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Abstract

:

This research focuses on the recent pollen image of several vegetation types in NW Italy. In 201 arboreal, shrubby, and herbaceous plant populations, pollen samples were taken from moss polsters, and the corresponding vegetation was recorded using the phytosociological method. Since studies on recent pollen rain in the Mediterranean mountains and coast are rare, this research aims to provide new data and tools to better interpret fossil pollen spectra. Pollen analysis provided data for the comparison between surface spectra and vegetation. Davis indices, fidelity, dispersion, and the relation with vegetation data were calculated for each taxon, and PCA was carried out. Most vegetation types are identifiable through the taxa dominating the pollen spectra, as frequently happens in woodlands (e.g., beech woods, chestnut woods, etc.). Characterizing shrubland and certain tree-dominated vegetation types (e.g., Larix forests) through pollen data is more complex. In this regard, Davis indices are particularly useful for identifying pollen/plant association, over- and underrepresentation of pollen, and taxa indicating vegetation types. Pollen threshold values were calculated which allow the assessment of the local presence of a plant. Overall, the achieved results partially confirm those of previous research carried out in the region, greatly expanding the comparisons between several different plant communities and the database in view of future sharing through the EMPD.
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1. Introduction


Since the dawn of palynology, the interpretation of fossil pollen diagrams has always been one the main challenges faced by palynologists, starting with Von Post [1], who suggested the analysis of modern pollen representation and applied the results to the interpretation of fossil pollen diagrams.



Recent pollen rain data generally come from moss polsters, which can be used as natural pollen traps that accumulate pollen for approximately 5–10 years [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]. Vegetation cover data have often been estimated with the phytosociological method proposed by Braun-Blanquet [18,19] for other purposes (e.g., [3,4,20,21]). Several other criteria have been proposed over time, such as the measurement of the base area of trees or the analysis of vegetation using transects. In the eighties, different statistical approaches were applied to these topics (e.g., [22,23,24,25]. In the last three decades, more complex and sophisticated methods have been developed, starting from the research carried out by Sugita et al. [26]. These methods involved simulations and statistical analysis to create reliable models that can be used to produce “quantitative reconstructions of past regional land cover important for palaeoclimatology and nature conservation, and local-scale reconstruction of vegetation” [23,24,27,28]. While the reliability of these methods is widely proven, their core assumptions cannot always be met; this often happens, for example, in the Mediterranean mountains, mainly due to the extremely patchy landscape, varied morphology, and lack of water bodies.



In the second part of the 20th century, many authors used the R/P ratio (or its reciprocal) to compare the percentage presence of a taxon in the vegetation (R) to that of the same taxon in the corresponding pollen spectrum (P) (e.g., [3,4,29,30,31,32,33]. Davis O.K. [34] later proposed five indices to clarify different aspects of pollen representation. Together with statistical analysis, for example, this basic ratio was recently used to increase our understanding of pollen–vegetation dynamics in the Balearic Islands [21]. Moreover, the interest in data on recent pollen deposition is testified by the publication and frequent quotation of databases such as the Eurasian Modern Pollen Database (EMPD) [35,36].



The study of modern analogues is an essential tool for the reconstruction of the historical use of environmental resources: on the basis of modern analogues, many indicators have been proposed, including anthropogenic pollen indicators, local pastoral pollen indicators, and regional human activity pollen indicators [37,38,39,40].



While our previous studies have addressed the palynological characterization of specific types of vegetation (e.g., beech woods, alder woods, chestnut groves, hay meadows, etc.) or geographical areas (e.g., Val di Vara, urban centers), in this study we examined the relationship between pollen deposition and vegetation in the widest possible way, despite problems related to the great environmental lack of homogeneity.



From the late 1970s, a number of studies have been undertaken in in Liguria (NW Italy), both in rural and urban areas, in an attempt to clarify the relationship between recent pollen deposition and vegetation (e.g., [8,41,42,43,44,45,46]. The method used was a comparison of local pollen spectra, which were obtained through the analysis of natural traps (moss polsters) and quantification of the local vegetation cover obtained from phytosociological relevés [3,4]. Since more modern and sophisticated methods are difficult to apply in the Ligurian mountains, the main goal of this study was to test whether the large amount of both vegetation and pollen data available, coupled with statistical analysis, can prove to be a reliable tool in the environmental conditions of the particular Mediterranean environment. In particular, in the upper valley of the Vara River (La Spezia, Eastern Liguria), only partially published research had been carried out in which the recent pollen rain was also compared with the cartography of the vegetation [12,14].



1.1. The Selected Study Areas: Liguria and NW Piedmont


Liguria is a crescent-shaped region in northwest Italy (Figure 1) characterized by close proximity to the mountains and to the coast. Most of Liguria is dominated by mountains, often with very steep slopes. The mountain sides are home to mainly heterogenous and patchy vegetation, which has been shaped by human activities for millennia. As a result, different types of vegetation management practices and widespread types of vegetation of anthropogenic origin can be observed, such as olive groves, chestnut groves, and pastures. In the Ligurian steep slopes, the method suggested by Bromstrom [47]—analyzing large areas (radius > 1000 m)—would prove to be difficult and rarely feasible. Given the large altitudinal variations over short distances and the high fragmentation of the vegetation cover in several plant communities of different structure and composition, the mentioned method would consider these areas with different vegetation characteristics as a single unit. Moreover, water basins are not frequent in Liguria. Thus, large and small water bodies, which are required to obtain pollen data, are quite scarce and often missing from the study area, making it difficult to apply the most recent and sophisticated models such as REVEALS and LOVE.




1.2. Notes on the Vegetation of the Study Area


The combination of the geographical, geological, geomorphological, and historical characteristics of Liguria have given rise to a particularly varied and complex floristic and vegetation structure. There are more than 3000 species of vascular plants and numerous plant communities linked to both the mid-European and Mediterranean bioclimates. The former characterizes the Ligurian Maritime Alps, which exceed 2000 m in altitude, and the Apennine ridge with slightly lower elevations, while the latter outlines the shores of the Ligurian Sea. In order to provide a useful frame of reference for the topics under discussion, we provide a quick description of the vegetation structure of Liguria; for a more in-depth description and phytosociological references, please refer to the picture drawn by Gentile [48] and, more recently, by Vagge and Mariotti [49]. On the basis of the altitudinal and geomorphological variety, the bioclimatic belts are not horizontal but subjected to even accentuated descents and ascents, with nuances at the points of contact. Broadly speaking, five main belts can be identified. The thermo-Mediterranean belt extends from sea level to approximately 300 m asl, with completely fragmentary aspects of beach and coastal cliffs vegetation, garrigue, Mediterranean macchia, holm oak of mostly coppiced forest, and Pinus halepensis thickets. To a large extent, spontaneous vegetation has been replaced by planted olive groves widespread mostly on terraces, and pine woods, especially with Pinus pinaster, the latter receding due to phytosanitary issues and spontaneous dynamics. Many areas have been occupied by urban and productive settlements, road, and railway infrastructures. This is followed by a hilly belt that rises to approximately 700 m asl, characterized by thermophilous broadleaf woods with a prevalence of Quercus pubescens, Ostrya carpinifolia, and Fraxinus ornus in the arboreal layer, chestnut groves (now only partly productive), bushes with Crataegus monogyna, Rubus ulmifolius, Prunus spinosa, Pteridium aquilinum, etc., and secondary herbaceous formations, in the past used mainly for fodder and arable production. Between 700–800 m and 1300 m in the Ligurian Alps- and up to 1800 m in the Apennines, mesophilous mountain forests develop with a predominance of broad-leaved trees such as Fagus sylvatica, Acer pseudoplatanus, Sorbus aucuparia, S. aria, and Abies alba. In this belt up to about 1000 m asl, chestnut groves are found, once intensively cultivated for chestnuts, timber, forage leaves, and litter but now largely abandoned. Secondary grasslands can also be found, used in the past for hay and pasture. Acidophilous secondary shrubland is especially rich in Cytisus scoparius, Pteridium aquilinum, and Calluna vulgaris. This mesophilous woodland belt can reach the Apennines ridges no higher than 1800 m asl and hosts shreds of subalpine formations (with Pinus mugo, Vaccinium spp., Erica herbacea, Calluna vulgaris, etc.) and high-mountain pastures, mostly secondary. In the Ligurian Alps, up to 2000 m asl there is a subalpine belt with coniferous forests (Pinus sylvestris, Abies alba, Picea abies, Larix decidua) and a few broad-leaved trees (Alnus viridis, Betula pendula, Sorbus aucuparia). Climatic grassland is also found here, although it has been modified by grazing for centuries. Everywhere, conifers (Pinus pinaster, P. nigra, P. sylvestris, Picea abies etc.) have been introduced for reforestation. Few sample sites come from Piedmont, in the area of Mount Mottarone (Novara); they were studied as part of research aiming to assess the health of conifer woods suspected to have been subjected to acid rains. In addition to pollen production, on that occasion the germinability of pollen in different woods was also studied. The same study concerned coniferous forests in the Monte Gouta area (1309 m, Ligurian Alps, Imperia). The woods of Mottarone (10 stands) are both mesophilous hardwoods and planted conifers, while those of Gouta (7 stands) are dominated by silver fir. In the Gouta area, some decayed fir trees showed a clear decrease in pollen dispersion, while at Mottarone no decayed woods were found and pollen dispersion was in line with that recorded elsewhere in NW Europe [46].





2. Materials and Methods


Pollen Analysis and Vegetation Surveys


The study was carried out at 201 sites, mainly consisting of woodlands, plantations, shrubland, and meadows. In each site, at least 10 horizontal moss polsters were taken and mixed into a single sample to analyze recent pollen rain. After sampling and when possible, the most recent parts of moss samples—which normally include the pollen deposition of the preceding years—were selected. The moss samples were then chemically processed using the standard procedure in palynology: they were treated with a NAOH 10% hot bath, sieved, and then acetolyzed [50,51,52]. The samples were stored in a 50% water–glycerol solution vol/vol. Pollen analysis was carried out at 400–1000× using temporary slides.



Pollen identification was carried out using atlases [53,54] and the pollen reference collection of the Laboratory of Palinology and Archaeobotany of the University of Genova.



At least 300 pollen grains were counted for each moss sample (mean = 1967). Pollen concentration (Absolute Pollen Frequency, FPA) was calculated according to Accorsi and Rodolfi [55] with the following formula:


   FPA    =   n p · v S   d w · v s    








where:




	
np = number of pollen grains in the subsample s.



	
vS = total volume in the sample S.



	
dw = dry weight of the sample S.



	
vs = analyzed volume of the subsample s.








Pollen percentage was then calculated for each taxon. Vegetation was recorded by means of phytosociological relevés [18,19] adopting the average for each covering value range, which is shown in Table 1. Plant taxonomy follows Pignatti [56,57]. Since different layers of vegetation can overlap, vegetation cover data often exceed 100%: to make it possible to compare pollen and vegetation cover percentages, the latter were converted so that their total would be 100%.



Following Broström et al. [47], the taxonomy of plant and pollen was harmonized so each pollen taxon correlated to all plant taxa that produce pollen with that particular morphology. Regarding extra-local pollen, we refer to Janssen [31], who considers the pollen rain from a distance of approximately a few hundred meters from the sampling area as extra local.



Additional information regarding each sampling site can be found in Table S1. For calculations and graphs, taxa were mainly selected on the basis of the most frequent and significant species found in both the pollen spectra and the phytosociological surveys.



Additional categories of frequent taxa, which include undiff. pollen grains, were also used to avoid an excessive number of taxa (e.g., Alnus including A. viridis, A. glutinosa/incana and Alnus undiff and Fraxinus including F. ornus, F. excelsior, and F. undiff).



Davis indices [34] were calculated for each taxon and type of vegetation. They consisted of: an association index (A), underrepresentation (U), overrepresentation (O), and vegetation type indicator (I). In a previous study [12], the O and U indices were referred to as hyper- and hypo-representation to avoid confusion with the R/P index, where these terms have a different meaning. It might be useful for this criterion to be commonly adopted. Below is a brief description of these indices, directly quoting from Davis [34]:




	
Association index A     B 0   P 0 + P 1 + B 0    



	
Underrepresentation index U     P 1   P 1 + B 0    



	
Overrepresentation index O     P 0   P 0 + B 0    



	
Type indicator index I     B e   B e + P e + V e    








where:




	
B0 = number of stands in which the pollen type is present in the surface sample, and the associated plant taxon is present in the vegetation sample of the stand.



	
P0 = number of stands in which the pollen type is present in the surface sample, but the associated plant taxon is absent in the local vegetation.



	
P1 = number of stands in which the plant taxon is present in the vegetation, but the pollen type is absent in the surface sample.



	
Be = number of vegetation types in which both pollen and plant are abundant.



	
Pe = number of vegetation types in which the pollen is abundant, but the plant is not abundant.



	
Ve = the number of vegetation types in which the plant is abundant, but the pollen is not.








For both pollen and vegetation, “abundant” means the average value is one standard deviation above the average for all samples.



Fidelity and dispersibility indices [58] were also calculated and represented for each taxon and type of vegetation. Quoting directly from [58]:




	
for the fidelity index, the number of sites where a given plant taxon was both recorded in the vegetation and in the pollen surface samples was expressed as a percentage of the total number of sites where the plant was present.



	
for the dispersibility index, sites where the plant taxon is absent when its pollen is recorded in the surface sample are expressed as a percentage of all sites where the plant was absent.








After carrying out preliminary analyses, statistical analysis was performed only on taxa that occurred in at least 5 different sites and at least once in both the vegetation and pollen spectra: taxa that were only found in vegetation or in pollen spectra were excluded. We tested the relationship between pollen percentages (P) and covering values (R) of each taxon. Scatter plot diagrams were drawn in order to graphically represent the relationship between the groups of plant communities and the main pollen taxa recorded. In addition, a principal component analysis (PCA) was carried out between Davis’ indices and pollen percentages to find the taxa that mostly contribute to indices variation. All pollen data were square root transformed to conform data to normality: to test this assumption, the Shapiro−Wilk test was applied. All analyses were performed using vegan and ggplot2 packages [59,60] (with R Studio software (version 4.2.2) [61].





3. Results


Through pollen analysis of 201 moss samples, 133 pollen types were identified. Different pollen types belonging to the same genus or family, especially the most critical ones regarding pollen identification, were also summed and grouped. Arboreal pollen refers to all plants with a woody stem and includes both trees and shrubs. To avoid an excessive number of vegetation types, these were grouped into 13 groups of plant communities, mainly with similar structures and ecological features. The main characteristics of these groups, together with the main results of the pollen analysis, are reported in Figure 2 and Table 2.



The values of Davis’ indices are reported in Table 3. Most taxa do not show a high value of association A: the highest association (A) values belong to Poaceae (0.9), followed by Rhinanthus (0.7), Asteroideae and Lotus-type (0.6), and Fabaceae, Ranunculaceae, Rosaceae (both woody and herbaceous) and Rubiaceae (0.5). Many taxa display high values in the overrepresentation index (O) and/or in the underrepresentation index (U). Approximately 64% of taxa reach a value equal to or above 0.5 in the overrepresentation index (O), and 60% of taxa reach the same value in the underrepresentation index (U). Approximately 55% of taxa show values greater than 0.5 in both the overrepresentation index (O) and underrepresentation index (U).



Given the high number of taxa and values, a more visual approach to these results is shown in the PCA (Figure 3). The graphical elaboration of the PCA shows the relationships between the pollen taxa and the Davis indices. The two principal component axes (PC1 and PC2) are responsible for 96.4% of the total variance, 58.4% and 38%, respectively (Figure 3). The PC1 axis shows that the large part of the variance is explained by the most representative pollen taxa divided between arboreal taxa (PC1 > 0) and herbaceous taxa (PC1 < 0).



From this point of view, the PC1 explains the variance between the overrepresentation (O) and the underrepresentation (U) indices. Similarly, the PC2 axis seems to account for the most represented herbaceous pollen taxon (Poaceae) against the most represented arboreal taxa (e.g., Q. ilex-type, Ostrya-type, Betula). In this regard, the PC2 explains the variance between association (A) and overrepresentation (O) indices. Fidelity and dispersibility indices were calculated for each taxon. Figure 4 shows these values for a selection of taxa after removing rare taxa and with excessively low values. Figure 5, Figure 6, Figure 7 and Figure 8 show the scatterplot drawn for the most frequent taxa using plant cover and pollen percentage values (after bringing the vegetation cover to 100%). These scatterplots offer a graphic representation of the R/P ratio. The type indicator index (I) was calculated for each group of plant community, and taxa indicating the type of local vegetation are reported in Table 4. Type indicator taxa are taxa that are abundant in both pollen spectra and vegetation cover: results show that most of these are the dominant ones in the different groups of plant communities, e.g., Fagus in beech woods, Castanea in chestnut woods, Ostrya-type in hop-hornbeam woods, etc. Pollen of some of these taxa—e.g., Senecio/Cirsium for MXD, Sambucus nigra-type for RIP, and Oxalidaceae for OLG—was recorded in very low amounts. Fidelity and dispersibility indices are summarized in Figure 4.




4. Discussion


In most samples, pollen analysis almost agrees with relevant vegetation data from the phytosociological relevés. Most insect-pollinated taxa show a good fidelity and low dispersibility, meaning that their pollen is a good indicator of the local presence of the plant. Most tree taxa show both high fidelity and dispersibility: this is mainly due to the fact that fidelity/dispersibility are absence/presence indices and do not take into account the amount of pollen and plant cover: for example, a single Abies pollen grain found in a site where the tree is absent from the stand could increase the Abies dispersibility index. Nevertheless, these values were expected: tree species that are known to have a good pollen dispersal have high dispersibility and good fidelity.



Good examples of these tree species are Alnus, Ostrya, Pinus, Castanea, and Q. ilex. Some tree/shrubs, such as Arbutus, show lower fidelity and dispersibility values, as also observed by other authors [21], which are compatible with their type of pollination.



As mentioned above, some of the 13 plant communities examined in this work are actually macro-categories and include different types of vegetation with overlapping ecological niches: this choice was made to avoid an excessively high number of plant groups. Below, however, within the individual groups, we also analyse particular cases or minor groups of samples that differ from others of the same group, mainly due to site characteristics, phytosanitary causes, forest management, agro-forestry-pastoral practices etc.



Coniferous forest (CON)—In general, with few exceptions, pollen belonging to the dominant tree species is abundant where the plant is abundant and vice versa (Figure 5), as represented in the fidelity–dispersibility plot for Abies, Picea, and Larix (Figure 4). Nevertheless, two sites (CON7 and CON8) show lower than expected Abies pollen values (Figure 2): despite having cover values similar to other silver fir CON sites, here Abies pollen never exceeds 9%. The main reason for the lower pollen values is possibly related the poor state of health of silver fir at these sites; it appeared perished and with many yellowed leaves, which may have influenced pollen production [46].



Most Abies pollen is deposited locally, generally within 100 m off the plants [62], explaining how Abies pollen was generally low when the plant was absent from the vegetation but present in nearby sites. Pinus high pollen values (max 71%) cause an apparent decrease in pollen percentage of the other taxa. Pine reached very high pollen values despite being present in the vegetation in only two CON sites: even considering Pinus high pollen production and dispersibility [25,63], these values are mainly due to the presence of pine trees in the surroundings. Picea pollen was high only in spruce-dominated forests (CON6): in the other site where spruce was found in the vegetation (CON5) together with other trees, Picea pollen values were similar to those found by Lisitsyna et al. [64] in northernmost Europe (3–4%) in mixed spruce coniferous forests. Larix pollen was very low even when larch was found in vegetation: despite these low values, pollen data show that Larix pollen values ≥ 3% are found only where larch is found in vegetation: at all the other sites, even outside CON sites, Larix pollen was always <1%. Despite the fact that larch pollen is characterized by a high weight and a high fall speed [65]—meaning that most pollen deposition is local—it is also characterized by a relatively low pollen production [66], which explains Larix low pollen representation at these sites. While pollen data largely agree with phytosociological data, the local presence of certain taxa is not always easy to infer from pollen data. For example, excluding CON10 where green alder was found in the vegetation, alder and birch occasionally reached high pollen values (max 16% and 25%, respectively) despite being absent from the local vegetation of all the other CON sites. When such high values are recorded, most of this pollen comes from the surrounding area in close proximity of the sampling site. This seems to be the case for many of the sampled sites located in the Mottarone mountain (NW Piedmont): when alder was found in the vegetation of the site or at other close sites, then Alnus pollen values could be high even with a low plant cover in the sampling site, demonstrating an extra-local to long-distance transport [67].
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Figure 5. Scatter plot showing the relationship between absolute pollen frequency (APF, %) and vegetation cover (%) of selected taxa (Abies, Betula, Fagus, and Castanea). 
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Mixed oak woods (MXD)—This group includes different vegetation types that, based on the results of these analyses, can be distinguished from one the other. Except for MXD1 and MXD2, in all the other MXD sites where birch was found in the vegetation, it generally has low values and low pollen (<5%). This evidence explains the high dispersibility–fidelity ratio of this pollen type (Figure 4). Nevertheless, in some sites mainly located in the Mottarone and Gouta (W Liguria) mountains and belonging to different plant communities, it can sometimes reach high percentages (max 30%), even if absent or almost absent in the vegetation. This evidence suggests that Betula pollen possibly comes from the pollen rain of the close surrounding area, as also suggested for CON sites. This finding agrees with Ralska-Jasiewiczowa et al. [68]. Pollen data regarding Betula generally agree with existing literature, defining Betula pollen as “partially overrepresented” [69,70]. Nevertheless, while Betula pollen seemed to derive either from local or extra-local pollen rain at the analyzed sites, in southern England a long-distance transportation was described [71]. This difference is probably due to geomorphological differences, which can greatly impact wind direction and speed and thus pollen deposition. MXD3 is a mixed Sorbus/Alnus wood, where the two are the only tree species to exceed 1% in cover (respectively, 23% and 9%). Despite being an insect-pollinated plant, Sorbus was well represented at this site while it never exceeded 7% at all the other sites. Alder is known to be found in pollen spectra [69,70] and this is the case for many sites, including MXD. Here, alder pollen (Alnus cf viridis) is also high (29%) but it often reaches 20% even in sites where it is absent from the vegetation: it is thus difficult to suggest a clear threshold value that can help discern between local, extra-local, and regional pollen. In the last 20 years, different values to discern local alder presence have been proposed but often disagree as they depend on many factors—e.g., alder species, geomorphology, climate, etc. [72,73]. European blueberry, an insect-pollinated species that in two sites (MXD1 and MXD3) represents the shrub layer with cover values of ~ 20%, is not as well represented in the pollen spectra, where Vaccinium is absent or <1%. Different cover values of Acer and Fraxinus characterize the other four MXD sites (Figure 2 and Figure 7). In MXD5, a pure maple stand (plant cover 70%), Acer pollen is very high (45%), while in mixed woods, despite a good cover value (49%), its pollen only reaches 5%. Acer underrepresentation in mixed woods is mainly due to the presence of Fraxinus that, in these woods, reaches high values in both cover and pollen. Lisitsyna et al. [74], who reviewed data concerning pollen percentage threshold values as an indication of the regional presence of major European trees, proposed 0.5% as a threshold value over which maple can be considered present in the regional vegetation of an area. This was not the case in the sites analyzed in this study, where Acer pollen was often <0.5% even when maple was recorded in the local vegetation. On the other hand, the suggested threshold value for Alnus (2.5%) well agrees with what was observed in most of our sites: since alder, widespread in Liguria, is a generally overrepresented taxon often found outside but near most sampling sites, it is not surprising to find high pollen values (>15%) with very low cover values (<1%). Chestnut behaves similarly to alder since it has been cultivated in Liguria for at least 2000 years [75], and man greatly increased its distribution range. Differently from what was observed by Straka [69] and Conedera et al. [70], who described Castanea as “slightly underrepresented”, chestnut is mostly overrepresented in MXD pollen spectra. The herbaceous layer is mainly represented by Poaceae but in the MXD sites their pollen does not show a strict relationship with presence in the vegetation.



Beech forest (BEE)—Fagus pollen is present in all BEE sites but with very different values (2–80%). High beech cover values do not always correspond to high pollen values. Since most of the lower values are found in coppiced sites, this difference is probably due to the long time required by beech to flower after being cut. Despite this, by looking at the Fagus scatterplot (Figure 5), in most cases it is possible to determine a threshold value (~8%) over which Fagus is possibly present in the local vegetation. In addition, the great vegetation cover of beech trees compared to its pollen concentrations (Figure 5) shows the low pollen production of this taxon [32,33]. Most of Fagus pollen usually deposits between 300 and 1800 m from the source, meaning that its presence in the pollen spectra mainly indicates a local/extra-local deposition [62]. Alnus, Betula, Castanea, Corylus, Fraxinus, and Ostrya-type sometimes reach high pollen values (>20%) despite never reaching 1% of cover and often being absent from the vegetation. As described before for some of these taxa, vegetation nearby the sampling site greatly impacts pollen values of these taxa. For this reason, discerning between pollen coming from trees in the close proximity of the sampling site and the extra-local/regional pollen rain is not always easy. Most of these plants produce a lot of easily dispersed pollen and are common in the Ligurian mountains. For example, chestnut and hazelnut cultivation is widespread in the Ligurian Apennines up to the altitudinal limit of their distribution and in close proximity to the lower beech forests. Considering these data and the fact that in recently coppiced sites Fagus pollen is sometimes very low (2%), discerning between a mixed beech wood and a frequently coppiced beech wood on the basis of pollen alone is not always easy nor possible. Nevertheless, most of the tree pollen mentioned above belongs to plants that, if locally present, tend to reach higher pollen values (e.g., Castanea in CHE or Ostrya-type in MOW). One way to differentiate between these tree formations could be to analyze tree pollen values: low Fagus values found together with low values of other tree taxa could indicate a beech forest characterized by low pollen deposition, while low Fagus values and high values of other tree species possibly indicates a mixed beech wood or a different type of tree formation altogether. The herbaceous layer mainly consists of Poaceae; their values vary greatly, and it seems to be related to the openness of the tree layer with a few exceptions. The pollen of several herbaceous plants was recorded in more than 50% of the sites, even if they had an uneven distribution: Asteroideae, Ranunculaceae, herbaceous Rosaceae, and Rubiaceae.



Chestnut woods (CHE)—Castanea pollen is generally abundant and shows a more even distribution than Fagus, except for CHE12 and CHE21: these two sites show low pollen values (<11%) compared to other CHE sites with similar chestnut cover (Figure 2 and Figure 5). CHE12 is a mixed chestnut/oak coppiced wood where deciduous Quercus pollen is high (47%) despite a relatively low cover (10%). Similarly, CHE21 is a mixed chestnut alder wood where Alnus pollen is exceptionally high (72%) despite its cover value being lower than that of chestnut (23% vs. 30%). Alongside alder overrepresentation [25,69,75], these unexpected values may be attributable to different management practices, such as selecting only certain plants (e.g., chestnut) or cutting different species at different times, which could result in differences in pollen production. Moreover, the historical technique of planting alders in chestnut groves (complantazione) is known to improve soil thanks to the symbiotic relationship between alders and nitrogen-fixing [76]. In general, chestnut pollen reaches high values in the sites dominated by Castanea trees (Figure 2 and Figure 5). This suggests a local pollen dispersion, probably related to the geomorphological features of the study area. This differs from what has been observed by other authors [77,78]. Unlike non-CHE sites, here Castanea varies from slightly underrepresented to overrepresented. Corylus, Fraxinus, and Ostrya-type values vary greatly in CHE sites with no evident relationship between their cover values (Figure 2, Figure 6 and Figure 7).
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Figure 6. Scatter plot showing the relationship between absolute pollen frequency (APF, %) and vegetation cover (%) of selected taxa (Ostrya-type, Alnus, Salix, and Pinus). 
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Figure 7. Scatter plot showing the relationship between absolute pollen frequency (APF, %) and vegetation cover (%) of selected taxa (Quercus deciduous, Q. ilex-type, Olea, and Fraxinus). 
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Despite the fact that Fraxinus and Ostrya are often missing from the sampled vegetation, their pollen is higher than the threshold value of 0.5% suggested by Lisitsyna et al. [74] to indicate the local presence of the plant. Due to the unevenness of pollen distribution of these taxa, it is not possible to provide a clear threshold value for their presence in the Ligurian mountains. The range of threshold values suggested for Corylus (2–10%: [79,80]) agrees with the data of this study, even if with some exceptions. Pinus pollen was found at all CHE sites: the highest values were found in the two sites (CHE8, CHE10) where pine was also recorded in the vegetation, even if with low values. Similar to most of the 13 groups of plant communities, Poaceae once again dominate the herbaceous spectra with values depending on the openness of the tree layer. Other herbaceous taxa are not well represented and generally show very low values (<1%). Regarding non arboreal plants, the picture provided by pollen analysis is rather similar to what we can observe from plant cover: a poor herbaceous layer mainly consisting of Poaceae with cover values varying depending on the openness on the tree layer and with very few other herbaceous plants (e.g., Apiaceae, Cichorioideae, Juncaceae).



Mixed oak woods (MQW)—These woods are of two main types: deciduous oak-dominated woods and mixed oak/hop-hornbeam or oak/ash woods. The former, despite showing moderate cover values (>37%), show unexpectedly low percentages and uneven distribution of deciduous Quercus pollen (Figure 2 and Figure 7). While lower values could be expected in MQW7, characterized by relatively young trees and thus lower pollen production, these values were not expected at the other sites since deciduous Quercus pollen has previously been described as overrepresented [33]. Deciduous oak uneven pollen values were also observed by Roy et al. [63]. Looking at the pollen diagram (Figure 2), it is possible to note that in the sites characterized by low deciduous oak pollen values, other taxa, rare or absent from the tree cover, actually show high pollen values. These are mainly high-pollen-productive taxa—Castanea, Ostrya-type, Corylus, and Pinus—already observed in the groups above. Except for Pinus (the contribution of which possibly also comes from the regional pollen rain), the first three taxa can be easily found in mixed oak plant communities and are possibly common in the tree cover in the immediate surrounding. Indeed, for example, the two mixed oak/hop-hornbeam sites (MQW9 and MQW10) were located not far from oak woodland. Fraxinus can reach high pollen values despite having a moderate pollen production [81]. It is interesting that in MQW9 and MQW10, Ostrya-type and deciduous Quercus cover values are similar (respectively, 12 and 9%) but pollen values are quite different: in MQW9, deciduous Quercus pollen is almost 10 times that of Ostrya-type, while in MQW10 it is ~5 times lower than Ostrya-type. The ash-dominated site (MQW1) shows both high ash cover and pollen values: here, oak cover values are low, but pollen is higher than other sites with greater cover.



As shown in Figure 2 and Figure 7, mixed oak woods are not easily identifiable by oak pollen alone, even when dominated by oaks, since many of the non-MQW sites show similar deciduous Quercus pollen values despite a lower plant cover. Data show that in MQW, pollen values seem more linked to plant cover in the surrounding area and the sampling site than to the sampling area alone. Despite the medium/long-range transport of this taxon [82], deciduous oak pollen does not reach values >10% where it is absent in the area surrounding the sampling site, meaning that it contributes far more to short- to medium-range pollen rain than to regional pollen rain, possibly due to its size and specific gravity [83,84].



Mixed Ostrya woods (MOW)—Here, Ostrya-type pollen is generally abundant, especially when hop-hornbeam cover is high. As shown in Figure 2 and Figure 6, similar Ostrya-type pollen values can often be found in beech forest sites. Despite this, the two groups can easily be distinguished by looking at Fagus pollen values, which in MOW sites are never >1%. MOW7, which is dominated by Carpinus betulus, shows high Carpinus betulus-type pollen values of more than 10 times higher than those of the sites where the plant was not found. Unlike the threshold values (1–2%) suggested by Huntley and Birks [79], Carpinus betulus-type pollen in the sites of this study can reach ~ 5% even when the plant is absent from the local vegetation. Deciduous oak pollen values, similar to MQW, do not seem to be as influenced by the sampling site vegetation as they are by the vegetation in the surroundings (Figure 6). The same happens for Fraxinus, which reaches very high values (~42%) when plant cover is both very high and very low and, to a lesser extent, for chestnut. Based on the data from this study, the Fraxinus threshold should be higher than that suggested by other authors (2%; [79]), similar to the Carpinus betulus-type. Except for Poaceae, herbaceous species have low cover and even lower pollen values: this may be due to the generally high tree cover which is moderate only in two coppiced sites (MOW10 and MOW11).



Riparian woods (RIP)—RIP sites are mainly characterized by high alder cover (>30%) and Alnus pollen values >15%. Alnus cover and pollen values display a similar trend (Figure 6), but comparable pollen values can sometimes be observed even in sites with very different alder cover, meaning that pollen coming from outside the sites or other factors (e.g., competition, plant health and age, ecology, soil, geomorphology, etc.) may greatly influence pollen production/dispersion and, consequently, deposition. Two RIP sites are not dominated by alder: RIP13 and RIP14. The former is characterized by high willow cover and pollen values, while the latter is characterized by high poplar cover but lower pollen values. As opposed as what happens to Alnus pollen, which generally provides a great contribution to regional pollen rain, Salix and Populus pollen in all of the 201 sites were found with values >2% only in sites where the plant was present with a good cover (>40%) (Figure 6) or the plant was present in the nearby vegetation, in agreement with the threshold values suggested by Huntley and Birks [79]. Willow and poplar do not seem to contribute appreciably to regional pollen rain, and they are generally recognized as underrepresented taxa [70,85,86]. Thus, Salix and Populus high pollen values clearly indicate the local presence of the plants, unlike Alnus pollen values >15–20%. Lower Alnus pollen values can be attributed to regional pollen rain, even when their values are higher than the threshold value usually proposed in literature (0.5–2% in [74] and references therein). Castanea, Corylus, Fraxinus, and Ostrya-type, considering their low cover values, are mostly overrepresented here. Poaceae once again dominate the herbaceous layer, but other herbaceous species are well represented, especially those that prefer cooler and more humid conditions: Apiaceae, Cyperaceae, Plantago undiff, Rumex undiff, herbaceous Rosaceae, and Rubiaceae.



Pine woods (PIN)—Pine pollen is always high (Figure 6). There is no clear difference in pollen amount between pine woods, mixed pine/chestnut woods, clearings inside pine woods, and young pine woods. The lower pine pollen value (27%) was found in a pine/holm oak wood (PIN12). At this site, Q. ilex-type pollen—which is sometimes high when absent in the vegetation at other PIN sites—reaches a very high value (66%). Since Aleppo pine is often found in degraded holm oak woods [21], it is not surprising to find high holm oak pollen values and lower pine pollen values when the plants were found at the same site. Moreover, this could also explain the presence of certain high Q. ilex-type pollen values that were recorded even when the tree was absent from the vegetation. Castanea pollen reached values greater than 5% only when it was found in the vegetation with a good cover. Ostrya-type pollen was often overrepresented, as also stated by other authors (e.g., [70]), even if it reached values greater than 10% only when present in the vegetation. In general, similar to deciduous oak pollen, it seems Ostrya-type pollen contributes more to short- to medium-range pollen rain than to regional pollen rain. Since hop-hornbeam was present with low cover values in the surrounding area, most of this pollen derives from local pollen rain. In any case, when missing from the vegetation, Ostrya-type pollen values were approximately 10 times higher than the 0.5% threshold value suggested by Lisitsyna et al. [74]. Olea pollen values were occasionally ~10%, despite the fact that olive was never found in the vegetation. This was expected, considering that Olea pollen is often overrepresented, it can be easily dispersed for a few kilometers [20], and olive cultivation was widespread on the Ligurian coast even if it is now abandoned in large areas. Regarding the shrub layer, Buxus pollen was found in the only site where it had a good cover (PIN5). It is generally rare to find high values of Buxus pollen where it is absent from the vegetation, as also supported by data from Servera-Vives et al. [21]. Erica pollen was high only when the plant was found in the vegetation, but in two sites with a good cover (~20%) Erica pollen was less than 2%. Erica, and more in general Ericaceae, have a very high fidelity and moderate dispersibility (Figure 4), as already observed in the Balearic Islands [21], showing a good relationship between pollen and plant cover (Figure 8). Woody Fabaceae pollen was never found when the plants were absent, but they did not exceed 1% in pollen even with high cover values (>35%). Fabaceae, which are entomogamous, are known to produce low quantities of non-easily dispersed pollen and are usually underrepresented, even if they are sometimes reported to be well represented [87]. Regarding the herbaceous layer, this varies from almost non-existent to well represented. Poaceae are usually well represented but, unlike most of the other sites, the highest pollen values were not found in the most open pine woods but where the shrub layer was less developed. The only other herbaceous taxon reaching high pollen values were Asteroideae in site PIN6 despite their absence from the vegetation.
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Figure 8. Scatter plot showing the relationship between absolute pollen frequency (APF, %) and vegetation cover (%) of selected taxa (Ericaceae, Poaceae, Asteraceae Asteroideae, and Cichorioideae). 
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Holm oak woods (HOW)—Holm oak woods are characterized by a low biodiversity which results in a poorly developed herbaceous and shrub layer. Q. ilex-type pollen is very high and ranges from slightly overrepresented to slightly underrepresented (Figure 7): it is always greater than 50% excluding one site with very high Pinus pollen values (HOW15), which causes a percentage decrease in Q. ilex-type pollen. As discussed for PIN sites, since holm oak and pine can often be found together in the vegetation, it is not surprising to find high Pinus pollen values even when absent from the vegetation of some sites. When pine is also found in the vegetation of HOW sites, Pinus pollen tends to be higher. Q. ilex-type values in HOW are similar to those recorded by Morales-Molino et al. [88] in the central Iberian Penisula. In HOW sites, deciduous oak and Erica pollen values are greater than 1% only when found in the vegetation. Differently from PIN5, here Buxus pollen was not found at the site with a good box cover. It is possible that the box tree was not in the condition to flower, possibly due to a lack of light or attacks from the box tree caterpillar (Cydalima perspectalis) and is thus destined to gradually disappear [89]. The herbaceous layer, as expected, is very poor and almost exclusively represented by Poaceae. Liliaceae were well represented in plant cover, but their pollen was mostly absent.



Olive groves (OLG)—Olea pollen dominates the pollen spectra reaching very high values (Figure 2). Olea is known to be easily transported by wind; however, most pollen is generally deposited just under the trees or in the immediate surroundings [90]. Looking at the Olea scatterplot (Figure 7), OLG sites are clearly distinguishable from the non-OLG sites. At OLG sites, Olea pollen can sometimes be as high as 84% and is generally higher in non-abandoned olive groves. Pinus, despite being absent in the vegetation, occasionally reaches values greater than 20%. Mediterranean pines are often found in the area surrounding the mostly abandoned olive groves, hence these values, generally too high to be attributable to the regional pollen alone, are not unexpected. In the sites where it was found in the vegetation, Pistacia is generally well represented, except from one site (OLG4) where its pollen is absent despite good plant cover (26%). Since OLG4 is one of the abandoned olive groves, it is possible that the Pistacia plants are being overshadowed by other plants, thus causing lower pollen production. Nevertheless, Pistacia pollen is known to be underrepresented in pollen spectra [91] and references therein. In the same way, Rhamnus pollen was found only at one site with low cover and not in others where the cover was much higher (~20%). Regarding herbs, the highest pollen values belong to Poaceae and herbaceous Rosaceae. The latter sometimes reach high values despite their absence in the vegetation. Trifolium pollen was not found despite good cover at some of the OLG sites.



Shrublands (SHR)—This group includes different types of shrub-dominated plant communities. Sites SHR1, SHR2, and SHR6, despite very high and similar box tree cover, have very different Buxus pollen evidence: very low in the first two sites and high in the latter. Alongside a different state of health of the plants, possibly due to box tree caterpillars, this difference can be attributable to the high Erica and Q. ilex-type pollen found in the first two sites, which is very low in SHR6. Pinus pollen, with pine mostly absent from the vegetation, generally comes from extra-local and regional pollen rain. SHR8, SHR10, SHR11, and SHR15 sites, despite a moderate (~30%) to almost total cover (92%) of woody Fabaceae (mainly Cytisus and Calicotome), show very low pollen percentages; since they are a very specialized insect-pollinated species, very low pollen values are predictable, as also reported by other authors (e.g., [88]). In these shrub communities, most pollen belongs to trees that were not found in the vegetation (mostly alder, chestnut, and hop-hornbeam) and Poaceae. Taking into account Fabaceae’s extreme underrepresentation (Figure 4), a possible reconstruction of the local vegetation made through pollen data alone is still possible: while AP pollen is generally high, no other tree taxon exhibits high pollen values, suggesting an open landscape. In SHR4 (a garrigue), despite a high plant cover of Asteroideae, Euphorbiaceae, and Liliaceae, most pollen belongs to Q. ilex-type (38%) and Pinus (17%) pollen, which were almost absent in the vegetation. Even though high tree pollen values alone would suggest otherwise, the presence of Erica pollen and pollen values of Asteroideae of almost 10% clearly indicate an open herbaceous/shrub vegetation compatible with the recorded vegetation. The remaining SHR sites are characterized by different values of Erica and Calluna pollen (which are generally well represented in the pollen spectra) and moderate values of other herbaceous taxa, mainly Asteroideae and Poaceae.



Grasslands (GRA)—At most sites, NAP prevails (Figure 2). Since trees are absent in these grasslands, tree pollen found at these sites is to be considered surely part of the extra-local or regional pollen rain. Poaceae, which are found at all 201 sites, dominate the pollen spectra reaching values as high as 90% (Figure 2 and Figure 8). Not surprisingly, Poaceae pollen accounts for a large part of the variance of association (A) index (Figure 3). Entomogamous herbs, which have a very localized pollen dispersal and were often not represented in pollen spectra of the other non-GRA sites, are generally well represented and occasionally show exceptionally high pollen values. For example, when found in the vegetation Apiaceae are always represented: when cover values are high (>10%), pollen values can be exceptionally high (47%), similar to GRA27. Considering their pollination, Cichorioideae are generally well represented (Figure 2 and Figure 8). As expected, Trifolium pollen values do not reflect its presence in the vegetation: even with moderate cover, pollen was often not found or was found in very low amounts. In general, grasslands are characterized by moderately low pollen values of many herbaceous taxa. The vegetation of the single sites is not easily recognizable through pollen analysis: certain taxa may indicate a prevailing management practice, for example, Plantago and Rumex pollen for pastures, but a clearer distinction does not seem feasible. Regarding trees, Pinus attained the highest pollen values, even if other taxa (Alnus, Castanea, deciduous Quercus, Fraxinus, Ostrya-type, and woody Rosaceae) were represented, never exceeding 16%. The number of herbaceous taxa, together with their sometimes low but not negligible pollen values, seem to be a good way to discern this vegetation from the others. In recent decades, an increasing interest in reaching a more precise reconstruction of past cultural landscapes has led to an increasing number of tools and indicators to help discern between different management practices (e.g., [39,92,93]). In the future, a comparison with grazed grasslands could provide elements for a distinction from mowed ones (cf. [13,94]).



Various herbaceous communities (VHC)—This group includes three different vegetation types: VHC is a wet meadow, VHC2 and VHC3 are plant communities in areas subjected to erosion, and VHC4 is a plant community subjected to trampling. Poaceae have comparable pollen values across the four sites.



In VHC1, Betula pollen reaches 30%: since only Betula seedlings were found at the site, this pollen comes from the surrounding area or, perhaps, from local birches before they were cut down.



The presence of low pollen amounts of Cyperaceae, Galium, Urticaceae, and Viola hint at humid conditions. Herbaceous Rosaceae, which include many meso-hygrophilous species, are not well represented and pollen values are similar to the other three sites.



VHC2 and VHC3 are characterized by a high Sedum cover that poorly reflects in pollen data. Nevertheless, Sedum pollen is rarely found in high amounts and its presence generally indicates a local pollen deposition. Most other taxa with appreciable pollen values come from the extra-local/regional pollen rain since they were not found at the sampling site: this is the case for Pinus, Erica, Alnus and, to a lesser extent, the other tree taxa.



In VHC4, despite a good plant cover (38%), Plantago pollen values were unexpectedly low (<1%). Since Plantago is one of the most used trampling indicators [37,40], these abnormal values need to be further investigated. Conversely, Asteroideae are found in vegetation but, less surprisingly, their pollen percentages are much lower (Figure 2 and Figure 8). The remaining pollen, except Poaceae, mainly belongs to two taxa: Pinus and Ostrya-type. The latter present in the immediate surroundings. While these four sites could be easily distinguishable through vegetation data, their distinction is less clear through pollen data alone and relies on subtler differences that cannot be taken for certain. However, the small number of samples does not allow for reliable conclusions to be drawn. Table 5 provides a summary of suggested threshold values for a selection of taxa calculated from the data of this study showing percentage pollen values that can be used to differentiate between locally produced and long-distance transported pollen. Only part of these threshold values agrees with existing literature, highlighting the need to be cautious about generalizing findings coming from a particular region.



A better explanation for unexpected values could be possible through a detailed analysis of historical land management practices (coppicing, mowing, grazing), but they were not taken into consideration in this study.



An interesting result of this study is the fact that pollen taxa that are still considered bad descriptors of vegetation because they have large pollen production and dispersion (e.g., Pinus, Corylus, Ostrya) [20], actually show very low association values (A) (regional pollen dispersal), but if evaluated quantitatively, they also have maximum values as indicators of particular vegetation types (Table 5). In fact, when the mean of both pollen and vegetation cover of a certain vegetation type are higher than the mean value of all samples plus the standard deviation, these taxa can be considered good indicators of that vegetation type [34]. The same applies to other large pollen-producing plants (Alnus, Betula, Castanea, Quercus) and also to taxa that are not often considered, such as Calluna, Erica, and Oxalidaceae.




5. Conclusions


Previous studies on pollen dispersion and its relationship with the local vegetation have brought to light a general good capacity of pollen assemblages recorded in natural traps to provide, at least in general terms, a pollen image of the local vegetation. In Liguria, these relationships have been examined for some time in single types of vegetation and in different geographical areas, both in Mediterranean and sub-Mediterranean bioclimates. In this research, an attempt was made to put together most of the samplings carried out in Liguria and in an area of Piedmont to study the behavior of the pollen/vegetation ratio in a broad vegetational, geographical, and bioclimatic context. Both concordances and differences with what is already known in this regard have been observed, alongside variability linked to the environmental context including human activity, although the latter is difficult to quantify. The great floristic and vegetation richness, the geomorphological and climatic variety, and the fragmentation of the current vegetation cover of the region certainly accentuate the difficulties of obtaining constant and transferable data for other environmental realities. However, we are convinced that the publication of abundant data, which too often remain locked in researchers’ drawers (grey literature), can contribute to an ever better understanding of these issues. Online databases, such as the Eurasian Modern Pollen Database (EMPD), to which these data could contribute in the future, are particularly useful to share information with other researchers. Regarding the results of this investigation, data generally agree with existing literature even if differences were observed. Overall, most tree-dominated plant communities (e.g., beech woods, chestnut groves, hop-hornbeam woods) can be easily individuated through recent pollen deposition: some tree taxa, whose pollen is produced in high amounts and is easily dispersed (e.g., Pinus, Quercus, Ostrya-type, Alnus, Castanea, Corylus, Fraxinus), are often overrepresented in sites where their cover was low or they were absent, as shown by PCA analysis and scatterplots, since when this occurred they were usually observed in the vegetation close to the sampling site. This can therefore be considered an extra-local contribution. On the other hand, it is often possible to observe differences in pollen data that can be attributed to different silvicultural practices, even if further studies would be needed to provide more precise indications. The same cannot be said for herbaceous and shrubby communities, where plants with high cover—giving physiognomy to the vegetation—have very low pollen dispersal and are sometimes absent or poorly represented in pollen spectra. In this case, due to the small surface occupied, the lack of woody cover and large local producers, the influence of the surrounding and regional contribution is much more evident. Threshold values have been individuated, and they can be a useful tool for the reconstruction of the local vegetation. These data will be applied to a better interpretation of the numerous paleopalynological and archaeopalynological studies that have been carried out in the past—or are currently being carried out—in Liguria.
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Figure 1. Map showing the position of the study area and the sampling sites, shown as red dots. 
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Figure 2. Percentage pollen (black bars) and percentage plant cover (empty bars) diagram of selected taxa. Percentage values exceed 100% as pollen and plant cover percentage values were placed side by side. CON = mesophilous coniferous forest; MXD = mixed deciduous woods; BEE = beech woods; CHE = chestnut groves; MQW = mixed oak woods; MOW = mixed Ostrya woods; RIP = riparian woods; PIN = pine woods; HOW = holm oak woods; OLG = olive groves; SHR = shrublands; GRA = grasslands; VHC = various herbaceous communities. 
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Figure 3. Graphical representation of the principal component analysis (PCA) showing the relationships between the different Davis indices and different taxa. Letters on the three axes are abbreviations of the indices (A = association, U = underrepresentation, O = overrepresentation). 
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Figure 4. Fidelity and dispersibility values plotted for each pollen taxon. 
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Table 1. Mean cover values calculated for Braun-Blanquet abundance classes [18,19]. The + symbol indicates a very low plant cover value.
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	Braun-Blanquet Abundance Class
	Vegetation Cover

Percentage Range (in %)
	Average Value (in %)





	+
	0–1
	0.5



	1
	1–5
	3



	2
	5–25
	15



	3
	25–50
	37.5



	4
	50–75
	62.5



	5
	75–100
	87.5
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Table 2. Summary of the main groups of plant communities and the main results of the pollen analysis.
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	Group of Plant Communities
	Acr.
	N° of Taxa
	Description of Plant Communities
	Results from Pollen Analysis





	Mesophilous coniferous forest
	CON
	10
	Plant communities dominated by Abies alba, Picea abies, or Larix decidua, sometimes together with deciduous species (e.g., Alnus). These sites are all above 1100 m asl and are tied to humid and cool climatic conditions. This is the only group including non-Ligurian sites, since some of these are located in NW Piedmont (M. Mottarone, Novara).
	AP is dominant in all sites, ranging from 73 to 95%. Abies alba pollen varies by site, ranging from 0 to 26%. When silver fir is recorded in the vegetation, Abies pollen values are higher than 7%. Abies pollen does not reach 1% in sites where it is absent from the vegetation. Picea pollen is generally low, never exceeding 4%, except in the European spruce site (CON6, cover 80%) where it reaches 13%. Larix pollen is uncommon, with a maximum of 4% in CON10 where it is recorded in the vegetation. Pinus is always represented, ranging from 6 to 71%, while it is recorded in the vegetation in only 2 of the 10 CON sites. Two taxa range from being absent to reaching very high values: Alnus (34%) and Betula (25%). Ostrya-type and Corylus behave in the same way, even if with lower maximum values (respectively, 9% and 8%). Castanea and Fagus pollen are consistently lower, never exceeding 5% and 3%. Deciduous Quercus and Fraxinus pollen is present in all sites but lower than 6%. The herbaceous pollen is dominated by Poaceae, which ranges from 3 to 20%. Other herbaceous taxa rarely reach 1%.



	Mixed deciduous woods
	MXD
	7
	Different type of woods, where the dominating plants are Acer, Betula, Fraxinus, and Sorbus. While differences in dominating species and climatic conditions are seen between the sites, these plant communities are generally tied to more or less humid and cool conditions, and can sometimes host microthermic plants (e.g., Vaccinium).
	AP ranges between 80% and 91%. Results show that tree pollen generally has an uneven distribution. Dominant tree pollen mainly belongs to Betula (>60% in MXD1 and MXD2), Acer (45% in MD5), Sorbus (29% in MXD3), Alnus (>25% in MXD3 and MXD6), and Fraxinus (>15% in MXD5 and MXD7). Pinus (3–9%), Corylus (1–8%), Ostrya-type (<1–7%), and Castanea (2–11%) show lower but still significant values, and with a more even distribution. Deciduous oaks and beech are always present but in low amounts (<5%). In MXD1 and MXD2 (Mottarone mountain, NW Piedmont), birch is the dominant tree species (cover > 30%). Betula pollen at these two sites is high (>60%). The herbaceous layer is dominated by Poaceae (3–13%), with other herbaceous taxa present in low amounts. Of the latter, only Ranunculaceae reach 3%.



	Beech forest
	BEE
	28
	This is one of the main plant communites found in the analyzed sites. Here, beech represents at least 30% of the vegetation cover in the 28 sites but often exceeds 80% depending on the openness and wood management. Castanea is sometimes found in these woods, often due to the past widespread cultivation of chestnut in Liguria. In some of the most open woods, Poaceae dominate the herbaceous layer, possibly identifying the use of these woods as wooded pastures previously.
	AP pollen ranges from 76 to 95%. Fagus is present at all sites of this vegetation type, ranging from 2 to 35%. Alnus (1–24%), Castanea (<1–21%), deciduous Quercus (<1–14%), and Pinus (1–30%) behave similarly. Corylus (<1–29%) and Fraxinus (<1–18%) are well represented, even with an uneven distribution. Ostrya-type pollen has generally high values (max 39%), even if it is sometimes very low or missing. Betula is generally very low, but at one site it reaches 16%. The shrub layer is mainly composed by Ericaceae, in particular Calluna (<1–6%), Erica (<1–5%) and, to a lesser extent, Vaccinium (<1–2%). Pollen from the herbaceous layer is once again dominated by Poaceae: other herbaceous plants, such as herbaceous Rosaceae, Asteroideae, and Cichorioideae participate with generally very low contributions.



	Chestnut woods
	CHE
	22
	Chestnut woods are not a natural plant community; they exist due to the long history of chestnut cultivation, which was widespread throughout the Ligurian mountains. Chestnut generally dominates these communities, but sometimes Fraxinus and Alnus covering values are also important. Chestnut woods were found at very different altitudes, from 150 to 930 m a.s.l.
	AP pollen ranges from 80 to 99%. Castanea is generally high (mean 54%), reaching values as high as 87%: the lowest values of Castanea (9% and 12%) are found in the two sites where Alnus and deciduous oaks reach, respectively, 72% and 47%. Alnus (<1–72%), Corylus (<1–15%), Fraxinus (<1–13%), deciduous oaks (<1–47%), and Pinus (1–27%) are present at all the sites, but with a very uneven distribution. The only other tree taxa that sometimes reach values over 1% are Fagus (max 3%), Q. ilex-type (max 4%), and Crataegus. Shrub pollen mainly belongs to Erica (max 3%) and Calluna (max 1%). Poaceae (1–16%) dominate herbaceous pollen, followed by herbaceous Rosaceae (max 3%) Ranunculaceae (max 2%), Asteraceae Asteroideae (max 1%), and Plantago (max 1%).



	Mixed oak woods
	MQW
	10
	These woods are dominated by deciduous trees, mainly Q. cerris, Fraxinus ornus, and, more rarely, Q. pubescens. They are meso-thermophilous communities widely spread in Liguria, up to over 1000 m asl if in good aspects.
	AP ranges from 61 to 96%. The highest values are reached by Corylus (<1–12%), Ostrya-type (<1–19%), Castanea (2–61%), deciduous oaks (4–43%), Fraxinus (3–61%), and Pinus (3–16%): pollen of these taxa is always present, often with an uneven distribution. Non-negligible values are also reached by Alnus (<1–10%), Betula (max 2%), Carpinus betulus (max 3%), and Fagus (max 4%). Shrubs are mainly represented by Cupressaceae (max 8%) and Ericaceae (<1–3%). Poaceae (2–36%) once again dominate the herbaceous layer: Asteraceae Asteroideae (max 1%), Plantago (max 1%), and herbaceous Rosaceae (max 4%) are the only herbaceous plants to reach 1% in the pollen spectra.



	Mixed Ostrya woods
	MOW
	20
	These woods are generally characterized by a high percentage of Ostrya carpinifolia (hop-hornbeam), even if, in a few sites, Corylus avellana, Fraxinus, deciduous Quercus, or Carpinus betulus can reach higher cover values.
	AP ranges from 65 to 94%. Ostrya-type (8–64%) reaches here its highest values, followed by Fraxinus (0–43%), Pinus (2–23%), deciduous oaks (2–19%), Castanea (<1–18%), and Alnus (<1–19%). The highest mean values belong to Ostrya-type (33%), followed by Fraxinus (13%), Pinus (9%), and deciduous oaks (8%). Fagus reaches a maximum value of 5%, but in general it is much lower. Other tree taxa exceed 1% but generally only in one site and with values lower than 5%. Erica (max 3%) is the only shrub taxon to exceed 1%. Poaceae reach even higher pollen percentages (3–24%): Caryophyllaceae reach 6% in one site but are generally absent or only reach far lower values. Apiaceae, Asteraceae Asteoroideae, Lamiaceae, Liliaceae, Artemisia, and Plantago are the only other herbaceous taxa to reach 1%.



	Riparian woods
	RIP
	14
	They are characterized by a riparian arboreal vegetation, composed of hygro-hydrophilous trees, mainly alder, but also Salix and Populus. Here we find many herbs that prefer cool and humid conditions, such as many Lamiaceae and herbaceous Rosaceae.
	AP ranges from 60 to 95%. Alnus is the taxon that reaches the highest percentages (19–66%), followed by Salix (max 40%). While Alnus is present in all the RIP sites, Salix is not. Corylus (1–13%), Ostrya-type (<1–19%), Castanea (1–17%), deciduous oaks (<1–13%), Fraxinus (4–10%), and Pinus (1–20%) are well represented, even with an uneven distribution. Acer, C. betulus, Fagus, Q. ilex-type, Juglans, Ligustrum, Abies, Picea, Crataegus, and Rubus reach 1%, but do not exceed 5%. Erica and Calluna are present in less than half of RIP sites and with percentages of approximately 1%. While the herbaceous pollen is mainly dominated by Poaceae (4–32%), Cyperaceae occasionally reach high values (max 11%). Other herbaceous taxa have lower values and generally have a very uneven distribution or are found in a very low number of sites, sometimes only one: Filipendula reaches 5% but only in one site, while Galium, Asteraceae Asteroideae, Plantago, and Rubiaceae undiff reach 2% but are generally lower. Asteraceae Cichorioideae, Potentilla type, Lamiaceae, Ranunculaceae, and Urticaceae reach a maximum of 1%.



	Pine woods
	PIN
	15
	This community is often dominated by pines, mainly Pinus pinaster, P. nigra, and P. halepensis. They can be found from the sea level up to 1000 m a.s.l. Depending on the openness and the age of the trees, the shrub layer can be more or less developed. This layer is mostly made up of xerophilous species, such as Erica, Pistacia, and woody Fabaceae.
	AP ranges from 65 to 99%. Pinus (27–68%) and Q. ilex-type (<1–66%) reach the highest values and are always present, except for a site where Q. ilex-type pollen was not found. Many tree taxa reach maximum values above 10%, even if they were not found in the vegetation of PIN sites, including Ostrya-type, Castanea, Olea, and Alnus. Corylus, deciduous oaks, Fraxinus, and Phillyrea reach a maximum of 6%. Depending on the site, the shrub layer is well represented to absent. Buxus (max 10%), Cupressaceae (max 5%), and Erica (max 20%) have a very uneven pollen distribution. The herbaceous layer is mainly represented by Poaceae (<1–31%) and Asteraceae Asteroideae (0–18%). Other herbaceous taxa were recorded, but never reached 1% in the pollen spectra.



	Holm oak woods
	HOW
	17
	Quercus ilex dominates this Mediterranean plant community. Biodiversity here is very low and non-arboreal species are mostly confined to clearings.
	AP ranges from 83 to 99%. Q. ilex-type dominates the pollen spectra (23–87%) except in one site, where Pinus (3–52%) exceeds Q. ilex-type. Corylus (<1–1), Castanea (<1–17%), Alnus (<1–7%), and Ostrya-type (2–7%) are always present, even if not evenly distributed. Shrub pollen mainly belongs to Erica (<1–25%) and, to a lesser extent, Cistaceae (0–2%). NAP pollen ranges from <1 to 17% and mainly consists of Poaceae (<1–14%). The only other herbaceous taxa to exceed 1% are Asteraceae Asteroideae and Plantago.



	Olive groves
	OLG
	8
	These sites are the results of olive cultivation, still active or recently abandoned. The tree layer is dominated by Olea, but Pistacia and Rhamnus reach high covering values in the abandoned olive groves. The development of the herbaceous layer depends on the openness of the canopy and cleanups.
	AP ranges from 71 to 97%. Olea (24–81%) reaches the highest values, together with Pinus (6–26%). Alnus is generally low except in one site where it reaches 11%. Cupressaceae behave similarly, reaching 15% in one site and far lower values in the others. Corylus, Ostrya-type, and Castanea are the only other tree taxa that are present in all the OLG sites, never exceeding 3%. Shrubs are mainly represented by Pistacia (max 8%): Erica and Cistaceae reach lower values (respectively, 2 and 1%). The herbaceous layer is mainly represented by Poaceae (2–19%) and herbaceous Rosaceae (0–18%). The only other herbaceous taxa to exceed 1% are Apiaceae, Chenopodiaceae, and Plantago.



	Shrublands
	SHR
	17
	Heterogeneus plant community including different types of shrubland, mainly dominated by Ericaceae, Buxus, woody Fabaceae, or Cistaceae. In Mediterranean climates, these communities host thermophilous species and often develop on poor, rocky soils subjected to erosion.
	AP ranges from 56 to 97%. This group includes different types of vegetation, both mediterranean and meso-termophilous, and thus many taxa are only present in certain sites. Regarding tree pollen, the maximum values are reached by Pinus (39%), Q. ilex-type (38%), Alnus (13%), Ostrya-type (10%), and Fraxinus (10%). Other tree taxa reach lower maximum values: Arbutus (4%), woody Fabaceae (3%), Corylus (5%), woody Rosaceae (5%), deciduous oaks (7%), Olea (4%), and Phillyrea (3%). Shrubs are well represented and sometimes reach high values, such as Buxus (37%), Calluna (38%), and Erica (70%). Herbaceous species are better represented than in the groups described so far: Poaceae (32%), Rubiaceae (8%), Asteraceae Asteroideae (22%), Resedaceae (14%), Plantago (8%), Brassicaceae (3%), and Asteraceae Cichorioideae (2%). A few other herbaceous taxa reach or exceed 1%, but not 2%: Campanulaceae, Sedum, Cyperaceae, Lamiaceae, Rumex, and herbaceous Rosaceae.



	Grasslands
	GRA
	29
	These secondary grasslands were used for a long time for haymaking and pastures, activities that are sometimes still being carried out. Poaceae dominate together with other herbaceous taxa such as Fabaceae, Asteraceae, and Scrophulariaceae. This plant community was found at different altitudes (400–1000 m a.s.l.) and different aspects.
	AP is generally lower than NAP, except in one site where it reaches 63%. Here, obviously, all tree pollen comes from beyond the site, partly from the surroundings and partly from a distance. Most arboreal pollen belongs to Pinus (<1–31%), woody Rosaceae (0–16%), Castanea (<1–15%), deciduous oaks (<1–10%), and Alnus (1–9%). Ericaceae pollen never exceeds 6%. NAP is generally high (38–94%, mean 75%). Poaceae is the herbaceous taxon with the most even distribution (23–90%), but many other herbaceous taxa are well represented and may reach very high values in certain sites: Apiaceae (48%), Asteraceae Cichorioideae (23%), Cyperaceae (12%), Rubiaceae (12%), Plantago (10%), Primulaceae (7%), Ranunculaceae (7%), Fabaceae (5%), herbaceous Rosaceae (6%), and Scrophulariaceae (5%). These taxa, with few exceptions, are not present in every site but are present in at least 50% of the GRA sites. Many other herbaceous taxa reach values equal to or greater than 1% but do not exceed 5%: Asteraceae Asteroideae (4%), Euphorbiaceae (2%), and Rumex (2%).



	Various herbaceous communities
	VHC
	4
	This group includes four different plant communities with different ecological features. While they could be further divided into three groups, on the basis of certain taxa (e.g., Juncaceae for wetlands and Plantago for areas subjected to trampling) they were grouped together in order to test if the used indices and statistical analysis would group them together or highlight their differences.
	AP (41–66%) is greater than NAP (34–59%) in three out of four sites. The highest values are reached by Betula (31%), Ostrya-type (28%), and Pinus (24%). Other tree taxa are present but do not exceed 10%: Alnus (8%), Castanea (7%), Corylus (5%), deciduous oaks (4%), Fraxinus (4%), Fagus (2%), and woody Rosaceae (<2%). Regarding shrubs, the highest values are reached by Ericaceae (15%). Regarding NAP, Poaceae are dominant (22–39%). Only a few other herbaceous taxa reach or exceed 1%: Asteraceae Cichorioideae (9%), Asteraceae Asteroideae (7%), Plantago (4%), Cyperaceae (3%), Sedum (2%), herbaceous Rosaceae (2%), and Rubiaceae (1%).
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Table 3. Table showing Davis’ indices (association (A), overrepresentation (O), underrepresentation (U), and type indicator index (I)). The hyphen - indicates that the value could not be calculated.






Table 3. Table showing Davis’ indices (association (A), overrepresentation (O), underrepresentation (U), and type indicator index (I)). The hyphen - indicates that the value could not be calculated.





	Taxon
	Association

A
	Overrepresentation

O
	Underrepresentation

U
	Type Indicator Index I





	Acer
	0.4
	0.4
	0.3
	1



	Pistacia
	0.3
	0.6
	0.2
	1



	Apiaceae
	0.5
	0.4
	0.1
	-



	Asteroideae
	0.6
	0.4
	0.2
	0



	Senecio/Cirsium
	0
	0.8
	1
	1



	Cichorioideae
	0.5
	0.4
	0.3
	0



	Alnus
	0.1
	0.9
	0
	1



	Betula
	0.1
	0.9
	0
	1



	Carpinus betulus
	0
	1
	0.3
	-



	Corylus
	0.3
	0.7
	0
	-



	Ostrya-type
	0.3
	0.7
	0
	1



	Buxus
	0.4
	0.4
	0.3
	0



	Caryophyllaceae
	0.4
	0.5
	0.3
	0



	Chenopodiaceae
	0
	1
	0
	0



	Cistaceae
	0.1
	0.9
	0.2
	-



	Sedum
	0.1
	0.8
	0.7
	1



	Arbutus
	0.4
	0.4
	0.5
	0



	Calluna
	0.3
	0.7
	0.1
	1



	Erica
	0.3
	0.7
	0.2
	0.5



	Vaccinum
	0.2
	0.4
	0.7
	0



	Euphorbiaceae
	0.1
	0.5
	0.8
	0



	Fabaceae woody
	0.2
	0.2
	0.8
	0



	Trifolium
	0.3
	0.1
	0.7
	0.5



	Castanea
	0.3
	0.7
	0
	1



	Fagus
	0.3
	0.7
	0.1
	1



	Quercus ilex-type
	0.2
	0.8
	0.1
	1



	Quercus dec.
	0.3
	0.7
	0
	1



	Lamiaceae
	0.4
	0.3
	0.6
	0



	Liliaceae
	0.2
	0.4
	0.7
	-



	Fraxinus
	0.4
	0.6
	0.1
	0.33



	Olea
	0.2
	0.8
	0.0
	1



	Abies
	0.2
	0.8
	0.2
	1



	Larix
	0.3
	0.7
	0
	1



	Picea
	0
	1
	0
	1



	Pinus
	0.2
	0.8
	0
	0.5



	Plantago
	0.2
	0.8
	0
	0



	Poaceae
	0.9
	0.1
	0
	1



	Rumex
	0.3
	0.7
	0.1
	-



	Ranunculaceae
	0.5
	0.0
	0.5
	0



	Rosaceae herbaceous
	0.5
	0.4
	0.1
	0



	Rosaceae woody
	0.5
	0.3
	0.4
	1



	Rubiaceae
	0.5
	0.4
	0.3
	1



	Populus
	0.1
	0.8
	0.5
	-



	Salix
	0.1
	0.8
	0.3
	1



	Scrophulariaceae
	0.4
	0.4
	0.5
	1
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Table 4. Type indicator taxa for each vegetation type based on index I.






Table 4. Type indicator taxa for each vegetation type based on index I.





	Group of Plant Communities
	Type Indicator Taxa





	Coniferous forest
	Alnus, Abies, Larix, Picea, Rosa



	Mixed deciduous woods
	Acer, Betula, Sorbus, Senecio/Cirsium, woody Rosaceae



	Beech forest
	Fagus



	Chestnut woods
	Castanea



	Mixed oak woods
	Quercus deciduous, Fraxinus



	Mixed Ostrya woods
	Ostrya-type



	Riparian woods
	Sambucus nigra-type, Salix, Alnus



	Pine woods
	Pinus



	Holm oak woods
	Quercus ilex-type



	Olive groves
	Pistacia, Olea, Oxalidaceae



	Shrubland
	Calluna, Erica



	Grasslands
	Plantago, Galium, Trifolium, Poaceae, Rubiaceae undiff, Scrophulariaceae



	Various herbaceous communities
	Sedum
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Table 5. Suggested threshold values for a selection of taxa. Taxa are ordered according to family.






Table 5. Suggested threshold values for a selection of taxa. Taxa are ordered according to family.





	Taxa
	Suggested Pollen Threshold Values for Plant Presence





	Acer
	indicates very local presence of plants



	Pistacia
	indicates very local presence of plants



	Apiaceae
	indicates very local presence of plants



	Asteroideae
	indicates very local presence of plants



	Cichorioideae
	indicates very local presence of plants



	Alnus
	>25% local presence, >5% presence in the surrounding area



	Betula
	>60% local presence possibly as a dominant tree, >10% presence in the surrounding area



	Carpinus betulus
	>9% local presence with a good cover, >1% presence in the surrounding area



	Corylus
	>1% presence in the surrounding area



	Ostrya-type
	>5% presence in the surrounding area



	Brassicaceae
	indicates very local presence of plants



	Buxus
	indicates very local presence of plants



	Caryophyllaceae
	indicates very local presence of plants



	Chenopodiaceae/

Amaranthaceae
	indicates very local presence of plants



	Sedum
	indicates very local presence of plants



	Arbutus
	indicates very local presence of plants



	Calluna
	indicates very local presence of plants



	Erica
	indicates very local presence of plants



	Vaccinum
	indicates very local presence of plants



	Trifolium
	indicates very local presence of plants



	Fabaceae woody
	indicates very local presence of plants



	Castanea
	>40% local presence possibly as a dominant tree, >5% presence in the surrounding area



	Fagus
	>6% local presence possibly as a dominant tree (lower values in coppiced woods), >1% presence in the surrounding area



	Quercus decid.
	>14% local presence with a good cover



	Quercus ilex-type
	>30% local presence possibly as a dominant tree, >5% local presence with low cover or presence in the close surroundings



	Lamiaceae
	indicates very local presence of plants



	Liliaceae
	indicates very local presence of plants



	Fraxinus
	>17% local presence with a good cover, or high cover in the close surroundings



	Olea
	>24% local presence with a good cover, 2–12% presence in the surrounding area



	Abies
	>7% local presence in mixed tree stands, >15% local presence in forests where Abies is dominant, <2% in all the other sites



	Larix
	>3% local presence in mixed stands



	Picea
	>13% local presence in stands as a dominant tree, <4% in all the other sites



	Pinus
	>40% local presence possibly as a dominant tree, or in the immediate surroundings



	Poaceae
	>30% in grasslands, clearings or open areas



	Plantago
	indicates very local presence of plants



	Rumex
	indicates very local presence of plants



	Ranunculaceae
	indicates very local presence of plants



	Rosaceae herbaceous
	indicates very local presence of plants



	Sorbus
	>29% local presence in stand as dominant tree



	Rubiaceae
	indicates very local presence of plants



	Populus
	>13% local presence in stand as dominant tree



	Salix
	>40% local presence in stand as dominant tree, >15% presence in the close surroundings



	Scrophulariaceae
	indicates very local presence of plants
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