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A B S T R A C T


Successful colonization of empty habitat patches depends both on the capacity of a species to reach the patch and its ability to establish and persist. Getting better insights into the various factors that aﬀect colonization success is especially relevant in the context of restoration projects that aim at restoring biodiversity in newly created habitats like aﬀorestation. While it is generally known that soil microbial communities play a key role in forest ecosystems, it remains largely unknown how they recover in recently restored forests on former agricultural land. Here, we used next-generation sequencing to investigate how spatial isolation and abiotic conditions af- fected the diversity and composition of ectomycorrhizal fungal communities in recent forest stands. Soil samples and roots of Quercus robur were sampled in ancient forest stands and recent stands both adjacent and spatially isolated from the ancient stands. Our results showed that ectomycorrhizal fungal community composition was aﬀected by a combination of isolation and local soil conditions. Although communities of recently restored forest stands more resembled those of ancient stands when they immediately bordered ancient forest, there were still signiﬁcant diﬀerences in community composition, most likely as a result of diﬀerences in edaphic conditions. Isolated stands had a signiﬁcantly lower diversity and were mainly colonized by highly dispersive species. Overall, these results indicate that ectomycorrhizal fungal communities may develop  faster in recent forest stands connected to ancient forest than in isolated stands, and that isolated stands may remain impoverished for many decades or even for indeterminate time.





1. [bookmark: Introduction]Introduction

Anthropogenic activities over the last few centuries have severely reduced and fragmented natural habitats around the world (Meyer and Turner, 1992; De Keersmaeker et al., 2015; Lewis et al., 2015). The resulting decline in biodiversity has sparked many initiatives to miti- gate biodiversity loss through restoring habitats on formerly agri- cultural and degraded land. The Bonn Challenge, for example, aims to restore 150 million hectares of degraded and deforested lands by 2020 (Bonn Challenge, 2011). However, whether species will be able to successfully colonize these newly created habitat patches remains to be seen (Huxel and Hastings, 1999).
Successful colonization of an empty habitat patch by a species de- pends both on its capacity to reach the patch and its ability to establish and persist (Palmer et al., 2008). Although recovery of biodiversity following aﬀorestation has predominantly been studied on ﬂoral and faunal groups (Meli et al., 2017), most these studies indicate that many


species fail to colonize recently established forest patches and that full species recovery may therefore take several decades or even centuries (Flinn and Vellend, 2005; Hermy and Verheyen, 2007). Both dispersal limitation, i.e. the inability of an organism to travel large distances across a hostile landscape matrix, and recruitment limitation, i.e. the inability of an organism to establish and reach adulthood, have been considered to be important hurdles for forest biodiversity recovery following aﬀorestation (Honnay et al., 2002;  Verheyen et al., 2003; Flinn and Vellend, 2005; Baeten et al., 2008; Lõhmus et al., 2014). Post- agricultural recent forests typically diﬀer from ancient forests in terms of edaphic factors, which can enhance recruitment limitation (Verheyen and Hermy, 2001). The former generally have elevated soil pH and P levels, and lower soil organic matter, C and N concentrations (Hooker and Compton, 2003; Ritter et al., 2003; Falkengren-Grerup et al., 2006; De Schrijver et al., 2012; De Keersmaeker et al., 2013). These soil characteristics can both directly  and indirectly (via microbiological processes) aﬀect species establishment and survival (de la Peña et al.,
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[bookmark: _bookmark3]Fig. 1. Sampling took place in 18 forest complexes across the northern part of Belgium. In 10 forests both recent stands (< 45 years old) and ancient stands were sampled (black-green squares).The other 8 forests were recent forest stands (< 45 years old) isolated from ancient forest (red squares). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)




2016; Wooliver et al., 2016).
Whereas the factors that aﬀect plant and animal species composi- tion of ageing forests on former agricultural land have been relatively well studied (Flinn and Vellend, 2005; Hermy and Verheyen, 2007), much less is known about the recovery of the soil microbial commu- nities (Sun et al., 2017). Yet, soil microbial communities play key roles in forest ecosystems, including regulating nutrient cycles and inter- acting with and connecting the root systems of plant species (Baldrian, 2017). One important functional group within the forest soil micro- biome are ectomycorrhizal (EcM) fungi (Bahram et al., 2011; Tedersoo et al., 2012; Peay et al., 2016). As obligate symbionts of many dominant tree species in boreal and temperate forests, EcM fungi are indis- pensable components of forest ecosystems (Smith and Read, 2008). They mobilize inorganic nutrients from the soil and transfer them to their host in exchange for carbon (Read and Perez-Moreno, 2003), and they protect the host root system against pathogens, resulting in posi- tive plant-soil feedbacks (Bennett et al., 2017).
Due to their small propagule size, enabling long-distance wind dispersal, and their mass propagule production, micro-organisms, in- cluding EcM fungi, have long been considered not to be dispersal-lim- ited (Baas Becking, 1934; Finlay and Clarke, 1999). However, recent research has shown that eﬀective dispersal of fungi may be more lim- ited than expected (Peay et al., 2007, 2010, Norros et al., 2012, 2015). This is due to the strong decrease of the spore loads with distance from the fruiting body (Galante et al., 2011), and hence from the forest edge (Peay et al., 2012). Furthermore, EcM fungal spores have low germi- nation rates in the absence of host roots, and even in the presence of host roots, they vary widely in how long they remain viable and retain their germination capacity (Ishida et al., 2008; Nara, 2009). After germination, the haploid mycelium of most EcM fungi need to fuse with another, sexually compatible haploid mycelium, in order to be able to establish and form  functioning mycorrhiza (Horton, 2017). Ad- ditionally, some EcM fungi form below-ground fruiting bodies which depend on animals for dispersal (Colgan and Claridge, 2002). As a re- sult, EcM fungal species can be expected to diﬀer widely in their ca- pacity to establish from spores (Newton, 1992), and pronounced dif- ferences in ectomycorrhizal fungal communities may arise between forest stands of diﬀerent age and spatial isolation. As ectomycorrhizal fungi also diﬀer in their capacity to, and preference for taking up dif- ferent forms of soil nutrients (Erland and Taylor, 2002; Dickie et al.,

2013; Bogar and Peay, 2017), diﬀerences in edaphic factors (e.g. pH, soil moisture content, accumulation in soil organic material) between forests of varying age can also be expected to aﬀect EcM fungal com- munity  composition.
Here we studied how spatial isolation and environmental conditions aﬀected ectomycorrhizal fungal diversity and community composition in recently (< 50 years ago) aﬀorested stands. For this purpose, we compared ectomycorrhizal fungal communities between isolated recent stands and recent stands adjacent to ancient forest with those of ancient forest stands in order to diﬀerentiate between eﬀects of isolation and eﬀects due to diﬀerences in soil conditions. We hypothesized that EcM fungal communities of isolated recent forest stands are less diverse and dominated by species that establish easily from spores due to dispersal limitation, while EcM fungal communities from recent stands adjacent to ancient forests have already accumulated more fungi, and are therefore more diverse and more similar to those of ancient forest. Nonetheless, we still expect that ectomycorrhizal fungal communities diﬀer between connected recent stands and ancient stands due to dif- ferences in environmental conditions, aﬀecting recruitment.

2. [bookmark: Material_and_methods]Material and methods

2.1. [bookmark: Study_system_and_sampling]Study system and sampling

The study was conducted in Flanders (Northern Belgium), a region with traditionally a low amount of forest cover (11% in 2000) and a low degree of forest continuity (only 16% of the forested area in 2000 was continuously present at least since 1775) (De Keersmaeker et al., 2015). Climatic conditions within the study area show very little variation, with temperatures ranging from 10 to 11 °C and average yearly rainfall from 700 to 900 mm (www.meteo.be). We selected 17 recently estab- lished (between 18 and 45 years old) forest stands and nine ancient forest stands (continuous forest land use since at least 1775) (Fig. 1). Nine of the recent forest stands were adjacent to ancient forest, and 8 were isolated from ancient forests (minimum, median and maximum distance from ancient forest: respectively 219, 1901 and 7605 m). The recent forest stands were all homogeneous stands of Quercus robur planted on former agricultural land, while the tree layer of the ancient forest stands was dominated by Q. robur, with admixtures of other tree species  (Acer  pseudoplatanus,  Betula  pendula,  Castanea  sativa,  Fagus



sylvatica, Tilia sp. and Q. rubra). For more information on the stands, see also Thomaes et al. (2012). In each stand, a 10x10m plot was estab- lished in such a way that only Q. robur was present in and around the plot to be sure that sampled roots were from Q. robur. In each plot, 10 soil cores were randomly taken with a narrow-bladed gouge auger (diameter 3 cm). The F, H and A horizon, depth 0–15 cm were collected. The samples were pooled in two composite soil samples (ﬁve soil cores pooled in one sample, resulting in two samples per plot). Soil samples were stored on ice until processing.

2.2. [bookmark: Molecular_analyses]Molecular analyses

Roots from pedunculate oak (Quercus robur) were isolated from all samples (n = 52), pooled and brushed to remove remaining soil parti- cles. From the pooled roots, 0.25 g of root was used to extract DNA using the Power Soil DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA) following the manufacturer’s protocol. After DNA extraction, the ITS1 region of the nuclear ribosomal RNA genes was ampliﬁed using modiﬁed versions of the primer set ITS1F and ITS2 (Smith and Peay, 2014). PCR was carried out in 20 µL reactions con- sisting of 1 µL genomic DNA, 0.5 µL of each 10 µM primer, 1 µL dNTPs, 4 µL 5X Green GoTaq Reaction Buﬀer (Promega, Madison, WI, USA),
0.2 µL GoTaq DNA Polymerase (Promega, Madison, WI, USA) and
12.8 µL of nuclease-free water. PCR cycles started with 2 min. dena- turation at 94 °C, followed by 30 ampliﬁcation cycles of 94 °C for 30 sec, 52 °C for 30 sec, 72 °C for 30 sec and a ﬁnal extension of 72 °C for 7 min. PCR products were separated by gel electrophoresis and amplicons within the appropriate size range were cut out and puriﬁed with QIA- quick Gel Extraction Kit (Qiagen, Hilden, Germany). Amplicons were quantiﬁed using Qubit dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA,

reference data set (Nilsson et al., 2015) and to map the input sequences onto representative sequences. These representative sequences were then assigned a taxonomy using RDP Classiﬁer (Wang et al., 2007) and the UNITE fungal ITS reference data set. Representative sequences that could not be assigned a taxonomy at genus-level were subjected to a BLAST-search against the NCBI nucleotide database. Sequences from environmental or uncultured samples were excluded from the results and the ten best matches with maximum e-value e−100 and minimum sequence similarity of 90% (genus level) and 97% (species level) were used to assign a taxonomy. In an additional quality ﬁltering step, OTUs represented by less than 0.01% of the reads in a sample were considered absent from that sample. Finally, the results were put in an OTU table, which was run through FUNGuild (Nguyen et al., 2015), in order to select the ectomycorrhizal OTUs from the dataset. A subset of the OTU table (with only the ectomycorrhizal OTUs) was further analyzed as described below.
Rarefaction curves were ﬁtted in order to check whether they were suﬃciently deep sequenced. Samples of which the rarefaction curve did not reach an asymptote were removed. If the two samples from the same plot still remained after the removal, their results were merged by averaging their read numbers.

[bookmark: Statistical_analyses]2.5.  Statistical analyses

One-way ANOVA followed by Fisher’s Least Signiﬁcant Diﬀerence multiple comparisons (agricolae package (De Mendiburu, 2014) in R (R Core Team, 2015)) were used to test for diﬀerences in soil variables among the three forest types. As soil variables are known to correlate with forest age, Pearson correlation tests between the soil variables and forest age were carried out for the recent forests. Due to correlations
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concentrations and sent to Genomics Core UZ Leuven for 250 bp paired- end sequencing on an Illumina Miseq.

2.3. [bookmark: Soil_analyses]Soil analyses

Nitrate, ammonium, plant available phosphorus, pH, gravimetric water content and organic carbon content were analyzed for each of the two composite soil samples. Soil pH was measured with a pH probe in a 1:10 ratio mixture of soil with deionized water, which was shaken for 10 min prior to measuring. Nitrate and ammonium were determined by shaking a solution of 5 g of soil in 25 mL of 1 M KCl for 30 min, followed
+

organic material) were combined in soil principal components using the
prcomp-function in R, which were used in further analyses.
In order to compare ectomycorrhizal diversity among the three forest types, Hill numbers were used (Hill, 1973; Lucas et al., 2016). Hill numbers have the advantage over other diversity measures that they are more intuitively interpretable. They are denoted as the ‘di- versity of order q’, with q a parameter that determines how strongly the diversity index qD is inﬂuenced by rare OTUs. When q = 0, the diversity is equal to the eﬀective number of OTUs (richness). With increasing q, rare OTUs weigh less on the diversity index. 1D (q = 1) can be inter- preted as the number of common OTUs and 2D (q = 2) can be inter-

by centrifugation for 5 min at 3500g to clarify the sample. NH4

- and

preted as the number of dominant OTUs. A Generalized Linear Model

NO3

-nitrogen was then quantiﬁed colorimetrically from the super-

(GLM) with Poisson distribution and log link function was used to test

−

natant using an Evolution 201 UV–Visible spectrophotometer (Thermo Scientiﬁc, Madison, USA). The Olsen P test (Olsen, 1954) was used to determine plant available phosphorus. To determine gravimetric water content, 10 g of fresh soil was ﬁrst weighed, and subsequently dried at 105 °C for 24 h and weighed again. The remaining dry soil was then heated up to 630–700 °C for two hours and weighed again to determine organic matter content.

2.4. [bookmark: Bio-informatics_analysis]Bio-informatics analysis

The demultiplexed reads provided by Genomics Core UZ Leuven were quality ﬁltered, clustered into OTUs and assigned a taxonomy through the PIPITS pipeline (Gweon et al., 2015). In a ﬁrst step, read- pairs were joined on the overlapping regions using PEAR (Zhang et al., 2014) and quality ﬁltered with FASTQ_QUALITY_FILTER (Fastx toolkit: Gordon and Hannon, 2010) with minimum quality score 30 and minimum 80% of the bases that must have this quality score. In a next step, the ITS1 subregion of fungal origin was extracted from the se- quences (after dereplication) with ITSx (Bengtsson-Palme et al., 2013). In a third and  ﬁnal  step,  VSEARCH  was  used  to  remove  short (< 100 bp) and unique sequences, to cluster sequences with min. 97% sequence similarity, to remove chimeras using the UNITE UCHIME

how forest type (ancient, recent adjacent and recent isolated), forest area (both area of the forest stand and area of the forest complex) and soil variables (in the form of soil PC1, PC2 and PC3) aﬀected OTU richness. Linear Models (LMs) were used to test how forest type, area and soil variables (in the form of soil PC1, PC2 and PC3) aﬀected the box-cox-transformed number of common and abundant OTUs. In order to correct for unequal sequencing depth, number of reads per sample was added as a variable to each model and was retained in the ﬁnal model regardless of signiﬁcance. Model selection was done using Akaike’s Infomation Criterion (AIC). Multiple comparisons were carried out using the multcomp package in R (Hothorn et al., 2008).
Eﬀects of forest type, area and soil variables on EcM community composition were assessed by a partial Redundancy Analysis (pRDA) on Hellinger-transformed species composition data (Legendre and Gallagher, 2001). To account for spatial structuring in constrained or- dination, a spatial vector was created using Principal Coordinates of Neighbourhood Matrix (PCNM) on a distance matrix through the pcnm function of the vegan package (Oksanen et al., 2016). The ﬁrst spatial vector was subsequently used in the pRDA to partial out spatial varia- tion in community composition. Forward stepwise model selection based on adjusted R2 and p-values with permutation tests was carried out using the ordiR2step function in vegan. A permutation test was used



to assess the signiﬁcance of the axes and the terms. To distinguish be- tween eﬀects due to diﬀerences in soil variables among the forest types and eﬀects due to diﬀerences in degree of isolation, forward stepwise

Indicator species analysis was carried  out using  the indicspecies package (Cáceres and Legendre, 2009) to determine which OTUs were speciﬁcally associated with the three forest types and their combina- tions. Separate Generalized Linear Models (GLMs) with negative bino- mial distribution were ﬁtted on log-transformed read numbers per genus to study more in detail how the ﬁfteen most abundant EcM fungal lineages are aﬀected by forest type and soil variables. Forest type and the ﬁrst three soil principal components were added as explaining variables and plot as random factor. Models were ﬁtted using the MASS package (Venables and Ripley, 2013) and the best model was selected by comparing AIC-values. The multcomp package (Hothorn et al., 2008)


[bookmark: _bookmark4]Table 1
Results of the best ﬁt Generalized Linear Model with Poisson distribution and log-link function (on OTU richness) and best ﬁt Linear Models (on the number

bold.


Estimate	SE	z value	p value


OTU richness
intercept	3.86	0.08	46.66	< 0.001
recent connected forest stand	0.27	0.07	3.81	0.0001
ancient forest stand	0.28	0.08	3.75	0.0002
soil PC 2	0.06	0.03	2.26	0.024
soil PC 3	−0.08	0.03	−2.39	0.017
reads per sample	−1.70E-8      1.95E-7      −0.087	0.931

Estimate	SE	t value	p value
Number of common OTUs (Diversity 1D)
intercept	2.69	0.44	6.12	< 0.001

was used to test for diﬀerences among the three forest types.
[bookmark: Results]
recent forest, adjacent to ancient forest

0.91	0.40	2.26	0.034

3. Results

Quality  ﬁltering  resulted  in  10,636,535  reads,  assigned  to  1538

ancient forest	0.87	0.42	2.08	0.050
reads per sample	4.96E-7	1.05E-6      0.47	0.640
Number of abundant OTUs (Diversity 2D)
intercept	1.33	0.11	12.24	< 0.001

OTUs. 818 of these could not be assigned a taxonomy at genus-level and
could thus also not be assigned to an ecological guild. Of the remaining

recent forest, adjacent to ancient forest

0.22	0.10	2.19	0.040

720 OTUs, 359 had an ectomycorrhizal (EcM) lifestyle. Others were

ancient forest	0.20	0.10	1.91	0.069

(31 OTUs), animal pathogens (25 OTUs), plant pathogens (23 OTUs), other parasites (18 OTUs) or had an unknown lifestyle (9 OTUs). The EcM OTUs predominantly belonged to the families Russulaceae, Sclerodermataceae and Thelephoraceae (respectively 64.5%, 11.6% and 10.6% of the reads). Rarefaction curves showed insuﬃcient sam- pling in ﬁve samples, which were removed from further analysis. All statistical analyses were done on 25 samples which had a sequencing depth varying between 18,738 and 479,315 reads per sample. Over all samples 165 OTUs from 22 genera were found in recent, isolated forests (8 samples), 244 OTUs from 32 genera in recent, connected forests (9 samples) and 196 OTUs from 30 genera in ancient forests (8 samples). The most abundant OTUs could be assigned to Lactarius quietus, Russula amoenolens, Scleroderma areolatum, Tomentella sp. and Lactarius tabidus. Recent forest stands had a lower soil moisture content (isolated recent - ancient: diﬀerence = 9.9%, p = 0.04; connected recent - an- cient:  diﬀerence = 8.7%,  p = 0.07),  slightly  lower  organic  matter content (isolated recent – ancient: diﬀerence = 5.3%, p = 0.096; con- nected recent – ancient: diﬀerence = 6.9%, p = 0.05) and a higher pH (isolated recent - ancient: diﬀerence = 1.20, p = 0.004; connected re- cent - ancient: diﬀerence = 0.75, p = 0.02) than ancient forest stands, but did not diﬀer signiﬁcantly from each other. Moisture availability and plant-available phosphorus content of the recent forest soils were marginally signiﬁcantly related with forest age (respectively r = 0.43, p = 0.083 and r = −0.44, p = 0.074). The ﬁrst three soil principal components, together explaining 73% of the variation, were used in further analysis. The ﬁrst soil principal component (soil PC1) was mainly explained by moisture content and pH, the second (soil PC2) by




the EcM communities from the three forest types. Forward model se- lection showed that forest type signiﬁcantly aﬀected EcM community composition (F2,21 = 1.56, p = 0.03). In order to distinguish between eﬀects of forest type due to diﬀerences in soil characteristics and due to diﬀerences in isolation, two additional forward selection procedures were run where forest type was excluded. A forward selection proce- dure on an RDA containing the three soil principal components and two area variables (size of the stand and size of the forest complex), only retained the third soil principal component, which was marginally signiﬁcant (F1,22 = 1.52, p = 0.073). And a forward selection procedure on the soil variables and area variables retained pH and moisture availability,   both   also   marginally   signiﬁcant   (respectively F1,21 = 1.5168, p = 0.097; F1,21 = 1.5187, p = 0.064). Two OTUs were
found to be indicative of isolated, recent forest stands (Table 2), two
indicative for connected, recent forest stands and 10 for ancient forest stands. Two OTUs were indicative for both recent forest stand types and four OTUs were indicative for ancient forest stands and the recent forest stands connected with those.
The three forest types showed clear diﬀerences in abundance of several genera (Fig. 4). Separate GLMs per genus on abundance found four of the ﬁfteen most abundant genera to be signiﬁcantly aﬀected by forest type (Fig. 5), and eight genera to be (marginally) signiﬁcantly aﬀected by one of the soil principal components (Fig. 6). Of the other twenty, less abundant genera, nine were absent from isolated, recent forest stands and present in both connected recent forest stands and
ancient  forest  stands  (Sebacina,  Clavulina,  Hydnotrya,  Pachyphloeus,

 (
−
)NH4+, NO3

, organic material and phosphorus and the third (soil PC3)

Pseudoboletus, Elaphomyces, Amanita, Tylopilus and Acephala). Multiple

by organic material and pH.
The best supported generalized linear model (GLM) on the eﬀective number of OTUs included forest type, soil PC2, soil PC3 and number of reads per sample (not signiﬁcant but included in the model to correct for unequal sequencing depth) (Table 1). OTU richness was sig- niﬁcantly lower in isolated recent forests compared to ancient forests and connected recent forests, but did not diﬀer between connected recent forests and ancient forests (Fig. 2). For the number of common OTUs (1D) and dominant OTUs (2D), best ﬁt models included forest type and number of reads per sample (not signiﬁcant but included to correct for unequal sequencing depth). Multiple comparisons between forest types only found a marginally signiﬁcant diﬀerence between the two types of recent forest for both diversity metrics (Fig. 2).
Constrained ordination (Fig. 3) showed a clear separation between

comparisons of genera that were signiﬁcantly aﬀected by forest type showed that in Russula read numbers were signiﬁcantly lower in iso- lated recent forest stands compared to both connected recent stands and ancient stands, which did not diﬀer from each other. Xerocomellus was signiﬁcantly more abundant in connected, recent forest stands com- pared to the other two types, which did not diﬀer from each other. Hebeloma and Entoloma were signiﬁcantly more abundant in both types of recent forest, compared to ancient forest stands. These two genera were also signiﬁcantly correlated with one of the soil principal com- ponents, the ﬁrst by soil PC2 and the second by soil PC3. Apart from Hebeloma and Entoloma, one of the soil principal components correlated with read numbers of Lactarius (soil PC2), Scleroderma (soil PC2), To- mentella   (soil   PC3),   Laccaria   (soil   PC1),   Peziza   (soil   PC1)   and
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[bookmark: _bookmark5]Fig. 2. Diversity measures show a clear eﬀect of forest type on ectomycorrhizal fungal diversity. Signiﬁcance levels of pairwise comparisons smaller than 0.1 are shown.


[bookmark: _bookmark6][bookmark: _bookmark7]Table 2
Results of the indicator species analysis.


OTU Nr.	Family	Species	Indicator value


p value


Isolated, recent forest stands
OTU1035    Thelephoraceae	Tomentella cf.
sublilacina



0.679	0.035

OTU377	Inocybaceae	Inocybe cf. curvipes	0.612	0.050
connected, recent forest stands
OTU2031      Cortinariaceae	Cortinarius sp.	0.841	0.010
 (
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)OTU601	Clavulinaceae	Clavulina sp.	0.704	0.045




















(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)























Connected, recent forest stands and ancient forests stands
OTU505	Russulaceae	Russula cf. amoenolens     0.932	0.005
OTU690	Russulaceae	Lactarius cf. tabidus	0.874	0.015
OTU727	Russulaceae	Lactarius cf. tabidus	0.840	0.035

Hymenogaster (soil PC2) (Fig. 6).

OTU1672    Sclerodermataceae    Scleroderma cf.
citrinum

0.767	0.030

4. [bookmark: Discussion]Discussion
Our results showed that spatial isolation of recently restored forest stands had a marked eﬀect on diversity and community composition of ectomycorrhizal (EcM) fungal communities. The number of ectomy- corrhizal fungal OTUs in isolated recent forest stands was signiﬁcantly

lower than in recent forest stands located adjacent to ancient forest and ancient forest stands, clearly demonstrating that spatial isolation has a negative impact on EcM fungal communities. Dickie and Reich (2005) already found a steep decline in ectomycorrhizal colonization of Quercus macrocarpa seedlings over a distance of 20 m from the forest
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[bookmark: _bookmark8]Fig. 4. Average proportional red numbers of the diﬀerent genera, for  each forest type. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

edge, indicating the importance of mycelial expansion as a dispersal mechanism. By placing spore traps across a landscape with scattered even-aged stands of Pinus muricata, Peay and Bruns (2014) discovered high spatial and temporal variability in composition of fungal spores, which could partly be explained by dispersal limitation. In another study on islands of P. muricata seedlings, Peay et al. (2012) found a signiﬁcant reduction in ectomycorrhizal colonization of the seedlings with increasing distance from potential spore sources. Similarly, Vannette et al. (2016) found more diverse and more similar root-as- sociated fungal communities in highly connected forest fragments on the island of Hawaii. These results indicate that dispersal plays an im- portant role in the community assembly of ectomycorrhizal fungal communities.
While recent forest stands situated adjacent to ancient forest can be colonized both through mycelial growth and spores and are situated very close to spore sources, recent forest stands isolated from ancient forest can only be colonized by spores and are situated at longer dis- tance from spore sources. While isolation probably is of less importance for highly mobile species, it will have a clear eﬀect on species with limited dispersal capabilities. As a result, isolation will not only aﬀect diversity but also community composition, with isolated recent forest stands dominated by highly-dispersive species that establish easily from spores, while connected recent forest stands harbor both species that spread mostly vegetatively and species that establish from spores.
One genus that was clearly more abundant in both ancient forests and recent stands adjacent to ancient forest, was Russula. This genus often dominates mature forests and is considered ‘late-successional’ (Taylor and Bruns, 1999; Smith and Read, 2008; Dickie et al., 2013). Nevertheless, Russula was equivalently abundant in the recent forest stands bordering ancient forest, which is most likely caused by its dis- persal strategy. Spores of Russula do not easily germinate and coloni- zation of tree seedling roots mostly happens through hyphal expansion from mature tree roots (Dickie and Reich, 2005; Nara, 2009). Of the nine genera absent from isolated recent stands and present in both connected recent stands and ancient stands, three genera form below- ground fruiting bodies (Elaphomyces, Hydnotrya and Pachyphloeus) and thus most likely depend on animals as vectors for dispersal (Kataržytė and Kutorga, 2011; Horton, 2017; Soteras et al., 2017), although the possibility that some of the spores are dispersed by wind cannot be fully

ruled out (Ingold, 1973; Trappe and Maser, 1977; Reynolds, 2011). This suggests that diﬀerences in dispersal capacities are most likely the driving factor behind the diﬀerences in community composition be- tween isolated recent forests and recent forests adjacent to ancient forest.
Results from the indicator species analysis support these ﬁndings. The OTUs indicative of isolated recent forest stands belonged to Tomentella sublilacina and Inocybe curvipes. Although  Tomentella sub- lilacina is known to be abundant in mature forests, bio-assays have shown it can easily establish from spores (Taylor and Bruns, 1999) and it has been shown to be a good disperser (Peay et al., 2012). Inocybe species are also known to establish easily from spores (Smith and Read, 2008; Nara, 2009). On the other hand, the indicator OTUs of the con- nected, recent stands and the indicator OTUs of the connected, recent and ancient stands together, belonged to genera known to colonize a new host mostly through mycelial growth and to establish less easily from spores (e.g. Cortinarius, Lactarius, Russula and Scleroderma) (Smith and Read, 2008; Nara, 2009). Our results further showed that the number of indicator OTUs that recent, connected forests had in common with ancient forest was higher than the number of indicator OTUs for this type alone (four compared to two). This suggests that the accessibility of the newly established habitat is more important than the diﬀering abiotic conditions for colonization by EcM fungi. Indicator OTUs of ancient forests also mostly belonged to these genera. It is striking that Lactarius was equally abundant in the three forest types despite its low spore dispersal capacities. One possibility is that the oak trees were colonized by Lactarius in tree nurseries, prior to aﬀoresta- tion.
Besides eﬀects of isolation, variation in ectomycorrhizal fungal communities was also driven by variation in soil variables, although their eﬀect was smaller than that of isolation. When forest type (an- cient, recent connected or recent isolated) was removed as a variable, a marginally signiﬁcant eﬀect of soil variables was found in the re- dundancy analysis and eight of the ﬁfteen most abundant genera were signiﬁcantly aﬀected by one of the soil principal components. The ﬁrst soil principal component, which was positively correlated with moisture availability and negatively with pH, had an eﬀect on the read numbers of the genera Laccaria and Peziza. Lactarius, Scleroderma, Hymenogaster, Hebeloma and Entoloma were signiﬁcantly aﬀected by the second soil principal component, which was positively correlated with ammonium concentration and soil organic material and negatively correlated with nitrate and phosphorus concentration. Lactarius and Scleroderma were negatively aﬀected by soil PC2 and Hebeloma was positively correlated with it. Care has to be taken when interpreting the results on variation in OTU abundance, because read numbers not ne- cessarily correspond to EcM root-tip abundance (Amend et al., 2010). However, our results are in line with previous studies that have in- vestigated variation in EcM fungal communities in European oak forests using root-tip abundance (Suz et al., 2014), suggesting that the ob- served variation in read numbers displays real variation in EcM root-tip abundance rather than sequencing artefacts.
Inorganic nitrogen concentration has been found to aﬀect EcM species richness and community composition both in natural gradients and due to anthropogenic inﬂuences (e.g. N deposition, fertilization) (Wallenda and Kottke, 1998; Erland and Taylor, 2002; Lilleskov et al., 2002; Toljander et al., 2006; Cox et al., 2010; Suz et al., 2014). This is most likely due to diﬀerences in uptake capacity of inorganic N sources (Kranabetter et al., 2015), the capacity to acquire N from organic sources (Pena et al., 2013; Shah et al., 2016) and N transfer to the host (van der Heijden and Kuyper, 2003). Due to a tradeoﬀ between enzy- matic function (aﬀecting nutrient acquisition ability) and competi- tiveness, nitrogen concentration and the forms in which it is present can aﬀect EcM fungal community composition (Moeller and Peay, 2016). While Hebeloma prefers inorganic nitrogen sources (Avolio et al., 2012) and mainly occurs in habitat patches with little competitors (e.g. dunes with scattered trees and disturbed patches in forests (Guidot et al.,
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[bookmark: _bookmark9]Fig. 5. Eﬀects of forest type on the log-transformed read numbers of four of the most abundant genera, which were signiﬁcantly aﬀected by forest type according to the generalized linear model with negative binomial distribution. P-values from pairwise comparisons smaller than 0.1 are provided.



2002)), Lactarius quietus is known to possess the ability to mobilize nutrients from organic substrates and to behave saprotrophically when carbon demands are high (Courty et al., 2006, 2007). This also explains why Hebeloma was more abundant in recent forests, where less litter and humus accumulated and competition is lower. The third soil principal component, positively correlated with soil organic matter and negatively with pH, aﬀected abundances in Tomentella. Clearly, EcM fungal community composition in recent forest stands is not only af- fected by which species are able to reach it, but also by which species are able to establish and survive. Still, more  experimental work is needed to study how edaphic factors aﬀect recruitment of ectomycor- rhizal fungi. As some of these soil variables are known to be correlated with forest age (Thomaes et al., 2012) and simply due to increasing colonization success over time, we can expect that with increasing age the EcM fungal community composition of the recent forest stands will diﬀer less compared to the ancient forest. Our results are in accordance

with the global meta-analysis by Crouzeilles et al. (2016), who showed that time and landscape context represent key drivers of forest re- storation success.


5. [bookmark: Conclusion]Conclusion

Our results clearly showed that ectomycorrhizal community com- position in recently restored forest patches was aﬀected by a combi- nation of spatial isolation and environmental conditions. EcM fungal communities recovered much faster when recently restored forest fragments were physically connected to ancient forest, but still diﬀered in composition from those of ancient forests, most likely due to dif- ferences in edaphic conditions. This diﬀerence in community compo- sition can be expected to decrease over time, as the forest ecosystem develops. Nevertheless, it is unclear how long it will take before, if ever, the isolated stands develop a comparable community, both in species
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[bookmark: _bookmark10]Fig. 6. Eﬀects of the soil principal components on log-transformed read numbers of the most abundant genera which were (marginally) signiﬁcantly correlated with one of the soil principal components according to the generalized linear models with negative binomial distribution The z-statistics and corresponding p-values are provided. Soil PC1 is positively correlated with pH and negatively with moisture. Soil PC2 is positively correlated with ammonium and phosphorous and negatively with nitrate and organic material. Soil PC3 is positively correlated with organic material and negatively with pH.



richness and composition, as the ancient woodland sites.
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