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Abstract

:

Lichens are outstanding examples of fungal symbioses that form long-lived structures, the lichen thalli, in which a multiplicity of other microorganisms are hosted. Among these, microfungi seem to establish diverse trophic relationships with their lichen hosts. The most specialised of these fungi are the parasitic lichenicolous fungi, of which the diversity has hardly been explained as a proxy for the diversity of lichen species. Here, we used an exemplar dataset of a well-studied alpine lichen community composed of 63 lichen and 41 lichenicolous fungal species and tested it to verify the strength of the co-occurrences of the two species groups with predictive co-correspondence analyses. The results showed that the distribution of lichen abundances affects the abundance and variation of lichenicolous fungi and supports our hypothesis to use lichens as surrogates for lichenicolous fungi in surrogacy analysis.
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1. Introduction


Evolution is replete with examples of symbiotic life forms, which often include great strategies to survive environmental changes and explore new ecologies [1,2]. Lichen symbioses are among the best representatives of symbiotic species evolution processes, in which a multiplicity of organisms from different kingdoms are found and diversified [3,4,5,6]. Lichens are composed of a main fungal partner (the mycobiont) and one main population of photosynthetic partners (the photobiont), which are usually green algae or cyanobacteria [4,5]. The most recent research, however, has reappraised lichen symbioses as microecosystems in which an indeterminate number of other microorganisms are hosted [6].



Lichens can live and grow for up to centuries [7], and thus their thalli are stable microhabitats for many microorganisms, representing true biodiversity hotspots [6]. The stability and longevity of lichens may involve deeply complex relationships, with the establishment of species-specific communities of lichen-associated microorganisms [8,9,10]. Among these, fungal communities inhabiting lichen thalli are acknowledged to represent the lichen mycobiome [9,11,12]. Lichen mycobiomes comprise fungi that develop diverse trophic relationships with their lichen host(s), being parasitic, commensals, or saprobic. Since their discovery in the early 19th century, lichen-inhabiting fungi have been referred to as ’lichenicolous fungi‘. These fungi are usually recognized by symptomatic infection on the thalli (even causing necrotic patches) or by the formation of their reproductive bodies [8,13]. However, a century later, the presence of fungi cryptically occurring in lichen thalli has been shown [14,15,16], and these taxa were called ’endolichenic fungi‘. More recently, Hafellner [17] reappraised the definition of lichenicolous fungi including all fungi living in and on lichens, whether symptomatic or not. Due to their inconspicuous, microscopic mycelium, which makes their species recognition difficult, or the several attempts to isolate and grow them in culture, lichenicolous fungi are still poorly investigated, and their potential interaction with the major lichen symbionts, i.e., the mycobiont and the photobionts, are unknown. However, understanding their diversity and community structure within lichen communities could result in a comprehensive vision of species diversity.



So far, about 2000 species of lichenicolous fungi have been recognized, most of them belonging to the phylum Ascomycota [7,8]. Still, the number of lichenicolous fungal species is increasing, thanks to the publication of national checklists (e.g., Hungary, India, and holarctic regions such as North America, Russia, and Sweden) which, based on detailed morphological recognition of environmental samples, encompass species diversity in different environments and on different hosts [17,18,19,20,21,22]. A high diversity of lichenicolous fungi associated with lichens has been reported in natural unpolluted habitats, such as Klondike Gold Rush National Historic Park [22], or in regions that have represented nunataks in the past [19,21,23,24]. In these places, lichen communities had time to establish and consolidate, thus becoming suitable niches for the slow-growing lichenicolous microfungi. This latter is the case of alpine lichen communities of the Koralpe Massive, located in Austria at the edge of the Eastern Alps. The area is a nunatak and consists of an extended alpine elevation on which gneiss and occasional marble outcrops are scattered, which further contribute to the exceptionally rich lichen species diversity [23,24].



The cross-taxon method has been developed to evaluate the covariance of diversity patterns in space or in time between two taxa or groups of taxa and to explain the diversity pattern of one taxon using the diversity of another [25]. This approach finds a correlation between the diversity of multiple taxa and creates a surrogate model to predict their diversity patterns [26,27]. Congruence in species richness or composition between different taxa has been proven useful for identifying surrogate models [27,28,29] and hotspots of biodiversity [30,31]. There are case studies in which, using the cross-taxon method, weak evidence of consistent patterns justifies the use of one taxon as a surrogate to predict patterns for other taxonomic groups [26,32,33]. Only a pair of previous studies considered lichens in a cross-taxon analysis [34,35] but neither treated them as surrogate organisms. Here, we focus on the group of symptomatic lichenicolous fungi and their lichen host species and use the second as a predictor to infer the biodiversity of the first. Specifically, we conducted a cross-taxon analysis to determine how lichenicolous fungi co-vary with the lichen host community, aiming to create an estimation model of lichenicolous fungi diversity using lichens as a surrogate. In doing this, we refer to the data published by Fleischhacker et al. [24] comprising 63 lichen and 41 lichenicolous fungal species.




2. Materials and Methods


2.1. Data Collection


The sampling was conducted in 2012 by Fleischhacker et al. [24], and the detailed sampling methodology has been described by the authors [24]. The sampling sites were located in the Koralpe Mountain area (Table 1), in the south-eastern Alps (Austria), where ten plots were chosen between 1700 and 2100 m above sea level (a.s.l.) according to the following criteria: the plots were located in the same habitat on exposed sites, separated by wide areas of pastures or dwarf shrub formations, and were characterised by the presence of big boulders and cliffs of homogeneous sized siliceous schist/gneissic rocks. Lichens of three growth forms were considered in the sampling: i.e., crustose (90% of the whole sampling), foliose, and fruticose. Each plot comprised an area of about 300 m2, and the whole plot area was divided into three subplots of about 30 m2 spaced 10 to 15 m from each other. The authors collected up to six thalli visibly infected by symptomatic lichenicolous fungi together with about 20 neighbouring thalli devoid of visible fungal infections (i.e., considered uninfected by symptomatic lichenicolous fungi). Here, only infected thalli were considered for the analyses (Supplementary Material Table S1 and R scritp).




2.2. Analysis of Species Diversity Patterns at Different Spatial Scales


Spatially explicit rarefaction curves [36,37] were calculated to compare patterns of species accumulation in relation to the sampling area between both lichens and lichenicolous fungi. To achieve this result, firstly, we calculated a plot-to-plot distance matrix using Euclidean distances with the dist function in the stats package of the R statistical software; secondly, the function directionalSAC available in the Rarefy package [38] was used to compare the classic and spatially explicit rarefaction curves. The spatially explicit rarefaction curves were calculated for lichens and lichenicolous fungi and plotted together with the ggplot2 function.



To investigate patterns of species richness for the analysed communities, three classic diversity indices were calculated for each subplot (30 in total) for both the lichen and lichenicolous fungal species, i.e., species richness, Shannon, and evenness (Pielou index). A one-way analysis of variance (ANOVA) was performed to test for statistical differences in richness, abundance, and evenness among plots using the aov function in the R stats package. Correlation analyses based on the Spearman index were then performed to test for statistical associations among the diversity indices of lichen and lichenicolous fungal species. The function cor in the stats package was used for the correlation analyses, and a significance test was performed with the cor.mtest function in the corrplot package [39].



Additive partitioning of diversity components [40] was performed to quantify the contribution of diversity components, namely α and β diversity, at different spatial scales for the analysed taxa and to compare these patterns between the two communities. This analysis, by partitioning diversity into additive components at different hierarchical spatial scales, allows comparing α, β, and γ diversity [41] within and among communities [42] and across spatial scales. Here, three hierarchical spatial levels, I = 1, 2, and 3, were considered: level 1 represents the sampling site scale (subplot), level 2 represents the sampling area scale (plot), and level 3 represents the whole study area of the Koralpe Massive. For each taxonomic group, α1 represents the mean species richness found within the lower (subplot) spatial scale; γ (=α3) is the total species richness of the study area, while β1 and β2 are the variations in species composition found among sampling sites and areas, respectively. To perform additive partitioning analyses, the adipart function in the R package vegan was used [43].




2.3. Congruence in Species Composition


The congruence between fungi and lichen compositions was tested using different methods. Firstly, Mantel and partial Mantel tests were carried out using Spearman correlation coefficients and 999 permutations. This analysis aims at assessing the significance of the relationship between pairwise distance in species composition (both fungi and lichens) and those of a predictor [44,45]. Before performing the Mantel and partial Mantel tests, distance matrices for each group of variables were calculated as follows: (1) a Euclidean distance matrix was calculated considering plot coordinates and (2) for lichenicolous fungi and lichens separately, the Bray–Curtis distance was used [46]. The abundance data for communities of lichenicolous fungi and lichens were square root transformed prior to the analysis to down-weight the contribution of the most abundant species. Co-correspondence analysis (Co-CA) [47,48] was used to quantify the ability of lichen data to predict the fungi species composition. Here, we used the predictive version of Co-CA, which combines the maximisation of weighted covariance between the weighted averages of species scores and partial least squares methodology (PLS; [49]). A leave-one-out cross-validatory fit percentage was estimated to select the minimal adequate predictive models. Schaffers et al. (2008) [48] pointed out that, due to its predictive nature, any cross-validatory fit >0 implicitly validates the model, indicating that prediction is better than that obtained under the null model. A permutation test for predictive co-correspondence analysis models was applied to assess the significance of each Co-CA ordination axis (999 permutations). In addition, coordinate vectors were fitted onto ordination axes assessing the importance and significance of the spatial organization of plots using the envfit.coca function.



Differences in beta diversity between lichens and lichenicolous fungi assemblages were tested for the whole set of plots by comparing the average of the calculated dissimilarities (both the Bray–Curtis and the Jaccard matrices) between the two groups (lichens and lichenicolous fungi) using the betadispersion2 R function [50]. p-values were computed from 9999 permutations of the plot-to-plot dissimilarities between the two groups [50,51]. The analysis of differences in beta diversity allows us to observe the response and catch other possible patterns in the cross-taxon analysis. All the analyses (Mantel, partial Mantel Test, Co-CA, and beta dispersion) were re-run using the presence–absence data.



Mantel and partial Mantel tests were computed using the R package vegan [43], and the Co-CA and related analysis with the R package cocorresp [52]. All statistical analyses were performed using R 4.0.5 [53].





3. Results


3.1. Diversity Patterns at Different Spatial Scales


The analyses of the rarefaction curves suggest that the SER curves are close to levelling off for both taxa, meaning that a fairly good representation of the diversity within the study area was reached (Figure 1).



The quantification of diversity was obtained using three diversity indices (species richness, Shannon, and Pielou indices; Figure 2). Biodiversity analysis revealed different patterns for both lichen and lichenicolous fungi among areas. Lichens showed the highest richness values in three plots (plots 1, 5, and 10) and the same pattern was recognized for lichen abundance; the evenness values instead were homogeneous across all plots (Figure 2A–C). The ANOVA test showed statistical differences in diversity index values among plots for the richness (p < 0.05 *) and Shannon (p < 0.01 **) indices but not for evenness. Lichenicolous fungi showed the highest richness and Shannon values in five plots (Figure 2); as for lichens, the ANOVA statistical analyses revealed significant diversity just for the richness (p < 0.05 *) and Shannon (p < 0.05 *) indices.



The analyses of β dispersion (the average dissimilarity from individual observation units to their group centroid in multivariate space), showed no significant differences in the dispersion of dissimilarity values neither for the presence/abundance analyses (F = 3.1832, p > 0.05) nor for abundance (F = 3.1832, p > 0.05).



The additive diversity partitioning analysis (Figure 3B) showed that the α1 level in lichens was higher than β1, and the same patterns were obtained in the analyses of the lichenicolous fungi; however, the β2 diversity component resulted in the highest for both lichens and lichenicolous fungi. All diversity components were statistically significant and thus, spatially structured.




3.2. Congruence in Species Composition


Correlations between the two target communities, tested using Mantel tests, revealed a positive (and significant) correlation between lichens and lichenicolous fungi only when tested using the species abundance data (Table 2). The results concerning the Co-Ca performed with presence/absence data showed no increasing values above zero, and only the first axis was statistically significant. Regarding the Co-CA performed with the abundance data between lichens and lichenicolous fungi, only the first two axes showed increasing and above zero cross-validatory fit values, explaining a total variance of 13,06%; both axes were significant (Table 3). The first ordination axis explained 7.07% of the total variance.



The biplots derived using the Co-CA between lichen and lichenicolous occurrence data (Figure 4) showed that the main compositional patterns are distributed along the first axis, following an ecological gradient based on altitude. The second axis may reflect a functional gradient; indeed, foliose thalli—the minority in the dataset—are found only in the bottom-left of the second axis. The biplots allowed us to identify two clearly distinguishable associated groups of lichens and lichenicolous species. On the left side, we found lichens that were collected in plots at lower elevations, while on the right, we found lichens collected in those plots at higher elevations. In the middle of the biplots, we found lichens recovered in many plots, scattered in the sampling area, and thus were less affected by altitude. Lichenicolous fungi recovered on either lichen groups follow the same distribution as well (Figure 4). In most cases, the distribution of lichenicolous species fits with that of the lichen hosts. This gradient along the first axis is also maintained in the Co-CA performed on lichens–lichenicolous fungi presence/absence data.





4. Discussion


The observed co-variation of diversity patterns between lichens and their lichenicolous fungi confirmed the interconnection between them when environmental variables (see below) were considered. These results allowed us to test the potential of lichens as reliable predictors for lichenicolous fungal diversity.



The rarefaction curves described the sampling effort in the study area and indicated that most of the variation in species composition has been adequately collected for both taxonomic groups. Still, the species’ rarefaction curves only approached levelling off, indicating that a deeper sampling would have been needed to encompass the whole species diversity. Our results are different from those presented in Fleischhacker et al. [24] where the sampling effort was wide enough to collect most of the species variation for both lichens and lichenicolous fungi. This could be explained by the fact that here we analysed only the symptomatically infected thalli, thus including fewer samples for the same area than Fleischhacker et al. [24] did. The diversity indices provided a preliminary overview from which it emerged that lichen and lichenicolous fungal communities did not follow the same richness or abundance patterns; this result agrees with Fleishhacker et al. [24] who did not find any correlation between richness and abundance of the two taxa. However, considering evenness, the trends were similar with homogenous values in all plots for lichen and lichenicolous fungi. The evenness values for both taxa were in most of the cases above 0.8 and in some plots reached the value of 0.9, meaning that for both lichen and lichenicolous fungi, the abundances were equally distributed. However, in a few cases (plot 2 and plot 4), the evenness of communities seems to have lower values (0.6–0.7). This may reflect the presence in these spots of species that are more abundant than others. The presence of the most abundant species is in accordance with Fleishhacker et al. [24] who reported four most frequent species of lichens (Lecanora polytropa, Lecidea lapicida, Rhizocarpon geographicum, and Tephromela atra) and four species of lichenicolous fungi (Cercidospora epipolytropa, Endococcus macrosporus, Muellerella pygmaea, and Taeniolella atricerebrina). Furthermore, meaningful correlations were obtained for the lichen Shannon index and lichenicolous fungi evenness and between the evenness of the two groups. The distribution of lichenicolous fungi abundances is, therefore, influenced by the number of individuals of the most frequent host species rather than the richness of host species. The results of the diversity partitioning showed higher α diversity (diversity inside subplot) for both lichens and lichenicolous fungi than beta diversity (diversity within plots). This observation might be correlated with the conformation of the study area and of the individual plots, which may offer microniches for certain lichenicolous fungi and their lichen hosts. Indeed, the plots consist of big boulders, scattered in alpine grassland either more or less densely grouped together, that are exposed to slightly different wind and solar radiation. These boulders were the selected sub-plots where the major diversification of (micro)habitats would occur and offer some peculiar microniches.



Cross-Taxon Analysis


Considering the ecological importance of lichens and lichenicolous taxa as bioindicators, and given the difficulty of surveying them, the possibility of using a tool such as cross-taxon analysis represents a key step forward to study these communities and their diversity for the evaluation and conservation of endangered taxa. Although lichens have never been used as surrogate organisms, in this type of analysis, we found a positive correlation between lichens and lichenicolous fungal communities, which was confirmed by the significant p-value of the Mantel test. Even if the correlation coefficient r, which confirms an ecological group can be considered as a good surrogate, was in this case below the threshold of 0.7 [33], this does not affect the results. Indeed, as described by Harry et al. [54], it is impossible to reach a higher level of correlation than that obtained between two taxa in a natural system.



Previous studies [55,56] reported a correlation between the diversity of lichenicolous fungi and factors such as environmental conditions and/or the ecological preferences of the lichen hosts. Here, we improved the knowledge about this relationship showing that the diversity distribution of the lichenicolous fungi diversity seems to correlate with the distribution of their host’s diversity. The local scale, here considered, allowed us to reduce the impact of environmental variables and to focus the analyses on how the lichens distribution affects the lichenicolous distribution; however, the boulders scattered in alpine grasslands offer lichens many microniches and microhabitats to grow, and the environmental variables could affect the distributions of the two groups of taxa also at this scale. Moreover, although the altitudinal gradient is very shallow, it seems to influence the distribution of the lichens and lichenicolous fungi abundances together with host functional traits (thallus growth form). Our results well complement the conclusions traced previously by U’Ren et al. 2012 [55] and Oh et al. 2020 [56], who stated that lichen and lichenicolous fungi distributions are similarly affected by environments. However, as previously mentioned, the cross-taxon analysis revealed a significant co-variance between the abundance of the two studied taxa, meaning that lichen distribution affects lichenicolous fungi communities. The cross-taxon analysis revealed that lichens were good predictors for lichenicolous fungi, and their role as predictors was better explained when the most abundant lichen species and/or those species not affected by the environmental conditions were considered (i.e., Lecanora polytropa, Lecidea lapicida, Rhizocarpon geographicum, and Tephromela atra). We found that the distribution of lichen species which are specialized to narrow niches often did not cope with the distribution of the hosted lichenicolous fungi, except where the latter is host species-specific (i.e., Cercidospora solearispora parasitic on Aspicilia simoensis). This allows us to infer that, at the local scale, the interaction between lichen and lichenicolous fungal communities is strictly related to the specialization developed by lichenicolous fungi to their lichen hosts (specialist versus generalist) and to the abundance of lichen species.



In conclusion, lichens proved to be good predictors of lichenicolous fungal communities in the studied area. In general, as environmental variables can affect the distribution of lichens also at the local scale, particular attention is to be paid to the lichen species that best predict the distribution of lichenicolous fungi (which are the species less affected by environmental variables). Alpine lichen communities are relatively homogeneous in their species diversity according to the substrate on which they develop (undisturbed) especially when composed of mainly crustose lichens, whose thalli are individually well distinguishable. Such a study could be extended to other similar alpine (and not) lichen communities in areas presenting the same characteristics of the Koralpe Massive here considered. Multiple cross-taxon analyses conducted on similar communities of lichens and lichenicolous fungi would help clarify our understanding of their co-variance in relation to geographic parameters and functional scale (as also found in other taxa used in cross-taxon [31,57]), further increasing the robustness of the analysis.



In conclusion, this study presents a first and confident perspective of the application and suitability of the cross-taxon approach as a new tool to analyse lichen communities. Given the ecological importance and vulnerability of lichen communities in general, using lichens as predictor taxa for lichenicolous fungi will help to perform more reliable estimations and assessments of species diversity in the future.
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Figure 1. Rarefaction curves: classic (grey line) and spatially explicit rarefaction (SER) curves for the two species groups of lichens (red dotted line) and lichenicolous fungi (green dotted line). 
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Figure 2. Diversity indices for lichen and lichenicolous fungal communities. In the charts, the boxplot of lichens (violet) and lichenicolous fungi (pink) indices are shown: (A) richness values, (B) Shannon index, and (C) evenness values t. The boxplots represent the first quartile, the median (in bold), and the third quartile. The F statistic and p-value of the ANOVA test are reported on top of each chart. 
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Figure 3. (A) Correlation indices matrix: significant correlations are marked with black asterisks (*** = p-value < 0.001, * = p-value < 0.05); squares colours correspond to cor.mtest correlation coefficient values; colours are related to the test score. (B) Additive diversity partitioning among taxa at three hierarchical spatial levels: sampling site level (subplot, in black), sampling area level (plot, in dark grey), and study area level (light grey). Both α1 and β1 indicate α and β at a sampling site, respectively; β2 denotes β at the area level. *** = p-value < 0.001, * = p-value < 0.05. 
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Figure 4. Predictive Co-CA plots of lichen (left) and lichenicolous fungi (right) species composition performed using abundance data. In the plots, species names (in black) are abbreviated up to six letters; numbers (in blue) refer to the sampling subplots. 
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Table 1. Metadata of the collecting sites: plot number, geographic location (state, region), coordinates, and altitude (in meters above sea level).
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	Plot
	State
	Region
	Mountain
	Coordinates
	Altitude





	1
	Austria
	Styria
	Koralpe
	46°50′20″ N/15°02′35″ E
	ca. 1760 m



	2
	Austria
	Styria
	Koralpe
	46°50′38″ N/15°01′10″ E
	ca. 1800 m



	3
	Austria
	Styria
	Koralpe
	46°49′22″ N/14°59′29″ E
	ca. 1910 m



	4
	Austria
	Styria
	Koralpe
	46°48′23″ N/14°58′57″ E
	ca. 1980 m



	5
	Austria
	Styria
	Koralpe
	46°48′23″ N/15°00′33″ E
	ca. 1790 m



	6
	Austria
	Styria
	Koralpe
	46°46′50″ N/15°01′35″ E
	ca. 1800 m



	7
	Austria
	Styria
	Koralpe
	46°46′47″ N/14°58′13″ E
	ca. 2070 m



	8
	Austria
	Styria
	Koralpe
	46°46′29″ N/15°00′52″ E
	ca. 1760 m



	9
	Austria
	Carinthia
	Koralpe
	46°47′39″ N/14°57′42″ E
	ca. 2000 m



	10
	Austria
	Carinthia
	Koralpe
	46°48′54″ N/14°58′14″ E
	ca. 1860 m
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Table 2. Pearson correlation coefficient (r) and its statistical significance among the taxa (** = p-value < 0.01, * = p-value < 0.05).
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Groups

	
Data

	
r

	
p-Value






	
lichens vs. lichenicolous fungi

	
Species richness (abundance)

	
0.0068

	
0.486




	
Species richness (p/a)

	
0.0130

	
0.376




	
lichens vs. lichenicolous fungi

	
Species composition (abundance)

	
0.2543

	
0.006 **




	
Species composition (p/a)

	
0.1906

	
0.012 *
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Table 3. Cross-validatory fit and cumulative explained variance of the predictive Co-CA axes for lichenicolous fungi (lichens are used as a predictor variable) reported both for presence/absence and abundance data. Significant p-values resulting from permutation tests are marked in bold.
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Data

	
Taxa

	
Axes

	
Cross-Validation Fit (%)

	
Cumulative Expl. Variance (%)

	
p-Value






	
Abundance

	
Lichenicolous fungi

	
1

	
8.26

	
7.07

	
0.009




	
2

	
7.91

	
13.06

	
0.002




	
P/A

	
Lichenicolous fungi

	
1

2

	
7.91

6.63

	
7.27

14.50

	
0.002

0.085
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