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A B S T R A C T

Plant species identity is assumed to be a major driver of belowground microbial diversity and composition.
However, diagnosing which plant functional traits are responsible for shaping microbial communities remains
elusive. Primary succession on barren metalliferous mining substrates was selected as the framework to study
above-belowground interactions, and plant functional traits that lead the successional trajectories of soil bac-
terial communities were identified. The impact of the plant functional group (i.e. trees, shrubs, dwarf shrubs,
perennial grasses), a trait integrating the life span and morphological structure, on the bacterial primary suc-
cession was monitored. Bacterial diversity and composition was estimated along plant size gradients including
over 90 scattered patches ranging from seedlings to mature multispecific patches. Soil bacterial diversity was
affected by heavy metals levels and increased towards higher resource availability underneath mature patches,
with stress-tolerant heterotrophs and phototrophs being replaced by competitive heterotrophs. The plant
functional group modulated these general patterns and shrubs had the greatest impact belowground by inducing
the largest increase in soil fertility. Functional traits related to leaf decomposability and root architecture further
determined the composition and structure of bacterial communities. These results underline the importance of
plant functional traits in the assembly of soil bacterial communities, and can help guiding restoration of de-
graded lands.

1. Introduction

The diversity and community structure of soil microbes un-
doubtedly determines ecosystem performance, as microbes are key in
controlling biogeochemical cycling, soil nutrient storage, gas inter-
change with the atmosphere and the structure of aboveground com-
munities (Bardgett and van der Putten, 2014). Understanding how the
wealth of abiotic and biotic ecosystem components interplay to struc-
ture soil microbial communities is thus a fundamental question in
ecology (see Fierer, 2017 for a review). Among all abiotic and biotic
factors, plant species identity is recognized as a main determinant of the
composition of soil bacterial communities (Fierer, 2017; Wardle et al.,
2004). The effect of plant identity on soil microbes is necessarily a re-
flection of the plant's functional traits, which determine where a species
can live and how it interacts with the surrounding environment
(Cadotte et al., 2011). Plant traits alter the amount, composition and
bioavailability of carbon and other nutrient sources in soil and there-
fore can strongly affect soil microbial communities and ecosystem

functioning (De Deyn et al., 2008). Specifically, traits related to leaves
(de Vries et al., 2012; Grigulis et al., 2013; Laughlin, 2011), roots
(Klumpp et al., 2009; Legay et al., 2014; Valé et al., 2005) and nutrient
uptake efficiency (Moreau et al., 2015) impact soil microbial activity,
abundance and community composition. However, unravelling the
contribution of these different drivers remains complex, as many of the
processes are interwoven and their importance may vary depending on
environmental conditions.

Primary ecological succession, i.e. the process by which ecological
communities assemble over time following the new exposure of barren
substrates that leaves little or no biological legacy, can be an ideal
setting to study how plants and soil microbes interact (Walker and del
Moral, 2011). Indeed, shifts in soil microbial communities undergoing
primary succession have been consistently found to vary along with soil
age and were suggested to mirror changes in aboveground vegetation
(Banning et al., 2011; Edwards et al., 2006; Knelman et al., 2012; Li
et al., 2013; Miniaci et al., 2007). Several natural or human-induced
disturbances can lead to the formation of barren lands such as volcanic
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lava flow, ash fields, mined sites, deserts or forelands of receding gla-
ciers (Walker and del Moral, 2003). As a general trend, these newly
exposed or deposited substrates are characterized by harsh environ-
mental conditions and are rapidly colonized by microorganisms that
contribute to critical processes for soil formation and ecological suc-
cession (i.e. weathering of parent material, stabilization of soil ag-
gregates and nutrient cycling) (Ciccazzo et al., 2016; Nemergut et al.,
2007; Schmidt et al., 2008; Schulz et al., 2013; Velbel, 1988). Bacteria
have a main role as early colonizers probably due to their high dis-
persion rates and large panel of metabolisms, which allow a wealth of
taxa to cope with environmental conditions (e.g. nutrients limitation,
desiccation, UV radiation and temperature fluctuations) (Schmidt et al.,
2008).

On barren mine lands, high metal loads can affect soil micro-
organisms by limiting their biomass and activity, or altering their di-
versity and community structure (Borymski et al., 2018; Kandeler et al.,
2000; Stefanowicz et al., 2008; Zhang et al., 2016). Microbial taxa
tolerating high metal concentrations are selected (Mohamad et al.,
2017), some of which alter metal bioavailability in soil through acid-
ification, chelation, complexation, precipitation, and redox reactions
(Gadd, 2000; Piotrowska-Seget et al., 2005; Roane, 1999). On the other
hand, the natural colonization of mine tailings by plants induce sig-
nificant changes in soil microbial communities (Borymski et al., 2018;
Kozdroj and Elsas, 2000; Wood et al., 2016). In particular, nurse plants
as early-colonizers are likely to impact soil microbes thriving in the
vicinity of their root system (Edwards et al., 2006; Miniaci et al., 2007).
Different nurse species show distinct levels of metal bioaccumulation in
leaves (Navarro-Cano et al., 2018), which would indicate a species-
specific contribution to the metal concentrations in soils beneath their
canopies through litter deposition. As they grow, nurse plants modify
the environmental and soil fertility conditions underneath their canopy
and facilitate the growth of less stress-tolerant plants (Navarro-Cano
et al., 2018, 2014). Such plant-plant facilitation process leads to the
formation of vegetated patches and initiates a cascade of belowground
processes, including the promotion of ecosystem functions related to
soil microbial productivity, decomposition and C, N and P cycling
(Navarro-Cano et al., 2014). The identity and stage of plant develop-
ment can impact specific microbial groups, such as rhizobacteria
(Chaparro et al., 2014; Melo et al., 2011; Wang et al., 2008). Moreover,
the ability of a plant to promote microbially-mediated processes in
mine tailings depends on a set of functional traits associated with the
plant life span and morphological structure, photosynthetic metabo-
lism, leaves and roots (Grigulis et al., 2013; Legay et al., 2014; Navarro-
Cano et al., 2018). One could therefore expect these plant functional
traits to be key determinants of the shifts in bacterial diversity and
community composition throughout the restoration of mining sites.

To test this hypothesis, the responses of soil bacterial community to
the establishment of nurse plants species belonging to four different
plant functional groups (i.e. trees, shrubs, dwarf shrubs or perennial
grasses) was monitored in metal-polluted mine tailings in drylands.
Here, plant functional group was used as an integrative trait of the plant
life span and morphological structure. The successional trajectories of
soil bacterial communities were studied in bare soil and throughout
plant size gradients, encompassing from seedlings to 30-year-old full-
grown vegetation patches either assembled by trees, shrubs, dwarf
shrubs or perennial grasses (Navarro-Cano et al., 2018; Figs. S1 and S2).
This study specifically tested whether the increase in soil bacterial di-
versity and shifts in community composition associated with plant de-
velopment depends on the plant functional group. It was further as-
sessed whether such an increase in bacterial diversity can be explained
by the plant's ability to increase soil fertility (i.e. organic substances,
mineral nutrients and moisture) and/or reduce abiotic stress (i.e. pH,
salinity and concentration of heavy metals). In addition, the importance
of plant functional traits, including general morphological and phy-
siological traits, as well as leaf and root traits, in determining the
changes in soil bacterial composition was evaluated. Identifying key

plant traits that trigger microbial succession in barren ecosystems can
be fundamental to provide new tools for land rehabilitation and eco-
logical restoration of microbially-mediated ecosystem services through
a better selection of target plant species.

2. Material and methods

2.1. Site description

The Cartagena-La Unión Mining District (Murcia, Southeastern
Spain; 30 S 689151 E, 4164433 N) is located in a semiarid
Mediterranean area, where metalliferous ores have been extracted over
centuries. During the 2nd half of the twentieth century and up to 1991,
mining activities generated waste tailings often characterized by low
pH values, high heavy metal concentrations (iron, lead, zinc, copper,
arsenic, and cadmium among others), high electrical conductivity and
poor nutrient and water contents that limit natural restoration (Conesa
et al., 2008). Despite these harsh environmental conditions, scattered
vegetation patches are naturally colonizing the abandoned barren
tailings. In this system, plant patches can be triggered by several nurse-
plant species belonging to different plant functional groups including
trees, shrubs, perennial grasses and dwarf shrubs (Figs. S1 and S2).
Moreover, different ecological succession stages can occur within the
same mining deposit, ranging from nurse plants at early stages of de-
velopment to mature nurse plants hosting complex biological commu-
nities below their canopies (Navarro-Cano et al., 2018) (Figs. S1 and
S2).

2.2. Soil sampling

In May 2015, 106 soil samples were collected across seven mining
deposits (see Navarro-Cano et al. (2018) for a complete description of
the sampling site and the methodology). Briefly, 93 composite (5 sub-
samples each) surface soil samples (0–5 cm) were collected below nurse
plants belonging to four plant functional groups. For each plant func-
tional groups, 3 to 4 replicates were analyzed (i.e. nurse plant species):
trees (Pinus halepensis, Tamarix canariensis and Osyris lanceolata), shrubs
(Atriplex halimus, Salsola oppositifolia and Dorycnium pentaphyllum),
dwarf shrubs (Helichrysum stoechas, Paronychia suffruticosa and Limo-
nium carthaginense), and perennial grasses (Lygeum spartum, Stipa tena-
cissima, Piptatherum miliaceum and Hyparrhenia synaica) (Table S1; Fig.
S1). Soil samples were collected below each nurse-plant species fol-
lowing a plant size gradient ranging from seedlings to mature plants
that represent the different steps of natural tailings restoration. The size
of each nurse plant was measured as the mean canopy diameter and
was used as a surrogate of the plant age (Navarro-Cano et al., 2015).
The number of soil samples taken to describe the plant size gradients of
each plant species varied depending on the functional groups (trees: 10;
shrubs: 10; perennial grasses: 8 and dwarf shrubs: 6) so as to balance
the sampling effort across the gradients of plants that can differ up to
two decades in their lifespan (Fig. S1). In a previous study, it has been
shown that these unbalanced sampling did not significantly impact the
soil parameters under study across plant species (Navarro-Cano et al.,
2018). Additionally, 13 composite soil samples were taken to char-
acterize the gaps, that is, the open spaces adjacent to plant patches.
Biological crusts were not detected to develop significantly in the study
area. Soils were transported to the laboratory on ice, sieved through a
2-mm mesh and stored at 4 °C during analyses. Gap samples were
characterized by neutral pH values (7.3 ± 0.9), low contents of total
organic carbon (3.4 ± 0.9 g kg−1) and total nitrogen
(0.4 ± 0.2 g kg−1) and high concentrations of heavy metals and me-
talloids such as zinc (7533 ± 3952mg kg−1), lead
(5832 ± 6113mg kg−1), copper (56.9 ± 32.5mg kg−1), cadmium
(18.1 ± 11.8mg.kg-1) and arsenic (235 ± 153mg.kg-1) (Table S2).
Detailed characterization of soil samples is available on the Dryad Di-
gital Repository (https://datadryad.org/resource/doi:10.5061/dryad.
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j70qf).

2.3. Nucleic acid extraction and amplification of microbial 16S rRNA genes

Genomic DNA was extracted from ca. 10 g of homogenized soil
using the PowerMax® Soil DNA Isolation Kit (MO BIO Laboratories Inc.,
CA, USA). The amplicon sequencing protocol targets the V3 and V4
regions of the 16S rRNA genes with the universal prokaryotic primers
(Pro341F/Pro805R) designed surrounding conserved regions
(Takahashi et al., 2014). Following the Illumina protocol, DNA am-
plicon libraries were generated using a limited cycle PCR: initial de-
naturation at 95 °C for 5min, followed by 28 cycles of annealing (95 °C
30 s, 55 °C 30 s, 72 °C 30 s) extension at 72 °C for 5min, using a KAPA
HiFi HotStart ReadyMix (KK2602). Then Illumina sequencing adaptors
and dual-index barcodes (Nextera XT index kit v2, FC-131-2001) were
added to the amplicon. Libraries were then normalized and pooled prior
to sequencing. The pool containing indexed amplicons was then loaded
onto the MiSeq reagent cartridge v3 (MS-102-3003) spiked with 25%
PhiX control to improve base calling during sequencing, as re-
commended by Illumina for amplicon sequencing. Sequencing was
conducted on a MiSeq Illumina platform using a 2× 300 bp paired-end
reads protocol at the Fisabio sequencing service (http://fisabio.san.gva.
es).

2.4. Processing of sequencing data

Of the 106 soil samples collected in the mine tailings, 13 samples
(mainly taken from gaps or underneath seedlings) had too low DNA
concentrations to allow 16S rRNA gene high-throughput sequencing
although 10 g of soil was used for each extraction, which is 40 times
greater than the amount usually employed for soil DNA extraction
(Table S1). This reflects that metal-polluted mine deposits barely have
any biological legacy, and thus constitute an appropriate scenario to
study primary succession. A total of 5,219,471 paired-end raw reads
were obtained across 93 soil samples. Raw sequences were quality fil-
tered with the prinseq-lite program (Schmieder and Edwards, 2011).
Sequences were trimmed from the 3′-end sequences having a mean
quality score lower than 20 using a sliding window of 20 nucleotides
and removed those shorter than 50 bp. Demultiplexed paired reads
were joined with the fastq-join program from the ea-tools suite
(Aronesty, 2011). Joined sequences shorter than 200 bp or including
ambiguous base calls were removed, and chimeras identified with
USEARCH 6.1 (Edgar, 2010) using QIIME 1.7 (Caporaso et al., 2011).
After quality filtering, the dataset contained 5,159,426 reads with an
average length of 450 bp. Despite the use of universal primers
(Pro341F/Pro805R) for the simultaneous detection of bacterial and
archaeal communities (Takahashi et al., 2014), only few archaeal se-
quences were detected in the samples. Thus, sequences belonging to the
archaeal domain (1035 sequences) or with no taxonomic affiliation at
the domain level (41,277 sequences) were excluded from the analysis.
Moreover, one sample (osqu7) with poor sequencing yield (< 1000
reads), as well as singleton OTUs were discarded from the dataset. For
all downstream analyses, the library size was rarefied to 17,808 ran-
domly selected reads per sample to correct for differences in sequencing
depth. Subsampling procedure resulted in the analysis of 1,638,336
bacterial sequences among the 92 soil samples. At this depth of cov-
erage, Operational Taxonomic Units (OTUs) were clustered with
UCLUST (Edgar, 2010) at a 97% sequence similarity, and OTU tax-
onomy was determined using the GreenGenes database (version 13_5)
(McDonald et al., 2012). In total, 30,146 OTUs were defined, with an
average of 2716 OTUs per sample. Of these bacterial OTUs, 99.81%
were classifiable to the phylum level and 24.37% were classifiable to
the genus level.

Several alpha-diversity estimates were calculated (Table S3). Rich-
ness (S.obs) was calculated as the number of observed OTUs in each
sample. The diversity within each individual sample was estimated

using the non-parametric Shannon index. Evenness of the bacterial
community was estimated using Pielou's evenness index (J=D/log(S)),
where S is rarefied OTU richness and D is Shannon's diversity index.

2.5. Accession numbers

The sequencing dataset generated for this study was deposited in the
European Nucleotide Archive (www.ebi.ac.uk/ena/data/view/
PRJEB23564).

2.6. Plant functional traits

For each plant nurse species, morphological and physiological traits
are presented in Table S4 (Navarro-Cano et al., 2018). Briefly, the plant
functional groups (trees, shrubs, perennial grasses and dwarf shrubs)
were assigned based on (Paula et al., 2009) and authors' criterion.
Other trait values were either obtained from the literature (photo-
synthetic metabolism and halophytism) (Cornelissen et al., 2003; Mateo
and Crespo, 2014; Pyankov et al., 2010) or from five adult plants
sampled in the mine tailings (root intensivity and leaf C/N ratio). Root
intensivity is indicative of a plant's effort to explore the soil volume
with its fine root system and was estimated as the ratio between the
fresh root length (maximum length of stretched roots) and the dry root
weight (cleaned and 65 °C oven-dried roots) after digging up the whole
root system. The leaf C/N ratio is a good predictor of decomposability
(Gallardo and Merino, 1993; Poca et al., 2014) and was estimated from
total organic carbon and nitrogen concentrations contained in ca. 10 g
of fresh ground leaves per plant using standard procedures as in
(Navarro-Cano et al., 2015).

2.7. Statistical analysis

First, it was evaluated whether soil bacterial alpha-diversity in-
creases with plant size depending on the plant functional group. Three
to four nurse species were used within each functional group as in-
dependent replicates. Specifically, a generalized linear mixed model
(GLMM) was performed to test the effect of the plant functional group,
which was used as an integrative trait, on bacterial Shannon's diversity
index including the plant diameter as a covariable to account for the
different size of species belonging to distinct plant functional groups.
Plant diameter was log-transformed to better approximate a normal
distribution. The ‘mining deposit’ was also included as a random factor
in the model, so as to account for site effects (Table S5). Similar GLMMs
were performed to test the effect of the plant development on the di-
versity of major bacterial phyla. The p-values in the GLMMs were ad-
justed for multiple comparisons with the Benjamini-Hochberg correc-
tion to control for the false discovery rate. GLMMs were performed with
the ‘lme’ function in the ‘nlme’ package for R (Pinheiro et al., 2017).

It was then tested whether the increase in soil bacterial diversity
was related to an increase in soil fertility and/or a reduction in abiotic
stress. A principal component analyses (PCA) was carried out for soil
fertility (total organic carbon, total nitrogen, phosphorus, potassium,
soil moisture) and abiotic stress parameters (soil pH, electrical con-
ductivity, and concentrations of arsenic, copper, cadmium, lead, zinc,
aluminum, lithium) using the ‘FactoMineR’ package (Lê et al., 2008).
The first and second principal components (PC1 and PC2) were used as
predictors of soil bacterial diversity including plant diameter as a
covariable in a GLMM as above (Table S5). The function ‘dimdesc’ from
the FactominR package was used to identify the variables with the
highest correlations with the principal components. It was further
tested whether the shifts in PC1 and PC2 were related to the plant size
or depended on the plant functional group. A log-transformation was
applied to PC2 to reach a normal distribution.

The evolution of the relative abundance of bacterial taxa along with
plant size was statistically assessed by using the relative abundance of
each taxon as a dependent variable in separate GLMMs (Table S5),
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including false discovery rate correction, as above. In addition, in order
to investigate the relationships between the bacterial community
structure, soil fertility and abiotic stress, as well as plant functional
traits, a non-metric multidimensional scaling was performed using the
‘metaMDS’ function in the ‘Vegan’ package for R (Oksanen, 2017).
Dissimilarity in community structure was calculated using the Bray–-
Curtis index with the ‘vegdist’ function. ‘Envfit’ was run with 999
permutations to plot significantly correlated variables on the ordina-
tion. To determine whether bacterial community structure changes
along with plant development, GLMMs were performed using the
principal coordinates from the multivariate analysis (NMDS1 and
NMDS2) in separate models, in which the effect of soil fertility and
abiotic stress predictors was assessed. The ‘plant diameter’ was included
as covariable, to account for differences in plant size across functional
groups, and both ‘mining deposit’ and ‘plant functional group’ as
random factors, to account for site and functional group effects (Table
S5). Furthermore, it was tested whether plant functional traits in-
dicative of the plant physiology (carbon fixation metabolism and ha-
lophytism), leaf decomposability (leaf C/N ratio) and the root ex-
ploration volume (root intensivity) determined bacterial community
structure (NMDS1 and NMDS2) in two GLMMs as above (Table S5). All
statistical analyses were carried out in R (v.3.3.2).

3. Results

3.1. Soil bacterial alpha-diversity

Plant functional group impacted significantly the increase in soil
bacterial diversity towards more mature plant patches (F3,7= 3.5;
P < 0.05) and no significant interaction was observed between func-
tional groups and plant size. In particular, a significant positive re-
lationship between soil bacterial diversity and plant diameter was re-
vealed underneath trees (F1,22= 25.2; P < 0.001), shrubs (F1,20= 9.5;
P < 0.01) and perennial grasses (F1,21= 18.5; P < 0.001) but not
below dwarf shrubs (F1,13= 0.8; P= 0.39) (Fig. 1). Interestingly,
bacterial diversity appeared to increase more rapidly with size below
shrubs (slope=0.32 ± 0.10) than below trees (slope=0.23 ± 0.05)
and perennial grasses (slope=0.24 ± 0.06) (Fig. 1). Overall, this

increasing pattern in soil bacterial diversity held for all dominant phyla,
i.e. those accounting for more than 97% of the total reads, except for
Cyanobacteria (Fig. S3). That is to say, mature plant patches host more
diverse bacterial lineages of Proteobacteria, Actinobacteria, Acid-
obacteria, Bacteroidetes, Planctomycetes, Chloroflexi, Verrucomi-
crobia, Gemmatimonadetes and the candidate division TM7 (Fig. S3).

To further analyze the causes of the shifts in soil bacterial diversity,
soil physicochemical parameters were reduced to a set of orthogonal
dimensions in a principal component analysis (Fig. S4). The first prin-
cipal component (hereafter PC1.ab.stress) explained 31.5% of the total
variance. PC1.ab.stress was positively correlated with electrical con-
ductivity and the concentration of some heavy metals (lead, cadmium
and zinc) and negatively correlated with aluminum, lithium and
phosphorus levels. The second principal component (hereafter PC2.fert;
21.4%) was mostly explained by total organic carbon, total nitrogen
and potassium. Using these two principal components as explanatory
variables in GLMMs revealed that Shannon index was inversely corre-
lated with abiotic stress in soil (PC1.ab.stress: F1,80= 9.9; P < 0.01)
and positively correlated with soil fertility (PC2.fert.log: F1,83= 17.8;
P < 0.001). In both cases, significant correlations were observed
below plant patches facilitated by trees (PC1.ab.stress: F1,22= 4.4;
P < 0.05 and PC2.fert.log: F1,22= 7.8; P=0.01) and shrubs
(PC1.ab.stress: F1,20= 6.5; P < 0.05 and PC2.fert.log: F1,20= 4.6;
P < 0.05), while no significant correlation could be reported below
perennial grasses and dwarf shrubs (P > 0.05) (Fig. 2). Change in
abiotic stress could not be correlated to the biological succession, since
no significant correlation was observed between plant size and
PC1.ab.stress, whatever the plant functional group considered. In con-
trast, soil fertility (PC2.fert.log) was shown to increase below mature
plant patches triggered by trees (F1,22= 5.2; P < 0.05) shrubs
(F1,20= 5.0; P < 0.05) and perennial grasses (F1,21= 4.9; P < 0.05)
but not below dwarf shrubs (P > 0.05) (Fig. S5).

3.2. Soil bacterial community structure

Major bacterial phyla displayed opposing abundance patterns along
the plant size gradients. Specifically, early successional bacterial com-
munities were enriched in Actinobacteria (F1,83= 33.9, P < 0.001),
Chloroflexi (F1,83= 21.1, P < 0.001), Gemmatimonadetes
(F1,83= 6.7, P < 0.1) and Cyanobacteria (F1,83= 31.1, P < 0.001),
whose relative abundance decreased significantly below mature plants
(Fig. 3). Actinobacteria displayed the most drastic drop in abundance
that was mainly due to that of the Acidimicrobiales, Solirubrobacterales
and Rubrobacterales orders (Fig. S6). Inversely, late successional bac-
terial communities were significantly enriched in Proteobacteria
(F1,83= 19.4, P < 0.001), Planctomycetes (F1,83= 15.4, P < 0.01)
and Acidobacteria (F1,83= 11.5, P < 0.01), and a similar but not sig-
nificant trend was observed for the Verrucomicrobia (F1,83= 2.4,
P= 0.24) and Bacteroidetes (F1,83= 2.5, P= 0.24) (Fig. 3). At lower
taxonomic levels, the relative abundance of Alpha, Beta, and Delta-
Proteobacteria were marginally or significantly increased below mature
plants (Fig. 3). This shift in abundance was partly driven by the Rhi-
zobiales, Rhodospirillales and Caulobacterales (Fig. S7), uncharacterized
order Ellin6067 (Fig. S8), Xanthomonadales and Legionellales (Fig. S9)
and Myxococcales orders (Fig. S10).

Based on the relative abundance of bacterial phyla, NMDS ordina-
tion analysis demonstrated that the structure of soil bacterial commu-
nity was determined by abiotic stress and plant ability to increase soil
fertility during biological succession (Fig. 4). In particular, both NMDS
axes significantly responded to PC1.ab.stress (NMDS1: F1,81= 2.3,
P= 0.13; NMDS2: F1,75= 9.0, P < 0.01) and PC2.fert.log (NMDS1:
F1,81= 15.4, P < 0.001; NMDS2: F1,81= 4.0; P < 0.05). Plant func-
tional traits also modulated the response of the soil bacterial commu-
nity structure to plant size. Specifically, NMDS1 was significantly de-
termined by leaf C/N (F1,80= 18.9; P < 0.001) and root intensivity
(F1,80= 4.0; P < 0.05), while NMDS2 responded mainly to root

Fig. 1. Relationship between soil bacterial diversity and plant development.
The impact of plant size on soil bacterial diversity (Shannon index) was tested
independently for each plant life form in GLMMs and regression lines were
drawn for significant correlations. The canopy diameter (in cm) was used as a
surrogate of plant age and was log-transformed to better approximate a normal
distribution.
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intensivity (F1,80= 6.3; P < 0.05) (Fig. 4). A detailed analysis further
revealed that the increase in relative abundance of Acidobacteria,
Planctomycetes, Verrucomicrobia and Deltaproteobacteria could be
attributed to the increase in resource availability (PC2.fert.log) mainly
ensured by nurse plants with low root intensivity and low leaf C/N ratio
such as trees and shrubs (Fig. 4). Moreover, higher relative abundance
of Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria and
Bacteroidetes rather responded to higher abiotic stresses (PC1.ab.s-
tress).

4. Discussion

The contribution of plant-microbe interactions to ecosystem func-
tioning is getting more and more attention based on trait-based ap-
proaches focused on some vegetation types such as grasslands or forests

(Kembel et al., 2014; Legay et al., 2014; Moreau et al., 2015; Orwin
et al., 2010). This responds to the fact that functional traits underlie the
ecological differences between species, and are thus the basis to un-
derstand the mechanisms of community assembly, maintenance of
biodiversity and performance of ecosystems (De Bello et al., 2017). The
present work describes how the growth of functionally different plant
species in human-induced barren lands drives soil bacterial succession
towards different trajectories. The results show that plant functional
traits - particularly those related to plant life span, morphological
structure, leaf decomposability and root architecture - exert permeating
effects that condition the diversity and community structure of soil
bacteria along primary succession in abandoned metal mining deposits.
The feedbacks between plants and soil microbes promote multiple
ecosystem services that need to be reestablished in degraded lands.

Fig. 2. Effect of abiotic stress (A) and soil fertility (B)
on soil bacterial diversity. Principal components were
used as explanatory variables to untangle the effect of
the relieved abiotic stress (PC1.ab.stress) and increased
soil fertility (PC2.fert.log) on soil bacterial diversity
(Shannon index). The impact of soil fertility and abiotic
stress on soil bacterial diversity was tested in-
dependently for each plant life form in GLMMs and
regression lines were drawn for significant correlations.
Bubble size is proportional to plant diameter.

Fig. 3. Impact of plant development on the relative abundance of bacterial phyla. Shifts in relative abundance of the main bacterial phyla were statistically tested
along the plant size gradient using GLMMs. The p-values were adjusted for multiple comparisons with the Benjamini-Hochberg correction to control for the false
discovery rate and significant relationships are indicated on the plots by the following superscripts: *(p< 0.05); **(p< 0.01) or ***(p< 0.001). The canopy
diameter (in cm) was used as a surrogate of plant age and was log-transformed to better approximate a normal distribution.
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4.1. Impact of plant functional group on soil bacterial alpha-diversity
throughout primary succession

Soil bacterial diversity increased significantly along primary suc-
cession depending on the plant functional group. The overall bacterial
enrichment during ecological succession is in line with previous studies
performed on soil chronosequences in which microbial diversity, ac-
tivity and biomass increased along soil age and revegetation processes
(Nemergut et al., 2007; Nicol et al., 2005; Ohtonen et al., 1999;
Tscherko et al., 2003). This work further revealed that this increase in
diversity holds for all major phyla, except Cyanobacteria, suggesting
that natural colonization of barren soils by plants creates heterogeneous
niches and resources enhancing bacterial coexistence. Despite this
global pattern in bacterial diversity, significant differences were re-
ported depending on plant functional group. In particular, trees, shrubs
and perennial grasses development led to a significant increase in soil
bacterial diversity while dwarf shrubs did not. Shrubs increased soil
bacterial diversity faster than the rest of plant functional groups, but
similar bacterial diversities were finally reached at late successional
stages of trees, shrubs and perennial grasses despite remarkable dif-
ferences in plant size and age across plant functional groups. In the
same study system, shrubs were previously reported to be efficient at
restoring microbially-mediated ecosystem functions, such as organic
matter decomposition and nutrient cycling, (Navarro-Cano et al.,
2018). Here, the rise in soil bacterial diversity along the primary suc-
cession was mainly related to an increase of soil fertility (i.e. total or-
ganic carbon, total nitrogen and potassium) below plant patches. Plant
nutrient inputs to soil mainly derive from root exudates and leaf litter
decomposition (Aneja et al., 2006; Bray et al., 2012; Philippot et al.,
2013; Pugnaire et al., 2011). These processes are known to stimulate
soil biological activity and shape microbial communities (Hortal et al.,
2013; Kuzyakov, 2002; Navarro-Cano et al., 2014; Serna-Chavez et al.,
2013). Specifically, plants with larger plant functional groups and
longer life spans (i.e. trees and shrubs) were the ones that provided the
highest inputs in organic substances and mineral nutrients to soil, and
below which a significant positive correlation between the soil fertility,
size of the vegetated patch and soil bacterial diversity was reported.

Heavy metal loads (Zn, Cd, Pb) and electrical conductivity were also
demonstrated to affect soil bacterial diversity. In line with this results,
metal contaminated soils were formerly showed to harbor lower mi-
crobial diversity and to select metal resistant microorganisms (Chodak
et al., 2013; Desai et al., 2009; Gans et al., 2005; Moffett et al., 2003).
However, in the present study, heavy metal concentrations were not
found to vary according to the stage of development of vegetated pat-
ches or the plant functional group but were rather found to differ across
the different mining deposits investigated.

4.2. Changes in soil bacterial community structure throughout primary
succession

Along with the development of plant patches, soil bacterial com-
position shifted from communities dominated by stress-tolerant hetero-
and autotrophs to mainly heterotrophic communities with high com-
petitive abilities under high resource availability. Within
Actinobacteria, the bacterial orders that dominated open spaces or
early successional stages (i.e. Acidimicrobiales, Solirubrobacterales,
Rubrobacterales and Gaiellales) feature sporulation ability, wide me-
tabolic capacity, secondary metabolite and multiple UV repair me-
chanisms (McCarthy and Williams, 1992; Ventura et al., 2007; Zenova
et al., 2011) or metabolisms based on chemolithotrophic processes
(Norris, 2015), making them good candidates for the colonization of
oligotrophic barren lands. Although less abundant, Chloroflexi, Cya-
nobacteria and Gemmatimonadetes exhibited also higher relative
abundance in early-stages. These taxa, previously reported in degla-
ciated soils (Nemergut et al., 2007; Schmidt et al., 2008) and deserts
(Makhalanyane et al., 2015), were described to correlate with low soil
moisture content and to harbor the photosynthetic machinery (Hanada
and Pierson, 2006; Makhalanyane et al., 2015; Zeng et al., 2016), which
is an advantageous feature in oligotrophic habitats. Below mature
patches, bacterial communities were significantly enriched in Proteo-
bacteria, Acidobacteria and Planctomycetes. Specifically, taxa related
to the Rhizobiales, Xanthomonadales, Legionellales and Myxococcales
were notably promoted below shrubs and trees and are likely to fulfill
important functions during ecological succession (i.e. nitrogen fixation,
phytopathogen biocontrol, phosphate solubilization, production of
phytohormones and enzymes) (Busti et al., 2006; Lagos et al., 2015).
The composition of rhizobacteria communities in metal-contaminated
soils is critical as soil bacteria may enhance indirectly the effectiveness
of phytoremediation processes by facilitating metal translocation to-
wards plants or reducing the mobility and therefore the availability of
metal contaminants (phytostabilization) (Hao et al., 2014; Teng et al.,
2015). In addition, rhizobacteria may confer plant metal tolerance and
enhance the plant biomass production that may promote the removal
and stabilization of pollutants (Gadd, 2000; Kidd et al., 2009; Rajkumar
et al., 2010; Wenzel, 2009). However, the general successional trend
was modulated by the plant functional group, suggesting that traits
related to plant morphology or physiology drive belowground primary
succession in mine tailings.

4.3. Importance of plant functional traits

Plant traits related to leaf decomposability and the root-system ar-
chitecture were identified as two main determinants of soil bacterial
community structure during primary succession. Litter and rhizodepo-
sits represent crucial sources of energy and nutrients for soil micro-
organisms (De Deyn and Van der Putten, 2005; Personeni and Loiseau,
2004). Here, nurse plants characterized by low leaf C/N ratios or low
root intensivity contributed to increase soil fertility during their life
span and thus contributed to the replacement of stress-tolerant het-
erotrophic and phototrophic bacterial taxa by competitive hetero-
trophic microorganisms. Accordingly, leaf decomposability was for-
merly demonstrated to increase with decreasing leaf C/N ratios and to
promote bacterial abundance and activity (Gallardo and Merino, 1993;

Fig. 4. NMDS plot of bacterial community composition at the phylum level.
Environmental parameters that are significantly correlated (P < 0.05) are in-
dicated as arrows. The length of an arrow indicates the relative importance of
that parameter to the ordination and the angle between arrows indicates the
approximate degree to which explanatory variables are correlated. Bubble size
is proportional to plant diameter. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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Poca et al., 2014). In addition, the root system architecture determines
the capacity of a plant to explore the surrounding soil and as con-
sequence to acquire nutrients for growth and functional metabolism
(Dunbabin et al., 2004). Higher root intensivity could indicate a larger
nutrient uptake rate by plants, which might adversely affect bacterial
communities in the rhizosphere based on competition for resources
(Moreau et al., 2015). Moreover, nurse plants with lower root in-
tensivity might favour the establishment of other plants species in their
vicinity (De Baets et al., 2007) and ultimately increase the amount and
the diversity of root exudates (Eisenhauer et al., 2017; Zak et al., 2003).
These results add upon evidence highlighting the importance of in-
corporating leaf and root traits to explain soil microbial activity,
abundance and community structure (de Vries et al., 2012; Grigulis
et al., 2013; Legay et al., 2014; Orwin et al., 2010).

5. Conclusions

We show that the plant functional group, which captures the plant's
life span and morphological structure, is a key determinant of the in-
crease in soil bacterial diversity and shifts in community structure
during primary succession. Specific functional traits related to root
architecture and leaf decomposability were identified as drivers of the
successional trajectory of soil bacterial communities, stressing the im-
portance of taking plant traits into account to understand the me-
chanisms of community assembly. The selection of plant species to be
used in restoration programs based on their functional traits can pro-
mote belowground microbial community assembly, and thus eventually
increase soil microbially-mediated ecosystem services in mining sites
(Li et al., 2016).
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