing,	Dam	et	al.	 (2020)	have	enriched	Chloroflexi	 species	 from	 the	 rare	bio-
sphere in a wastewater treatment plant and obtained their draft genome. Since the 
microbial rare biosphere contains a large diversity and mostly remains unculturable 
species, applying the above-mentioned approaches to discover novel gene variants and 
metabolic pathways from the microbial rare biosphere has a potential implementation 
for designing biotechnological applications in the future (Pascoal et al. 2020). 

 In addition to the assessment of uncultivated genomes of rare microbes, infer the 
ecological traits of rare microbes is of particular importance to unravel the ecolog-
ical processes maintaining their coexistence with common species. Given that the 
ecological traits of most rare microbes are still hard to investigate in situ, improving 
cultivation strategies of novel microbes can be an alternative to acquire physiologi-
cal information of rare microbes (Lewis et al. 2020). Among these attempts, a drop-
let-based high-throughput cultivation can culture and accurately screen microbes that 
cannot grow easily in plates due to competition by quorum sensing (Watterson et al. 
2020). Approaches like this provide a chance to improve understanding of optimal 
environmental conditions and niche breadth of rare species, allowing us to answer 
questions, such as, whether rare microbes have narrower niche breadth than com-
mon microbes? and whether niche differentiation plays a fundamental role in rare 
and common species coexistence (Sexton et al. 2017)?  

Concluding remarks 
Understanding the contribution of ecological processes structuring microbial commu-
nities and predicting their dynamics are ongoing challenges in ecology. To address 
these challenges, this thesis combines ecological models with empirical observations 
from	both	field	sampling	and	well-designed	experimentation.	This	thesis	provides	mi-
crobial ecologists with advanced insights on how bacterial communities are assembled 
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during ecological succession, and how the bacterial rare biosphere is structured by a 
dynamic	interplay	of	quantifiable	ecological	processes.	Many	interesting	and	import-
ant questions remain to be investigated in further studies. Tackling these questions 
will undoubtedly advance our knowledge of community assembly during microbial 
succession, the importance of the rare biosphere and their role in ecosystem function-
ing. In doing so, we can advance towards better models to explain and predict the 
diversity of bacterial communities in the constantly changing world.
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Summary
Understanding how distinct factors drive microbial community assembly and dynam-
ics is an important, yet poorly understood, topic in microbial ecology. Community 
assembly is mediated by an interplay of ecological processes shaping the structure of 
communities	 in	different	 spatiotemporal	 scales,	namely	 selection,	dispersal,	 ecolog-
ical	drift	and	diversification.	Evaluating	patterns	of	microbial	succession	can	inform	
on how distinct processes and mechanisms operate at various scales. Also, this can 
enable a link between community assembly and key aspects of ecosystem function-
ing. In natural forming ecosystems, microbes play major roles in colonizing newly 
formed habitats/niches, and then form successional sequences with the arrival and 
replacement of species over time. This occurs in a similar fashion, albeit at faster 
pace, as observed in successional trajectories of macro-organisms. Using a salt marsh 
chronosequence spanning over 100 years of primary succession as a model ecosystem 
(Schiermonnikoog, the Netherlands), I systematically examined the extent to which 
distinct community assembly processes operate and change in relative contributions 
overtime structuring soil bacterial communities. I set a particular focus on partition-
ing species abundances between the common and rare biospheres and provide novel 
conceptual and empirical knowledge on how distinct processes operate on governing 
their dynamics.

 This thesis starts with an overview of relevant topics in Chapter 1. Here, I intro-
duce novel developments on the understanding of environmental microbial commu-
nities, syntheses and theories on ecological processes controlling species coexistence 
and dynamics, as well as provide an overview of the microbial rare biosphere. Last, I 
outline the aim of this thesis and the research questions explored in details in each 
chapter.

 Chapter 2 provides a review of the general patterns of microbial community turn-
over during primary and secondary succession. It also provides an overview of how 
recent	molecular	technologies	have	been	facilitating	advances	in	this	field	of	science.	In	
brief, here I present a general introduction to the topic by arguing that microbial com-
munities	often	develop	from	simplified	to	more	complex	structures	with	an	increase	of	
total biomass during primary succession. While there is less consistency during sec-
ondary succession, as historical contingency might determine the community respons-
es to disturbance. Further, this chapter provides a review of previous studies at the 
island of Schiermonnikoog, which addressed how both micro- and macro-organism 
communities through a course of over 100 years primary succession change in terms 
of species composition, ecological traits and interactions of functional groups.

 Microbial succession is mediated by shifts in community assembly processes. 
However,	the	quantification	of	the	relative	influence	of	these	processes	might	be	bi-
ased depending on whether DNA- or RNA-based sequencing approaches are used. To 
test this, in Chapter 3,	bacterial	communities	were	profiled	by	sequencing	 the	16S	
rRNA amplicons from environmental DNA and RNA transcripts extracted from soil 

Summary
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collected	along	five	successional	stages	of	ecosystem	development	at	the	island	of	Schi-
ermonnikoog, using four sampling time points during the growth season (bimonthly 
sampling). Here I show that, in comparison with the DNA-based approach, the RNA-
based approach revealed a higher temporal turnover of bacterial communities in both 
short-term (bimonthly) and long-term (over 100 years succession) community turn-
over. The community assembly based on RNA-inferred communities was more closely 
associated with variable selection driven by environmental heterogeneity, while results 
obtained	from	the	DNA-inferred	communities	revealed	a	greater	influence	of	homoge-
neous selection driven by the consistent environmental conditions. The discrepancy 
between	these	two	approaches	likely	relates	to	different	stabilities	of	extracellular	RNA	
and DNA, and therefore their distinct time retained in the environment (e.g. extracel-
lular relic DNA), and thus detected in our sequencing analyses. Overall, these results 
illustrate the need for benchmarking approaches to properly elucidate how community 
assembly processes structure microbial communities. It also highlights that caution is 
warranted in interpreting and comparing results using distinct sequencing strategies.

 Similar to macro-organisms but perhaps with a steepest shape, species abundance 
curves of microbial communities present a skewed abundance distribution. This is 
characterized by the existence of a few abundant taxa and a long tail of less abundant 
taxa that often termed as ‘the rare biosphere’. Particularly in microbial ecology, little 
is known about the mechanisms mediating the assembly and persistence of the rare 
biosphere. In Chapter 4, I develop a synthesis that partitions the distinct types of rar-
ity, i.e. permanently, conditionally and transiently rare taxa, and link their types with 
the distinct interplay of community assembly processes. In particular, I conceptually 
aligned our knowledge on community assembly (sensu Vellend, 2016), and the relative 
contribution of distinct eco-evolutionary processes — selection, dispersal, drift and 
diversification	—	with	the	structure	and	type	of	microbial	rarity.	In	doing	so,	I	provide	
a framework to empirically test this synthesis using null model analysis coupled with 
phylogenetic information. 

 In Chapter 5, I empirically evaluated the set of hypotheses developed in Chapter 
4. I did this by using sequencing data on bacterial 16S rRNA transcripts presented in 
Chapter 3. The combination of empirical data with a mechanistic framework enabled 
examining the dynamics of the rare biosphere across both short (bimonthly) and long 
(succession	over	100	years)	temporal	scales.	Meanwhile,	the	five	successional	stages	
also serve as an environmental gradient across space, as the space-for-time replace-
ment is used to represent the successional stages during the primary succession. In 
brief, I showed the rare biosphere assembly to be mostly driven by homogeneous se-
lection, while the common biosphere — that consists of abundant species — is driven 
by a broader array of processes, in which variable selection plays a major role. I also 
showed that homogeneous selection explains the prevalence of permanently rare taxa, 
whereas variable selection explains the dynamic of conditionally rare taxa. Together, 
this chapter contributes empirical data to increase our understanding of how ecologi-
cal	processes	structure	the	rare	biosphere,	and	how	rare	microbes	fluctuate	over	spa-
tiotemporal	scales	and	then	form	different	types	of	rarity.	
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Dispersal	is	one	of	the	simplest	and	most	important	processes	influencing	the	assem-
bly of soil bacterial communities in salt marshes. This occurs because early succes-
sional	stages	are	daily	subjected	to	the	influence	of	the	tides.	In	Chapter 6, I used a 
microcosm experiment to investigate the extent to which soil bacterial communities 
from	different	successional	stages	respond	in	terms	of	community	difference	to	chang-
es	in	inundation	frequency.	Here,	artificial	application	of	natural	sea	water	was	used	to	
simulate	four	levels	of	inundation	frequency,	i.e.	2×	per	day,	1×	per	day,	1×	per	3	days,	
and	1×	per	7	days.	Soils	collected	from	early	(0-year)	and	intermediate/late	(70-year)	
successional stages were used. In addition, sterile sea water was used as a control to 
enable	distinguishing	between	the	influence	of	biotic	(dispersal	of	microbial	cells)	and	
abiotic (chemical changes) factors in community responses. Soil bacterial communi-
ties	were	profiled	by	sequencing	16S	rRNA	genes	at	6	time	points	in	an	experiment	run	
for	20	days.	In	brief,	I	found	no	significant	effect	of	the	overall	influence	of	inundation	
across the four levels of frequency tested at soils from both successional stages. In this 
study, sampling time is the most important factor driving the variation of bacterial 
communities. Both α- and β-diversity of bacterial communities change systematically 
with time in the early stage soil, but are relatively stable in the late stages soil, which 
might link to the higher diversity, selection pressure and historical contingency in this 
stage. The higher temporal turnover of bacterial communities in the soil at the early 
stages is mostly governed by changes in members of the rare biosphere. This suggests 
rare microbes in the early successional stage of salt marsh are sensitive to inundation 
and	can	be	vulnerable	 to	accelerated	 sea-level	 rise.	Furthermore,	 the	difference	be-
tween	natural	and	sterile	sea	water	treatments,	even	though	not	significant,	suggesting	
the impact of inundation to soil bacterial communities mainly through changes of soil 
physicochemical conditions, but to a lesser extent through dispersal. 

 Last, In Chapter 7, I provide a synthesis of this thesis. Here, I discuss the outlook 
of this thesis with emphases on the general conclusions, current challenges and po-
tential	future	directions	in	this	field	of	research.	I	propose	that	future	study	designs	
can	profit	from	the	conceptual	and	empirical	work	provided	here,	 in	particular	with	
respect to the dynamic processes structuring the soil rare biosphere. Advancing this 
field	of	science	can	also	profit	 from	testing	this	 framework	across	distinct	microbial	
community types, beyond the soil spectrum. This is important to provide data that 
corroborate, contradicts and expands the work I present here.
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Samenvatting
Begrijpen hoe verschillende factoren de assemblage en dynamiek van microbiële ge-
meenschappen stimuleren, is een belangrijk doch slecht begrepen onderwerp in de 
microbiële ecologie. Assemblage van deze gemeenschappen wordt gemedieerd door 
een samenspel van ecologische processen die de structuur ervan vormgeven over ver-
scheidene niveaus van ruimte en tijd. Het samenspel bestaat uit selectie, verspreiding, 
ecologische	drift	en	diversificatie.	Het	evalueren	van	patronen	in	microbiële	successie	
kan informatie leveren over hoe diverse processen en mechanismen werken in ver-
schillende schaalniveaus. Dit kan mogelijk een connectie onthullen tussen gemeen-
schapsassemblage en belangrijke aspecten van ecosysteem functionering. In natuurlijk 
vormende ecosystemen spelen microben een aanzienlijke rol in het koloniseren van 
nieuwgevormde habitatten/niches, waar zich vervolgens een kortere opeenvolgende 
reeks vormt van aankomende en vervangende soorten over tijd. Dit gebeurt op een 
vergelijkbare manier, echter op een hoger tempo, als dat waargenomen is in successie 
trajecten van macro-organismen. Door een kwelder chronosequentie met meer dan 
100 jaar primaire successie als model ecosysteem te gebruiken (Schiermonnikoog, 
Nederland), heb ik systematisch onderzocht hoe de verschillende processen van 
gemeenschapsassemblage werken en de mate waarop de relatieve bijdrage aan het 
structureren van bodembacteriegemeenschappen van de processen verandert over 
tijd. Ik zette een gerichte focus op de verdeling van soortenrijkdom tussen gewone en 
zeldzame biosferen en biedt nieuwe conceptuele en empirische kennis over hoe ver-
schillende processen werken op het gebied van dynamiekbesturing.

 Dit proefschrift begint met een overzicht van relevante onderwerpen in Hoofd-
stuk 1. Daarin introduceer ik nieuwe ontwikkelingen in het begrijpen van microbiële 
gemeenschappen in het milieu, syntheses en theorieën over ecologische processen die 
het samenleven van soorten beheersen en hun dynamica, en geef ik een overzicht van 
de microbiële zeldzame biosfeer. Als laatste schets ik het doel van dit proefschrift en de 
onderzoeksvragen die in elk hoofdstuk in detail worden onderzocht.

 Hoofdstuk 2 geeft een overzicht van algemene patronen in de omloop van mi-
crobiële gemeenschappen tijdens primaire en secundaire successie. Het geeft ook een 
overzicht van hoe recente moleculaire technologieën de vooruitgang op dit gebied van 
de wetenschap mogelijk maakten. In het kort, ik presenteer er een algemene inleiding 
op het onderwerp door te beargumenteren dat microbiële gemeenschappen zich vaak 
ontwikkelen van eenvoudige naar meer complexe structuren met een toename van de 
totale biomassa gedurende de primaire successie. Hoewel er minder consistentie is 
tijdens secundaire opvolging, aangezien historische contingentie zou kunnen bepalen 
hoe de gemeenschap reageert op verstoring. Verder geeft dit hoofdstuk een overzicht 
van eerdere studies op het eiland Schiermonnikoog, waar werd ingegaan op hoe zowel 
gemeenschappen van micro- als macro-organismen over de loop van meer dan 100 
jaar primaire successie, veranderen in soortensamenstelling, ecologische kenmerken 
en interacties van functionele groepen.

Samenvatting
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Microbiële successie wordt gemedieerd door verschuivingen in assemblageprocessen 
van	gemeenschappen.	De	kwantificering	van	de	relatieve	invloed	van	deze	processen	
kan echter vertekend zijn afhankelijk van of DNA- of RNA-gebaseerde sequencing-be-
naderingen worden gebruikt. In Hoofdstuk 3 wordt dit getoetst door bacteriële ge-
meenschappen	te	profileren	via	sequentiebepaling	van	16S	rRNA	amplicons	van	milieu	
DNA- en RNA-transcripten die verkregen zijn uit verzamelde grond langs vijf opeenvol-
gende stadia van ecosysteemontwikkeling op het eiland Schiermonnikoog, en hierbij 
gebruik te maken van vier meetmomenten tijdens het groeiseizoen (tweemaandelijkse 
bemonstering). Hier laat ik zien dat, in vergelijking met DNA-gebaseerde benadering, 
de RNA-gebaseerd benadering onthulde een hogere temporele omloop van bacteriële 
gemeenschappen op zowel korte termijn (tweemaandelijks) als lange termijn (meer 
dan 100 jaar opvolging) omloop van gemeenschappen. De gemeenschapsassemblage 
op basis van RNA-afgeleide gemeenschap was nauwer verbonden met variabele selec-
tie gedreven door heterogeniteit in de omgeving, terwijl resultaten verkregen van de 
DNA-afgeleide gemeenschap een grotere invloed onthulde van homogene selectie ge-
dreven door de consistente milieucondities. Het onderscheid tussen deze twee benade-
ringen heeft waarschijnlijk te maken met de verschillen in stabiliteit van extracellulair 
RNA en DNA, en daarbij het verschil in behoud ervan in de omgeving (bijv. extracel-
lulaire relikwie DNA), en kan dus gedetecteerd in onze sequentie analyses. Over het 
algemeen illustreren deze resultaten de behoefte aan referentiekader benaderingen om 
goed uit te leggen hoe assemblageprocessen microbiële gemeenschappen structureren. 
Het benadrukt ook dat voorzichtigheid geboden is bij het interpreteren en vergelijken 
van resultaten die gebaseerd zijn op verschillende sequentiestrategieën.

 Vergelijkbaar met macro-organismen, echter misschien in een steilere vorm, 
vertonen	 soortenrijkdom	grafiekcurven	van	microbiële	 gemeenschappen	een	 scheve	
verdeling van rijkdom. Dit is gekenmerkt door het bestaan   van een paar sterk verte-
genwoordigde taxa en een lange staart van minder vertegenwoordigde taxa welke vaak 
wordt aangeduid als ‘de zeldzame biosfeer’. Vooral in de microbiële ecologie is er wein-
ig bekend over de mechanismen die de assemblage en persistentie van de zeldzame 
biosfeer bemiddelen. In hoofdstuk 4 ontwikkel ik een synthese die de verschillende 
soorten zeldzaamheid verdeelt, d.w.z. permanent, voorwaardelijk en tijdelijk zeldzame 
taxa, en hun typen plaatst in het samenspel van de assemblageprocessen. In het bij-
zonder heb ik onze kennis conceptueel uitgelijnd over gemeenschapsassemblage (sensu 
Vellend, 2016), en de relatieve bijdrage van verschillende eco-evolutionaire processen 
-	selectie,	verspreiding,	drift	en	diversificatie	-	met	de	structuur	en	het	type	microbiële	
zeldzaamheid. Daarmee zorg ik voor een kader om deze synthese empirisch te testen 
met behulp van nul-model analyse in combinatie met fylogenetische informatie.

 In Hoofdstuk 5 heb ik de set van hypothesen die in Hoofdstuk 4 ontwikkeld zijn 
empirisch geëvalueerd. Ik deed dit door sequentiegegevens te gebruiken op de bacte-
riële 16S rRNA-transcripten gepresenteerd in Hoofdstuk 3. De combinatie van em-
pirische gegevens met een mechanistisch raamwerk maakte het mogelijk de dynamiek 
van de zeldzame biosfeer in zowel korte (tweemaandelijkse) als lange (successie van 
meer dan 100 jaar) temporele schalen, te onderzoeken. Ondertussen dienen de vijf op-



153

Samenvatting

eenvolgende fasen ook als een milieugradiënt over de ruimte, omdat de ruimte-voor-ti-
jd-vervanging wordt gebruikt om de successiestadia tijdens de primaire opvolging 
te vertegenwoordigen. In het kort, ik toon aan dat de assemblage van de zeldzame 
biosfeer grotendeels wordt aangedreven door homogene selectie, terwijl de algemene 
biosfeer - die bestaat uit overvloedige soorten - wordt aangedreven door een breder 
scala aan processen, waarin variabele selectie een grote rol speelt. Ik heb ook laten 
zien dat homogene selectie de prevalentie van permanent zeldzame taxa verklaart, ter-
wijl variabele selectie de dynamiek van voorwaardelijk zeldzame taxa verklaart. Alles 
tezamen draagt dit hoofdstuk   empirische gegevens aan om ons begrip te vergroten 
van hoe ecologische processen de zeldzame biosfeer structureren, en hoe zeldzame mi-
croben	fluctueren	over	spatiotemporale	schalen	en	vervolgens	verschillende	soorten	
zeldzaamheid vormen.

 Verspreiding is een van de eenvoudigste en belangrijkste processen die de assem-
blage van bodembacteriële gemeenschappen in kwelders beïnvloed. Dit komt doordat 
vroege successiestadia. Dagelijks worden onderworpen aan de invloed van de getijden. 
In Hoofdstuk 6 heb ik een microkosmos-experiment gebruikt om te onderzoeken 
in hoeverre bodembacteriële gemeenschappen van verscheidene successiestadia ver-
schillen in compositie door veranderingen in overstromingsfrequentie. Hierin werd 
de kunstmatige toepassing van natuurlijk zeewater gebruikt om vier niveaus van inun-
datiefrequentie	te	simuleren,	d.w.z.	2×	per	dag,	1×	per	dag,	1×	per	3	dagen	en	1×	per	7	
dagen. Bodemgrond verzameld in de vroege (0-jarige) en intermediaire/late (70-jarige) 
successiestadia werden gebruikt. Hiernaast werd steriel zeewater als controle gebruikt 
om onderscheid te kunnen maken tussen de invloed van biotische (verspreiding van 
microbiële cellen) en abiotische (chemische veranderingen) factoren van invloed op de 
gemeenschap.	Bodem	bacteriële	gemeenschappen	waren	geprofileerd	door	sequentie-
bepaling van 16S-rRNA-genen op 6 tijdstippen in een experiment dat over 20 dagen 
werd	uitgevoerd.	Samengevat,	ik	vond	geen	significant	effect	van	de	algehele	invloed	
van overstroming over de vier frequentieniveaus getest op bodems van beide opeen-
volgende stadia. In deze studie is het tijdpunt van bemonstering de belangrijkste factor 
die	de	variatie	in	bacteriële	gemeenschappen	drijft.	Zowel	α- als β-diversiteit van de 
bacteriële gemeenschappen verandert systematisch met de tijd in bodemgrond van het 
vroege stadium, maar deze zijn relatief stabiel in de bodemgrond van de late stadia, 
dit mogelijk gelinkt aan de hogere diversiteit, selectiedruk en historische contingentie 
van dat stadium. De hogere temporele omloop van bacteriële gemeenschappen in de 
bodemgrond in de vroege stadia wordt grotendeels beheerst door veranderingen in 
vertegenwoordigers van de zeldzame biosfeer. Dit geeft aan dat zeldzame microben 
in het begin successiestadia van kwelders gevoelig zijn voor inundatie en kwetsbaar 
kunnen zijn voor versnelde zeespiegelstijging. Verder suggereert het verschil tussen 
natuurlijke	en	steriele	zeewaterbehandelingen,	hoewel	niet	significant,	dat	de	impact	
van inundatie op bodembacteriële gemeenschappen, voornamelijk komt door veran-
deringen van fysisch-chemische bodemomstandigheden, en in mindere mate door 
verspreiding.

Als laatste geef ik in Hoofdstuk 7 een synthese van dit proefschrift. Hier bespreek ik 
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de vooruitzichten van dit proefschrift met de nadruk op de algemene conclusies, hui-
dige uitdagingen en potentiele, toekomstige richtingen in dit gebied van onderzoek. Ik 
stel	voor	dat	toekomstige	studieontwerpen	kunnen	profiteren	van	het	conceptuele	en	
empirische werk dat hier wordt geboden, in het bijzonder het werk met betrekking tot 
de dynamische processen die de zeldzame biosfeer van de bodem structureren. Bev-
ordering	van	dit	wetenschapsgebied	kan	ook	profiteren	van	het	testen	van	dit	raamwerk	
in verschillende soorten microbiële gemeenschappen buiten het bodemspectrum. Dit 
is belangrijk om gegevens te verstrekken die het werk dat ik hier presenteer bevestigen, 
tegenspreken en uitbreiden.
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