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Abstract
Mountains provide a timely opportunity to examine the potential effects of climate change 
on biodiversity. However, nature conservation in mountain areas have mostly focused on 
the observed part of biodiversity, not revealing the suitable but absent species—dark diver-
sity. Dark diversity allows calculating the community completeness, indicating whether 
sites should be restored (low completeness) or conserved (high completeness). Functional 
traits can be added, showing what groups should be focused on. Here we assessed changes 
in taxonomic and functional observed and dark diversity of epiphytic lichens along ele-
vational transects in Northern Italy spruce forests. Eight transects (900–1900  m) were 
selected, resulting in 48 plots and 240 trees, in which lichens were sampled using four 
quadrats per tree (10 × 50 cm). Dark diversity was estimated based on species co-occur-
rence (Beals index). We considered functional traits related to growth form, photobiont 
type and reproductive strategy. Linear and Dirichlet regressions were used to examine 
changes in taxonomic metrics and functional traits along gradient. Our results showed 
that all taxonomic metrics increased with elevation and functional traits of lichens dif-
fered between observed and dark diversity. At low elevations, due to low completeness 
and harsh conditions, both restoration and conservation activities are needed, focusing on 
crustose species. Towards high elevations, conservation is more important to prevent spe-
cies pool losses, focusing on macrolichens, lichens with Trentepohlia and sexual reproduc-
tion. Finally, dark diversity and functional traits provide a novel tool to enhance nature 
conservation, indicating particular threatened groups, creating windows of opportunities to 
protect species from both local and regional extinctions.
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Introduction

Biodiversity conservation has to consider its multi-scale hierarchical nature, where species 
richness at macro scales (e.g. biogeographic patterns) delimits richness at finer scales, such 
as regional landscapes or local habitats (Noss 1990). As a consequence, the exploration of 
the mechanisms underpinning diversity patterns is often a tricky task due to the complex 
interplay between ecological and biogeographical-historical factors. In this perspective, 
mountain environments provide unique study areas where major environmental gradients 
co-vary with elevation over a relatively short distance and, thus, offer a natural tool allow-
ing ecologists to explore the mechanisms that generate biodiversity and that rule species 
sorting into local communities (Körner 2007). Due to the strong climate-elevation relation-
ship, elevational gradients are increasingly addressed as suitable models for predicting the 
potential effects of climate change on biodiversity and refine conservation and mitigation 
measures (McCain and Grytnes 2010; Nascimbene and Spitale 2017).

Traditionally, biodiversity conservation has taken into account how locally observed 
species richness (alpha-diversity) varies with changing conditions. However, such observed 
biodiversity measures do not reveal how many suitable species are absent from a local site 
(i.e., how complete communities are), defined as “dark diversity” (Pärtel et al. 2011). Spe-
cifically, dark diversity encompasses the set of species currently absent but able to colo-
nize and establish in a given local site. By comparing the set of species in observed and 
dark diversity and its functional composition it is possible to understand why some species 
are absent, as well as to detect the relative importance of both environmental filtering and 
biotic interactions during the assembly process (de Bello et al. 2012; Riibak et al. 2015; 
Moeslund et  al. 2017). Likewise, having both observed and dark diversity information 
allows looking at how much of the species pool is locally realized (community complete-
ness; Pärtel et al. 2013), providing important information to guide both restoration and con-
servation actions (Lewis et al. 2017; Ronk et al. 2017; Boussarie et al. 2018). For example, 
local sites showing low community completeness may indicate that restoration activities 
are necessary, since the site is missing several potential species. On the other hand, sites 
with high community completeness might deserve high conservation priority, since these 
sites have less candidate species to substitute any local extinction (Lewis et al. 2017; Bous-
sarie et al. 2018). If this information is linked to the functional traits of species, restoration 
or conservation actions can be more efficiently focused on specific ecological groups. For 
example, if species with low dispersal ability are those more often found in dark diver-
sity, restoration activities can focus on increase connectivity between sites (i.e. landscape 
corridors) to facilitate colonization (Török and Helm 2017). Therefore, examining how 
observed and dark diversity change along environmental gradients can improve our under-
standing on both community assembly and conservation status of ecological communities.

Epiphytic lichens are an important component of forest biodiversity (Will-Wolf et  al. 
2002; Ellis 2012) and strongly contribute to ecosystem functioning (Cornelissen et  al. 
2007). They are obligate symbiotic organisms, composed of two or more symbionts, the 
fungal partner and the algal or cyanobacterial photosynthetic partner (Spribille et al. 2016). 
This symbiotic nature is a unique feature limiting their dispersal and local establishment, 
and therefore, also their diversity (Tripp et al. 2016). Furthermore, lichens as poikilohydric 
organisms are sensitive to both moisture availability and temperature changes, and thus 
they are among the most climate-sensitive organisms (Matos et al. 2015; Nascimbene and 
Marini 2015; Rubio-Salcedo et  al. 2017). Recent studies have been indicating that their 
response to climate is likely mediated by species functional traits such as thallus growth 
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form, photobiont type, and reproduction strategy reflecting their adaptation to desiccation, 
and the capability to disperse and establish under different environmental conditions (Ellis 
and Coppins 2006; Lewis and Ellis 2010; Giordani et al. 2016, 2019; Malíček et al. 2019). 
For example, crustose lichen species are considered more tolerant to drought whereas foli-
ose and fruticose growth forms are less tolerant (Larson 1981). Likewise, lichens with dif-
ferent reproduction strategies contribute to different aspects in the tradeoff between disper-
sal and establishment, as sexual species usually disperse over longer distances but depend 
on the availability of a suitable photobiont at the settled location to establish, whereas 
asexual species have usually heavier diaspores dispersing closer while they do not depend 
on such association (Yahr et al. 2006; Belinchón et al. 2015; Morando et al. 2019). These 
specificities suggest that lichen diversity patterns are related to specific functional traits 
combinations that may vary along environmental gradients. However, whether or not 
these combinations differ between observed and dark diversity is currently unexplored for 
lichens, hindering to fully understand the mechanisms that determine how much of the spe-
cies pool size is actually realized in a community and to hypothesize which species may be 
expected to contribute to community composition under changing climate. Therefore, com-
bining community completeness information with functional traits may enhance the effec-
tiveness of restoration and conservation measures to mitigate the impact of global change 
on epiphytic lichens. For example, in case the community completeness is low in certain 
sites and more dispersal limited species are found in dark diversity, restoration activities 
are needed focusing on species with low dispersal capacity. On the other hand, if the com-
munity completeness of lichens is high and the majority of species found in dark diversity 
are those low stress tolerant species, conservation strategies are more important focusing 
on managing microclimatic conditions, increasing the likelihood of establishment of low 
stress tolerant species and preventing their regional extinction.

Here we used a carefully collected data set (Nascimbene and Marini 2015), and exam-
ined the variation in number of species and functional composition of epiphytic lichen 
communities both in observed and dark diversity in several sites along the whole eleva-
tional gradient of spruce forests in northern Italy. We calculated the community complete-
ness index to understand how much of the local species pool is realized along the gradient. 
Due to the sensitiveness of forest epiphytic lichens to increasing temperature and decreas-
ing moisture (Ellis et al. 2007) we expect that observed diversity, dark diversity and com-
munity completeness will increase along our elevational gradient, but in different rates. 
We also hypothesize contrasting patterns of species functional traits between observed and 
dark diversity, increasing in magnitude along the elevational gradient, and reflecting the 
fact that dark diversity is composed mostly by those dispersal limited and lower stress-
tolerant species.

Methods

Study area

The study was carried out in North Italy, in the alpine region of South Tyrol where mean 
annual temperature ranges between 11–12 °C in the bottom of the main valley (Adige val-
ley) and 2–3 °C above 1700 m a.s.l. In the driest part of the study area (Venosta Valley) 
annual precipitation does not exceed 600 mm, while in the wettest areas (e.g.  the Dolo-
mites) annual precipitation reaches 1400  mm. The bedrock is heterogeneous, including 
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hard siliceous to metamorphic, porphyric and carbonatic rocks. Soils are mainly podsols 
and rendzinas. Spruce forests dominate the landscape between 900 and 1900 m a.s.l. rep-
resenting 52% of the total forest cover. These forests are mainly managed with progressive 
thinning and exploitation of mature trees, both in even-aged or multilayered, uneven-aged 
stands.

Sampling

The regional forest database was used to select eight elevational transects spanning the 
full elevational range of spruce forests (900–1900  m a.s.l.) and the precipitation gradi-
ent of the region. Along each gradient, two stands with mature trees (one in even-aged 
and one in uneven aged formations) were selected at three elevational steps: 900–1200 m; 
1400–1600 m; 1800–1900 m. In each stand, a circular plot (13 m radius) was randomly 
placed and in each plot five mature spruce trees were randomly selected for lichen sam-
pling. This resulted in 48 plots and 240 trees surveyed. On each tree, four 10 cm × 50 cm 
frames divided in five 10 cm × 10 cm quadrats were affixed at the four cardinal points with 
the shorter lower side at 100 cm from the ground (Asta et al. 2002). Two additional frames 
were affixed at the base of the tree trunk at North and South cardinal points. In each frame, 
the frequency of all the lichen species was recorded as the number of the quadrats in which 
they occurred. Species that were not identified in the field were all collected and checked in 
laboratory. For more details on sampling procedure and species identification see Nascim-
bene and Marini (2015).

Dark diversity, species pool size and community completeness

Dark diversity was estimated using the co-occurrence matrix of species, using the Beals 
method (see Lewis et al. (2016) for details). This procedure assigns species to local dark 
diversity based on how often they co-occur with the species that are actually present in 
the sampling site. The probabilities predicted by the Beals method are dependent on the 
frequency of the species in the dataset. This dependence can be corrected by applying spe-
cies-specific probability thresholds, which effectively turns the index to binary. The Beals 
index can be calculated for all species for all sites and the threshold is based on probabili-
ties from these sites where the species was actually found. To account for possible outliers 
in probabilities we used the 1% quantile as the threshold (Lewis et al. 2016). A species is 
considered in dark diversity only in sites where it is absent but the probability is greater 
than the species-specific threshold. Species pool size was calculated for each plot as the 
sum of observed and dark diversity. The community completeness index was calculated for 
each plot as: ln(observed richness/dark diversity) (Pärtel et al. 2013). This index allows to 
understand how much of the species pool size is actually realized in a community. Positive 
values mean that observed diversity is greater than dark diversity, whereas negative values 
indicate the opposite.

Functional traits

We considered three most commonly used functional traits of lichens related to growth 
form, photobiont type and reproductive strategy of lichens (Table  1) that were retrieved 
from ITALIC 5.0 the online information system on Italian lichens (Nimis and Martellos 
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2017). The traits were selected based on the possible functional relation with the environ-
mental gradients of interest. Growth form and photobiont type, for example, have known 
physiological relations with changes in forest light and humidity (Lakatos et  al. 2006; 
Marini et  al. 2011), while reproductive strategies are directly connected with lichen dis-
persal ability and establishment (Nascimbene and Spitale 2017). Each lichen species can 
belong only to a single category (trait value) in each of these traits. For example, regarding 
growth form, lichen species have either crustose, foliose or fruticose form. We calculated 
the proportion of each trait value in each site both for observed and dark diversities, con-
sidering presence-absence data.

Data analysis

We used linear regressions to test how observed and dark diversity, species pool size, and 
community completeness changed along the elevational gradient. Observed diversity, dark 
diversity and species pool size were log-transformed. Since elevation and temperature are 
highly correlated in our study (93%—Appendix S4), we chose elevation as the predictor 
variable. Different linear models including basal area, tree circumference and rainfall as 
predictor variables were also considered but the simplest model (with elevation only) per-
formed best according to Akaike information criterion (AIC) (Appendix S5). In addition, 
although we sampled both even-aged and uneven forest stands, we did not differentiate 
them in our model because both forests had rather similar environmental conditions (see 
Nascimbene and Marini (2015; Table 1)). To examine differences in trait value proportions 
between observed and dark diversity and to test whether these proportions change along 
the elevational gradient, we used linear Dirichlet regressions (Douma and Weedon 2019). 
This technique was selected since ordinary linear models are not fitting to analyse propor-
tions. Dirichlet regressions were applied separately for all three traits (see Table 1). The 
models included diversity type (observed or dark diversity), elevation, and their interaction 
as predictors. Analyses were done with the DirichReg function of the R package “Dirichle-
tReg” (Maier 2020). To gain more information regarding the direction of patterns observed 
along the elevational gradient, we plotted predicted values with 95% confidence intervals 
generated from bootstrapping with 1000 randomizations (Douma and Weedon 2019).

We used the following R packages for data management, cleaning and visualization: 
dplyr (Wickham et al. 2020), purrr (Henry and Wickham 2020), broom (Robinson 2014), 
ggplot2 (Wickham 2016) and cowplot (Wilke 2020).

Results

Overall, 112 epiphytic lichen species were found along the eight elevational transects. 
From those, 88 were present in the dark diversity. The 24 species not found in the dark 
diversity were mostly those very rare (i.e. found in only one site), or very common: Chae-
notheca trichialis and Parmeliopsis ambigua, both among the most frequent species in our 
study sites. The 10 most frequent species in observed and dark diversity as well as a list 
with all species found along the elevational transects are shown in Table 2 and Appendix 
S3, respectively.
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All lichen diversity metrics increased along the elevational gradient (Fig. 1; see statis-
tics in Appendix S1): observed diversity  (R2 = 0.75), dark diversity  (R2 = 0.19), species 
pool size  (R2 = 0.80) and community completeness  (R2 = 0.15).

Functional traits in observed and dark diversity along the elevational gradient

Lichen species showed different functional patterns both among observed and dark diver-
sity and along the elevational gradient, based on growth form, photobiont type and repro-
ductive strategies (Fig. 2; see statistics in Appendix S2).

Growth form

Compared to observed diversity, species in dark diversity had higher proportions of crus-
tose and fruticose forms and a lower proportion of foliose forms. Along the elevational 
gradient, there was an overall increase in foliose and fruticose forms, but no change in 
crustose form proportion. On the other hand, when the interaction was considered, crus-
tose form proportion decreased more in dark than in observed diversity along the elevation 
transects. The foliose form proportion was lower in dark diversity along the entire gradient. 
The fruticose form proportion was lower in dark than in observed diversity at lower eleva-
tions, but higher at higher elevations (Fig. 2a).

Table 2  The ten most frequent 
species of epiphytic lichens 
found in observed and dark 
diversity along an elevation 
gradient in spruce forests of 
northern Italy

Numbers depict how many times each species was found in observed 
and dark diversity, ordered by the most frequent in observed diversity

Species Observed 
diversity

Dark diversity

Chaenotheca trichialis 47 0
Hypogymnia physodes 39 1
Vulpicida pinastri 38 1
Chaenotheca chrysocephala 36 1
Parmeliopsis ambigua 34 0
Chrysothrix candelaris 33 6
Parmeliopsis hyperopta 33 1
Parmelia sulcata 28 6
Tuckermannopsis chlorophylla 28 6
Buellia schaereri 27 12
Melanelixia fuliginosa 27 12
Ochrolechia microstictoides 19 12
Ochrolechia alboflavescens 17 13
Cladonia digitata 16 13
Biatora chrysantha 14 17
Cladonia coniocraea 13 18
Chaenothecopsis pusilla 12 24
Cladonia sp. 11 18
Opegrapha niveoatra 8 12
Lecanora expallens 6 13
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Photobiont type

Compared to observed diversity, species in dark diversity presented higher proportions of 
green algae but the proportion of Trentepohlia did not change. Along the elevational gradi-
ent there was an overall increase in the proportion of the green algae type, but no change in 
the proportion of Trentepohlia. When the interaction was considered, variation in the pro-
portions of photobiont types in observed and dark diversity was not significantly different 
along the elevational gradient (Fig. 2b).

Reproductive strategy

Compared to observed diversity, species in dark diversity had a lower proportion of asex-
ual and a higher proportion of sexual reproductive strategy. Along the elevational gradi-
ent, there was an overall increase in the proportion of asexual reproductive strategy in 
expense of the sexual one. There was no difference in the variation in the proportions 

Fig. 1  Observed diversity, dark 
diversity and species pool size 
(a) and community completeness 
index (b) of epiphytic lichens 
along an elevation gradient in 
spruce forests of northern Italy 
(see Appendix S1 for details). 
Regression lines fitted by apply-
ing a linear regression. Shaded 
areas depict 95% confidence 
intervals
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of reproductive strategies in observed and dark diversity along the elevational gradient 
(Fig. 2c).

Discussion

Linking patterns of observed and dark diversity with functional traits of species provides a 
novel tool for improving lichen conservation under a climate change scenario. Our results 
show that observed diversity, dark diversity, species pool size, and community com-
pleteness of epiphytic lichen communities increase along the elevational gradient, likely 

Fig. 2  Change in proportion of functional traits of epiphytic lichens in observed and dark diversity along 
an elevational gradient in spruce forests of Northern Italy. Solid lines depict mean predicted values from 
the bootstrapping (1000 randomizations) Dirichlet regression models, whereas shaded areas depict the con-
fidence intervals (lower = 0.025, upper = 0.975). Annotations in panels inform whether the models are sig-
nificant (*p < 0.05, **p < 0.01, ***p < 0.001) or non-significant (n.s. p ≥ 0.05) among observed and dark 
diversity (O/D); along the elevation (E); and their interaction (O/D x E). Details about the models are in 
Appendix S2
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reflecting the sensitiveness of these organisms to temperature warming and decreasing 
moisture. However, observed diversity increases faster than dark diversity, revealing the 
added value of dark diversity when examining biodiversity trends. We also found contrast-
ing patterns of species functional traits between observed and dark diversity, increasing in 
magnitude along the elevational gradient, but not always represented by higher proportion 
of lower stress-tolerant species in dark diversity. Despite that, these contrasting patterns 
reveal what groups of lichens should be prioritized in both conservation and restoration 
activities, highlighting the importance of considering functional composition of species in 
both observed and dark diversity.

The increase of species pool size and community completeness with elevation high-
lights important implications to conservation of epiphytic lichens. First, small species pool 
size and low completeness at lower elevations suggest that warmer environments impose 
stronger filters to epiphytic lichens, where only a subset of the species in the region are 
able to overcome these filters and be part of the local species pool, which is in agreement 
with other studies (Nascimbene and Marini 2015; Bässler et  al. 2016). Second, as com-
munity completeness is lower at low elevations, in the short-term, restoration practices 
could facilitate the colonization and establishment of species currently in dark diversity, 
thus increasing completeness. However, warming scenarios might impose important chal-
lenges to species at low elevations, since the filters are already stronger and the species 
pool size is small, suggesting that long-term conservation strategies should focus on the 
entire species pool to prevent species losses in both observed and dark diversity (Trin-
dade et al. 2020). Finally, the increasing difference between observed and dark diversity 
along the elevational gradient suggests that, under a warming scenario, observed diversity 
will likely decrease faster than dark diversity. Most of these locally extinct species will 
likely disappear from the local species pool (due to unsuitable conditions), reducing the 
chances of local recolonization. Previous studies have already shown that climate change 
will alter dramatically both local diversity and composition of lichen species (Escolar et al. 
2012; Hauck et al. 2013) and that recolonization of lichens in restored sites might take sev-
eral years (Johansson 2008). Therefore, due to proportionally lower dark diversity and an 
expected faster future species loss in the high elevation forests, preservation of the existing 
biodiversity should be the conservation priority in those areas. For example, conservation 
priority should focus on larger mountain forests, due to their capacity to harbor a larger 
number of epiphytic lichen species (Martellos et al. 2020), and on practicing non-intensive 
management of spruce forests in order to maintain microclimatic conditions, attenuating 
future macroclimatic changes and deaccelerating species loss (Nascimbene et al. 2014).

Examining taxonomic and functional traits in both observed and dark diversity along 
the elevational gradient provides a powerful tool to improve restoration and conserva-
tion activities, and to map threatened groups of epiphytic lichens under climate change. 
For example, higher proportion of crustose growth form, green algae photobiont type and 
sexual reproduction at lower elevations suggest that restoration activities should focus 
mostly on these groups of species, whereas the low proportion of macrolichens (fruticose 
and foliose) in dark diversity indicates that this group should be prioritized in conservation 
plans. Although crustose species are considered drought tolerant, their higher proportion 
in dark diversity at low elevations suggests that some establishment limitation occurs at 
those elevations, hampering some species of this group to thrive at warmer conditions. On 
the other hand, macrolichen species are expected to be highly threatened under climate 
change, either because they are more sensitive to warming (Boch et  al. 2019) or due to 
their low proportion in dark diversity. This low stress-tolerance and low proportion in dark 
diversity indicates that local losses of macrolichens will likely represent species pool losses 
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(i.e.  species moving out of the species pool). Previous studies have already shown that 
macrolichens species are more likely to be lost from high towards low elevations (Nascim-
bene and Spitale 2017) and are more dispersal limited (Dettki et al. 2000), which increases 
even more their vulnerability.

Lichens present an interesting tradeoff between reproduction strategies and dispersal 
ability. On one hand, species with sexual reproduction (i.e. producing spores) disperse 
over longer distances, yet they depend on either the presence of a suitable photobiont at 
the new location to establish (Tehler 1982), an algal switch, i.e. the change of photobiont 
(Yahr et al. 2006; Nelsen and Gargas 2008) or fetching the alga from phylogenetically close 
asexual lichens (Belinchón et  al. 2015). In contrast, asexual species have more difficul-
ties to disperse, due to their heavier diaspores (Morando et al. 2019), but are more effec-
tive in establishing the new thalli because they already bear a suitable photobiont. This 
may allow simultaneously the development of abundant and viable populations resistant 
to extirpation and able to make moderate spatial shifts avoiding the risk of a mismatch 
between the mycobiont and the photobiont which would prevent re-synthesis of the lichen 
symbiosis. In this perspective, the higher proportion of species with sexual reproduction in 
dark diversity is in line with this win–win tradeoff and indicates that establishment limi-
tation, not dispersal, could be more important for epiphytic lichens to cope with climate 
change (Komonen and Müller 2018). This is also consistent with the fact that sorediate (i.e. 
asexual) species generally have a wider distribution than their sexual counterparts (Matts-
son and Lumbsch 1989; Randlane and Saag 2004; Mark et al. 2019), although their disper-
sal ability is lower. Our results also show that sexually reproducing species decrease with 
elevation in both observed and dark diversity, whereas asexual species increase. Therefore, 
conservation actions should pay primary attention to the species with sexual reproduction 
characteristics.

To conclude, our study highlights the potential of considering both observed and dark 
diversities to guide epiphytic lichen restoration and conservation activities under a climate 
change scenario, using elevational transects as a model. Our results suggest that epiphytic 
lichens are under threat due to climate change in both edges of the elevational gradient, but 
their extinction risk depends on a certain combination of traits. At low elevations both res-
toration and conservation activities are needed in order to increase community complete-
ness, whereas towards high elevations conservation effort is more important to prevent an 
expected large number of species pool losses (i.e. species going extirpated from the species 
pool). From an applied context, at lower elevations, restoration should focus on crustose 
species, whereas towards higher elevations conservation priority should be given to mac-
rolichens (foliose and fruticose), lichens with Trentepohlia association, and species with 
sexual reproduction strategy, either due to their lower proportion in dark diversity or higher 
sensitiveness to climate change. Finally, dark diversity and functional traits provide a novel 
tool to optimize restoration strategies, indicating particular groups we should focus on, and 
anticipate climate change effects, creating a window of opportunity to protect species from 
being both locally and regionally extinct.
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