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Abstract
Understanding the spatial distributions of rarity and diversity is crucial for both targeted 
conservation efforts and elucidating the mechanisms that underpin species richness 
patterns. Existing studies suggest local communities with greater species richness also 
hold higher numbers of low abundance species. Rarity hotspots at the global scale tend 
to be spatially divergent from species richness hotspots and differ among many taxonomic 
groups, but much less work has been done to understand rarity patterns at the regional 
scale. Here, we used a large-scale dataset of comprehensive lichen diversity from a global 
biodiversity hotspot in eastern North America to explore the relationships of rarity, species 
richness, and elevation, while also examining the key plot characteristics that support 
increased rarity within the system. We found a mid-elevation slump in lichen rarity, with 
increased rarity at low and high elevations, contrasting with the mid-elevation hump 
in species richness for lichens in the same system. Additionally, important plot-level 
predictors of rarity changed with elevation. Rocky, open habitats hosted increased levels 
of rarity at low elevations, and the highest, coldest plots at the high elevations also hosted 
increased levels of rarity. Our results illustrate a contrast between elevational patterns and 
important plot characteristics for lichen rarity and species richness, suggesting a need 
for separate, complementary conservation efforts to protect both areas with high species 
richness and areas with high numbers of rare species.
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Introduction

As a result of climate change, habitat modification and loss, and other anthropogenic 
impacts, numerous species are at risk of or are actively experiencing range reductions 
or shifts (e.g., Engler et  al. 2011; Allen and Lendemer 2016a, b; McCain et  al. 2021), 
reductions in abundance (e.g., McCain and King 2014; Allen et  al. 2019; Forister et  al. 
2019), or extinction (e.g., IUCN Red List, Öckinger and Nilsson 2010). This is especially 
true for rare species with small geographic ranges and/or low abundance, which leads to 
increased risk of extinction (Davies et al. 2004; Williams et al. 2009; Harnik et al. 2012). 
Therefore, understanding the spatial distributions of species rarity and the mechanisms that 
produce those patterns is vitally important to conservation.

Prior studies have found that sites with high species richness tend to contain 
disproportionately high numbers of low abundance species (Ulrich et al. 2020), suggesting 
that rarity (defined as low abundance in local studies) and species richness may be 
positively related. However, evidence from global-scale studies (with rarity usually 
defined by geographic range size) shows that this is generally not the case, with substantial 
discordance of rarity and species richness hotspots (Grenyer et al. 2006; Albuquerque et al. 
2019; Enquist et al. 2019). Rarity hotspots (and species richness hotspots) have also been 
shown to be divergent among taxonomic groups, even within vertebrates (Grenyer et  al. 
2006). Global-scale studies of rarity show that large numbers of range-restricted species 
occur in areas of rare or localized climates (Ohlemüller et al. 2008), suggesting that rare 
species may be adapted to globally rare climates. Notably, mountainous regions support 
disproportionate numbers of rare species given their global land area (Albuquerque et al. 
2019; Enquist et  al. 2019; Rahbek et  al. 2019) and host many diversity hotspots as well 
(Grenyer et al. 2006). At the regional scale, a study of plants along an elevational gradient 
on the Korean peninsula found that climatic variables better predicted numbers of rare 
species than total species richness (Lee et al. 2013). Identifying locations that host large 
numbers of species and/or rare species to optimize coverage with protected areas is a key 
focus of conservation reserve planning (Astudillo-Scalia and Albuquerque 2019), but most 
studies have not focused on the mechanisms that produce the observed spatial patterns.

Despite this current knowledge, there is much to learn regarding the spatial patterns 
of rarity and how it relates to diversity (with a focus on species richness here). Most 
studies to date have focused on global patterns (Grenyer et  al. 2006; Ohlemüller et  al. 
2008; Albuquerque et  al. 2019; Enquist et  al. 2019), but regional-scale patterns may be 
more relevant to the scale at which many conservation practices are implemented (e.g., 
land management practices, creation of nature preserves). Additionally, studies at such 
large scales are often reliant on remotely sensed data due to the difficulty of sampling 
local habitat variables across large spatial extents. In addition to the climatic factors 
demonstrated to be important predictors of rarity in multiple studies (e.g., Enquist et  al. 
2019), local habitat variables may also be relevant yet uncollected at such large scales. 
Focused attention at the regional scale within montane systems could greatly advance the 
understanding of rarity, as mountains host large numbers of rare species (Albuquerque 
et al. 2019) and have distinct climate and species richness gradients (Rahbek et al. 2019).

Broadening understanding of rarity across a range of taxonomic groups is also key as 
to date, studies have focused largely on vertebrates (e.g., Grenyer et al. 2006; Albuquerque 
et  al. 2019) and land plants (Lee et  al. 2013; Enquist et  al. 2019). The present study 
focuses on lichens, evolutionarily diverse, obligately symbiotic fungi that form dynamic 
partnerships with photosynthesizing partners (algae or cyanobacteria, termed photobionts) 



Biodiversity and Conservation 

1 3

and a cohort of other microbes (Grube et al. 2009; Allen and Lendemer 2022; Spribille et al. 
2022; Pichler et  al. 2023). While lichens are understudied compared to other taxonomic 
groups of macroscopic organisms, and their biogeographical patterns are correspondingly 
less understood (Galloway 2008; Tripp et al. 2016, 2019), decades of focused efforts have 
established extensive baseline data for some areas including in North America (Nash et al. 
2002; Nash et  al. 2004, 2007; Hodkinson 2010; McCune 2017a, b; Allen et  al. 2019). 
Many studies have found that lichen species richness is highest in undisturbed, high-quality 
habitats (McCune et  al. 1997; Barry et  al. 2015; Allen and Lendemer 2016b; Lendemer 
et al. 2016; Tripp et al. 2019), while others have shown the influence of climatic factors 
on species richness (McCune et al. 1997; Arsenault and Goward 2016; Bässler et al. 2016; 
McCain et al. unpub.). Overall, spatial patterns of lichen rarity remain poorly understood, 
with most lichen rarity studies focused on a narrow taxonomic group or single species (e.g., 
Lendemer et al. 2014), or narrow geographical areas (e.g., Tripp 2015). Additionally, most 
(e.g., Rosso et al. 2000) but not all (e.g., Root et al. 2011; Lendemer et al. 2014) lichen 
rarity studies focus on macrolichens and exclude microlichens. A recent continental scale 
study, that used presence across biomes as a proxy for rarity, found that lichen rarity was 
linked to the morphological traits of species and partner selection across North America 
(Manzitto-Tripp et al. 2022). Meanwhile, two studies of lichens in Italy found abundance 
of rare lichen species to be dependent on habitat type and climate (Nascimbene et al. 2012; 
Nimis et al. 2018), while a separate study in the Mediterranean region found rare lichens 
to be the primary contributors to species turnover among sites (Brunialti et al. 2021). The 
difficulty of sampling rare species (with many singleton species) has also impeded full 
spatial analyses in at least two studies (Edwards et al. 2004; Root et al. 2011).

Here, we examine the spatial patterns of lichen rarity in the southern Appalachian 
biodiversity hotspot of southeastern North America. We define rarity using the number 
of plot occurrences within the study region to serve as a reliable, directly measurable, 
regional measure of rarity. First, we assess how lichen rarity is related to latitude, elevation, 
and species richness. Second, we assess which plot characteristics (e.g., climate, tree 
density, land cover) are most important for rare lichens. We then explore these patterns to 
hypothesize mechanisms driving rarity based on existing biodiversity theory. In addition 
to contributing a novel organismal perspective to general understanding of rarity, this 
study provides an important regional context that is directly relevant to conservation 
and management strategies in a threatened global biodiversity hotspot (Noss et al. 1995; 
Richardson et al. 2003; McManamay et al. 2011; White et al. 2012; Allen and Lendemer 
2016a).

Methods

Study system

The southern Appalachian region of the southeastern United States is one of the most 
biodiverse regions in North America for a variety of taxa including lichens (Hodkinson 
2010; Tripp and Lendemer 2019, 2020; Tripp et al. 2019) in addition to vascular plants, 
salamanders, beetles, and other groups (White 1982; Petranka 1998; Carlton and Bayless 
2007). This is primarily due to the large range of elevations (spanning 1800  m) and 
high primary productivity in the region which lead to highly heterogeneous climatic and 
habitat distributions across the landscape, harboring a large diversity of species (Carlton 
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and Bayless 2007; Lendemer et al. 2013; Tripp and Lendemer 2020). While the southern 
Appalachians have experienced considerable human disturbance along with the rest of the 
eastern United States (Drummond and Loveland 2010; Tripp and Lendemer 2020), the 
region is also home to relatively large, protected areas of forest and other habitats. Previous 
work in the southern Appalachian foothills showed lichen species richness to be heavily 
dependent on habitat quality (Tripp et al. 2019). Within the plots considered here, lichen 
species richness shows a mid-elevation peak, with tree species richness and canopy cover 
strongly and positively influencing lichen richness (McCain et al. unpub.).

Data collection

Taxonomically comprehensive, complete lichen biodiversity inventories were con-
ducted at 208 sites (Fig. 1). Experts identified all unique lichen species within a 1-hectare 
(100 × 100 m) plot, collecting voucher specimens for each species (as in Tripp et al. 2019). 
These inventories are especially useful in addressing questions related to rarity. Because 
the lichen inventories were continued until the lichen experts could find no more unique 
species, even rare species of low abundance were regularly detected. Thus, this set of 
lichen inventories is uniquely suited for rarity study, as most studies struggle to sample the 
rarest species.

Plot locations were selected across axes of disturbance (highly disturbed to intact 
old growth), elevation (165–2015  m), and aspect (N, S, E, W, flat) to ensure there was 
relatively even distribution across the study region. Each sampling trip had predetermined 
target plots across those three axes, thus, during the five years of field work the axes were 
fully sampled. Within those plots, tree and rock substrate density, woody tree diversity, 
and slope varied widely. Plots were sampled in mountainous regions of Alabama, Georgia, 

Fig. 1  A map of all plots sampled for lichens. Gray circles were excluded for spatial isolation or low habitat 
quality, white circles were included in the final analyses
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North Carolina, South Carolina, and Tennessee in the southeastern United States. A 
number of discrete morphological traits were scored for each species using the specimen 
material collected for this study (as in Manzitto-Tripp et  al. 2022), including dominant 
reproductive mode (sexual, asexual, polymorphic), primary photobiont partner (coccoid 
green algae, Trentepohlia green algae, cyanobacteria, polymorphic, absent), growth form 
(crustose, foliose, fruticose, squamulose), and primary growth substrate (bark, calcareous 
rock, non-calcareous rock, humus, leaf).

Plot-specific variables (Table  1) were collected both in the field and via remotely 
sensed datasets. Variables measured in the field included several local habitat variables 
described in Parkes et al. (2003) and Tripp et al. (2019) (rock cover, large trees, canopy 
cover, understory, weediness, recruitment, litter, quantity of logs, patch size, neighborhood, 
distance to core, habitat quality summary) as well as sum and average diameter at breast 
height (DBH) measured for a 10 × 10 m subplot, and the number of woody plant species 
(trees and shrubs, with taxa categorized based on growth form). Additionally, annual 
climate measurements from WorldClim (1 km resolution; Fick and Hijmans 2017), primary 
productivity from MODIS estimates (MOD17A3, 1 km resolution; Zhao et al. 2005), and 
land use and land cover data from the National Land Cover Database (30 m resolution; 
Dewitz 2019) were collected for each plot location. Air pollution measurements of carbon 
monoxide (CO), particulate matter  (PM2.5), ozone, sulfur dioxide  (SO2), and nitrogen 
dioxide  (NO2) were collected via Pargasite (10 km resolution; Greenblatt and Himes 2019) 
for each plot location, because previous research has shown lichens to be highly susceptible 
to poor air quality (Allen et al. 2019).

Plot subsetting

Before calculating rarity metrics, we first selected a subset of 149 plots from the original 
full set of plots (Fig.  1: white circles = retained plots; gray circles = excluded plots). We 
excluded plots in Alabama due to their relative spatial isolation and distinct lichen species 
assemblages so that the plots remaining (Georgia, North Carolina, South Carolina, and 
Tennessee) represented more even spatial coverage of the region. We also excluded plots 
with very low habitat quality (< 45 habitat quality summary score, calculated as in Parkes 
et al. 2003) as we aimed to assess rarity in less anthropogenically disturbed habitats.

Plot‑level rarity metric

First, we calculated a rarity weight for each species detected based on the number of 
occurrences. Number of occurrences is simply the number of plots at which a lichen 
species was found, within the final set of plots. Number of occurrences was the most 
reliable metric of rarity in our dataset because abundance data were not captured as part 
of this study. Other measures of rarity such as habitat specificity and geographic range size 
were considered but ultimately not used due to the high number of extremely rare species 
that were found only at a single plot (i.e., for singleton occurrences of species found in one 
plot, it is not possible to measure the breadth of a habitat characteristic within which that 
species is present; hence it is not possible to determine whether the species is a habitat 
specialist or simply found at very low density). Thus, we summarized the rarity weights 
(based on a species’ number of occurrences) among all species present in each plot to give 
each plot a single measure of rarity, congruent with the plot-level predictor variables.
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Table 1  Candidate and included (bold) variables in the final models

Variable group Potential predictor variables
bold = included, non-bold = excluded

Abbreviation
(used in figures)

Geographic/topographic Slope angle
Collected pre-sampling or in the field Aspect

Jurisdiction/land manager Jurisdiction
Local habitat Rock cover
Collected in the field Large trees
(Parkes et al. 2003) Canopy cover

Weediness
Recruitment
Litter
Quantity of logs Loggy-ness
Patch size
Neighborhood
Distance to core
Habitat quality (summary) Habitat Quality
Sum DBH
Average DBH
Number of shrub species Shrub diversity
Number of tree species Tree diversity
Number of woody species # woody spp
Understory

Climate Net primary productivity NPP
WorldClim; Mean annual temperature Mean Ann Temp
MOD17A3 Mean annual precipitation Ann Precip

Temperature seasonality Temp Seas
Temperature annual range Temp Range
Precipitation seasonality Precip Seas
Mean annual diurnal range Diurnal Range
Isotherm

Land use/land cover Habitat type from NLCD Land cover
National Land Cover Database (NLCD) % Developed open space (50 m) Dev Open 50 m

% Open water (50 m) Open Water 
50 m

% Grasslands/herbaceous (50 m) Grasslands 50 m
% Shrubland/scrub (50 m) ShrubScrub 

50 m
% Pasture (50 m) Pasture 50 m
% Evergreen forest (50 m) Ev Forest 50 m
% Mixed forest (50 m) Mix Forest 50 m
% Deciduous forest (50 m) Decid Forest 

50 m
% Woody wetlands (50 m) Woody Wetland
% Cultivated croplands (50 m) Cult Crop
% Medium development (50 m) Dev Med
% Low development (50 m) Dev Low
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For each species, we calculated rarity weight as in Leroy et  al. (2012): 

wi = e
−

(

Qi

Qmax
×n+1

)2

, where wi is the species’ rarity weight, Qmax is the maximum number 
of occurrences for any species in the dataset, Qi is the number of occurrences for spe-
cies i, and n is a scaling parameter that determines the threshold for rare vs. common. 
This goes beyond the dichotomous rare versus common and gives higher rarity weights 
to extremely rare species compared to species that are ‘rare’ but not extremely rare. 
Beyond a specified threshold (defined by n), the species’ rarity weight is asymptotically 
zero, so that all ‘common’ species are assigned very similar, low rarity weights (Fig. 2).

We used three thresholds when calculating rarity weights: 4%, 10%, and 25% of 
the maximum number of occurrences for any species (141 occurrences; Fig.  2). This 
allowed for the comparison of trends between an overall picture of plots that harbor 
rare species more broadly (with 14 or fewer occurrences at the 10% threshold, and 35 or 

Table 1  (continued)

Variable group Potential predictor variables
bold = included, non-bold = excluded

Abbreviation
(used in figures)

Land cover Shannon diversity (1 km) LC Shannon Div
Land cover richness (1 km) LC Richness
% cover agriculture (1 km) Ag 1 km
% cover developed habitats (1 km) Dev LC 1 km
% cover natural habitats (1 km) Nat LC 1 km

Air pollution Average annual PM2.5 2005–17 PM air poll
Pargasite Average annual Ozone 2005–17 Ozone air poll

Average annual CO 2005–17 CO air poll
Average annual NO2 2005–17 NO2 air poll
Average annual SO2 2005–17 SO2 air poll

Fig. 2  Examples of species rarity 
weight  (wi) with rarity thresholds 
of 4%, 10%, and 25% of the 
maximum number of occurrences 
for any species in the dataset
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fewer occurrences at the 25% threshold) and a closer look at plots harboring extremely 
rare species (with 5 or fewer occurrences at the 4% threshold).

Using the species rarity weights for each threshold, we calculated an index of relative 
rarity (IRR) which quantified the representation of rare species in each plot (Leroy et al. 
2012). Plots with more rare species, especially extremely rare species, receive a higher 
index of relative rarity. This plot-level metric (IRR) was calculated as:

where wi is an individual species rarity weight (calculated as above), S is the species 
richness of the local assemblage, wmax is the maximum species weight across all plots (the 
weight of the rarest species), wmin is the minimum species weight across all plots. The 
summation occurs across all i species that occur at a plot. This is a measure of relative 
rarity among plots, since it is scaled by the absolute minimum and maximum species 
weight as well as plot-level species richness (Leroy et al. 2012). IRR values can range from 
zero (all species in the plot are the most common in the dataset) to one (all species in the 
plot are the rarest in the dataset). This plot-level metric was calculated for the 4%, 10%, and 
25% thresholds separately.

General patterns of rarity

For general understanding of how lichen rarity varied across commonly examined 
variables in biogeography and macroecology, we first investigated the relationship of IRR 
with latitude, elevation, and lichen species richness. We used simple linear regression 
with linear terms for latitude, elevation, and lichen species richness (separately) on each 
threshold (4%, 10%, 25% separately) of the index of relative rarity (IRR). Though species 
richness and rarity are often closely related, the scaling by plot-level species richness in the 
IRR metric makes species richness and IRR independent (Leroy et al. 2012) and suitable for 
a linear regression. Additionally, because of non-linear patterns of species richness with 
elevation and latitude (e.g., McCain and Grytnes 2010), we fit simple quadratic regression 
models for elevation and latitude and compared these to the linear counterparts using 
 R2. For elevation, a randomized resampling procedure was used to account for uneven 
sampling of plot locations across elevation (Supplemental Material).

Random forest modeling

We used random forest models (Breiman 2001) to predict the index of relative rarity 
(IRR, dependent variable) based on predictor variables related to geography/topography, 
local habitat characteristics, climate, air pollution, and land use and land cover (Table 1). 
A random forest is a predictive model that constructs decision trees or regression trees, 
randomly selecting variables at each node in the tree to optimize the predicted response 
variable at the bottom of each tree, then summarizing those predictions across multiple 
trees. Random forests are resilient to numerous variables and correlated variables, excel at 
detecting non-linear relationships and interactions between variables, and are interpretable 
via partial dependence plots (Cutler et  al. 2007). Thus, random forest models are well-
suited to the exploratory nature of this part of our analysis.

IRR =

∑ wi

S−Wmin

wmax − wmin
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Starting with a set of 51 potential predictor variables (Table  1), we excluded four 
land cover variables that had very sparsely populated values among plots (proportions of 
woody wetlands, cultivated crops, low and medium development within 50 m of the plot 
location). Next, we used a hierarchical clustering approach based on Pearson correlations 
to reduce the number of highly correlated variables (as in Albuquerque et al. 2019; details 
in Supplemental Material). We used a correlation threshold of 0.7 (since random forests 
are quite rigorous in the face of correlated predictors), choosing one variable within each 
cluster of variables that had correlations of 0.7 or greater (Fig. S2). This eliminated nine 
variables. Though not included in the hierarchical clustering process because they were 
categorical, jurisdiction, aspect, and land cover type were included in final models. This 
left a final set of 38 predictor variables (Table 1).

Separate random forest models were built for each of the 4%, 10% and 25% IRR 
metrics. In each model, 1000 random regression trees were built by sampling 149 plots 
with replacement (from the final set of 149 plots), trying six predictor variables at each 
split in the tree, and with a final node size of five plots. These models were evaluated 
using a pseudo-R2 value and the mean squared error of the predicted IRR values. Variable 
importance for all predictors was evaluated using percent increase in mean squared error. 
After determining which variables held importance in the model, partial dependence plots 
were constructed to isolate the marginal effects of individual variables on IRR (Cutler et al. 
2007).

Because of the importance of elevation in ecological theory and the observed U-shaped 
pattern with IRR (see below), we also explored trends of rarity within low, middle, and 
high elevation plots separately. Plots were binned according to elevation, with the lowest 
1/3, middle 1/3, and highest 1/3 of sites placed into their respective bins. Separate random 
forest models were run for each elevation bin using the same predictor variables as the 
overall model. These models were only run using the 25% threshold IRR values because that 
threshold had the most accurate predictions. Variable importance and partial dependence 
plots were used for each of these models as for the overall models.

Lichen trait compositions

We also used lichen trait compositions of each plot to contextualize results from the above 
analyses. Rarity weight histograms for each trait group (within photobiont type, growth 
form, primary growth substrate, and dominant reproductive mode) were examined to 
visually assess whether certain lichen traits were correlated with rarity. Then, trait-specific 
species richness in each plot was examined across overall species richness, elevation, 
and other axes of plot characteristics found to be important from the general patterns and 
random forest models.

All analyses were run in R version 4.0.5 (R Core Team 2018), with heavy reliance 
on the tidyverse for data manipulation and visualization (Wickham et  al. 2019). Maps 
were produced using leaflet (Cheng et al. 2021). Random forest models were built using 
the randomForest package (Liaw and Wiener 2002). Partial dependence trends were 
constructed using the rfUtilities package (Evans et al. 2011).
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Results

Across the contiguous and higher habitat quality subset of plots (n = 149), 763 lichen spe-
cies were detected, with species richness within a plot varying from 31 to 146 (Fig. 3A). 
Many of these species were very rare, with 165 species (22%) detected at only at a single 
plot (Fig. 3B). The distributions of the index of relative rarity (IRR) values varied in shape 
for the 4%, 10% and 25% thresholds, with the 4% and 10% thresholds having strong right 
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Fig. 3  Histograms of lichen species richness at the plot level (A), number of occurrences for each species 
(B), and index of relative rarity at the 4%, 10%, and 25% thresholds (C)

Fig. 4  Map of index of relative rarity values at the 25% threshold (IRR 25%). Higher IRR 25% (darker 
blue) indicates greater representation of rare lichen species. Black lines represent state boundaries
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skew and the 25% threshold having the most symmetric distribution of the three (Fig. 3C). 
Upon inspection of IRR values in geographical space, there were no obvious and consistent 
geographical patterns (see Fig. 4).

General patterns of rarity

To elucidate general patterns of rarity with respect to latitude, elevation, and species rich-
ness, we used simple linear regressions. Latitude showed no relationship with IRR at any 
threshold  (F1,147 < 0.90, p > 0.05,  R2 < 0.01 for all thresholds), likely because latitude only 
varied by about 3° in these plots while elevation ranged from 279–2013 m above sea level. 
Elevation showed a significant U-shaped pattern with all three IRR thresholds (quadratic lin-
ear regression:  F2,146 = 6.86, 20.40, 37.19, p < 0.01,  R2 = 0.08, 0.21, 0.33 for 4%, 10%, 25% 
thresholds; Fig. 5A). This indicates increased rarity at the lowest and highest elevations, 
with decreased rarity at middle elevations (Fig. 5A), especially for the broader classifica-
tions of rarity (10% and 25% thresholds). This U-shaped relationship was retained when 
the data were also analyzed using uniform resampling of plots across elevation (Fig. S1), 
and contrasts with the significant mid-elevation hump in species richness found within 
these plots (Fig. 5C; more deeply investigated in McCain et al. unpub.). Additionally, these 
opposite patterns for rarity and species richness do not simply stem from a negative cor-
relation between IRR and species richness. Only two thresholds (4% and 10%) showed sig-
nificant negative linear relationships  (F1,147 = 5.47, 6.91; p < 0.05) between species richness 
and IRR (Fig. 5B). These relationships were weak, explaining very little of the variation in 
IRR  (R2 < 0.04). Thus, species richness and IRR seem to be weakly related at best, suggesting 
opposite elevational patterns for lichen rarity and lichen species richness.

Fig. 5  A Index of relative rarity and elevation show a significant quadratic relationship, with increased rar-
ity at high and low elevations and a mid-elevation slump. B Species richness and index of relative rarity 
show weak, negative linear relationships. C A mid-elevation hump with lichen species richness and eleva-
tion shown here with a significant quadratic relationship. Explored in more depth in McCain et al. (unpub.)
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Random forest results—all plots

To look more closely at plot characteristics, random forest models were built to understand 
how local habitat, climate, and air pollution variables may be related to lichen rarity. For 
the broadest classification of rarity (25% threshold), the random forest model explained 
42% of the variation in IRR (pseudo-R2). The 10% threshold model had a slightly lower 
pseudo-R2 of 34%. For the strictest classification of rarity (4% threshold), the random forest 
model performed more poorly (pseudo-R2 = 15%), likely due to the right skew of IRR values 
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under the 4% threshold (Fig. 3C). Here, we focus on the best model (25% threshold), while 
comparing the models with stricter classifications of rarity.

Annual mean temperature was the most important variable for the 25% and 10% mod-
els, showing a U-shaped pattern (Fig. 6). Along with temperature seasonality (also of con-
siderable importance in the 25% and 10% models), this documents the same previously 
described pattern with elevation. Rock cover had very high importance in all three models, 
with increased rock cover predicting increased IRR values. Additionally, sum of tree diam-
eter at breast height (sum DBH) was consistently of high importance in all three models 
(Fig. 6). Surprisingly, plots with the lowest values of sum DBH (indicating lowest tree den-
sity) had the highest rarity while plots with medium–high sum DBH had lower rarity. Ever-
green forest habitats (determined from National Land Cover Database) appear to positively 
predict rarity, while the models showed that plots with very low evergreen forest cover had 
reduced IRR values (Fig. 6). Plots with steeper slopes also tended to have increased lichen 
rarity, with slope angle being especially important in the 4% model and of moderate impor-
tance in the 10% and 25% models (Fig. 6).

Random forest results—high, mid, low elevations

Because of the observed U-shaped pattern of IRR with elevation and the importance 
of elevation in ecological theory, we divided plots into high, middle, and low elevation 
subsets (49–50 plots in each subset) and ran separate random forest models to predict IRR 
at the 25% threshold. The low elevation model explained 25% of the variation in IRR, the 
middle elevation model 35%, and the high elevation model 45%. Important variables in 
these models varied substantially among elevation bins, as detailed below.

For low elevation plots, rock cover was the most important variable in predicting 
IRR values, and a much stronger predictor than other variables. Like the overall model, 
increased rock cover predicted increased lichen rarity. Slope angle was quite important 
at low elevations, with steeper slopes predicting increased IRR. Number of shrub species 
was another important variable, with more shrub species predicting increased rarity. Mean 
annual temperature and temperature seasonality were somewhat important, seeming to 
reflect that the lowest and most seasonal of the low elevation plots had increased rarity. 
Several other variables had moderate importance in this model, with partial dependence 
trends in Fig. S3.

Similar to low elevation plots, rock cover was the most important variable for middle 
elevations, showing a similar increasing trend. Tree density (measured via sum DBH) was 
the second most important variable, showing a similar pattern as the overall model with the 
highest rarity at the lowest tree densities. Neighborhood (a measure of habitat contiguity) 
was important at middle elevations, with less fragmentation predicting increased rarity. 
Steeper slopes and presence of large trees also positively predicted rarity at middle 
elevation plots, though with considerably less importance in the model than rock cover, 
sum DBH, and neighborhood. Several other variables held moderate importance in this 
model, and their partial dependence trends are included in the Fig. S4.

While climate variables were not among the most important variables for the low and 
middle elevation plots, at high elevations annual mean temperature was the most impor-
tant variable, with the coldest (i.e., highest elevation) plots having the highest IRR values 
(Fig.  7C,F). High elevation plots with low tree species richness predicted increased rar-
ity, and deciduous forest habitats appeared to negatively predict rarity while evergreen for-
ests positively predict rarity, which is likely related to elevation within these high elevation 
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plots. Low average DBH (a measure of tree size within a plot) showed increased rarity at 
high elevations (Fig. S5). Several other variables held moderate importance in this model, 
and their partial trends are available in Fig. S5. Notably, rock cover and sum DBH were not 
among the top variables (ranking 8 and 9, respectively) at high elevation plots despite their 
consistent importance in the overall models and the low and middle elevation models.
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Lichen trait compositions

Most common lichens (those with zero rarity weight) had coccoid green algae photobionts, 
although many rare lichens also share this trait, which reflects the overall dominance of 
these partners in lichen symbioses across our study system. In contrast, few species with 
Trentepohlia green algae, cyanobacteria, polymorphic, or absent photobionts were com-
mon (Fig. S7). Low elevation plots tended to have large numbers of species with Trente-
pohlia photobionts, corresponding with the increased IRR at low elevations (Fig. 8). Inter-
estingly, plots with high rock cover had few species with Trentepohlia photobionts, but 

Fig. 8  Number of species by photobiont type across elevation. Point color indicates index of relative rarity 
 (IRR) at the 25% threshold. Most common lichens have coccoid green algae photobionts, but all groups have 
numerous rare species. Not shown: absent and polymorphic photobionts

Fig. 9  Number of species per dominant substrate across A  IRR values and B elevation. Most common lichen 
species are bark-associated, but all substrates have numerous rare species. Note: these are the dominant 
substrate for each lichen species, but species are not exclusive to certain types of substrate in general. Not 
shown: substrate groups with maximum plot-level richness of six species or fewer (fungi, lichen, hepatics, 
leaf, wood, calcareous rock)
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low rock cover plots with high IRR values tended to have many species with Trentepohlia 
photobionts (Fig. S7).

The dominant substrate for most common lichens was bark, while rock- and humus-
associated species were nearly never common (Fig. S9). Nonetheless, all substrates 
hosted large numbers of rare lichen species. Middle elevation plots had large numbers 
of bark-associated lichens, while humus-associated lichens were found in higher species 
numbers at high and low elevations (Fig. 9). Rock-associated lichen species were found 
at high richness in plots with high rock cover (as were humus-associated species), where 
the number of bark-associated species decreased (Fig. S9).

High elevation plots had decreased species richness compared to middle elevations 
overall (Fig.  5C) and across trait groups (Supplemental Material). There were no 
clear patterns of trait compositions that might have explained the increased IRR at high 
elevations, but increased richness of humus-associated species may play a role (Fig. 9).

Discussion

Lichens in the southern Appalachians show increased rarity (summarized at the plot 
level, based on species’ number of occurrences) at low and high elevations, with a mid-
elevation slump in rarity. This directly contrasts with the mid-elevation hump in lichen 
species richness (McCain et  al. unpub.). At low elevations in this study area, plots 
with high rock cover, low tree density, or large numbers of species with Trentepohlia 
green algae photobionts (species which depend on warm, humid climates; Marini et al. 
2011; Nascimbene and Marini 2015; Manzitto-Tripp et al. 2022) have the highest rarity. 
Preference for rock substrates seems to be important for many rare lichens in this region, 
and rocky plots with reduced tree cover included light gaps that were often dominated 
by lichens. The coldest and highest plots had increased rarity, but there were no other 
strong predictors at high elevations. This seems to suggest that high elevations in this 
region are high elevation ‘island’ communities with rare lichen species not found at 
lower elevations, aligning with elevational habitat zones (especially spruce-fir forests) 
in the region (White 1984; White et al. 2012).

The mid-elevation slump in rarity, directly contradicting the mid-elevation hump in 
species richness, is not simply the result of a negative relationship between rarity and 
richness. This suggests that different processes may be at play for rare and common 
species. While the increased rarity at high and low elevations is a robust pattern here, 
disentangling the influence of elevation and climate is difficult. The elevational pattern 
could result from many rare lichen species adapted to the warm climates of low eleva-
tions and a separate set of rare lichens adapted to the cold climates of high elevations 
(untested here). On the other hand, the spatial structure of elevation could produce this 
pattern (even though this pattern is robust to uniform sampling across elevation), as 
the highest and lowest elevations are, by definition, at the extremes (and therefore rare) 
within the study region. Globally, previous work has shown that rare species are found 
in rare climates (Ohlemüller et  al. 2008), and our observed pattern could reflect that 
at the regional scale. Further theoretical developments regarding the influence of the 
structure of elevation on rarity patterns (especially when summarized at the plot level), 
parallel to work on the mid-domain effect which hypothesizes a mid-elevation peak in 
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species richness solely due to geometric constraints and range sizes (Colwell and Lees 
2000), are an important next step to disentangling the processes producing this pattern.

Our results may be impacted by use of a single rarity measure, number of occurrences, 
and by summarizing rarity at each plot. The observed U-shaped pattern with elevation 
could be derived in part because our rarity metric is based on number of occurrences. 
Species restricted to certain habitats/characteristics that are rare on the landscape are 
more likely to have a small number of occurrences. While other frameworks, such as 
the seven forms of rarity (Rabinowitz 1981), could provide more insight into range 
size, habitat specialization, and local abundance rarity patterns, we were limited by the 
presence-absence data in this study. Additionally, because we summarized rarity at the 
plot level, we are unable to disentangle species-level patterns, and rare lichen species 
were present across all elevations and a wide range of plot characteristics. However, we 
are confident that the spatial arrangement of plot locations well-represents the spatial 
composition of these plot characteristics in the region, so the patterns observed here are 
unlikely to be artefactual. Using a plot-level summary of rarity measured by number of 
occurrences provides an overview of lichen rarity patterns in this system for targeting 
initial conservation efforts, which can be complemented in the future with further study 
of species-level patterns and additional forms of rarity.

Our models suggest several key conservation targets for rare lichens in the southern 
Appalachians, which differ from targets to protect sites with the highest species 
richness. Certain factors that we hypothesized would be important based on the well-
established nature of lichens as bioindicators, such as reduced habitat quality (after 
removing the most disturbed plots), anthropogenic land cover, and air pollution were 
of little or inconsistent importance in our models (though we did not include the most 
disturbed plots since they contained very few lichen species and were not indicative 
of ‘natural’ habitats), with elevation/temperature and rock cover consistently holding 
greater importance. As a result, rocky sites at low and middle elevations are of particular 
interest for protecting habitat for rare lichen species. Anthropogenic habitat modification 
and destruction tends to be a major threat at low elevations (Nogués-Bravo et al. 2008), 
so efforts to protect low elevation rare lichens should focus on those rocky habitats. At 
high elevations, climate change is a major risk to rare lichens, since rarity was increased 
in the highest and coldest locations. These highest and coldest climate zones are 
projected to shift upwards in elevation, potentially pushing species upward in elevation 
or even off the mountain tops (Dirnböck et al. 2011; Freeman et al. 2018; McCain et al. 
2021). In the southern Appalachians, high elevation lichens are predicted to experience 
drastic reductions in suitable climate (Allen and Lendemer 2016a), though the levels of 
climate change experienced by organisms in the region has been shown to depend on 
topography (Lesser and Fridley 2016). Whether or not individual lichen species will 
respond to climate change is beyond the scope of this study, but the alignment of rarity 
and threats from climate change gives reason to be concerned. Identifying mechanisms 
for lichen adaptation or resiliency to climate change is an important area of future 
research (Allen 2017). Protecting locations with high lichen diversity (e.g., dense forest, 
high habitat quality scores) would also be valuable, but here, at least, where rarity and 
diversity hotspots are not aligned, a decision in conservation priority must be made.

Mountain ranges across the world contain much of global biodiversity and a 
disproportionate number of rare species (Albuquerque et  al. 2019; Enquist et  al. 
2019). Within the southern Appalachians, the hotspots of lichen diversity and rarity do 
not align. However, the patterns of diversity and rarity in other mountain ranges and 
across taxonomic groups are largely yet to be studied. More work is needed to bring 
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what is known from global studies to an actionable scale within the world’s mountain 
ranges where knowledge can be directly applied to conserve the rare and the common, 
wherever they may be.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10531- 024- 02795-z.
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