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European coastal heathlands are distinct ecosystems shaped by land use tradition and they have experienced an 80% area reduction from their historical maximum. These mosaics of mires and wind exposed patches have ericaceous shrub dominated vegetation, and soils within coastal heathlands are characterized by low pH and high levels of recalcitrant debris. Using a culture-based approach with molecular identification of isolates, we characterized root-associated fungal communities of six ericaceous species in eight heathland localities along Norway’s western coast. Site-level alpha diversity ranged from 21-38 OTUs, while the total estimated gamma diversity for culturable heathland root fungi was 190-231 OTUs. Most species recovered are previously reported at low abundance in Norway, suggesting the biodiversity in this community is underreported, rather than novel for science. The fungi recovered were primarily Ascomycota, specifically endophytic Phialocephala, and Pezicula, and no host specificity was observed in the communities. The fungal communities exhibited high turnover and low nestedness, both between ericaceous hosts and across heathland sites. We observed no spatial patterns in fungal betadiversity, and this heterogeneity may be a product of the unique historic land use practices at each locality creating a distinct mycofloral “fingerprint”. Robust diversity estimates will be key for managing fungal biodiversity in coastal heathlands. Our results indicate that sampling schemes that maximize the number of host plants sampled per site, rather than the number of cultures per plant yield improved alpha diversity estimates. Similarly, gamma diversity estimates are improved by maximizing the total number of localities sampled, rather than increasing the number of plants sampled per locality. We argue that while the current protected status of coastal heathland habitats and restoration efforts have knock-on effects for the conservation of fungal biodiversity, fungi have a vital functional role in the ecosystem and holistic conservation plans that consider fungal biodiversity would be beneficial.
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Introduction

The United Nation 2030 Agenda for Sustainable Development specifically calls for efforts to halt biodiversity loss and species extinction, and to safeguard and conserve key biodiversity areas (United Nations, 2015). Semi-natural landscapes, including coastal heathlands, are among the most endangered habitats in Europe (European Commission et al., 2017; Herzon et al., 2021), and their persistence is dependent on anthropogenic activity. Coastal heathlands stretch along the Atlantic coastline in Western Europe from Northern Portugal to Northern Norway and are maintained by cyclical burning, cutting, and grazing. The people living in these historic areas are unified in terms of land-use practices over space and time (Kaaland, 2012; Siepel et al., 2013) and the coastal-heathland land-use tradition dates back to ca. 5000 years before present (Kaaland, 2012; Hjelle et al., 2018), underpinning their importance as distinct ecosystems, but also their societal value (Siepel et al., 2013; Herzon et al., 2021). As a habitat type, coastal heathlands are characterized by being treeless, shrub-dominated areas, typically with nutrient poor soils. Biodiversity research and conservation in coastal heathlands has been strongly biased towards plant diversity (Vandvik et al., 2005; Måren and Vandvik, 2009; Calvo et al., 2012; Fagúndez, 2013; Velle et al., 2014; Velle and Vandvik, 2014). Some insect groups including beetles (Schirmel, 2010; Schirmel and Buchholz, 2011; Bargmann et al., 2015) have received attention, however, taxonomic groups including most invertebrates, fungi, and other microorganisms have largely been overlooked or poorly circumscribed despite their functional importance to the ecosystem. Today, the coastal heathlands are threatened (Fagúndez, 2013), and their area has been reduced by 80% due to regrowth as a consequence of land use change, urbanization and long-range transported nitrogen deposition (Bobbink et al., 2010; Bahring et al., 2017). About one third of the total area of European coastal heathland habitat occurs in Norway, meaning national level protection and conservation strategies by the Norwegian authorities significantly impact the global status of this habitat type. This has led to government mandates protecting coastal heathlands in Norway: coastal heathlands have been declared a prioritized nature type specifically protected by law (Ministry of Climate and Environment, 2009) and have been placed on the national habitat red list (Norwegian Biodiversity Information Centre, 2018) making them a focus for conservation and restoration efforts, in line with the UN sustainable development goals.

There has been increasing focus on the restoration of heathlands within Europe (Diaz et al., 2006; de la Pena et al., 2012; Blindow et al., 2017; Omand et al., 2018; van der Bij et al., 2018; Radujković et al., 2020). Plant-soil feedback loops have been established as drivers of plant diversity, abundance, and succession (Bardgett and van der Putten, 2014) and heathland restoration experiments have underpinned the importance of plant-fungal interactions to achieve restoration success (de la Pena et al., 2012; van der Bij et al., 2018; Radujković et al., 2020). The currently understudied fungal diversity in European coastal heathlands is therefore expected to play an important role in terms of conservation and restoration of these landscapes. However, fungi as a group have been ignored in action plans for maintaining and restoring this particular nature type (Olmeda et al., 2020) and the group receives limited conservation effort worldwide (Griffith, 2012; Heilmann-Clausen et al., 2015; Gonçalves et al., 2021) despite playing important roles in ecosystem function and moderating essential ecosystem services. This can be attributed to a combination of decreasing competence in fungal species identification within the biological community (Grube et al., 2017) and the inconspicuousness, high diversity, and ephemeral occurrence of many of these organisms. Together, these factors make it difficult to monitor and manage fungi, so they are frequently excluded from action plans for maintaining and restoring specific nature types. However, in Fennoscandia a long fungal taxonomic tradition has led to comparatively well-developed fungal conservation efforts (Dahlberg et al., 2010), with some countries having national red lists of fungi or even action plans to protect specific fungal habitats (Dahlberg et al., 2010; Heilmann-Clausen et al., 2015). In light of this, coastal heathlands in Norway provide a good framework for exploring holistic management strategies focused on total biodiversity that include fungi, as the habitat is already of high priority for conservation and the mechanisms for conservation of fungal biodiversity are comparatively well developed.

Coastal heathland vegetation is dominated by members of the family Ericaceae, which are known to host a diverse array of parasitic, pathogenic, and symbiotic fungi (Walker et al., 2011) in addition to providing litter inputs to the saprophytic fungal community (Berendse, 1998). Endophytic fungi are known to include both latent saprotrophs and pathogens but can also provide a variety of benefits to their hosts including increased stress tolerance and anti-herbivory properties. Among those symbiotic fungi known from ericaceous hosts are ericoid mycorrhiza (ERM) which form a nutrient exchange symbiosis. Here, the fungal partner receives photosynthates from the host while providing nutrients, particularly nitrogen, in return. ERMs are more efficient at acquiring nitrogen than their host plants (Smith and Read, 2008), exploiting various nitrogen sources including amino acids and peptides, making them crucial for host persistence and survival within the nutrient poor edaphic environments of coastal heathlands. These fungi have a complex genomic composition and display versatile life strategies (Perotto et al., 2018). They can increase host tolerance for heavy metals (Straker, 1996; Smith and Read, 2008) and can affect flower phenology and synchrony which in turn affects plant-pollinator interactions (de la Pena et al., 2012), thereby directly influencing host survival and reproductive success. Finally, ERM display trophic lability and can produce extracellular enzymes that degrade complex organic molecules, making them nutrient mediators with an important role in soil carbon cycling (Talbot et al., 2008). Fungi forming ERM and ericaceous root endophytes are demonstrated to be non-host specific (Straker, 1996; Kjoller et al., 2010; Walker et al., 2011; Vohník, 2020) and taxonomically limited (Monreal et al., 2000; Dighton, 2009). Nevertheless, the heathland mycoflora is clearly distinct from surrounding areas that are typically covered by forests (Bougoure et al., 2007; Collier and Bidartondo, 2009). Coastal heathland soils differ significantly in pH, moisture, and organic matter content from these neighboring habitats (Wilson and Puri, 2001; Chapman et al., 2003), and these edaphic factors are all known to influence the mycoflora. In particular, pH is a well-known driver of fungal beta diversity (Tedersoo et al., 2020) which over time shapes the fungal community (Geml et al., 2014; Radujković et al., 2020). Not surprisingly, turnover is observed within the fungal community along forest to heathland gradients (Anderson et al., 2003; Read et al., 2004; Bougoure et al., 2007), with increasing dominance of Ascomycota in the heathlands due to the absence of trees (Anderson et al., 2003; Collier and Bidartondo, 2009).

In this study, we characterized the root associated fungal community in eight Norwegian coastal heathland systems. More specifically we examined the richness, and community composition and structure between (I) host plants and (II) localities. Lastly, we discuss the knock-on effect of habitat protection for fungal conservation, and how fungal diversity estimates, and sampling strategies can be implemented in conservation planning within vulnerable habitats.



Materials and Methods

During the summers of 2018-19, root-associated fungal communities on ericaceous hosts were investigated in eight Norwegian coastal heathland localities (Figure 1). The sampled heathlands spanned 2.17 degrees of latitude and experience similar climatic conditions, with mean annual temperatures ranging from 6.6 to 7.7°C and mean annual precipitation ranging from 1614 to 2202 mm (Table 1). Although there was clear variation in the management regimes and plant communities across the eight localities, they were all intact heathlands. Some of the localities like Lygra were clearly still managed using the old farming practices, including burning, cutting and grazing, while other, such as Bømlo, showed signs of secondary succession from Juniperus commune and Betula pubescens (Blaalid and Davey. Pers obs 2018). All localities were still grazed, and thus managed to some extent. Older surveys have recorded the floral communities at all localities included in this study, however, data on management such as burn cycles and grazing intensities are missing (Fremstad et al., 1991). Our study did not include plant diversity as a parameter for fungal diversity, and we did not record plant diversity at localities, nor within the plots where we sampled host plants. A combined culturing and DNA-barcoding approach was used to characterize the fungal communities associated with the roots of the most dominant plant taxa in the landscape: the ericaceous species; Calluna vulgaris, Erica tetralix, Vaccinium myrtillus, V. uliginosum and V. vitis-idea. Within four localities, we collected additional specimens of the host Erica cinerea, as this species has a narrower niche, and may therefore harbor a distinct fungal community. At each site, plants were collected centrally: at least 25 m from adjoining forest borders or shorelines with at least 10 m between individual plants. A single adult, healthy representative plant of each host species was dug up with approximately a 2 L volume of soil surrounding an intact portion of the root system and placed in a sealed plastic bag that was kept cool (<8°C) during transport to the laboratory facilities.




Figure 1 | Map displaying the visited coastal heathland localities within western Norway. The observed OTU richness for each locality is indicated by the point size and the abbreviated locality name is found to the right of each point. AV, Austevoll; AH, Austrheim; BO, Bømlo; GJ, Gjerdevik; KA, Kalvåg; LK, Litle Kvernøy; LY, Lygra; TE, Televåg.




Table 1 | Overview of the locality position, climate, culture richness, species richness and richness estimates across the eight Norwegian coastal heathland localities.




Culturing and Morphotyping

Root associated fungi were isolated from the host plants following the protocol described by Hambleton and Currah (1997) with some modifications. Root systems were first thoroughly washed in tap water to remove soil, debris, foreign roots, and ericaceous roots not physically connected to the host plant. Healthy, fine hair roots (as described by Vohník, 2020) were excised from the root system using scissors. The hair roots were divided into two subsamples, which were subjected to a weak or a stringent surface sterilization protocol. Two surface sterilization protocols were used, as Smith and Read (2008) indicate that even short duration chemical surface sterilization can kill some fungi growing within plant cells. Half of the fine roots were subjected to one minute surface sterilization in 1% NaOCl, while the remaining were subjected to a 3-minute surface sterilization regime, as recommended by Hambleton and Currah (1997). For each surface sterilization treatment, roots were then cut into 1-3 mm pieces using sterile forceps and a scalpel, and 8-10 fragments were placed on two different isolation media 100 ug/mL tetracycline: Oatmeal Agar (OA) and Modified Melin-Norkrans (MMN). The resulting four isolation plates from each plant were stored in a dark climate chamber for 30 days at 14°C. Hyphae emerging from the root fragments were then aseptically transferred to OA or MMN to generate pure cultures of individual fungal species. Subcultures were incubated for 60 days at 14°C in a dark climate chamber. Those subcultures that successfully grew were first grouped by locality and then further grouped into morphotypes within each locality based on colony morphology (margin, texture, colony color, secreted pigments etc.). We avoided creating morphotypes spanning localities and refrained from grouping cultures with any ambiguities. We sampled material for both DNA extraction and permanent storage at -80 degrees in 20% glycerol (from fungal material from each of the cultures using a clean sterile pipette tip. The voucher material for permanent storage is kept within the facilities at the University Museum of Bergen.



DNA Extraction, PCR and Sequencing

The fungal material was crushed in CTAB buffer for 2 minutes at 30 Hz using a Qiagen Retch tissue lyser. The DNA was then extracted using a CTAB approach (Murray and Thompson, 1980) with modifications (Gardes and Bruns, 1993). DNA isolates were cleaned using a column cleanup kit (VWR pregold Cyclepure) and sent to Barcode of Life initiative (BOLD) (Ratnasingham and Herbert, 2007) for sequencing the internal transcribed spacer region (ITS), which is the chosen barcoding marker for fungi (Schoch et al., 2012). The sequences were generated by using the primer pair ITS1-F and ITS4 (White et al., 1990; Gardes and Bruns, 1993) and were sequenced bidirectionally. All sequences are stored within the BOLD system database (Ratnasingham and Hebert, 2013) including a reference picture, which are freely available. The sequences can be accessed by searching by either the project code “FINCH”, or individually by sequence ID (Table S1). We then annotated our sequences using the UNITE database as a reference (Nilsson et al., 2018; Kõljalg et al., 2020), and all sequences identified to a unique species hypothesis in the UNITE database (using a 95% identity threshold as described by U’ren et al., 2009) were treated as belonging to a single OTU (Table S1). Sequences were assigned membership to functional guilds using the FunGuildR package for R based on the FUNguild database (Nguyen et al., 2016) and each sequence’s best BLAST match to the UNITE database with percent identity >95%.



Statistical Analyses

All statistical tests and figures were generated in the R statistical environment (R Core Team, 2018). The iNEXT package (Hsieh et al., 2016) was used to generate alpha diversity estimates for i) the site level based on number of cultures and number of plants sampled and ii) the host level based on both number of cultures and number of sites sampled (Table 1). In addition, gamma diversity was estimated for the coastal heathland landscape as a whole, based on both number of cultures and number of sites. Sorensen’s beta diversity was calculated pairwise between each of the sampled root systems using the betapart package (Baselga and Orme, 2012), and subsequently partitioned into its nestedness and turnover components. For each of these three measures, we examined i) the distance decay relationship with the geographic distance between sites and ii) the differences between the categories: between hosts-within sites, between hosts-between sites, and within host - between sites. Distance decay relationships were tested using linear models, as the data were normally distributed according to Shapiro-Wilkes tests, while between host and between site differences were not-normally distributed and assessed using a Kruskal-Wallis test with a post-hoc Dunn test to identify differences between groups. Patterns in beta diversity were also explored in an NMDS ordination of those root systems for which >7 cultures were generated. The ordination structure was calculated using the metaMDS function in the vegan package (Oksanen et al., 2020) on a Bray-Curtis dissimilarity matrix with two dimensions and a maximum of 500 random starts.




Results

We attempted isolation of 1196 fungal colonies from the 160 isolation plates that were established. Of these, 145 were discarded after failure to grow, obvious signs of aerial contamination, or indications that the culture was mixed with multiple species. The remaining 1051 isolates were grouped into morphotypes, yielding 456 morphological entities. A representative culture was sequenced from each morphotype, and a total of 386 high quality sequences were generated from these cultures, giving a morphotype sequencing success rate of 85%. In total, 787 cultures were identified representing 125 unique species hypotheses in the UNITE database, hereafter simply referred to as OTUs.

There was no significant difference (p=0.2448) in the number of OTUs recovered per site with weak versus stringent surface sterilization regime and compositional differences between the two methods were of a smaller magnitude than those observed between sites (data not shown). Over 75% of the root-associated cultures were members of the Ascomycota, primarily among the Leotiomycetes and Sordariomycetes. At the order level, 87% of the cultures were successfully assigned taxonomy and Helotiales was the dominant group in all hosts and localities (Figure 2A) Phialocephala was the most commonly isolated genus, representing 15% of the cultures generated, and was found in association with all hosts and at every locality with the exception of Telavåg. Members of the Hyaloscyphaceae (7% of cultures), and the genera Penicillium (7%) and Pezicula (6%) were also frequently recovered. The cultures recovered largely represented endophytes, plant pathogens, and saprophytes (Figure 2B), although it must be noted that 43% of cultures could not be assigned to a guild using the FunGuild database.




Figure 2 | The observed gamma diversity (total OTU richness) across the heathland sites inventoried, with estimates of total richness based on further sampling of (A) additional sites and (B) additional host plant root systems.



The gamma diversity of root associated fungi across the coastal heathland landscapes surveyed was at least 125 OTUs (Figure 3). Estimates of the total possible gamma diversity that could be recovered by surveying either more plants (Figure 3B) or more sites (Figure 3A) ranged from 190-231 OTUs. The alpha diversity observed across hosts at the individual sites ranged from 21 to 38 OTUs (Figure 4A), with estimates of total richness of up to 106 species per site given the sampling of additional plants (Figure 4B and Table 1). The alpha diversity associated with each host species was very similar, ranging from 37 to 52 OTUs for those hosts collected at all sites (Figure 4C). However, estimated asymptotic OTU richness with further collection of the hosts at additional sites was more variable, ranging from 73 OTUs for Calluna vulgaris to 229 OTUs for Vaccinium vitis-idaea (Figure 4D and Table 2).




Figure 3 | Taxonomic diversity (A) and distribution of functional guilds (B) across hosts and sites. The proportion of cultures identified to each order (A) or guild (B) is shown for each host at each site.






Figure 4 | OTU accumulation curves showing the observed and estimated alpha diversity associated with each site (A, B) and each host species (C, D). Asymptotic estimates of total diversity are calculated based on sampling of additional cultures (A, C), additional host plants (B) or additional sites (D).




Table 2 | Observed and estimated species richness associated with six hosts collected across eight Norwegian coastal heathlands.



The root associated fungal communities were highly heterogeneous, exhibiting high turnover and low nestedness, both between ericaceous hosts and across heathland sites (Figure 5). Nevertheless, total dissimilarity and turnover between the root fungal communities were significantly lower (both p<<0.001) at “between hosts- within site” compared to “within host - between sites” or “between hosts - between sites” (Figure 5). Concomitantly, nestedness was significantly higher (p=0.011). However, we observed no spatial autocorrelation at larger scales and neither beta diversity between the heathland sites, nor its component nestedness and turnover, exhibited a classic distance decay relationship with increasing distance between sites (Figure 6). Ordination analysis of those root systems for which >8 cultures were obtained and successfully sequenced showed weak differences among localities (p=0.014) and no significant structuring by host species (p=0.256) (Figure S1).




Figure 5 | Pairwise Sorensen’s index for betadiversity across sites and ericaceous hosts. In addition to (C) the total pairwise dissimilarity (p<<0.001), the (A) turnover (p<<0.001) and (B) nestedness (p=0.011) components of betadiversity are shown. Significantly different groupings identified by a Dunn test are indicated by letters over the categories.






Figure 6 | Between-site distance decay relationships between betadiversity and geographic distance between sites. Both (C) total dissimilarity (Sorensen index, p<<0.001) and its component (A) turnover (p<<0.001) and (B) nestedness (p=0.0) are shown.





Discussion


Taxonomy and Diversity

The observed dominance of Ascomycota within the coastal heathland system is consistent with previous investigations of the heathland mycoflora (Anderson et al., 2003; Bougoure et al., 2007). We frequently encountered Phialocephala species within the root systems and this genus is a commonly isolated dark septate endophyte of ericaceous hosts (Grünig et al., 2008; Jumpponen and Trappe, 2008), as are the Cryptosporiopsis anamorphs of Pezicula (Sigler et al., 2005; Yang et al., 2018). Phialocephala fortinii was frequently recovered across hosts and sites and this species is known to increase host above- and below-ground biomass, as well as host N- and P-content (Newsham, 2011). Given the prevalence of this species complex and its impacts on host growth and reproduction, P. fortinii is likely a vital species in terms of host persistence and function in coastal heathlands. Several well-known ERM species (Perotto et al., 1996; Monreal et al., 2000; Smith and Read, 2008) were also isolated, including members of the Hyaloscyphaceae, Meliniomyces, Oidiodendron and Rhyzoscyphus. Mycena was the most common basidiomycete, and this genus has recently been demonstrated to have functional lability with the capacity to colonize living plant roots (Thoen et al., 2020). Notably, we did not recover Sebacinales within the host mycoflora. These taxa are frequent, culturable associates of ericaceous plant roots (Selosse et al., 2007; Vohnik et al., 2016; Weiß et al., 2016) and have been reported as “ERM like” (Selosse et al., 2007; Vohnik et al., 2016). The taxonomic entities within our study are mostly known from Norway in only sporadic reports both in GBIF and NBIC, however, they are frequently reported in culture- and molecular-based surveys of soil and root fungal biodiversity (Vrålstad et al., 2002a; Vrålstad et al., 2002b; Blaalid et al., 2012; Blaalid et al., 2013). This would suggest that the biodiversity in the ericaceous root-associated fungal community is underreported, rather than novel for science.

Estimates of the total ericaceous root-associated fungal diversity in Norwegian coastal heathlands are as high as 231 OTUs. However, it must be noted that due to methodological bias, this estimate is unlikely to reflect the true total fungal diversity associated with ericaceous roots in this habitat. Numerous studies have documented a taxonomically diverse array of fungi that are not readily cultured and rarely or never detected in culture-based studies (Arnold et al., 2007; Higgins et al., 2011; Høyer and Hodkinson, 2021). Metabarcoding based culture-independent studies of ericaceous hosts (Vaccinium calycinum: Leopold et al., 2021, Cassiope tetragona: Lorberau et al., 2017) report more than 600 OTUs per host, indicating that the true root-associated fungal diversity in Norwegian coastal heathlands is likely much higher than what is reported here.



Community Heterogeneity

The ericoid root-associated communities in coastal heathlands exhibited both low nestedness and high rates of turnover between sites. This high degree of between-site heterogeneity is consistent with findings from other inventories of heathland fungal communities (de la Pena et al., 2012; Macia-Vicente and Popa, 2022). As observed by Macia-Vicente and Popa (2022), there was no discernible distance decay relationship in community composition, and the Norwegian heathland communities each had a distinct mycofloral “fingerprint” that likely reflects local stochastic processes that create a high degree of endemism within ericaceous root fungi. Coastal heathland habitats are formed across centuries of anthropogenic activity (Hjelle et al., 2010; Kaaland, 2012), including prescribed burning, turf cutting, and grazing, all of which shape the habitat’s vegetation (Vandvik et al., 2005; Måren and Vandvik, 2009; Velle and Vandvik, 2014; Bargmann et al., 2015). The unique land use history of each coastal heathland likely shapes the characteristic fungal community found in each location as well (Hazard et al., 2014). For example, grazing intensity and grazer identity can impact both soil fungal community diversity and biomass (van der Heyde et al., 2017; Eldridge and Delgado-Baquerizo, 2018; Xun et al., 2018; Dudinszky et al., 2019). However, the direct effects on plant associated mycoflora of the low to moderate grazing pressure that most coastal heathlands experience remains largely unknown. However, studies of ectomycorrhizal fungi suggest that factors other than grazing may be more influential in shaping the plant-associated mycoflora (Dudinszky et al., 2019; Tervonen et al., 2019). For example, coastal heathlands are subjected to periodic burning, and fire is known to affect microbial community composition (Hewitt et al., 2016). Within coastal heathlands, fire disturbance has historically occurred on a 20–30-year cycle (Kaaland, 2012) and these fires reduce nitrogen and phosphorus levels in heathland soils (Green et al., 2013), which in turn is expected to affect fungal community dynamics. Still, little is known about how the mycoflora is influenced by such short cyclic fire events. Studies from natural pyrophilic ecosystems have emphasized the predictable effect of fire on fungal community dynamics (Hopkins et al., 2021), and frequent wildfires are known to promote fire specialists (Hansen et al., 2019). However, coastal heathlands are relatively “young fire landscapes” and it remains to be elucidated the impact of this frequent fire cycle on the mycoflora. The current study (n=8) lacks the needed statistical power to infer the specific roles of land use, including grazing and burning, on shaping fungal communities. Nevertheless, we argue that the highly heterogenous fungal communities we observe in Norway’s coastal heathlands are likely a product of the unique historic land use practices at each locality (Hazard et al., 2014; Tervonen et al., 2019).

Despite identifying a unique mycoflora at each coastal heathland site, we failed to detect signs of host-specificity among the ericoid root-associated fungi surveyed here. The plants investigated hosted similar numbers of fungal species irrespective of host identity, and many of the fungal species were found in association with multiple ericaceous hosts. Previous comparisons of culture-dependent and culture-independent methods for characterizing ericaceous root-associated fungal communities indicate that while the two different methods may recover different species, they detect the same biological patterns (Walker et al., 2011). This suggests the absence of host specificity we observe here is not simply a product of bias towards only those fungi in the root systems that are culturable. Little community divergence between ERM host taxa has been demonstrated in some systems (Kjoller et al., 2010; Walker et al., 2011), but distinct communities partitioned by host identity have been recovered in others (Bougoure et al., 2007; Ishida and Nordin, 2010). We argue that the high degree of versatility in life strategies exhibited by ERM fungi (Perotto et al., 2018) combined with resource partitioning theory (Bruns, 1995) are factors explaining the high diversity and heterogeneity of fungal communities both between hosts and between sites in coastal heathlands.



Conservation

Fungal conservation is typically under-prioritized (Heilmann-Clausen et al., 2015; Cao et al., 2021; Gonçalves et al., 2021), and few frameworks exist for the management and monitoring of not only individual fungal species, but fungal communities as a whole. Management authorities frequently use alpha and gamma diversity metrics to identify and prioritize areas for conservation, focusing on biodiversity and species richness both at the local and landscape levels. However, there is an increasing body of work that suggests beta diversity metrics can also be useful parameters to assess drivers of community assembly (Anderson et al., 2011; Chiantore et al., 2018) and function as a tool in conservation (Bush et al., 2016; Socolar et al., 2016). In order for fungi to be included in holistic management strategies that focus on total biodiversity, we therefore require well developed protocols for assessing fungal biodiversity that generate robust alpha and beta diversity estimates. Here, standardized monitoring programs will yield important data for capturing such diversity metrics Haase et al., 2018). Despite generating more than 100 cultures for many of the sites examined here, species accumulation curves did not approach saturation for the individual localities nor the total gamma diversity of the coastal heathland landscape. Extrapolated alpha diversity estimates suggest that on a locality level, further recovery of biodiversity would most efficiently be made by increasing the number of plants sampled per locality rather than increasing the number of cultures generated per root system. On a landscape level, gamma diversity estimates would be improved by increasing the number of sites sampled, rather than by increasing the number of plants sampled. Based on these results, we recommend that when assessing biodiversity in coastal heathlands, sampling strategies should be designed to maximize the number of hosts sampled at individual sites in order to provide robust alpha diversity estimates, and to maximize the number of localities sampled for providing the best possible estimate of gamma diversity at the landscape level. This study provides base knowledge for how sampling strategies can be designed to provide the reliable biodiversity estimates that are needed to allow the incorporation of fungal biodiversity into conservation strategies.

Throughout much of Europe, coastal heathlands are already conserved areas owing to their cultural and historical importance. We argue that protection of these areas for their societal value has the knock-on effect of preserving the unique mycofloral biodiversity present in each coastal heathland. We observe high heterogeneity and substantial species turnover between individual coastal heathlands that was unrelated to geographic distance and speculate this may reflect the unique land-use history at each locality. Thus, protecting individual coastal heathland areas indirectly conserves a unique suite of fungi at each site. Such “In-situ” habitat conservation approaches have been suggested for fungi already in the 1990s (Hawksworth, 1991), and coastal heathlands are a prime example of how this concept can function. Notably, focus on heathland restoration has increased in recent years (de la Pena et al., 2012; van der Bij et al., 2018; Radujković et al., 2020). Such restoration will have knock-on effects of conserving such frequently overlooked organismal groups within these habitats, including fungi. Moreover, the success of coastal heathland restoration, as indicated by vegetation establishment, is greatly improved by reinoculation of the belowground community which effectively functions as a conservation measure for fungal biodiversity (van der Bij et al., 2018). However, restoration and conservation of coastal heathlands requires follow-up with a combination of low-intensity measures such as mowing, grazing, burning and regular shrub clearance to maintain the coastal heathland landscape (Blindow et al., 2017; Walmsley et al., 2021), all of which are expected to benefit those species adapted to a semi-natural system, including fungi.

Plant-soil feedback loops have been established as drivers of plant diversity, abundance, and succession (Bardgett and van der Putten, 2014) and heathland restoration experiments have underpinned the importance of plant–fungal interactions to achieve restoration success (de la Pena et al., 2012; van der Bij et al., 2018; Radujković et al., 2020). We argue that in ecosystems like coastal heathlands where fungi play significant ecological roles with effects on multiple trophic levels, holistic conservation and restoration approaches that include action plans for fungi would be beneficial.



Conclusions

A broad diversity of root-associated fungi was isolated from ericaceous hosts in coastal heathlands, representing primarily Ascomycete endophyte, saprophyte, and ERM fungi. We observed little host specificity among the fungi isolated, as has previously been observed in these communities. The fungal communities at different coastal heathland localities were highly heterogeneous, exhibiting low nestedness and high species turnover, with each locality bearing a unique mycofloral ‘fingerprint’ which we hypothesize may be linked to the unique land-use history at each site, although further research is needed to confirm this. Based on our own attempts to quantify the alpha and gamma diversity in Norwegian coastal heathlands, we recommend that in order to provide robust estimates of alpha and gamma diversity that can be used for management purposes, sampling strategies should aim to maximize the number of plant hosts investigated to improve alpha diversity estimates, and to maximize the number of sites sampled to improve gamma diversity estimates. Finally, existing and future conservation and restoration efforts targeting European coastal heathlands are expected to have knock-on effects, facilitating conservation of fungal biodiversity.




Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.boldsystems.org/index.php/MAS_Management_DataConsole?codes=FINCH, FINCH.



Author Contributions

RB and MD developed the project, received funding, and did the fieldwork. RB performed the culturing and DNA work. MD performed the statistical analyses. RB and MD wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the Norwegian Biodiversity Information Centre and as part of the project FINCH-28/17.



Acknowledgments

We thank the Norwegian Biodiversity Information Centre for funding. We thank the Katrine Kongshavn and the Norwegian Barcode of Life (NorBOL) initiative for help with logistics and the Barcode of Life initiative for sequencing and data storing.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/ffunb.2022.886685/full#supplementary-material

Supplementary Figure 1 | Ordination diagrams showing the relationship between all root systems for which >7 cultures were identified color-coded by (A) host (p=0.256) and (B) site (p=0.014).

  

References

 Anderson, I. C., Campbell, C. D., and Prosser, J. I. (2003). Diversity of Fungi in Organic Soils Under a Moorland-Scots Pine (Pinus Sylvestris L.) Gradient. Environ. Microbiol. 5 (11), 1121–1132. doi: 10.1046/j.1462-2920.2003.00522.x

 Anderson, M. J., Crist, T. O., Chase, J. M., Vellend, M., Inouye, B. D., Freestone, A. L., et al. (2011). Navigating the Multiple Meanings of β Diversity: A Roadmap for the Practicing Ecologist. Ecol. Lett. 14 (1), 19–28. doi: 10.1111/j.1461-0248.2010.01552.x

 Arnold, A. E., Henk, D. A., Eells, R. L., Lutzoni, F., and Vilgalys, R. (2007). Diversity and Phylogenetic Affinities of Foliar Fungal Endophytes in Loblolly Pine Inferred by Culturing and Environmental PCR. Mycologia 99 (2), 185–206. doi: 10.1080/15572536.2007.11832578

 Bahring, A., Fichtner, A., Ibe, K., Schutze, G., Temperton, V. M., von Oheimb, G., et al. (2017). Ecosystem Functions as Indicators for Heathland Responses to Nitrogen Fertilisation. Ecol. Indic. 72, 185–193. doi: 10.1016/j.ecolind.2016.08.013

 Bardgett, R. D., and van der Putten, W. H. (2014). Belowground Biodiversity and Ecosystem Functioning. Nature 515 (7528), 505–511. doi: 10.1038/nature13855

 Bargmann, T., Hatteland, B. A., and Grytnes, J. A. (2015). Effects of Prescribed Burning on Carabid Beetle Diversity in Coastal Anthropogenic Heathlands. Biodivers. Conserv. 24 (10), 2565–2581. doi: 10.1007/s10531-015-0945-1

 Baselga, A., and Orme, C. D. L. (2012). Betapart: An R Package for the Study of Beta Diversity. Methods Ecol. Evol. 3 (5), 808–812. doi: 10.1111/j.2041-210X.2012.00224.x

 Berendse, F. (1998). Effects of Dominant Plant Species on Soils During Succession in Nutrient-Poor Ecosystems. Biogeochemistry 42, 73–88. doi: 10.1023/A:1005935823525

 Blaalid, R., Carlsen, T., Kumar, S., Halvorsen, R., Ugland, K. I., Fontana, G., et al. (2012). Changes in the Root-Associated Fungal Communities Along a Primary Succession Gradient Analysed by 454 Pyrosequencing. Mol. Ecol. 21 (8), 1897–1908. doi: 10.1111/j.1365-294X.2011.05214.x

 Blaalid, R., Kumar, S., Nilsson, R. H., Abarenkov, K., Kirk, P. M., and Kauserud, H. (2013). ITS1 Versus ITS2 as DNA Metabarcodes for Fungi. Mol. Ecol. Res. 13 (2), 218–224. doi: 10.1111/1755-0998.12065

 Blindow, I., Gauger, D., and Ahlhaus, M. (2017). Management Regimes in a Coastal Heathland-Effects on Vegetation, Nutrient Balance, Biodiversity and Gain of Bioenergy. J. Coast Conserv. 21 (2), 273–288. doi: 10.1007/s11852-017-0499-3

 Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R., Ashmore, M., et al. (2010). Global Assessment of Nitrogen Deposition Effects on Terrestrial Plant Diversity: A Synthesis. Ecol. Appl. 20 (1), 30–59. doi: 10.1890/08-1140.1

 Bougoure, D. S., Parkin, P. I., Cairney, J. W. G., Alexander, I. J., and Anderson, I. C. (2007). Diversity of Fungi in Hair Roots of Ericaceae Varies Along a Vegetation Gradient. Mol. Ecol. 16 (21), 4624–4636. doi: 10.1111/j.1365-294X.2007.03540.x

 Bruns, T. D. (1995). Thoughts on the Processes That Maintain Local Species Diversity of Ectomycorrhizal Fungi. Plant Soil 170 (1), 63–73. doi: 10.1007/BF02183055

 Bush, A., Harwood, T., Hoskins, A. J., Mokany, K., and Ferrier, S. (2016). Current Uses of Beta-Diversity in Biodiversity Conservation: A Response to Socolar Et Al. Trends Ecol. Evol. 31 (5), 337–338. doi: 10.1016/j.tree.2016.02.020

 Calvo, L., Tárrega, R., and Luis, E. (2012). Changes of Species Richness in Heathland Communities Over 15 Years Following Disturbances. J. For. Res., 547120. doi: 10.1155/2012/547120

 Cao, Y., Wu, G., and Yu, D. (2021). Include Macrofungi in Biodiversity Targets. Science 372 (6547), 1160. doi: 10.1126/science.abj5479

 Chapman, S. J., Campbell, C. D., and Puri, G. (2003). Native Woodland Expansion: Soil Chemical and Microbiological Indicators of Change. Soil Biol. Biochem. 35 (6), 753–764. doi: 10.1016/S0038-0717(03)00091-9

 Chiantore, M., Thrush, S. F., Asnaghi, V., and Hewitt, J. E. (2018). The Multiple Roles of Beta-Diversity Help Untangle Community Assembly Processes Affecting Recovery of Temperate Rocky Shores. R. Soc Open Sci. 5 (8), 171700. doi: 10.1098/rsos.171700

 Collier, F. A., and Bidartondo, M. I. (2009). Waiting for Fungi: The Ectomycorrhizal Invasion of Lowland Heathlands. J. Ecol. 97 (5), 950–963. doi: 10.1111/j.1365-2745.2009.01544.x

 Dahlberg, A., Genney, D. R., and Heilmann-Clausen, J. (2010). Developing a Comprehensive Strategy for Fungal Conservation in Europe: Current Status and Future Needs. Fungal Ecol. 3 (2), 50–64. doi: 10.1016/j.funeco.2009.10.004

 de la Pena, E., Van De Velde, H., Lens, L., and Bonte, D. (2012). Soil Conditions in Natural, Declining and Restored Heathlands Influence Plant-Pollinator Interactions of Calluna Vulgaris. Restor. Ecol. 20 (5), 603–611. doi: 10.1111/j.1526-100X.2011.00844.x

 Diaz, A., Green, I., Benvenuto, M., and Tibbett, M. (2006). Are Ericoid Mycorrhizas a Factor in the Success of Calluna Vulgaris Heathland Restoration? Restor. Ecol. 14 (2), 187–195. doi: 10.1111/j.1526-100X.2006.00120.x

 Dighton, J. (2009). “Mycorrhizae,” in Encyclopedia of Microbiology, 3rd Edition. Ed.  M. Schaechter (Oxford: Academic Press), pp 153–pp 162. doi: 10.1016/B978-012373944-5.00327-8

 Dudinszky, N., Cabello, M. N., Grimoldi, A. A., Schalamuk, S., and Golluscio, R. A. (2019). Role of Grazing Intensity on Shaping Arbuscular Mycorrhizal Fungi Communities in Patagonian Semiarid Steppes. Rangel. Ecol. Manag. 72 (4), 692–699. doi: 10.1016/j.rama.2019.02.007

 Eldridge, D. J., and Delgado-Baquerizo, M. (2018). Functional Groups of Soil Fungi Decline Under Grazing. Plant Soil 426 (1-2), 51–60. doi: 10.1007/s11104-018-3617-6

 European Commission, Directorate-General for Environment, Tsiripidis, I., Piernik, A., and Janssen, J. (2017). “European Red List of Habitats,” in Part 2, Terrestrial and Freshwater Habitats (Publications Office). Available at: https://data.europa.eu/doi/10.2779/255918.

 Fagúndez, J. (2013). Heathlands Confronting Global Change: Drivers of Biodiversity Loss From Past to Future Scenarios. Ann. Bot. 111 (2), 151–172. doi: 10.1093/aob/mcs257

 Fremstad, E., Aarestad, P. A., and Skogen, A. (1991). Coastal Heaths in Western Norway and Trøndelag. A Habitat and Vegetation Type That Is Threatened. (In Norwegian). NINA Rep. 29, 1–172.

 Gardes, M., and Bruns, T. D. (1993). ITS Primers With Enhanced Specificity for Basidiomycetes—Application to the Identification of Mycorrhizae and Rusts. Mol. Ecol. 2 (2), 113–118. doi: 10.1111/j.1365-294x.1993.tb00005.x

 Geml, J., Gravendeel, B., van der Gaag, K. J., Neilen, M., Lammers, Y., Raes, N., et al. (2014). The Contribution of DNA Metabarcoding to Fungal Conservation: Diversity Assessment, Habitat Partitioning and Mapping Red-Listed Fungi in Protected Coastal Salix Repens Communities in the Netherlands. PloS One 9 (6), e99852. doi: 10.1371/journal.pone.0099852

 Gonçalves, S. C., Haelewaters, D., Furciand, G., and Mueller, G. M. (2021). Include All Fungi in Biodiversity Goals. Science 35 (6553), 403. doi: 10.1126/science.abk1312

 Green, E. R., Ellis, R. J., Gadsdon, S. R. M., Milcu, A., and Power, S. A. (2013). How Does N Deposition Affect Belowground Heathland Recovery Following Wildfire? Soil Biol. Biochem. 57, 775–783. doi: 10.1016/j.soilbio.2012.08.025

 Griffith, G. W. (2012). Do We Need a Global Strategy for Microbial Conservation? Trends Ecol. Evol. 27 (1), 1–2. doi: 10.1016/j.tree.2011.10.002

 Grube, M., Gaya, E., Kauserud, H., Smith, A. M., Avery, S. V., Fernstad, S. J., et al. (2017). The Next Generation Fungal Diversity Researcher. Fungal Biol. Rev. 31 (3), 124–130. doi: 10.1016/j.fbr.2017.02.001

 Grünig, C. R., Queloz, V., Sieber, T. N., and Holdenrieder, O. (2008). Dark Septate Endophytes (DSE) of the Phialocephala Fortinii s.L. – Acephala Applanata Species Complex in Tree Roots: Classification, Population Biology, and Ecology. Bot 86(12), 1355–1369. doi: 10.1139/B08-108

 Høyer, A. K., and Hodkinson, T. R. (2021). Hidden Fungi: Combining Culture-Dependent and Independent DNA Barcoding Reveals Inter-Plant Variation in Species Richness of Endophytic Root Fungi in Elymus Repens. J. Fungus 7 (6), 4665. doi: 10.3390/jof7060466

 Haase, P., Tonkin, J. D., Stoll, S., Burkhard, B., Frenzel, M., Geijzendorffer, I. R., et al. (2018). The Next Generation of Site-Based Long-Term Ecological Monitoring: Linking Essential Biodiversity Variables and Ecosystem Integrity. Sci. Total Environ. 613-614, 1376–1384. doi: 10.1016/j.scitotenv.2017.08.111

 Hambleton, S., and Currah, R. S. (1997). Fungal Endophytes From the Roots of Alpine and Boreal Ericaceae. Can. J. Bot. 75 (9), 1570–1581. doi: 10.1139/b97-869

 Hansen, P. M., Semenova-Nelsen, T. A., Platt, W. J., and Sikes, B. A. (2019). Recurrent Fires do Not Affect the Abundance of Soil Fungi in a Frequently Burned Pine Savanna. Fungal Ecol. 42, 100852. doi: 10.1016/j.funeco.2019.07.006

 Hawksworth, D. L. (1991). The Fungal Dimension of Biodiversity: Magnitude, Significance, and Conservation. Mycol. Res. 95 (6), 641–655. doi: 10.1016/S0953-7562(09)80810-1

 Hazard, C., Gosling, P., Mitchell, D. T., Doohan, F. M., and Bending, G. D. (2014). Diversity of Fungi Associated With Hair Roots of Ericaceous Plants is Affected by Land Use. FEMS Microbiol. Ecol. 87 (3), 586–600. doi: 10.1111/1574-6941.12247

 Heilmann-Clausen, J., Barron, E. S., Boddy, L., Dahlberg, A., Griffith, G. W., Nordén, J., et al. (2015). A Fungal Perspective on Conservation Biology. Conserv. Biol. 29 (1), 61–68. doi: 10.1111/cobi.12388

 Herzon, I., Raatikainen, K. J., When, S., Rüsina, S., Helm, A., Cousins, S. A. O., et al. (2021). Semi-Natural Habitats in Boreal Europe: A Rise of a Social-Ecological Research Agenda. Ecol 26 (2), 13. doi: 10.5751/ES-12313-260213

 Hewitt, R. E., Hollingsworth, T. N., Chapin, S. III, and Taylor, D. L. (2016). Fire-Severity Effects on Plant–Fungal Interactions After a Novel Tundra Wildfire Disturbance: Implications for Arctic Shrub and Tree Migration. BMC Ecol. 16 (1), 25. doi: 10.1186/s12898-016-0075-y

 Higgins, K. L., Coley, P. D., Kursar, T. A., and Arnold, A. E. (2011). Culturing and Direct PCR Suggest Prevalent Host Generalism Among Diverse Fungal Endophytes of Tropical Forest Grasses. Mycologia 103 (2), 247–260. doi: 10.3852/09-158

 Hjelle, K. L., Halvorsen, L. S., and Overland, A. (2010). Heathland Development and Relationship Between Humans and Environment Along the Coast of Western Norway Through Time. Quat. Int. 220 (1-2), 133–146. doi: 10.1016/j.quaint.2009.09.023

 Hjelle, K. L., Halvorsen, L. S., Prosch-Danielsen, L., Sugita, S., Paus, A., Kaland, P. E., et al. (2018). Long-Term Changes in Regional Vegetation Cover Along the West Coast of Southern Norway: The Importance of Human Impact. J. Veg. Sci. 29 (3), 404–415. doi: 10.1111/jvs.12626

 Hopkins, J. R., Semenova-Nelsen, T., and Sikes, B. A. (2021). Fungal Community Structure and Seasonal Trajectories Respond Similarly to Fire Across Pyrophilic Ecosystems. FEMS Microbiol. Ecol. 97 (1). doi: 10.1093/femsec/fiaa219

 Hsieh, T. C., Ma, K. H., and Chao, A. (2016). iNEXT: An R Package for Rarefaction and Extrapolation of Species Diversity (Hill Numbers). Methods Ecol. Evol. 7 (12), 1451–1456. doi: 10.1111/2041-210X.12613

 Ishida, T., and Nordin, A. (2010). No Evidence That Nitrogen Enrichment Affect Fungal Communities of Vaccinium Roots in Two Contrasting Boreal Forest Types. Soil Biol. Biochem. 42, 234–243. doi: 10.1016/j.soilbio.2009.10.021

 Jumpponen, A., and Trappe, J. M. (2008). Dark Septate Endophytes: A Review of Facultative Biotrophic Root-Colonizing Fungi. New Phyt. 140 (2), 295–310. doi: 10.1046/j.1469-8137.1998.00265.x

 Kaaland, P. E. (2012). “Northern Worlds - Landscapes, Interactions and Dynamics,” in Proceedings of the Northern Worlds Conference, Copenhage. Ed.  H. C. Gulløv (National Museum Studies in Archeology & History: University Press of Southern Denmark).

 Kjoller, R., Olsrud, M., and Michelsen, A. (2010). Co-Existing Ericaceous Plant Species in a Subarctic Mire Community Share Fungal Root Endophytes. Fungal Ecol. 3 (3), 205–214. doi: 10.1016/j.funeco.2009.10.005

 Kõljalg, U., Nilsson, H. R., Schigel, D., Tedersoo, L., Larsson, K. H., May, T. W., et al. (2020). The Taxon Hypothesis Paradigm-On the Unambiguous Detection and Communication of Taxa. Microorganisms 8 (12). doi: 10.3390/microorganisms8121910

 Leopold, D. R., Peay, K. G., Vitousek, P. M., and Fukami, T. (2021). Diversity of Putative Ericoid Mycorrhizal Fungi Increases With Soil Age and Progressive Phosphorus Limitation Across a 4.1-Million-Year Chronosequence. FEMS Microbiology Ecology 97, 3, fiab016. doi: 10.1093/femsec/fiab016

 Lorberau, K. E., Botnen, S. S., Mundra, S., Aas, A. B., Rozema, J., Eidesen, P. B., et al. (2017). Does Warming by Open-Top Chambers Induce Change in the Root-Associated Fungal Community of the Arctic Dwarf Shrub Cassiope Tetragona (Ericaceae)? Mycorrhiza 27, 513–524. doi: 10.1007/s00572-017-0767-y

 Macia-Vicente, J. G., and Popa, F. (2022). Local Endemism and Ecological Generalism in the Assembly of Root-Colonizing Fungi. Ecol. Monogr. 92 (1), 18. doi: 10.1002/ecm.1489

 Måren, I. E., and Vandvik, V. (2009). Fire and Regeneration: The Role of Seed Banks in the Dynamics of Northern Heathlands. J. Veg. Sci. 20 (5), 871–888. doi: 10.1111/j.1654-1103.2009.01091.x

 Ministry of Climate and Environment (2009). “Act on the Management of Nature's Diversity,” in LOV-2009-06-19-100(In Norwegian). Norway).

 Monreal, M., Berch, S. M., and Berbee, M. (2000). Molecular Diversity of Ericoid Mycorrhizal Fungi. Can. J. Bot. 77 (11), 1580–1594. doi: 10.1139/b99-107

 Murray, M. G., and Thompson, W. F. (1980). Rapid Isolation of High Molecular Weight Plant DNA. Nuclei. Acids Res. 8 (19), 4321–4325. doi: 10.1093/nar/8.19.4321

 Newsham, K. K. (2011). A Meta-Analysis of Plant Responses to Dark Septate Root Endophytes. New Phyt. 190 (3), 783–793. doi: 10.1111/j.1469-8137.2010.03611.x

 Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, J., et al. (2016). FUNGuild: An Open Annotation Tool for Parsing Fungal Community Datasets by Ecological Guild. Fungal Ecol. 20, 241–248. doi: 10.1016/j.funeco.2015.06.006

 Nilsson, R. H., Larsson, K.-H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S., Schigel, D., et al. (2018). The UNITE Database for Molecular Identification of Fungi: Handling Dark Taxa and Parallel Taxonomic Classifications. Nucleic Acids Res. 47 (D1), D259–D264. doi: 10.1093/nar/gky1022

 Norwegian Biodiversity Information Centre (2018). Norwegian Redlist of Nature Types (in Norwegian). Norwegian Biodiversity Information Centre.

 Oksanen, J. F., Blanchet, G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D. P. R. M., et al. (2020). Vegan: Community Ecology Package.

 Olmeda, C., Šefferovaí, V., Underwood, E., Millan, L., Gil, T., and Naumann, S. (2020). EU Action Plan to Maintain and Restore to Favourable Conservation Status the Habitat Type 4030 European Dry Heaths.

 Omand, K. A., Karberg, J. M., O'Dell, D. I., and Beattie, K. C. (2018). Harrowing and Seed Addition for Sandplain Grassland and Heathland Restoration. Nat. Areas J. 38 (5), 356–369. doi: 10.3375/043.038.0505

 Perotto, S., Actis-Perino, E., Perugigi, J., and Bonfante, P. (1996). Molecular Diversity of Fungi From Ericoid Mycorrhizal Roots. Mol. Ecol. 5 (1), 123–131. doi: 10.1111/j.1365-294X.1996.tb00298.x

 Perotto, S., Daghino, S., and Martino, E. (2018). Ericoid Mycorrhizal Fungi and Their Genomes: Another Side to the Mycorrhizal Symbiosis? New Phyt. 220 (4), 1141–1147. doi: 10.1111/nph.15218

 Radujković, D., van Diggelen, R., Bobbink, R., Weijters, M., Harris, J., Pawlett, M., et al. (2020). Initial Soil Community Drives Heathland Fungal Community Trajectory Over Multiple Years Through Altered Plant–Soil Interactions. New Phyt. 225 (5), 2140–2151. doi: 10.1111/nph.16226

 Ratnasingham, S., and Hebert, P. D. N. (2013). A DNA-Based Registry for All Animal Species: The Barcode Index Number (BIN) System. PloS One 8 (7), e66213. doi: 10.1371/journal.pone.0066213

 Ratnasingham, S., and Herbert, P. D. N. (2007). Bold: The Barcode of Life Data System (Http://Www.Barcodinglife.Org). Mol. Ecol. Notes 7 (3), 355–364. doi: 10.1111/j.1471-8286.2007.01678.x

 R Core Team (2018). R: A Language and Environment for Statistical Computing (Vienna, Austria: R Foundation for Statistical Computing). Available at: https://www.R-project.org/.

 Read, D. J., Leake, J. R., and Perez-Moreno, J. (2004). Mycorrhizal Fungi as Drivers of Ecosystem Processes in Heathland and Boreal Forest Biomes. Can. J. Bot. 82 (8), 1243–1263. doi: 10.1139/b04-123

 Schirmel, J. (2010). Short-Term Effects of Modern Heathland Management Measures on Carabid Beetles (Coleoptera: Carabidae). Appl. Ecol. Environ. Res. 8 (3), 165–175.

 Schirmel, J., and Buchholz, S. (2011). Response of Carabid Beetles (Coleoptera: Carabidae) and Spiders (Araneae) to Coastal Heathland Succession. Biodivers. Conserv. 20 (7), 1469–1482. doi: 10.1007/s10531-011-0038-8

 Schoch, C. L., Seifert, K. A., Huhndorf, S., Robert, V., Spouge, J. L., Levesque, C. A., et al. (2012). Nuclear Ribosomal Internal Transcribed Spacer (ITS) Region as a Universal DNA Barcode Marker for Fungi. PNAS 109 (16), 6241. doi: 10.1073/pnas.1117018109

 Selosse, M. A., Setaro, S., Glatard, F., Richard, F., Urcelay, C., and Weiß, M. (2007). Sebacinales are Common Mycorrhizal Associates of Ericaceae. New Phytol. 174 (4), 864–878. doi: 10.1111/j.1469-8137.2007.02064.x

 Siepel, H., Diemont, W. H., Heijman, W. J. M., and Webb, N. R. (2013). “Towards a Sustainable Management of Seminatural Areas; the Interdependence of Economy, Ecology, and Governance in Heathlands,” in Economy and Ecology of Heathlands, eds. W.H. Diemont, W.J.M. Heijman, H. Siepel, and B.R. Webb (Zeist, The Netherlands: KNNV Publishing), 411-421.

 Sigler, L., Allan, T., Lim, S. R., Berch, S., and Berbee, M. (2005). Two New Cryptosporiopsis Species From Roots of Ericaceous Hosts in Western North America. Stud. Mycol., 53, 53–62. doi: 10.3114/sim.53.1.53

 Smith, S. E., and Read, D. J. (2008). Mycorrhizal Symbiosis (San Diego, United Kingdom: Elsevier Science & Technology).

 Socolar, J. B., Gilroy, J. J., Kunin, W. E., and Edwards, D. P. (2016). How Should Beta-Diversity Inform Biodiversity Conservation? Trends Ecol. Evol. 31 (1), 67–80. doi: 10.1016/j.tree.2015.11.005

 Straker, C. J. (1996). Ericoid Mycorrhiza: Ecological and Host Specificity. Mycorrhiza 6 (4), 215–225. doi: 10.1007/s005720050129

 Talbot, J. M., Allison, S. D., and Treseder, K. K. (2008). Decomposers in Disguise: Mycorrhizal Fungi as Regulators of Soil C Dynamics in Ecosystems Under Global Change. Funct. Ecol. 22 (6), 955–963. doi: 10.1111/j.1365-2435.2008.01402.x

 Tedersoo, L., Anslan, S., Bahram, M., Drenkhan, R., Pritsch, K., Buegger, F., et al. (2020). Regional-Scale In-Depth Analysis of Soil Fungal Diversity Reveals Strong pH and Plant Species Effects in Northern Europe. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.01953

 Tervonen, K., Oldén, A., and Halme, P. (2019). Ectomycorrhizal Fungi in Wood-Pastures: Communities are Determined by Trees and Soil Properties, Not by Grazing. Agric. Ecosyst. Environ. 269, 13–21. doi: 10.1016/j.agee.2018.09.015

 Thoen, E., Harder, C. B., Kauserud, H., Botnen, S. S., Vik, U., Taylor, A. F. S., et al. (2020). In Vitro Evidence of Root Colonization Suggests Ecological Versatility in the Genus Mycena. New Phyt. 227 (2), 601–612. doi: 10.1111/nph.16545

 United Nations (2015). Transforming Our World: The 2030 Agenda for Sustainable Development (New York: UN Publishing).

 U’ren, J. M., Dalling, J. W., Gallery, R. E., Maddison, D. R., Davis, E. C., Gibson, C. M., et al. (2009). Diversity and Evolutionary Origins of Fungi Associated With Seeds of a Neotropical Pioneer Tree: A Case Study for Analysing Fungal Environmental Samples. Mycol. Res. 113 (4), 432–449. doi: 10.1016/j.mycres.2008.11.015

 van der Bij, A. U., Weijters, M. J., Bobbink, R., Harris, J. A., Pawlett, M., Ritz, K., et al. (2018). Facilitating Ecosystem Assembly: Plant-Soil Interactions as a Restoration Tool. Biol. Conserv. 220, 272–279. doi: 10.1016/j.biocon.2018.02.010

 van der Heyde, M., Bennett, J. A., Pither, J., and Hart, M. (2017). Longterm Effects of Grazing on Arbuscular Mycorrhizal Fungi. Agric. Ecosyst. Environ. 243, 27–33. doi: 10.1016/j.agee.2017.04.003

 Vandvik, V., Heegaard, E., Maren, I. E., and Aarrestad, P. A. (2005). Managing Heterogeneity: The Importance of Grazing and Environmental Variation on Post-Fire Succession in Heathlands. J. Appl. Ecol. 42 (1), 139–149. doi: 10.1111/j.1365-2664.2005.00982.x

 Velle, L. G., Nilsen, L. S., Norderhaug, A., and Vandvik, V. (2014). Does Prescribed Burning Result in Biotic Homogenization of Coastal Heathlands? Glob. Change Biol. 20 (5), 1429–1440. doi: 10.1111/gcb.12448

 Velle, L. G., and Vandvik, V. (2014). Succession After Prescribed Burning in Coastal Calluna Heathlands Along a 340-Km Latitudinal Gradient. J. Veg. Sci. 25 (2), 546–558. doi: 10.1111/jvs.12100

 Vohník, M. (2020). Ericoid Mycorrhizal Symbiosis: Theoretical Background and Methods for Its Comprehensive Investigation. Mycorrhiza 30 (6), 671–695. doi: 10.1007/s00572-020-00989-1

 Vohnik, M., Panek, M., Fehrer, J., and Selosse, M. A. (2016). Experimental Evidence of Ericoid Mycorrhizal Potential Within Serendipitaceae (Sebacinales). Mycorrhiza 26 (8), 831–846. doi: 10.1007/s00572-016-0717-0

 Vrålstad, T., Myhre, E., and Schumacher, T. (2002a). Molecular Diversity and Phylogenetic Affinities of Symbiotic Root-Associated Ascomycetes of the Helotiales in Burnt and Metal Polluted Habitats. New Phyt. 155 (1), 131–148. doi: 10.1046/j.1469-8137.2002.00444.x

 Vrålstad, T., Schumacher, T., and Taylor, A. F. S. (2002b). Mycorrhizal Synthesis Between Fungal Strains of the Hymenoscyphus Ericae Aggregate and Potential Ectomycorrhizal and Ericoid Hosts. New Phyt. 153 (1), 143–152. doi: 10.1046/j.0028-646X.2001.00290.x

 Walker, J. F., Aldrich-Wolfe, L., Riffel, A., Barbare, H., Simpson, N. B., Trowbridge, J., et al. (2011). Diverse Helotiales Associated With the Roots of Three Species of Arctic Ericaceae Provide No Evidence for Host Specificity. New Phyt. 191 (2), 515–527. doi: 10.1111/j.1469-8137.2011.03703.x

 Walmsley, D. C., Delory, B. M., Alonso, I., Temperton, V. M., and Härdtle, W. (2021). Ensuring the Long-Term Provision of Heathland Ecosystem Services—The Importance of a Functional Perspective in Management Decision Frameworks. Front. Ecol. Evol. 9. doi: 10.3389/fevo.2021.791364

 Weiß, M., Waller, F., Zuccaro, A., and Selosse, M.-A. (2016). Sebacinales – One Thousand and One Interactions With Land Plants. New Phyt. 211 (1), 20–40. doi: 10.1111/nph.13977

 White, T. J., Bruns, T., and Taylor, J. (1990). “Amplification and Direct Sequencing of Fungal Ribosomal RNA Genes for Phylogenetics,” in PCR Protocols: A Guide to Methods and Applications (Orlando, Florida: Academic Press), 315–322.

 Wilson, B., and Puri, G. (2001). A Comparison of Pinewood and Moorland Soils in the Abernethy Forest Reserve, Scotland. Glob. Ecol. Biogeogr. 10 (3), 291–303. doi: 10.1046/j.1466-822X.2001.00226.x

 Xun, W., Yan, R., Ren, Y., Jin, D., Xiong, W., Zhang, G., et al. (2018). Grazing-Induced Microbiome Alterations Drive Soil Organic Carbon Turnover and Productivity in Meadow Steppe. Microbiome 6 (1), 170. doi: 10.1186/s40168-018-0544-y

 Yang, H., Zhao, X., Liu, C., Bai, L., Zhao, M., and Li, L. (2018). Diversity and Characteristics of Colonization of Root-Associated Fungi of Vaccinium Uliginosum. Sci. Rep. 8 (1), 15283. doi: 10.1038/s41598-018-33634-1




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Blaalid and Davey. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/ffunb-03-886685-g003.jpg
(%2}
azoo =
O JUPPEEL
%5 150 o
@
_2100
> 50
=z
0 5 10 15 20 25

Number of sites

= interpolated == extrapolated

(2]
.0
9 150 s
)]
S 100
S
3 50
=
0 .
z 0 25 50 75 100

Number of plants

= interpolated = =+ extrapolated





OEBPS/Images/ffunb-03-886685-g001.jpg
%






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Habitat Protection Approaches Facilitate Conservation of Overlooked Fungal Diversity – A Case Study From the Norwegian Coastal Heathland System

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Culturing and Morphotyping

          



          		

            DNA Extraction, PCR and Sequencing

          



          		

            Statistical Analyses

          



        



        



        		

          Results

        



        		

          Discussion

        

          		

            Taxonomy and Diversity

          



          		

            Community Heterogeneity

          



          		

            Conservation

          



          		

            Conclusions

          



        



        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/ffunb-03-886685-g005.jpg
09

07

Turnover

05

03

05

0.4

0.3

Nestedness

02

0.1

00

Total dissimilarity
o
Y

g
Y

. Within site - Between site

- -

-
Between host
Within site

-
Between host
Between site

-
Within host
Between site

———

-
Within host

Between host Between host
Within site Between site Between site
a b b
.
$ .
.
. B
.
.
-
Between host Between host Within host
Within site BRetween site Retween site





OEBPS/Images/table2.jpg
Host No. Cultures No. Localities Sobs SEstC SEstP

Erica tetralix 148 8 46 68.3 + 16.0 83.3 £ 18.1
Erica cinerea 75 4 22 320+89 325+76

Vaccinium myrtillus 178 8 50 68.1 + 10.6 106.7 £ 27.1
Vaccinium vitis-idaea 138 8 52 85.6 £17.9 2291 +96.2
Calluna vulgaris 134 8 40 508 7.6 735+ 17.0
Vaccinium uliginosum 114 7 37 43.0 +4.8 101.3 + 36.1

SObs: observed species richness, SEstC: asymptotic estimate of species richness with additional cultures per plant, SEStP: asymptotic estimate of species richness with additional
sampling of host plants.
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Locality Lon. Lat. MAT MAP No. Plants No. Cultures SObs SEstC SEstP
Austevoll 511 60.13 7.7 1864 5 86 34 69.7 + 23.6 79.1+26.4
Austrheim 4.97 60.78 7.7 2071 5 47 24 276 +32 529 +19.3
Bomlo 5.22 59.60 75 1614 6 132 35 722 +295 95.0 + 39.5
Gjerdevik 5.01 61.35 71 2202 5 111 25 45.1 + 20 61.1 £25.2
Kalvag 4.86 61.77 6.6 2202 6 101 21 269 +6.4 28.6 5.8
Litle Kvernay 4.81 60.96 7.6 2068 5 128 26 339+74 106.0 + 67.5
Lygra 5.10 60.70 7.7 2095 5 108 38 53.8+£10.5 72.8 £18.5
Telavag 4.97 60.25 7.6 1894 6 84 32 458 +9.8 102.4 + 45.5

Lon: longitude, Lat: latitude, MAT: mean annual temperature (°C), MAP: mean annual precipitation (mm), SObs: observed species richness, SEstC: asymptotic estimate of species
richness with additional cultures per host, SEstP: asymptotic estimate of species richness with additional hosts collected at each locality.





