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Abstract

:

The methodology used for the determination of macrofungal diversity in Mediterranean areas differs in the time of sampling and the number of years displayed, making it difficult to compare results. Furthermore, the results could be refuted because the studies are being conducted over an insufficient number of years or without considering the variation of the meteorological conditions from one year to the next and its effects on fruiting time, which might not fit the sampling. In order to optimize field work on fungal fruiting in Mediterranean environments dominated by holm oak (Quercus ilex L.), a weekly field analysis of macrofungal diversity from February 2009 to June 2013 was carried out in a Mediterranean holm oak forest in the middle-west of the Iberian Peninsula. The results revealed that fruiting bodies appeared throughout the year and that there was a delay in autumn fruiting, overlapping with spring. All this seems to indicate that weekly collection throughout the year and for a period of two years could be sufficient to estimate the macrofungal biodiversity of this ecosystem.
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1. Introduction


It is estimated that the number of fungal species on earth is between 5.1 and 6.0 M [1,2]. Fungal species play an essential role in forest ecosystems, whether they act as decomposers, parasites, pathogens or mutualists [3]. Studies on ecology and fungi have traditionally focused on fungi that form macroscopic spore-producing structures, thus called macrofungi, as opposed to microfungi and their microscopic reproductive structures [4]. There are a large number of papers dealing with fungal diversity and the ecological aspects derived from it in temperate ecosystems [5,6,7]. However, little is known about the composition and structure of the fungal communities in holm oak-dominated forests (Quercus ilex subsp. ballota (Desf.) Samp.) that characterize much of the western landscape of the Mediterranean basin [8]. The agricultural landscape of the Mediterranean Sea basin is made up of numerous plots of continuous crop formations, both arable and woody, interrupted by forest formations [9]. In many cases these forest communities are relict forest ecosystems that used to shape the landscape. The intensification of cultivation in recent centuries has contributed to a greater homogeneity of the landscape, although some traditional patches dominated by tree species have been maintained due to various forestry or livestock uses [10]. The existence of these small woodlots is of great interest for a possible natural succession and conversion of disturbed ecosystems [11]. In addition, some of these residual isolated forests in the landscape could contribute to the design of future ecological corridors [12]. The performance of these fragmented forest formations is affected by various ecological processes linked to adaptation and acclimation, including, among others, plant–fungus interactions [13]. The diversity of soil fungi promotes numerous functionalities in forest ecosystems, not only the decomposition or recycling of nutrients, but also increasing their productivity and providing a better response to environmental stress [14].



One of the reasons for the little knowledge of macro-fungal communities in Mediterranean holm oak-dominated forests could be that this type of study requires several years of work due to the influence of meteorological variations on fungal fruiting [15]. In addition, the complexity is increased by the heterogeneity of the methods used, particularly the sampling frequency and different time periods.



Regarding the sampling period, early work revealed that the main period of fungal fruiting was concentrated in autumn [16], noting that environmental factors could explain the results of diversity obtained in several consecutive study years [17]. Other studies advised concentrating the estimation effort in the season of maximum production, since with weekly frequency it was possible to register 75% of the total production [18]. Most of the studies on fungal diversity in Mediterranean ecosystems are based on these results obtained for temperate ecosystems. Other researchers worked on personal observations not based on previous working hypotheses, which restrict collections at certain times of the year [19,20,21].



The conclusions obtained in a specific ecosystem could not be premises for others, and the quantitative methods based on fungal production may not be assumptions for qualitative studies of absence/presence. On the other hand, previous studies [17,18], when carried out in autumn or during the peak production period, took into account (i) the significant changes that the meteorological conditions cause not only in the fungal life cycle, but also in the composition of the community, and (ii) the seasonal fluctuations in the appearance of the fruiting bodies throughout the year, which could even go so far as to not occur [8,22]. Seasonal weather conditions varied significantly and successively on the planet during recent decades and could be related to these observations. These changes appear to be due to a rapid anthropogenic climate change [23] with a delay in autumn fruiting, a spring advance and a shorter duration of fruiting [24,25]. As noted above, most studies of macrofungal diversity for Quercus ilex L. in the Mediterranean area focused on a time of the year considered to be of maximum fungal fructification, the autumn. However, these studies do not consider if the new meteorological conditions have consequences in terms of the period of fructification and pay little attention to the specimens collected during summer and winter. The methodology used could be refuted, partially or totally, to the detriment of the results obtained.



Another problem when comparing studies is the different number of years invested in their development and the level of intensity. The patterns of variation in the latitudinal fungal distribution, its abundance, and the possible drivers of these patterns are insufficiently known [1,26]. However, several studies indicate that fungal communities have a fairly variable taxonomic composition over small distances. This high level of spatial variation has been attributed to the irregular development of fungi, to the natural heterogeneity of the resources in the soil matrix [27,28], and to fine-scale spatial variations [29]. Estimating fungal diversity in an ecosystem is an expensive and slow process which requires several years to record most of the species present [30,31,32] until the species accumulation curve reaches an equilibrium [33]. Another study [34] analyzed collections made during 30 years in one ecosystem, finding that the species accumulation curve began to level after six years, then grew more slowly and stabilized, reaching a plateau after 19 years. Therefore, and according to this work, it would take about 20 years to know the fungal biodiversity of an ecosystem, which is too high of an economic cost to carry out any study. The number of years used in the works reviewed for Mediterranean ecosystems differs, varying from a single year [35], through two [36], three [37], four [8,19,38] to twelve years [21].



The main aim of this work is to estimate the minimum number of years needed to know the macrofungal diversity in a Mediterranean ecosystem dominated by the holm oak. To this end, weekly transects were carried out over four years, eliminating, a priori, seasonal estimation errors and paying attention to the appearance of fruiting bodies in the months theoretically more adverse to fungal fructification. Other objectives considered were to know if it is possible to compare the data obtained in studies that have used a different number of years, and to check if restricted samples to the autumn are able to characterize the fungal biodiversity.




2. Materials and Methods


2.1. Study Area


The Forest of La Orbada is located in the middle-west part of the Iberian Peninsula (41º8′0.48″ N, 5º29′0.01″ W) at an altitude of 820-856 m.a.s.l. It consists of a set of plots of mature holm oaks with a shrub stratum formed by Cistus ladanifer L., Rosa canina L., Lavandula stoechas Lam., Daphne gnidium L., Thymus mastichina L. and Thymus zygis Loefl. ex. L. Geologically it is composed of sandstones and conglomerates—tertiary sediments (Priabonian age), which rest on a Paleozoic plinth formed by granites and rocks of the Cambrian and Siluric, thin detritic packages, strongly reddish, where thick sandstones are very abundant [39]. This area has a flat topography and Luvisol calcium soil type (reddish-brown soil, with silica gravel), with poor regular drainage [40]. The pH of the soil ranges between 6.6 and 7.2 [41]. The climate is temperate continental cold with a dry season of two months [42], induced by the combined effect of altitude, length and orographic insulation. This climate is characterized by cold winters, relatively cool summers, a superior annual thermal oscillation at 17 °C and an annual rainfall of 372 mm. The average annual temperature is 12.2 °C, January is the coldest month with average temperatures around 4 °C, and July the warmest with an average temperature of about 21.5 °C [43].




2.2. Data Collection


A plot of forest land with an area of 7.5 Ha was selected from the analysis of aerial photographs and previous visits. The experimental design consisted of weekly sampling from February 2009 to June 2013. A linear transect in the center of the forest land of 1030 m was performed, with a bandwidth of 5 m, covering an area recommended for this kind of survey [44]. It was a qualitative study, assessing the presence or absence of epigeous Ascomycota and Basidiomycota species with medium or large fruit bodies. The collected specimens were identified at the Institute for Agrobiotechnology Research (CIALE, University of Salamanca) using classical techniques in mycology, analyzing both macroscopic and microscopic characters and using different chemical reactions [21]. The different taxa and groups were identified and classified using general and specific literature, while CABI Index Fungorum [45] and Kirk et al. [46] were referenced mainly for the nomenclature.



Species collected in other parts of the La Orbada forest by the University of Salamanca were also used to accomplish biodiversity tests.




2.3. Diversity Analysis


2.3.1. Alpha and Beta Diversity


The most direct measure of biodiversity is richness [47,48], so we assessed the fungal biodiversity of La Orbada forest based on the species richness recorded. Alpha diversity was the number of species obtained in transects. In spite of the lack of botanic homogeneity characterizing Mediterranean ecosystems [49], five Mediterranean communities dominated by Quercus spp. with a known macrofungal diversity (Figure 1) were selected to obtain Beta diversity:



Campanarios de Azaba Biological Reserve: Located in central-western Spain, it presents the traditional agrosilvopastoral system known as “dehesa” (in Spanish) or “montado” (in Portuguese). In this area, there is a predominance of holm oaks mixed with Pyrenean oaks (Quercus pyrenaica Willd.) and meadows of different types and compositions. The study of macrofungal diversity was developed between 2009 and 2012 [37].



Foros: A ”montado” dominated by cork oak (Quercus suber L.) with holm oaks, located in central Portugal (western Iberian Peninsula). Fungal fruiting bodies were collected between 2003–2006 [33].



Peloponnese: A study made in the southern part of the Peloponnese (southern Greece), in deciduous forests of Quercus spp., mainly Italian oak (Quercus frainetto Ten.) and downy oak (Quercus humilis Mill.), in the 1996–2001 period [19].



Fango: Located in Corsica (France). It is a mature holm oak forest with many large trees and a large shrub cover of 7 m high. Although the vegetation appears to be similar to La Orbada forest, there are other woody species capable of associating with ectomycorrhizal fungi such as strawberry tree (Arbutus unedo L.). This work was developed between 1999 and 2002 [20].



Collestrada: A study carried out during 2011 in the Collestrada forest (Central Italy). The vegetation is heterogeneous, with several species of Quercus spp., European hornbeam (Carpinus betulus L.) and plantations of stone pine (Pinus pinea L.) and maritime pine (Pinus pinaster Aiton) [35].



We compared ecosystems using the Sørensen Similarity Index (Is), which allowed us to describe the spatial differentiation and differences in species richness between these communities [28]. For this analysis, collections determined at species level or synonymized after publication were not taken into account.




2.3.2. Non-Parametric Estimators


Non-parametric estimators are based on the study of rare species and allow us to estimate new species numbers from the ratios of species already detected in the samples. There are two types of non-parametric estimators: based on abundance and incidence models [50]. We used estimators based on incidence models because it was a presence-absence study. The incidence model considers the number of samples in which each species is present. Four non-parametric estimators were applied to the dataset: Jacknife 1, Jacknife 2, Chao 2 and Incidence-based Coverage Estimator (ICE) [51]. Estimations were made using EstimateS vers. 9.0 [52], and the results of the random rearrangements were exported to a Microsoft Office Excel file, where the bias was calculated and the graphs were developed. Therefore, we performed a rarefaction curve fitted, by extrapolation, to the asymptotic species accumulation functions. This resulted in smoothed curves calculated with non-parametric estimators that allowed us to estimate the real richness of the species. The smooth richness accumulation curve, S(est), is a sampling-based rarefaction curve, which estimates the statistical expectation of the number of species observed when resampling over the total number of sampling units at each site with increasing efforts [53]. The upper and lower limits of the 95% confidence intervals for S(est) were also plotted. Finally, we determined the real richness by fitting the cumulative richness curve to one of the species accumulation models and extrapolating for an infinite sampling effort [54]. Chao 2 estimates the presence-absence data of a species in a given sample, i.e., whether the species is present and how many times it is present in a given sample [55].





2.4. Statistical Analysis


Principal Coordinate Analysis (PCA), a multivariate ordination analysis, was performed using a similarity coefficient that took into account the binary character of the data (Sørensen coefficient). The PCA identifies the points in a weekly scatter plot with the combination of both variables. January 2009 is not represented because there is no data, nor other combinations in which no species were found in the corresponding weeks.



The analyses were performed with R (R Core Team 2016) using the vegan packages [56] and MultBiplotR [57]. In the graphical representation of PCA analyses, the dimensions obtained can be interpreted as hypothetical (environmental) gradients that adequately capture the structure of the data [58]. Two weeks of sampling will appear next when their species composition is similar and, indirectly, when the environmental conditions necessary for the development of fungal fruiting bodies are the same.





3. Results


In the four years studied, 173 different taxa were identified. If the number of species collected weekly is grouped by months and accumulated by years (Figure 2), greater fungal fruiting in late autumn and early winter (November, December and January) was observed, followed by smaller and shorter fruiting in early spring (April). Species were collected during all months of the year.



The most abundant species (collected in more than 40 weeks) were Leccinellum lepidum H. Bouchet ex Essette) Bresinsky & Manfr. Binder, Infundibulicybe gibba (Pers.) Harmaja (=Clitocybe gibba (Pers.) P. Kumm.), Laccaria laccata (Scop.) Cooke, Lepista nuda (Bull.) Cooke and Russula fragilis Fr. Figure 3 shows the species collected in at least 18 samplings, with annual fruiting during autumn-winter and extensive collection over a period of several weeks.



The species collected in the months of July and August were all mycorrhizal: Boletus aereus Bull., Suillellus queletii (Schulzer) Vizzini, Simonini & Gelardi, Caloboletus radicans (Pers.) Vizzini, Leccinellum lepidum, Amanita rubescens Pers., Russula pectinatoides Peck. and Russula heterophylla (Fr.) Fr., with Caloboletus radicans being the most abundant, collected for 27 weeks.



Macrofungal species richness (S), total number of species collected, and Sørensen similarity indexes (Is), obtained by comparing the La Orbada forest (189 species) with other Mediterranean ecosystems dominated by Quercus spp., are shown in Table 1. The number of species identified in the study area was higher than those recorded in Foros, Campanarios de Azaba Biological Reserve and Collestrada (133 species), similar to southern Peloponnese and lower than those collected in Fango forest. Similarity rates were low.



Figure 4 shows the total number of species collected per season, displaying also an annual fluctuation of the fungal fruiting with great interannual variation. It should be noted that for the year 2013 data only appear until spring because the study ended in June 2013. The macrofungal fruiting bodies were collected during the four seasons, with a maximum production period that begins in autumn and does not end until spring. The season with the highest number of species was autumn, except in the year 2011, where it took place in winter.



The greatest diversity of species collected during the study period occurred in the months of December and November, with an average of 153 and 144 species identified, respectively. January also recorded a high macrofungal diversity, with 93 species on average, although the remaining winter months showed a lower number of species, with 27 and 13 species on average in February and March, respectively (Figure 5). This decline continued during the following months, except in the month of April with a slight average increase of 32 species for all the years analyzed. In some months of July and August in the 2009–2012 period, no species were found. Likewise, a small increase in fungal diversity was observed in late summer and early autumn, with 21 species on average collected in October of the 2009–2012 period, a similar average number for the month of May (17 species).



In any case, the interannual variation indicated that fructification took place throughout the year with higher production in December, a decrease throughout the winter, a slight increase in April and very low average diversity values in the summer months (six in June and September, one in July and August, respectively).



A weekly analysis of fungal diversity in the transition months between autumn and winter (December and January) indicates that the last weeks of autumn (second and third week of December) had a greater variety of fruiting bodies, except in 2009 where it took place in the first week of December (Figure 6). Subsequently, the number of species collected decreased in early winter (last week of December and first two weeks of January) but remained more or less stable for one month.



An analysis of the number of taxa identified weekly in the La Orbada forest (Figure 7) indicated a first spring with low diversity, which increased exponentially in autumn 2009. In subsequent years, there was the same seasonal behavior on a smaller scale, increasing in the spring and autumn periods and remaining stable the rest of the year. This stability did not imply that there were no slight increases in diversity as the amount of sampling progressed, although at the end of the study (June 2013), there did not seem to be a plateau in the number of taxa collected. The number of new species collected during the first 12 months of the study was 110, 33 new species were collected in the 2010/2011 period (143), 13 in the 2011/2012 period (156) and 17 in the last period.



The smooth richness accumulation curve gradually lost slope as the number of sample units increased, clearly tending towards an asymptote (Figure 8a). The statistical expectation of the number of species observed at the end of the work was close to the asymptotic richness, exceeding the logarithmic phase of the curve, for 229 transects it was 172, with a confidence interval between 162 and 182 species.



Non-parametric estimators smoothly approximate the asymptotic richness with increasing sampling efforts. Some of them were above the observed richness values, underestimating the asymptotic richness and producing a positive bias (Figure 8b). The most efficient species accumulation models were ICE, 87.60%, and Chao 2, 85.14%.



In the graphic representation of the weeks studied by means of a Principal Coordinate Analysis (PCA), four patterns of behavior were observed, four groups of weeks isolated and with very little similarity among them and among the species collected in each of those weeks (Figure 9). Group A, located in the lower left corner, was formed by a large number of weeks with great similarity (short distances); two subgroups can be distinguished, one located at the upper part, around week 154 that would be the centroid, and another in the lower part, around centroid week 204. Group B, located in the upper region of the figure, was less numerous than the previous one, and it was composed of a smaller number of weeks and was more distant from each other than the previous one, displaying also less homogeneity in the species that integrate them. This group appeared to be divided into two subgroups organized around different centroids, a left subgroup (week 174) and a right subgroup (week 167). The third group, group C, appears in the central right, and was formed by a small number of weeks quite dispersed and consequently different in their composition. Finally, group D, located at the bottom right, was made up of very few weeks, and it was very separated from the rest of the groups.



Figure 10 presents the results of applying the PCA to macrofungal diversity by month in the period 2009–2012. January 2009 was not included in the analysis because no data were available; we also excluded February 2013 for better comparison among full years. It was observed that the four groups described in Figure 9 mainly belonged to pairs of months that were not dispersed and were constant over the years studied. The months of November and December had the least number of differences between them and in the set of years studied. Both months covered the weeks of group A, while the month of January presented a significant correlation with the upper subgroup of group A. March and April corresponded to group B; May and June to group C; and August and September to group D. February and October were the months that differed the most over the years, meaning that the species identified in these months varied from year to year. For example, February 2009 behaved similarly to May and June of that year, while the same month in 2010 and 2011 displayed more similarities with March and April of both years.




4. Discussion


4.1. Macrofungal Fructification


The monthly distribution indicated that fungal fructifications did not disappear throughout the year, although the number of species collected in the different months was very different. In addition, a high macrofungal diversity was observed during the months of January and February, and the monthly fruiting for years was very variable. This difference was observed in the spring of 2009, when the number of species collected was significantly lower than in the rest of the years during the same season.



The similarity indices (Is) obtained were low, with none greater than 0.33, which could indicate a distancing of populations among the Mediterranean ecosystems compared, as result of latitudinal variation in fungal diversity [59] or the effect of rainfall [8,60,61]. However, two other factors could be taken into account to explain these differences. On the one hand, this could be explained by the plant variability that characterizes Mediterranean areas, housing almost 20% of the vascular plants when they occupy just under 5% of the land surface [49], and that in the case of the ecosystems compared, there were several vegetation units as opposed to the almost exclusive vegetation unit in the Orbada forest. On the other hand, the different prospecting methodologies used should not be ignored. In the forest of La Orbada and Collestrada, specimens were collected throughout the year; in Foros, it was carried out from September to December; in Campanarios de Azaba Biological Reserve, during the autumn and spring seasons; in the southern part of the Peloponnese, there were no collections during summer, and Fango forest was prospected from 15th September to 15th March. The number of years employed also varied: one in Collestrada forest, three in Campanarios de Azaba Biological Reserve and in Fango forest, four in Foros and five in southern Peloponnese and in La Orbada forest.



Many factors could influence fungal fruiting in a given ecosystem that cannot be controlled, such as plant biodiversity [49], climatic conditions [62], latitude [59] or pollution [63], among others. All this could make it difficult to compare results among different studies on macrofungal fruiting in Mediterranean climates. However, we consider it essential to try to minimize the biases due to heterogeneous sampling methodologies in intensity and duration. At this point, studies that are more or less exhaustive in time and frequency, with different numbers of qualified personnel or more or less precise identifications, could make it impossible to compare richness indexes in similar ecosystems [41].




4.2. Climatic and Meteorological Factors


The temporal evolution of the main meteorological variables in the study area displayed a clearly positive trend of annual temperatures (mean, maximum and minimum), with a negative trend, not statistically significant, in rainfall [43]. In addition, climate models predict an increase in average temperature between 2.2 °C and 5.1 °C, with a potential decrease of 4%–27% in annual rainfall during the 21st century, as well as dramatic changes in the distribution of the rains in the Mediterranean basin [23]. The period of highest fungal production during the study comprised the months of September to May and it was not limited to autumn, resulting in a delay to the winter months that joined the traditional periods of autumn and spring. This fact could be explained by climate change that, as well as delaying the appearance of ectomycorrhizal fruiting bodies in forest areas dominated by deciduous trees [24,64], could delay the fructification towards the first weeks of winter in forests with holm oak dominance [25,65]. On the other hand, the PCA results for the analyzed weeks showed four separated groups with a greater similarity of species, which seemed to indicate that the formation of carpophores was not restricted to a certain time of the year, but neither could it be included in a single fruiting period. If the sampling season in our study had been restricted to the autumn season, 16% of the species collected would not have been recorded, a bias that could influence the results of surveys trying to describe macrofungal diversity in Mediterranean ecosystems.



Global climate change is generating debate about its impact on the ecosystem biodiversity in the near future [66]. In particular, the Mediterranean region could be especially vulnerable, with the extinction of more than 2000 plant species [67] and negative consequences on the structure, dynamics and functioning of forests [68,69]. Therefore, populations will have to adapt to and compete in new environmental conditions, and the response of the fungal communities will be part of that ecological competition [70,71], producing changes in the composition of the species in the ectomycorrhizal communities [8,72]. For this reason, taxa collected in the summer season, although not important from a quantitative point of view, should be of great importance as they are able to fructify in the most adverse weather conditions, and potentially, they are the best adapted to some conditions that could be extended throughout the year. A methodology that does not include the most adverse months could carry a qualitatively significant bias by not paying attention to these taxa and overlooking the possible response of a dynamic system to variable conditions and disturbances, a fundamental aspect for its analysis. The presence of a late-fruiting pattern could indicate that a method that attempted to estimate 75% of the biodiversity by concentrating the sampling effort, would have to include winter and autumn (Figure 11) but it could still omit the species that fruit in spring and summer. All this could lead to the loss of information on the response of fungal communities to climate change in Mediterranean forest ecosystems.




4.3. Macrofungal Lifestyles


The grouping of identified taxa by their form of nutrition (Figure 12) can contribute to our understanding of how symbiotic fungi, saprophytes and parasites develop their life cycle, and to a better understanding of their ecological functions and their impact on plant communities [73]. The saprophytic species were more represented in winter and less in summer, disappearing in July and August (all the species collected were mycorrhizal), which seemed to indicate that macrofungal saprophytes were more sensitive to adverse summer conditions and perhaps to climate change. The mycelium of saprophytic taxa could be more affected by atmospheric changes, since they are more superficial (in humus and litter) than symbionts [36,74]. The exclusive appearance of symbiotic species could be related to large-scale disturbances in ecosystems, which could lead to collapse or increase of the overall density of the vegetation [75,76] and the associated fungal community. Similarly, the increase of CO2 as a result of global warming leads to an increase in the growth of plants [77,78] and subsequently the mycorrhizal symbionts of trees and shrubs [79,80]. The changes in the mycorrhizal community are the basis for the carbon demands of fungi and the variation of carbon costs for the host in a changing environment [70,81]. On the other hand, variations in nitrogen levels, important in the competitive relationships between plants and fungi, could affect the fungal composition [82,83].




4.4. Viable Methodology in Field Studies


Field methodology usually only includes macrofungi [84], as they form more easily observable spore-bearing structures than microfungi [85]. Furthermore, microfungi are rarely considered in relation to conservation [86]. However, some studies suggest that most fungi could be termed “microfungi” and many are probably rare and threatened [87]. At this point, the valuable contribution of molecular techniques should be highlighted, not only for the assessment of fungal diversity in different substrates of a given ecosystem [88,89], but also in the evaluation of fungal fruiting [90]. In any case, the importance of field studies to assess macrofungal diversity and evaluate their fruiting remains evident [91], not only because of their lower methodological and economic cost but also because of possible limitations in delimitations at the specific level with DNA sequences [92].



The estimation of the macrofungal diversity in holm oak-dominated Mediterranean ecosystems may seem simple due to the low plant diversity of these formations with respect to other Mediterranean forests [93,94] and the low specific fungal diversity in fruiting bodies, in which three fungal species may account for more than 50% of the carpophores found [95,96]. However, the type of vegetation has a low influence on the mechanisms that regulate fungal fruiting [36,97] and the fungal diversity does not follow the same latitudinal distribution pattern as other organisms. In fact, it seems that fungal diversity depends on the type of vegetation and the composition of the forest, correlating inversely with plant diversity due to a high level of fungal speciation [59]. For this reason, to the great fungal diversity expected in Mediterranean forest systems, we must add other problems when establishing a viable study methodology: the large number of known fungal taxa, the intraspecific variation, the inconstant appearance of fruiting bodies over the years, and the need for specialized personnel in taxonomic determination [41]. This could include another problem that this study highlighted: the need to prospect throughout the year and over a period of several years. Viable fungal diversity studies cannot avoid having biases, but they should be minimized if reliable results are to be obtained, with constant collection throughout the year being one of the most important factors to achieve this goal. This type of sampling would make it possible to include a number of prevalent species, very abundant species and species of annual appearance that have been successful in competing for available habitats, and with greater ecological plasticity than a random distribution would indicate [17]. In the same way, it would also allow for the inclusion of saprophytic leaf and soil indicator species for each plant type, with high fidelity but relatively low abundance [98], a series of early-stage mycorrhizal species [99] and a last series that would include the species that could fructify in the most adverse weather conditions.



There is no doubt that the more years a study lasts, the more complete it will be, but doing such long studies is too expensive. The rarefaction curve obtained did not reach equilibrium and the number of new species collected during the last year is high, but the exponential phase has been overcome and it approaches the plateau phase, with a percentage of variability that has decreased over the years. Some studies have shown that the collection of specimens depends on the intensity of sampling in the same season or year, or on the number of samples in different seasons and years [100,101]. In our study, we chose weekly sampling in order to better characterize the diversity of some groups that seem to be favored by continuous sampling, such as agarics [86]. In the form of a summary by year of sampling, in the first two years 83% of the total species were collected in La Orbada forest reaching 90% during the third year (Figure 13). Alpha and beta diversity obtained for La Orbada forest and other Mediterranean ecosystems dominated by Quercus sp. gave an approximate insight into fungal richness. On the other hand, the exhaustive samples of 229 weeks allowed the performance of the non-parametric estimators to be assessed even if they underestimated real richness [48,102]. The Chao 2 estimator appeared to be the best adapted to the transects of our study, possibly because it studies rare species and allows species to be estimated from incidence ratios [53]. The estimate for our field work was 203 species, compared to 173 collected. The differences in the asymptotic estimates were small, 85.15% of efficiency, so we believe that the obtained inventory could optimally reflect fungal diversity.



Taking into account that fruiting species do not reflect the real fungal diversity of the mycorrhizal community [62], the larger inter-annual variation of species, and that is not possible to collect fruiting bodies of all fungal species present in an environment [17], we considered Chao 2 efficiency values. We estimated the minimum collection time to obtain 75% of the species was 133 weeks—two and a half years. With two years smooth richness accumulation curve reaching 144 species, we would obtain an efficiency of 70.60%, with a confidence interval between 65.95% and 75.79%. Data obtained over two years could allow us to assess the fungal diversity of a Mediterranean ecosystem with holm oak dominance and to compare results by collecting a high percentage of species. However, many of the questions concerning the estimation of diversity may remain unanswered, so we think it is necessary to carry out a greater number of studies in these environments that could contribute to solving them.



In any case, we agree with Cannon [103] and Hyde [104] that rapid initial studies developed by unqualified personnel are also important to allow an approach to diversity and a comparison among different ecosystems. Prior knowledge of the prevalent species in similar ecosystems, the identification at the genus level of the species collected, the consideration of their form of nutrition and the qualitative proportion among them could be a good starting point.



A suitable sampling method for macrofungi in Mediterranean ecosystems should pay particular attention to summer fruiting and the displacement of fungal fruiting towards winter. The monitoring of organisms in their own environment and their changes are essential to achieving a true renewal of science [105]. We believe that sampling carried out during a minimum period of two years, periodically and regularly throughout the year, could take into account the possible variations in fructification as a consequence of the meteorological factors, and could make it possible to know the fungal diversity of the studied forest ecosystem.
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Figure 1. Location of Mediterranean habitats used in the analysis of Alpha and Beta Diversity. 1: La Orbada Forest (CW, Spain), 2: Campanarios de Azaba Biological Reserve (CW, Spain), 3: Foros (C, Portugal), 4: Peloponnese (S, Greece), 5: Fango forest (Corsica, France), 6: Collestrada forest (C, Italy). 
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Figure 2. Total number of collected species accumulated by months. 
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Figure 3. Number of weeks of collection for the most abundant species. 
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Figure 4. Total number of species collected by seasons. 
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Figure 5. Total number of species collected per years and months. 
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Figure 6. Total number of collections per week in December and January for the four years of survey. 
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Figure 7. New species (accumulated) identified during the studied period in La Orbada forest by weeks of sampling. 
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Figure 8. (a) Species rarefaction curve S(est), Upper and lower bounds of the 95% confidence interval. (b) Smooth richness accumulation curves for the non-parametric estimators ICE, Chao 2, Jack 1, Jack 2. 
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Figure 9. Groups identified in the PCA by week. The points (S) indicate the weeks of sampling. 
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Figure 10. PCA for the months in the 2009–2012 period. The points correspond to the year and month. 
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Figure 11. Average species collected by seasons. Percentages (%) over the studied period. 
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Figure 12. Percentage of total fungal collections sorted by season and form of nutrition. 
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Figure 13. Total percentage of new identified species per collection years from February 2009 to June 2013. 
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Table 1. Diversity parameters between total collections in La Orbada forest (189 species) and other Mediterranean ecosystems dominated by Quercus species.
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	Sites
	S
	SC
	Is





	Campanarios de Azaba BR (Spain)
	148
	55
	0.32



	Foros “montado” (Portugal)
	172
	60
	0.33



	Fango forest (Corcega)
	234
	44
	0.24



	Collestrada (Italy)
	133
	41
	0.26



	Peloponnese (Greece)
	197
	42
	0.22







S: Species richness; SC: Species in common; Is: Sørensen similarity index.
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