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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

R = 0.73 , p = 0.00058
R = 0.28 , p = 0.26

R = 0.47 , p = 0.047
R = 0.55 , p = 0.017

R = 0.91 , p = 1.3e−07

R = 0.15 , p = 0.56

R = 0.74 , p = 0.00044

R = 0.097 , p = 0.7

R = 0.75 , p = 0.00034
R = 0.61 , p = 0.0078

R = −0.42 , p = 0.08
R = −0.053 , p = 0.83

1x / 7 days 1x / 3 days 1x / day 2x / day

0- year
70- year

2 4 8 12 16 20 2 4 8 12 16 20 2 4 8 12 16 20 2 4 8 12 16 20
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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 



111

Effect of dispersal by inundation on soil bacterial communities

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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