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Abstract Arbuscular mycorrhizal fungal (AMF) communi- ties have been demonstrated to respond to a
variety of biotic and abiotic factors, including various aspects of land manage- ment. Numerous studies
have specifically addressed the im- pact of land use on AMF communities, but usually have been
confined to one or a few sites. In this study, soil AMF assem- blages were described in four different
long-term observato- ries (LTOs) across Europe, each of which included a site- specific high-intensity
and a low-intensity land use. AMF communities were characterized on the basis of 454 sequenc- ing of
the internal transcribed spacer 2 (ITS2) rDNA region. The primary goals of this study were (i) to
determine the main
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factors that shape AMF communities in differentially man- aged sites in Europe and (ii) to identify
individual AMF taxa or combinations of taxa suitable for use as biomarkers of land use intensification.
AMF communities were distinct among LTOs, and we detected significant effects of management type
and soil properties within the sites, but not across all sites. Similarly, indicator species were identified
for specific LTOs and land use types but not universally for high- or low- intensity land uses. Different
subsets of soil properties, includ- ing several chemical and physical variables, were found to be able to
explain an important fraction of AMF community var- iation alone or together with other examined
factors in most sites. The important factors were different from those for other microorganisms studied in
the same sites, highlighting partic- ularities of AMFbiology.

Keywords Arbuscular mycorrhizal fungi - Long-term observatories - 454 pyrosequencing - ITS2 - Solil
management intensity

Introduction

Arbuscular mycorrhiza is a widespread mutualistic symbiosis between 80% of land plants (Smith and
Read 2008) and fungi from the phylum Glomeromycota, originated at least 460 mil- lion years ago
(Redecker et al. 2000). Only 250 species of Glomeromycota have been described based on spore
morphol- ogy, which is a relatively small number considering their global geographic distribution and
numerous potential plant hosts; nevertheless, they have an important role in ecosystem functioning.
Arbuscular mycorrhizal fungi (AMF) transfer phosphorus and other mineral nutrients from soil to
plants, thereby im- proving plant growth, in exchange of host photosynthates
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(Drigo et al. 2010). They can confer plant pathogen protection (Azcdn-Aguilar and Barea 1997; Zhang et al.
2009), as well as improve plant tolerance to heavy metal contaminants (Hildebrandt et al. 2007) and
drought (Augé 2001; Li et al. 2013). Various ecosystem services are linked to the numerous functions
provided by AMF, such as their ability to increase plant productivity (van der Heijden et al. 1998;
Lekberg and Koide 2005), their influence on carbon, phosphorus and nitro- gen cycles (Fitter et al. 2011),
and their maintenance of soil structure and stability (Mummey and Rillig 2006). These dis- tinct functional
properties are often provided by different AMF species and isolates (Fitter et al. 2005; van der Heijden
and Scheublin 2007; Hoeksema et al. 2010). Reflecting the important role played by local AMF
communities in determin- ing plant growth, and because of the current environmental threats to AMF
diversity (Turrini and Giovannetti 2012), there is increasing interest in describing and explaining the
distribu- tion of AMF diversity in human-dominated landscapes (Moora et al. 2014).

At the regional and local scale, AMF communities have been demonstrated to respond to a variety of
biotic and abiotic factors, including various aspects of land management that modify the physical and
chemical characteristics of the soil and the plant cover/composition. Potential determinants of AMF
diversity and community composition are the identity of the host plants (van der Heijden et al. 1998;
Bainard et al. 2011; Liu et al. 2012), soil type (Verbruggen et al. 2012; Hazard et al. 2013), soil pH (An
et al. 2008; Dumbrell et al. 2010a; Hazard et al. 2013; Bainard et al. 2014; Xiang et al. 2014), soil
texture and nutrient concentrations (Lekberg et al. 2007; Fitzsimons et al. 2008; Bai et al. 2009;
Verbruggen et al. 2012; Moebius-Clune et al. 2013; Bainard et al. 2014; Xiang et al. 2014), and climate
(Dumbrell et al. 2011; Hazard et al. 2013). Apart from these specific environmental factors, direct land
use-related circumstances, such as tillage (which in- creases soil disturbance) or grazing (which
removes above- ground plant biomass), also have been suggested as drivers of AMF community
composition (e.g., Helgason et al. 1998; Oehl et al. 2010; Schnoor et al. 2011; Stockinger et al. 2014;
Valyi et al. 2015). A high number of studies specifically have addressed the impact of agricultural
practices and changes in land use on either the composition of AMF communities (e.g., van der Gast et al.
2011; Lin et al. 2012; Lumini et al. 2010; Verbruggen et al. 2012; Dai et al. 2013; Hazard et al. 2013;
Morris etal. 2013; Moora et al. 2014; Xiang et al. 2014; Valyi et al. 2015) or individual taxa (Bainard et al.
2014; Jansa et al. 2014). Experimental studies, however, usually are confined to one or a few sites, and
therefore may have facilitated the identification of effects of specific agricultural practices at the
expense of visibility of other (independent) effects such as soil type and geography (Jansa et al. 2014).
Furthermore, to fully appreciate the extent of anthropogenic influence on AMF soil communities, the
impact of management practicesshould be weighed against the background of the normal (e.g., seasonal,
plant growth-related) fluctuations of AMF taxa un- der field conditions (Pereiraetal. 2013).

As previously underlined by Jansa et al. (2014), soil qual- ity, health, and management history are
extremely important factors for understanding and supporting the sustainable use of soils, but they can
be difficult to quantify or define func- tionally. AMF are important contributors to soil function in
agricultural as well as natural contexts. Due to the relatively low diversity of AMF taxa, different
preferences of individual taxa for environmental properties, and their global distribu- tion, AMF
therefore are promising candidates as bioindicators of land management legacies and soil quality
degradation (Jansaetal. 2014).

This study was conducted within the framework of the European Union project ECOFINDERS,
which had a major objective to analyze patterns of diversity of a broad range of soil microorganisms
across Europe. Therefore, the same soil samples and DNA extracts from long-term observatories
(LTOs) used here also were used to address the diversity of other microorganisms (Thomson et al.
2015), which is Bacteria, Archaea, and Fungi in general. On a larger scale, a transect of 54 sites across
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analyze broad patterns of AMF distribution (Bouffaud etal. 2016).

In the present study, soil AMF assemblages were described in different LTOs, each of which included a
high-intensity and a low-intensity land use that differed among the LTOs. High- intensity land uses
analyzed previously were often associated with a reduction in AMF abundance and/or diversity (e.g.,
Van Geel et al. 2015; Verbruggen et al. 2015; Ciccolini et al. 2015; Spurgeon et al. 2013; Borriello et al.
2012; Lumini et al. 2010). AMF communities were characterized in spring and autumn 2011 on the
basis of 454 sequencing of the internal transcribed spacer 2 (ITS2) rDNA region. At both the local and
the Dbroader (trans-regional) scale, the studied samples represented a diverse array of soil and
environmental charac- teristics, being situated in different European climatic and geological zones.
The primary goal of this study was (i) to determine the main factors that shape AMF community struc-
ture but also the abundance of individual AMF taxa in differ- entially managed sites in Europe and (ii) to
identify individual AMF taxa or combinations of taxa suitable for use as bio- markers of land use
intensification. Because the relative im- portance of the various drivers of AMF community composi-
tion may change at different spatial scales (Horn et al. 2014), comparative analyses of AMF
communities and taxa distribu- tions were performed at both the continental (among-LTO) and local
(intra-LTO) scales.

We specifically asked the following: (1) Does land use intensification have a larger impact
compared to other envi- ronmental filters in structuring AMF communities at

é/i Springer
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individual field sites and across Europe? (2) Is the impact of land use intensification on AMF
communities mediated by changes in soil physicochemical features? (3) Are there Buniversal® AMF
indicators of land use changes across different European geographic and climatic regions?

Materials and methods
Sites and soil sampling

In this study, four LTOs distributed over Western Europe, representing eight different land uses (two per
LTO, listed in Table 1; see also Supporting Information S1 in Thomson etal. (2015)) in a range of climatic
zones and soil types, were com- pared as part of the European project EcCOFINDERS
(http://www.ecofinders.eu/). At each LTO, two land use intensities were analyzed: low (L) or high
(H) intensity (Table 1).

At the LTO situated in Berchidda, Sardinia, Italy (40°49'N, 9°17"E), two different levels of intensity
of Mediterranean agricultural land management were ana- lyzed: (i) an intensively managed
grassland (Berchidda
H) which is grazed and mown every 1-5 years for fod- der production (Avena sativa, Lolium
multiflorum, Trifolium subterraneum, Trifolium michelianum, etc.) and (ii) a long-term (>80 years)
abandoned grassland (Berchidda L) which has naturally been colonized by cork oaks (Quercus
suber). The soil is predominantly Typic Dystroxerept. Further site details have been re- ported
previously by Orgiazzi et al. (2012), Seddaiu et al. (2013), and Bagella et al. (2014).

At the LTO in the Yorkshire Dales National Park near Lancaster, United Kingdom (54°18'N,
2°10'W), two levels of fertilization of mesotrophic grasslands were compared: (i) Bimproved, NPK-

fertilized (>100 kg
N/ha/year), Lolium perenne-Cynosurus cristatus grass-

lands (Lancaster H) with high agricultural value and low floristic diversity, intensively managed,
and (ii) traditionally managed, non-fertilized grasslands (Lancaster L) with a high floristic diversity.
These unim- proved grasslands are species-rich Anthoxanthum odoratum-Geranium  sylvaticum
meadows.

Our sampling at the LTO site at Lusignan, France (46°24'N, 0°7'E) included two cultural practices:
(i) a permanent culture rotation (Lusignan H) and (ii) a per- manent grassland (Lusignan L) with
nitrogen amend- ment (N fertilizer). In this site, four large experimental blocks (field replicates) are
divided into five plots per block, one for each treatment. In this study, replicates from two
treatments were analyzed: permanent culture (high intensity) and permanent grassland (low intensity),
resulting in eight samples.

The LTO in the National Park of Veluwe, Netherlands (52°03'N, 5°45'E), is a chronosequence
comprising plots abandoned from agricultural use which have been turned into semi-natural
grasslands. The abandoned fields are subject to extensive natural grazing by wild horses, deer, wild
boar, and small mammals. In this study, two levels of abandoned agricultural lands were analyzed:
(i) a re- cently abandoned grassland (6 to 14 years, Veluwe H) and (ii) a long-term abandoned
grassland (more than 25 years) (Veluwe L). Further details concerning the site can be found  in
Kardol et al. (2005).

Geographic distances between LTOs (inter-LTO distances) were between 597 and 1715 km, and
within LTOs (between plots with different level of intensity) were between 0.066 and
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A minimum of three spatially independent soil samples were sampled from all land uses in spring
and autumn 2011. Each sample was a composite of five soil cores of 5 cm diam- eter and 20 cm depth.
Soil samples were sieved to 4 mm and
stored at —40 °C at the GenoSol platform (http://wwwz2.dijon.
inra.fr/plateforme_genosol/en) prior to physicochemical and microbiological analyses. A video of
this  sampling  procedure and the soil processing can be found at
https://www.youtube.com/watch?v=_k7BEInBXEc.

Table 1 Description of the feur

long-term observatories ~ Long-term observatories Description
Latitude Longitude (LTOs)
Lusignan (France) Permanent culturerotation (H) 46.413106 N
0.121325E
Permanent grassland with nitrogen amended (L)
46.41223 N
0.11831 E
Berchidda (Sardinia, Italy) Intensive
grassland (H) 40.81604 N
9.29237E
Wooded pasture (L) 40.81782 N
9.28785E
Lancaster (UK) Improved grassland (H) 54.30896 N
2.07077 W
Unimproved grassland (L) 54.3089 N
2.08186 W Veluwe (Netherlands) Short term
abandoned grassland (H) 52.00280 N
5.75180 E
Long term abandoned grassland (L) 52.02917 N
5.80108 E
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Soil physicochemical analyses

Several soil properties were measured by the Laboratoire d’analyse des sols d’Arras of INRA
(http://www.lille.inra. fr/las). Total nitrogen (N), total carbon (C), and organic matter contents were
measured after combustion at 1000 °C. Phosphorus (P) content was determined by NaHCO3 (0.5 M, pH
8.5) extraction (Olsen 1954). The cation exchange capac- ity (CEC) was determined by extraction with
Co(NH3)6CI3 (Ciesielsky and Sterckeman 1997). Exchangeable cations (Ca, Mg, Na, K, Fe, Mn, and
Al) were extracted using cobaltihexamine and determined by inductively coupled plas- ma
spectrometry-atomic emission spectrometry (ICP-AES). Soil pH was measured on soil slurries (1:5
deionized water/soil).

DNA extraction and purification

Total metagenomic DNA was extracted from 1 g of each sam- ple using the ISOm protocol, described in
Plassart et al. (2012). DNA extracts were purified in two steps. First, DNA was loaded onto
polyvinylpolypyrrolidone (PVPP) minicolumns (BIORAD, Marne-la-Coquette, France) and
centrifuged at 1000g for 2 min at 10 °C. The eluate was then purified using the Geneclean turbo kit (Q-
Biogene, Illkirch, France). Purified DNA was quantified using the Picogreen kit (Invitrogen, Saint Aubin,

France) according to the manufac-
turer’s instructions and stored at —80 °C.

PCR amplification and pyrosequencing

Nested PCRs were performed on all samples, and each DNA extract was amplified in three replicates.
The first PCR was performed using 0.4 U of Phusion High Fidelity DNA poly- merase (Thermo Fisher
Scientific, Courtaboeuf, France), 1x Phusion HF buffer, 0.5 uM of the primers SSUmCf and LSUmBTr
(Kruger et al. 2009), 0.2 mM of each ANTPs, and 1 pl of genomic DNA, in a final volume of 20 pul. The
PCR conditions used were 5 min at 99 °C, 35 cycles of 10 s at 99 °C, 30 s at 63 °C, and 1 min at 72
°C, followed by 10 min at 72 °C, using an Eppendorf Mastercycler epgradient S (Vaudaux-
Eppendorf, Schénenbuch, Switzerland). Each PCR product was checked on agarose gel (presence of a
single band with the correct length) and diluted at 1/50 with water to use as template in the nested PCR.
The nested PCR was done using 1 U of Phusion High Fidelity polymerase, 1x HF buffer,

0.5 uM of the ITS3m and ITS4 (White et al. 1990) primers with 5 bp barcodes (Table S1), 0.2 uM of
each dNTPs, and 2 pl of diluted PCR product, in a total volume of 50 pl. ITS barcoding primers that are
commonly used to describe the whole fungal community of soil are considered sub-optimal for AMF
(Stockinger et al. 2010) or have substantial mis- matches (lhrmark et al. 2012), potentially
generating misleading ecological conclusions. Therefore, ITS3m (GCATCGATGAACAACGYAG,
Bouffaud et al. 2016) was designed as a modification of ITS3 (White et al. 1990) based on an extensive
alignment of Glomeromycota ITS region se- quences, to better allow reliable amplification from this
phy- lum without necessarily discriminating against other fungi. Phylum-level specificity in our system
was conferred by the primers in the first PCR reaction. PCR conditions were 30 s at 98 °C, 30 cycles of 10
s at 98 °C, 30 s at 64 °C, and 20 s at 72 °C, followed by 10 min at 72 °C, in an Eppendorf
Mastercycler epgradient S. PCR products were checked on agarose gel; the three replicates of each
sample were pooled and purified using the High Pure PCR Product Purification Kit (Roche Applied
Science, Meylan, France) following the man- ufacturer’s instructions. After quantification using
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libraries were sent to Beckman Coulter Genomics (Grenoble, France) for sequencing using 454 GS
FLX technology. The raw data were deposited in the Sequence Read Archive
(http://www.ncbi.nlm.nih.gov/sra) under the Bioproject SRP075244.

Sequence and data analysis

The sequences were demultiplexed according to their multi- plex identifier (MID) using the sffinfo
command of Mothur
v.1.30.2 (Schloss et al. 2009), allowing one mismatch per MID. The raw flowgrams were filtered
using the trim.flows command to a minimum flowgram length of 360 cycles and were truncated at 720
cycles. Sequences from forward and reverse primers were sorted according to their primer se- quences
using the trim.seqs and split.groups commands of mothur, allowing 2 mismatches per sequence, and
then, se- quences from reverse primers were converted into their re- verse complements. Sequences
were checked using Fungal ITS extractor v.2 (Nilsson et al. 2010), and non-ITS sequences were
removed. The resulting sequences were clustered using Uclust (Edgar 2010) at 97% identity threshold to
create oper- ational taxonomic units (OTUs), and singletons were exclud- ed from further analysis.

For taxonomic assignment, firstly, a Blast search against UNITE database (Abarenkov et al. 2010)
was performed in
order to eliminate non-Glomeromycota sequences and se- quences for which the best Blast hit had an
e-value > 1.10 72,
Secondly, the EPA algorithm of RAXML v8.0 (Berger et al. 2011) was used to correct and improve the
taxonomic assign- ment of the OTUs and define BMolecular Taxa™ (MTs) of Glomeromycota.

To analyze the whole dataset (4 LTOs x 2 intensity levels x 2 seasons), a subsampling of 800
reads per sample was performed before comparisons, and nine samples out of 60 with less than 800
sequences were excluded from the anal- yses (Fig. S1). Although this sequencing depth could  not
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assess the full extent of AMF diversity, previous studies showed that this depth of analysis is sufficient
to describe differences in microbial community composition, even for taxa having high species
diversity (Fierer et al. 2013; Thomson et al. 2015). Differences in AMF community com- position also
were analyzed separately for each LTO, to eval- uate specifically the impact of the level of land use
intensity. For these analyses, LTO-specific subsamplings of the se- quencing data were performed,
yielding 850, 1550, 1200, and 2100 reads per sample for Lusignan, Berchidda, Lancaster, and
Veluwe, respectively.

Jaccard distances between AMF communities (based on presence/absence data matrix) were
calculated and visualized in non-metric multidimensional scaling (NMDS) plots using the ggplot2
package (Wickham 2009) of R v3.2.1 (R development core team 2013). The effects of LTO, season,
land use intensity, and land use type factors on AMF commu- nity composition were evaluated using
permutational multi- variate analysis of variance (PERMANOVA, 1000 permuta- tions, alpha = 0.05).
The multivariate homogeneity of group dispersions was assessed by means of the betadisper and
permutest (with 999 permutations, alpha = 0.05) functions in the R package vegan (Oksanen et al. 2013).
In addition, be- cause AMF abundance previously has been documented to respond sometimes strongly
and with a phylogenetic basis to land use intensity and season, we adopted a Chi-square test in order to
characterize differential distributions between the two levels of land use intensity and between the two
samplingtime points (season) of each Glomeromycota order found.

The indicator species analysis (Dufrene and Legendre 1997) was carried out using the indicspecies
package (De Céceres and Legendre 2009) in R v3.2.1, in order to assess if and which individual taxa or
combinations of two taxa were associated with a particular land use type. Joint occurrences of two taxa
were used to calculate the predictive indicator value more correctly than by taking the two taxa
independently, as suggested by De Céceres et al. (2012). This procedure also is recommended because a
given sample group may have no individual indicator species even if its samples have a com- munity
compositionthatis clearly distinct from the samples of other sample groups.

Data obtained from basic soil characteristic (e.g., pH, soil texture, organic matter content, and
macronutrient content; see Table S2) measurements were submitted to a principal com- ponent analysis
(PCA) using Euclidean distance. In addition, soil chemical properties were included in a second matrix
in NMDS analysis to identify which environmental variables were significantly linked to ordination of
the AMF communi- ty (using the envfit function of the R vegan package; Oksanen et al. 2013).

To quantify the relative contribution of soil parameters, land use intensity, and season upon soil AMF
communities, variance partitioning was performed. Soil variables that best explained the AMF
community structure were forward- selected in an effort to search for parsimony among the ex-
planatory variables and to reduce the collinearity of the model using the ordistep function (R vegan
package, Oksanen et al. 2013). Subsequently, the varpart (R vegan package, Oksanen et al. 2013)
function was used to determine the amount of variance in AMF communities that could be explained
by forward-selected soil conditions, land use intensity, and sam- pling season.

Results

Quality-filtered sequences obtained by 454 GS FLX pyrose- quencing clustered in 5920 OTUs,
including 1023 singletons. Singletons were removed to avoid overestimation of AMF diversity. A total
of 67% of the sequences corresponded to Glomeromycota, 13.5% to unknown fungi, 9.6% to
Basidiomycota, 8.7% to Ascomycota, 1% to Zygomycota, and 0.2% to others. A total of 324,734
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belonging to all four Glomeromycota orders (Glomerales, Archaeosporales, Diversisporales, and
Paraglomerales).

No significant differences of molecular species richness or Shannon indices were found among LTO
sites, land use inten- sities, or sampling seasons (Table S4).

Comparisons of AMF communities among LTOs

PERMANOVA analyses showed significant differences of the AMF communities between LTO sites
(Table 2; Table S5), which could be partly explained by the well-differentiated soil properties of the
different LTOs (Fig. S2). About half of these molecular taxa were found in all four sites (Fig. 1).

For each LTO, the portion of sequences belonging to each of the four Glomeromycota orders (based
on SchiB3ler and Walker 2010; Redecker et al. 2013) is reported in Table S6 and Fig. S3. The AMF
communities of the LTOs showed

Berchidda Lancaster

Lusignan Veluwe

Fig. 1 Venn diagram of the number of molecular taxa specific to each LTO and shared among them
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Table 2 Results of PERMANOVA (999 permutations) based on the Jaccard distance matrix of the AMF
communities (combined dataset: spring + autumn)

df Pseudo-FRZ P

LTO

Season

Land use intensitv level
LTO x season

LTO x land use

Season x land use

6.850 0.27 0.001
2.159 0.03 0.008
1.271 0.02 0.184
2.218 0.09 0.001
2.119 0.08 0.001
1.231 0.02 0.214

Significant results (P < 0.05) are in italics
LTO long-term observatory

P WWkFPFEW

differences in their global composition on the order level: for instance, the Lusignan site was poor in
Diversisporales se- quences relative to the others. In NMDS ordination, the sites showed some tendency
for differentiation (Fig. 2). A much stronger separation was observed between the high- and low-
intensity land use samples from Lusignan than among the other LTOs.

A significant effect of the sampling time (season) was de- tected on the AMF community structure
(PERMANOVA, Table 2). These analyses also highlighted significant effects of the LTO alone and of
the interaction between LTO and both season and land use intensification level on AMF community
composition (PERMANOVA, Table 2). Such an effect could be biased, however, by the non-homogeneity
of group disper- sions within the Lusignan and Berchidda LTO samples (Fig. S4). The NMDS plot
graphically confirmed the strong non-homogeneity of the multivariate spread of the AMF com- munity in
the H soil samples of the Lusignan LTO with respect to most of the remaining land uses (Fig. 2). The land
use intensity level did not have a significant effect when the four LTOs were analyzed together (Table 2).
However, the highly significant interaction between LTO and intensity factors sug- gests the presence of
LTO-specific effects of land use intensi- fication (detailed in the next section). Lusignan H land use
featured the lowest (albeit non-significantly so) richness and Shannon index values (Table S4).

AMF communities within LTOs

PERMANOVA analyses carried out on each LTO separately (Table 3) indicated a significant effect of
land use intensity on the AMF community composition in the Lusignan, Berchidda, and Veluwe
sites. However, the two levels of land use intensity exhibited non-homogeneous variances at the
Lusignan LTO; therefore, the level of significance of the PERMANOVA might have been increased by
this feature.

15

1.0 Lusignan
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Fig. 2 Nonmetric multidimensional scaling (NMDS) ordination of AMF soil communities based on the
Jaccard presence-absence distance matrix. Stress of the final NMDS solution was 0.184. Arrows

correspond to

Berchidda

NMDS2

Lancaster

0.0 Veluwe
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significantly fitted environmental parameters in the ordination (P <0.05, Table S8). H high-
intensity land use; L low-intensity land use
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Table 3 PERMANOVA results (999 permutations) for AMF soil community comparisons performed for

each long-term observatory
(Jaccard distance matrices of combined datasets:
spring + autumn)

2

Season 1 3.3709 0.29 0.00
Land use intensity 1 2.2311 0.20 0.033
Season x landuse 1 1.8601 0.16 0.09
Berchidda
Season 1 0920 0.08 0.59
Land use intensity 1 1.786 0.16 0.04
Season x landiise 1 1.323 012 0.18
Lancaster
Season 1 1943 V0.1V UL.UL

Land use intensity 1 1.186 0.06 0.28
Seasnn x land1ise 1 0695 004 079

Veluwe
Season 1 1.064 0.09 0.40

Land use intensity 1 1851 0.15 0.04
Season x landuse 1 0.510 0.04 0.89

Significant results (P < 0.05) are in italics. Homogeneity of group disper- sions was tested with betadisper
and permutest

a Significant (P < 0.05) heterogeneity of group dispersions

By contrast, land use intensity was not a significant factor for the Lancaster LTO, for which, instead, as
also in Lusignan, season was found to have a significant effect.

At the three LTOs featuring a significant effect of the land use intensity (Lusignan, Berchidda, and
Veluwe), such effects involved all Glomeromycota orders. By contrast, at the Lancaster site, significant
land use intensity effects were only found for Diversisporales and Archaeosporales (Table S6). Season
also significantly affected all Glomeromycota orders at all sites (Table S6). Differences particularly
obvious be- tween land use intensities were shown for Archaeosporales in Lusignan, while
Paraglomerales were present in a much stronger proportion of sequences in spring in Lusignan and
Veluwe (Fig. S3), compared to the autumn sampling.

Indicator species for land use and intensity level

Indicator species analysis was carried out to test whether sin- gle AMF taxa or combinations of taxa
could be found as being representative of a particular land use and/or group of land uses and/or land use
intensity level. Effects of the season on AMF community composition were found only in Lancaster
and Lusignan; however, seasonal effects on specific AMF taxa could not be ruled out in the other LTOs.
For this reason, we computed the indicator species analysis on the spring and autumn datasets
separately. Table 4 reports the taxa/ combinations of two taxa that yielded consistent  results
(IndVal.g > 0.6, P < 0.05) in both spring and autumn, as we
hypothesize that a good indicator should be found associated to the same group of land uses in both
spring and autumn.

Three single taxa and nine combinations of two taxa were found in both seasons as being associated
with a specific land use type or to more than one with a significant indicator value. No LTO-independent
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Indicator ot erther 1ow or nigh intensity was round.

Effects of soil properties on AMF communities

The analyzed LTOs (Table 1) represent a range of soils with different physicochemical properties

(Table S2, Fig.  S2).

Table 4Results of indicator species analysis

Spring Autum
Land use Indicator taxa (single combinations of Indval P Indval P
Lusianan low Archaeosporaceae Sentoalomus 1 000 1 0.014
Ambispora fennica Septoalomus sp.1 1 0.00 0913 0.016
Rhizophaaus sp.1 Septoalomussp.1  0.913 0.01 0.913 0.016
Archaeosporaceae Septoalomus 0.913 0.01 0.845 0.025
Claroideoalomus Septoalomussp.1  0.913 0.01 0.845 0.025
Lancaster hiah + low Glomus 0.894 0.00 0.837 0.013
Acaulospora Glomus 0.894 0.00 0.837 0.013
Archaeosporaceae Glomus 0.894 0.00 0.837 0.013
Glomus Glomus sp.1 0.894 0.00 0.837 0.013
Lusianan hiah + low Septoalomus 0866 0.02 1 0.001
All land uses except Archaeosporaceae 1 0.00 0979 0.03
Archaeosporaceae Glomeraceae 1 0.00 0979 0.03

Indicator species values (IndVal.g, ranging from O to 1, with higher values indicating higher fidelity and
specificity of the indicator species inrelationtoa given land use) and P values (999 permutations) are
reported. Only single taxa or combinations of two taxa consistent in the two seasons are reported
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Because soil properties did not change significantly between the two sampling campaigns
(PERMANOVA; Table S5), analyses were run on the combined (spring + autumn) datasets. Soil
properties differed significantly (P < 0.05) be- tween LTOs and were overall poorly affected by land use
intensity (Table S5). Soil texture was sandy loam in Berchidda, silt loam in Lusignan, loamy sand in
Veluwe, and clay loam in Lancaster. Organic carbon was high in Lancaster and low in Lusignan. The
highest total nitrogen and phosphorous were found in Lancaster and VVeluwe, re- spectively. All LTOs had
acidic soil, with the exception of Lusignan, in which soil pH was sub-acidic. Soil fertility mea- sured as
CEC was high in Lancaster, which had the highest calcium, magnesium, sodium, and potassium, and low
in Veluwe, which had the lowest calcium, sodium, potassium, and manganese. Berchidda was the only
LTO in which soil properties differed consistently between the two levels of land use intensity. Indeed, 12
out of 18 soil parameters differed statistically between the intensive grassland (H) and the wood- ed pasture
land use (L; Table S7, Fig. S2). By contrast, in the case of the other LTOs, only two (fine loam and fine
sand content for Lusignan) and four (clay, fine sand, P and Fe content for Lancaster and clay, P, Fe and
Al content for Veluwe) parameters differed significantly between the two levels of land use intensity
(Table S7).

Among environmental vectors significantly linked to the NMDS ordination space of AMF

community composition (Fig. 2, Table S8), the most significant soil features

(P <0.005, Bonferroni corrected P < 0.1) were several soil

textural characteristics, pH, organic C, total N, Mg, and Na contents. The forward-selected soil variables

differed depend- ing on the LTO (Table S9). No soil physicochemical variable was selected for the

Lancaster LTO.Overall, Bsoil*(soil phys-
icochemical properties), Bintensity”™ (the land use intensity
level), and Bseason” (temporal variation) accounted for

Fig. 3 Partitioning of the variances of the AMF communities by explanatory
variables. Bar plots represent the variance explained by soil variables (soil),
land use intensity (intensity), samplingstime (season), two explanatory
variables, all explanatory variables (shared), and the unexplained variance
(unexplained)

0.6

0.4

\\\\\
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of variation in AMF communities was explained by soil properties (8.0— 36.0%) and by the correlation
between soil properties and land use intensity (5.0-26.0%) than by temporal variation (0.0- 6.0%) and
land use intensity per se (0.0-7.0%). In the case

of Lancaster, by contrast, Bseason” explained a higher propor- tion of AMF community variation (3.4%)
than either land use intensity (1.0%) or soil properties (0.0%). Interestingly, the greatest proportion of
variance in AMF communities ex-

plained by intensity and soil/intensity was found at Lusignan. A large amount of AMF community
structure var- iance could not be explained, indicating that other variables, which were not measured,
were important drivers of AMF communities in the LTO soils under study.

Discussion

AMF communities in the soils of four sites (LTOs) across Europe were investigated in this study. We
identified soil AMF communities on the basis of 454 sequencing of ITS2 amplicons, which has the
benefit of incorporating both extraradical hyphae and spores in soil (Hempel et al. 2007; Dumbrell et
al. 2010a). Our objectives were to explore the relative contributions of land use intensity, soil
physicochem- ical features, and temporal (seasonal) variation to AMF diver- sity and community
composition and to identify broadly ap- plicable indicators of land use intensification.

Soil properties differed greatly among the LTO sites and less between land use intensities within sites,
and generally the same was true for microbial communities in this study as well as in Thomson et al.
(2015). The strongest consistent differ- ences in soil properties were found in Berchidda. In conse-
quence, Thomson et al. (2015) also found the strongest

Unexplainec
I Sharec
Intensity-Seasor
+50il-Seasor

s boil-Intensity

© easer

Mintensity

0.2 # Soil

0.0
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differences in microbial communities out of all sites between Berchidda H and L, and, interestingly, also
the lowest micro- bial diversity. As we did not find the same in the present study, the soil factors differing
in Berchidda seemed to be of less importance for AMF than for other microbial communities. Even the
transition from an AMF-dominated grassland to a forest/grassland with a strong ectomycorrhizal
component in Berchidda apparently did not cause a strong shift in overall AMF community structure.
The C/N ratio, which Thomson et al. (2015) stated to be the strongest driver for soil fungal community
structure, had a significant effect in our study, but was largely outdone in significance by other factors
such as soil texture and pH. This may be explained by the majority of the fungi detected by Thomson et al.
(2015) being Asco- and Basidiomycetes, many of which are saprotrophs, while the Glomeromycotaare
obligate biotrophs.

In the present study, the two different management intensi- ties in Lusignan had the most striking effect
on AMF commu- nities, the only site where a grassland was compared to a tilled agricultural rotation.
Although not significant, Lusignan also was the site with the strongest effects on AMF richness and
Shannon index. This finding is in agreement with numerous other studies, where mechanical
disturbance by tillage was identified as the soil management having the most pronounced effects on AMF
communities, which is easily explained by the disruption of fungal mycelia by ploughing (Stockinger et
al. 2014; Peyret-Guzzon et al. 2016).

At the Berchidda and Lusignan (the only location that in- cluded an arable soil) LTOs, where land use
histories strongly differ, the largest proportion of the explained variance in AMF communities was the
common fraction between soil proper- ties and land use intensity. These findings suggest that the effects
of land use intensification on AMF communities are mediated by corresponding changes in soil
parameters.

Similarly, in Northern China, Xiang et al. (2014) found that the land use influence on AMF community
composition was mediated by soil properties at a landscape-scale. Hazard et al. (2013), by using Trifolium
repens and Lolium perenne bait plants to compare AMF communities in the soil of 40 geo- graphically
dispersed sites in Ireland representing different land uses and soil types, found that AMF community
compo- sition was influenced by abiotic variables (pH, rainfall, and soil type), but not land use or
geographical distance, suggest- ing that specific environmental variables of sites that differ within land
uses have a stronger effect than land use itself on AMF communities. Local effects of land use intensity
on AMF community composition also were observed in Estonia between intensive and sustainable land
uses (Moora et al. 2014).

Thatthe strongest differencesamong AMF communities in this study were found among sites which do
differ in soil properties could be evidence for soil as a major driver of these differences. However, the
sites also were separated by geographical distance, which was shown to play a role in
differentiating AMF communities at the European scale (Bouffaud et al. 2016) and were in different
climate zones. The latter factors were not specifically analyzed in the present study, as the sampling
scheme was not well-adapted for this. Bouffaud et al. (2016) also proposed land use indicator mo-
lecular species for soil factors and land use, which were valid throughout their European-scale sampling,
but the land use categories used by those authors (forest, grassland, arable land) were much broader than
the ones used here.

We found that about half of all molecular taxa we detected were present in all four sites. A recent
global-scale sampling in natural and managed sites revealed very low endemism in AMF diversity,
93% of taxa (the so-called virtual taxaintro- duced by Opik et al. 2010) being found on multiple conti-
nents, 34% on all six continents surveyed, 90% in more than one climatic zone, and 79% in both
forests and grasslands (Davison et al. 2015), suggesting that many AMF endure very different
4 Springer
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endemism is likely a consequence of the conservative species definition based on conserved sequenced
markers, rather than to ecolog- ical patterns. The question whether ecotypic variation within apparently
widespread AMF taxa might exist rarely has been addressed because of a lack of appropriate sequence
markers resolving intraspecies genotypes in most species. Evidence for different ecotypes of
Rhizophagus irregularis was, however, found by Bérstler et al. (2010) using mitochondrial ribosomal
large subunit data.

Variance partitioning indicated that the greatest proportion (23%) of the variation in the AMF
community composition explained by the measured variables was attributable to soil properties,
indicating a major influence of environmental het- erogeneity. Again, this finding was in agreement
with Thomson etal. (2015).

In our study, we certainly have missed some major envi- ronmental predictors of AMF
communities. Indeed, most (51.0-95.6%) community-level variance could not be ex- plained,
indicating that other non-measured edaphic and cli- matic parameters may have been important drivers
of AMF communities. Furthermore, environmentally independent, sto- chastic events (such as population
dynamics due to irregular, unpredictable environmental or demographic fluctuation) can deeply affect
AMF assemblages (Lekberg et al. 2007; Dumbrell et al. 2010b; Verbruggen et al. 2012). For instance,
Dumbrell et al. (2010b) suggested that chance-events could lead to a positive feedback mechanism
(which could be ran- dom) on any taxon in the community. Biotic interactions such as competition also
may contribute to shaping community composition (Horn etal. 2014).

Variance partitioning also showed that the influence of tem- poral factors in determining AMF
community composition was less strong than soil for three out of the four LTOs. In
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the case of Lancaster, by contrast, season (temporal variation) was the factor accounting for the highest
proportion of AMF community variation explained by the factors under study. However, the fraction
explained by season was relatively low and almost all community variance remained unexplained in
Lancaster. This was probably because in this site, the mea- sured soil variables did not differ considerably
between sea- sons and land use intensity levels, and for the little they did, they were not highly correlated
with AMF OTU distribution. Hence, for this particular location, neither the categorical nor the measured
soil physicochemical variables significantly ex- plained AMF community composition, suggesting that
un- measured environmental variables and stochasticity primarily might be involved in governing the AMF
community.

The non-significant effects of temporal variation on AMF communities at Berchidda and Veluwe
contrasted with the statistically significant temporal fluctuations of specific AMF orders. Given that
these taxonomic groups may exhibit different dynamics, this could lead to dimin- ished significance in
the overall dataset. Temporal shifts in AMF communities already have been described in grassland
ecosystems (Dumbrell et al. 2011) as well as  in semiarid-arid agroecosystems (Bainard et al. 2014)
and maple-associated communities (Helgason et al. 2014). By contrast, Santos-Gonzalez et al.
(2007) did not observe significant dynamics of AMF communities in a Swedish semi-natural
grassland.

As previously mentioned, we also aimed at identifying land use features affecting individual AMF taxa
across different soil types and climatic zones. In spite of the different approach and high degree of

intensification examined in our work, our study failed to retrieve Buniversal™ AMF indicators (individ-
ual taxa or combinations of taxa) of land use intensification.

Similar to the absence of an overall effect of land use intensity, this is not surprising, considering the
diversity of land uses across the sites. A similar absence of general indicators was reported for bacteria,
archaea, and non-AMF fungi in the same soil samples we analyzed (Thomson et al. 2015). Taken to-
gether, the results obtained by our group as well as the authors cited above suggest that specific microbial
indicators of change in biodiversity are likely to be dependent on local soil and climatic effects and the
nature of the land use intensifica- tion (Thomson et al. 2015).

Interestingly, we found numerous significant shifts in rela- tive sequence abundance among
glomeromycotan orders among LTOs and land use intensity levels, indicating that quantitative changes
may be more powerful indicators for these factors than presence/absence. Changes were most ob- vious
in the Paraglomerales in response to season and in Archaeosporales in response to land use intensity
level, rais- ing interesting questions concerning the ecological functions of the different orders which
may underlie these patterns. As pyrosequencing at best only can deliver an approximate view of taxon
abundance, this question would have to be further elucidated by quantitative PCRs or DNA microarray
analyses. In conclusion, no overall effect of land use intensification was found across LTOs, while some
effects were detected within specific LTOs. We found that an important fraction of AMF community
variance was often explained by soil vari- ables or by their correlation with land use intensity level or
with season. Therefore, we suggest that alterations of soil features, partly induced by land use
intensification, may often play an important role as drivers of AMF community shifts in the soil. In
general, the effects of the examined factors on the structure of AMF assemblages are not Buniversal®

(i.e., con-
sistent among LTOs) but may depend on location-specific environmental differences.
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