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Abstract
Aim: Communities with many species at their climatic niche limits may be vulnerable 
to species losses, suggesting that niche‐based measures can inform vulnerability as‐
sessments. We aimed to quantify spatial variation in community‐level vulnerability 
indices based on niche limits, not just central tendencies, to predict where climate 
changes will produce rapid, pronounced shifts in ecological communities.
Location: North America.
Taxon: Epiphytic lichenized fungi.
Methods: We integrated broad‐extent herbarium data (46,343 North American sites, 
for estimation of realized niches) with systematic, whole‐community macrolichen 
surveys from the U.S. Forest Inventory and Analysis inventory (6,474 U.S. sites, for 
standardized vulnerability estimation). We introduce three niche‐based vulnerability 
indices describing (a) percentage of vulnerable species occurring at their upper cli‐
matic limits, (b) community‐mean percentile, and (c) deviation of local conditions from 
community‐mean upper limits. We also performed sensitivity analyses and evaluated 
vulnerability in future climate change scenarios.
Results: Sensitivity of indices to uncertainty in climate variables was minor. Present‐
day vulnerability was greatest in north‐central California, in the Southwest along the 
western Colorado Plateau, and on the Southeastern coastal plain—locations where 
climatically‐induced compositional changes will become most evident. Under future 
warming scenarios (+0.5 to + 3.6°C increases), the percentage of U.S. epiphytic mac‐
rolichen communities exceeding critical values grew from about 2%–20%.
Main conclusions: In all scenarios the most vulnerable communities were con‐
centrated in low‐elevation and southerly locations, suggesting that many ostensi‐
bly “warm‐adapted” communities may be close to exceeding their climatic limits. 
Findings indicate that warming and moisture changes will modify community compo‐
sitions through the local loss of intolerant species pushed beyond their niche limits. 
Assessing vulnerability of bioindicators such as lichens will help prioritize locations 
where the greatest climate‐induced changes in species distributions and diversity 
will occur.
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1  | INTRODUC TION

Emerging global changes are sparking the need to discriminate how 
and where basic ecosystem properties, such as species diversity, will 
change. This need underpins climate adaptation strategies in fields 
as diverse as agriculture, forestry and commercial fisheries. Climatic 
changes selectively alter the composition of ecological communities 
by favouring some species and eliminating others (Vellend, 2016). 
Therefore, characterizing climatic limits to species’ distributions will 
help identify which taxa are most at risk of local extinctions, and 
will identify locations where communities are most vulnerable to 
compositional changes. Climate change vulnerability assessments 
commonly incorporate exposure, sensitivity and adaptability to de‐
termine extinction risks at the species level (Ellis, 2013; Foden et 
al., 2013; Pacifici et al., 2015); however, we also need to understand 
global change responses at the community‐level. For example, in the 
absence of migration or adaptation, warming climates may force the 
local extinction of cold‐tolerant species while warm‐tolerant species 
thrive, a process termed the “thermophilization” of floras (Gottfried 
et al., 2012). Even warm‐tolerant communities might be vulnerable 
to drastic changes if species currently living very near their upper 
operational limits lack the capacity to acclimate or adapt (Deutsch et 
al., 2008; Overgaard, Kearney, & Hoffman, 2014). Quantifying how 
communities will respond to changes in climate regimes is now vital 
for identifying where biological responses will be greatest, given 
that warming air temperatures and concurrent moisture changes are 
expected in virtually all U.S. locations over the next century (Melillo, 
Richmond, & Yohe, 2014).

Temperature and moisture conditions impose critical physi‐
ological constraints on epiphytic organisms directly exposed to 
atmospheric fluctuations. Epiphytic lichens, for example, are fun‐
gus–photobiont symbioses with a lifestyle defined by nutritional and 
metabolic dependency on atmospheric conditions, making them ex‐
cellent bioindicators of climatic variation. Epiphytic lichens are par‐
ticularly consequential because of their disproportionate impact on 
forest functions, such as the cycling of carbon, nitrogen, phospho‐
rous and water (Berryman & McCune, 2006), and because they may 
regulate canopy environments that improve water use by vascular 
plants (Stanton et al., 2014). Therefore, changes in lichen commu‐
nities can have profound consequences for other forest processes. 
Atmospheric warming and drying alter lichen reproductive alloca‐
tion (Martinez et al., 2012) and cause rapid growth declines and mor‐
tality (Smith, Nelson, Jovan, Hanson, & McCune, 2018; Song, Liu, & 
Nadkarni, 2012). Temperature and moisture shifts can therefore lead 
to differential species gains and losses (Ellis, Yahr, & Coppins, 2009). 
At regional scales, the greatest changes in lichen community compo‐
sition are expected where colder/drier areas transition to warmer/
wetter conditions (Root, McCune, & Jovan, 2014), or where climatic 
warming expands host tree distributions faster than epiphytes can 
track (Greenwood, Chen, Chen, & Jump, 2016). Approaching con‐
tinental scales, variation in lichen community diversity is highly 
correlated with mean annual air temperature, continentality, precip‐
itation and moisture deficits (Coyle & Hurlbert, 2016; Smith, Jovan, 

& McCune, 2017), suggesting that national monitoring of lichens will 
be effective for detecting the biological effects of global changes 
on forests. Given lichens’ multiscale relationships with climate, we 
employed niche‐based vulnerability analyses to determine how and 
where lichen community diversity is expected to change under con‐
temporary climates and future scenarios.

Climate change vulnerability assessments are predicated on 
sufficient knowledge of species’ realized climate niches. Early 
20th‐century Russian and European vegetation workers developed 
semi‐quantitative “ecological indicator values” to rank plant species’ 
optimum positions along environmental gradients (Ellenberg, 1974; 
Ramensky, Tsatsenkin, Čižikov, & Antipov, 1956), an approach later 
extended to lichens and other fungi (Barkman, 1958; Wirth, 2010). 
More recently, workers have combined remotely sensed or gridded 
climate products with species occurrences to yield fully quantitative 
measures based on the centre (mean) of a climate niche for single 
species, or else the community‐weighted average of species’ niche 
centres (Elmendorf et al., 2015). Evaluating changes in central ten‐
dencies of realized niches can reveal whether shifts in organisms’ 
distributions might keep pace with observed rates of warming 
(Devictor, Julliard, Couvet, & Jiguet, 2008; Feeley, Hurtado, Saatchi, 
Silman, & Clark, 2013; Savage & Vellend, 2015). Yet niche central‐
ity measures, which focus on mean values, may ignore information 
in other portions of realized niches, such as the upper and lower 
bounds that describe species’ climatic constraints. It is these con‐
straints, and the climate changes that violate them, that determine 
how local extinctions will occur.

We sought a simple approach to estimate niche‐based climate 
change vulnerability for any set of ecological communities. By way 
of example, we examine communities of climate‐sensitive epiphytic 
forest macrolichens across the United States. Organisms may re‐
spond to global changes by persisting or else dying under altered 
conditions, dispersing to suitable conditions, and/or adapting to al‐
tered conditions. Since long‐term rates of dispersal and adaptation 
are logistically prohibitive to obtain for all the taxa that could occur 
in a region (especially for lichenized fungi), we sought an approach 
that avoided arbitrarily parameterizing dispersal and adaptation. 
Although molecular evidence reveals that long‐distance (often trans‐
oceanic) dispersal occurs among lichens on evolutionary time‐scales 
(Leavitt et al., 2018), we do not know the frequency or distance of 
dispersal in sufficient resolution to predict it on ecological time‐
scales for a sufficiently large number of species. Over short time 
periods, relaxing the need to specify local adaptation is also suffi‐
cient because of the gaping mismatch between rates of evolutionary 
change and the unprecedented velocity of recent climate changes 
(Jezkova & Wiens, 2016; Parmesan, 2006; Saupe et al., 2014).

Our primary objective was to define and implement three niche‐
based community vulnerability indices that estimate the location 
and magnitude of community compositional changes. Secondary ob‐
jectives were: (a) to evaluate the effects of geographical extent on 
potential niche underestimation (“truncation”) prior to vulnerability 
analyses; (b) to test the expectation that vulnerability is greater at 
lower elevations and latitudes; (c) to evaluate sensitivity of indices 
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to uncertainty in climate variables; and (d) to apply the vulnerability 
indices to expected future climates across the United States. We fur‐
ther discussed how this approach can be extended to comparatively 
evaluate the relative vulnerability of different organism groups to 
global changes.

2  | MATERIAL S AND METHODS

2.1 | Data for U.S. lichens and climate

Complete data and algorithms are available in a free, open‐source 
software repository (https​://github.com/phyto​mosai​c/vuln/), with 
“fuzzed” plot coordinates provided to protect landowner privacy. All 
analyses were performed in R version 3.5.1 (R Development Core 
Team, 2018). Inferences apply to epiphytic macrolichen communities 
on forested lands in the United States sampled as part of the U.S. 
Forest Service's Forest Inventory and Analysis (FIA) lichen program. 
The National FIA Lichen Database gives abundances of all epiphytic 
macrolichen species recorded over the period 1989–2012 at 8,344 
plots across the United States. Prior to analysis, we first excluded 
1,870 externally contributed plots that did not adhere to the system‐
atically random FIA sampling design, yielding a final FIA lichen data‐
set with 75,740 unique occurrences of 443 species at 6,474 sites 
(plots). The FIA lichen sampling design is systematically random and 
geographically representative: one site is randomly located in each 
39,072‐ha hexagonal grid cell of a hexagonal grid covering the U.S., 
and a plot (the sample unit) is then measured at each forested site 
(defined as ≥10% potential tree cover on undeveloped land ≥0.41 ha 
area and ≥36.6 m wide). This design is representative of many differ‐
ent kinds of geography, land ownerships and disturbance histories 
across U.S. forests. Field sampling consisted of a 2‐hr, time‐con‐
strained, exhaustive inventory of a circular, 0.379‐ha fixed‐area plot 
in which technicians collected and assigned quasi‐logarithmic abun‐
dance values (0–4) for all epiphytic macrolichen species growing on 
trees above 0.5 m. Abundance values were: 0 = not present; 1 = 1–3 
individuals observed; 2 = 4–10 individuals observed; 3 = more than 
10 individuals observed but on <50% of available branches and 
stems; and 4 = individuals observed on >50% of available substrates. 
Because its goal is complete inventory of all species present (within 
measurement time constraints), the FIA method provides “informa‐
tive absences” that facilitate predictive species modeling.

All climate data originated from the ClimateNA database (Wang, 
Hamman, Spittlehouse, & Carroll, 2016). For all FIA lichen plot loca‐
tions, we extracted (or calculated) 17 lichen‐relevant climate values 
as 30‐year annual normals covering the period 1980–2010 (Appendix 
S1). These included two focal variables used for vulnerability analy‐
ses. Mean Warmest Month Temperature (MWMT hereafter) is the 
30‐year mean air temperature of each year's warmest month, and 
approximates the hottest potentially‐lethal temperatures to which 
lichens are exposed. Climatic moisture deficit (CMD) is a proxy of 
drought stress that reflects differences between available moisture 
and temperature‐driven evaporative demand, and therefore cap‐
tures the interaction between precipitation and temperature. We 

focused on these two variables because lichen mortality depends 
both on absolute heat tolerance when lichen thalli are dry, and on net 
photosynthetic carbon balance when thalli are hydrated (Kershaw, 
1983; MacFarlane & Kershaw, 1978; Zotz, Schultz, & Rottenberger, 
2003).

2.2 | Species’ climatic niche measures

For each of the 443 U.S. macrolichen species, we calculated realized 
climatic niche space as an empirical cumulative distribution function 
(ECDF) with respect to climate. We can describe the probability of 
encountering a given species at any point along a continuous en‐
vironmental gradient as an empirical probability density function 
shown as a ‘solid’ curve; the ECDF is simply the cumulative area 
under this curve (Figure 1). For a vector X describing a continuous 
random environmental variable, the ECDF gives the proportion of 
observations less than or equal to any value x:

The inverse CDF, or quantile function, describes the x value for a 
given percentile τ in the interval (0,1):

This data‐driven, nonparametric approach makes no assump‐
tions about any statistical distribution, and allows species niche 
responses to be nonlinear, polymodal or asymmetrical in a way that 
realistically portrays the rich and individualistic climate responses 
of many species (Whittaker, 1967). From each species’ ECDF, we 
determined sample quantiles of interest for each species’ Q(0.50) 
as the climatic median (centre), Q(0.75)−Q(0.25) as the interquar‐
tile range (spread), and Q(0.05) and Q(0.95) as the 5th and 95th 
percentiles (lower and upper limits). Interquartile range (75th per‐
centile minus 25th percentile) is a measure of niche breadth indi‐
cating where a species falls on a specialist–generalist spectrum; it 
is analogous to a SD statistic but is more robust to outliers, non‐
normal distributions and skewed distributions (Zwillinger, 2012).

2.3 | Niche coverage: Truncated versus extended 
climate niches

Fundamental niches may appear “truncated” (i.e., underestimated) 
if the full range of climate conditions do not exist, are incompletely 
sampled, or if a species’ geographic centre of mass is outside the 
study area (Feeley & Silman, 2010; Peterson et al., 2011). Because 
the FIA dataset is restricted to the United States, it may underes‐
timate (“truncate”) thermal niches for southern‐centred species, 
and overestimate thermal niches for northern‐centred species. 
Therefore, we “extended” the coverage of species climate niches 
by introducing 361,865 lichen herbarium records for the entirety 
of North America (U.S., Mexico and Canada), sourced from the 
Consortium of North American Lichen Herbaria database (http://
liche​nport​al.org/porta​l/). Further extension to the global scale 
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would be desirable if high‐quality data at sufficient extent and 
density were available. Of the more than 70 genera in the largest 
macrolichen clade (Parmeliaceae, Lecanoromycetes, Ascomycota), 
approximately 28% are cosmopolitan, 37% occur in North America, 

and 7% occur only in North America (Elix, 1993). We assumed that 
continental (rather than global) sampling would adequately sample 
most climatic niches because intercontinental lichen species tend to 
occur within latitudinal bands exhibiting similar climates (Feuerer & 
Hawksworth, 2007), and occupy a defined set of climatic habitats re‐
gardless of geography (Fačkovcová, Senko, Svitok, & Guttová, 2017). 
We meticulously pre‐processed the herbarium data by removing 
any records that lacked georeferenced localities, were exact dupli‐
cates, were outside species’ known ranges, or were incorrectly geo‐
referenced (52.4% of records were removed). We then harmonized 
species names to be consistent with taxonomic concepts in the FIA 
dataset. The final cleaned and filtered herbarium dataset (excluding 
the FIA plots) had 172,127 unique occurrences of 443 macrolichen 
species at 46,343 North American sites (plots) spanning 14° to 85° 
North latitude.

Herbarium observations are not systematically sampled, there‐
fore some species and locations are under‐ or over‐represented 
given collector biases, and any absences are ambiguous (uninforma‐
tive). For example, an absence could mean that no lichens existed 
at a site thoroughly searched (true negative), or that many lichens 
truly existed but the site was never visited (false negative). To rec‐
oncile the issue of unequal sampling efforts, we rasterized (binned) 
all point occurrences into coarse‐grained grid cells (approximately 
50 × 50 km) projected over North America. Coarse spatial grain sizes 
reduce sampling biases associated with herbarium data (Engemann 
et al., 2015), while retaining information otherwise lost by thinning, 
filtering or subsetting observations. From climate data (Wang et 
al., 2016) at each point occurrence, we calculated the mean climate 
value per grid cell per species. We then recalculated species niche 
measures as above in parallel with the FIA dataset, giving two sets 
of niche measures calibrated either with the “truncated” FIA data 
or “extended” herbarium data. We repeated this procedure at vary‐
ing spatial grain‐sizes, finding that 50  ×  50  km was an acceptable 
compromise between balancing unequal sampling efforts and the 
risk of losing climate information by over‐smoothing (both of which 
increase with size of grid cells). It was not necessary to estimate the 
complete species composition per grid‐cell because ECDF niche 
estimation was for each species individually, and ECDFs do not ex‐
plicitly depend on co‐occurrence information. To evaluate extended 
versus truncated niche coverage, we estimated niche overlap as the 
Sørensen similarity of the truncated and extended probability distri‐
bution functions. To evaluate the effects of niche coverage on multi‐
species vulnerability estimates, we compared site‐wise vulnerability 
using range‐standardized MAD (mean absolute deviation expressed 
as a proportion of each range of “extended” values).

2.4 | Vulnerability indices

2.4.1 | v1: Vulnerable species percentage

The first vulnerability index (v1) is defined here as the percentage of 
all co‐occurring species that locally exceeded their upper climatic lim‐
its. We focused on the upper limits because this edge of the niche is 

F I G U R E  1   Conceptual example of species’ niches and community 
vulnerability. Along climate gradient X, each of three hypothetical 
species a, b, c has a probability distribution function (solid curves) 
describing the proportion of sites in which the species occurs across 
the gradient, interpreted here as the realized niche. Cumulative area 
under each curve is the empirical cumulative distribution function. 
Each species has a unique climatic upper limit defined by its 95th 
percentile value, Q(0.95) (a). A species is “vulnerable” to incremental 
climate changes wherever populations exceed Q(0.95) (grey areas 
in the tails; a). At any given X value, say xi = 18.6 in (b), community 
vulnerability can be estimated with three indices: v1 is the proportion 
of vulnerable species occurring at their upper climatic limits, v2 is 
the community‐mean percentile (τ), and v3 is the deviation of local 
conditions from community‐mean upper limits. These vulnerability 
indices integrate the climate exposure of each site (from observed 
or expected values) with the collective sensitivities of constituent 
species (from individualistically estimated niches) [Colour figure can 
be viewed at wileyonlinelibrary.com]
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expected to be most vulnerable to forecasted climate changes; other 
niche measures are given in Appendix S2. Upper limits are defined by 
local climate values (MWMT or CMD) exceeding the 95th percentile of 
each species’ ECDF. On a 0%–100% scale, v1 can be interpreted as the 
potential community‐level effect of incrementally raising warm‐sea‐
son temperatures or moisture deficits, where higher values indicate 
greater vulnerability and 100% indicates that all species are vulnerable. 
The numerator describes the number of vulnerable species approach‐
ing their upper climatic limits at a site, and the denominator describes 
the total number of species present.

where aij is the presence (0 or 1) of species j in site i, Iij is an indicator 
function taking the value 1 when the bracketed quantity is true and 0 
when false, Qj(0.95) is the 95th percentile climate value from the set 
of all climate values in which species j occurs (upper climate tolerance 
of species j), xi is the climate value of site i, and n is the total number of 
species observed over all sites.

2.4.2 | v2: Community‐mean percentile

Rather than an index based on discrete cut‐offs, an index based on 
averaging percentiles of all species at a given temperature would 
provide insight about the degree of vulnerability, applicable even to 
relatively less‐vulnerable communities. By this logic, we defined a 
second vulnerability index (v2) as the community‐mean of all spe‐
cies’ percentiles at a given local climate value, where higher values 
indicate greater average vulnerability.

where aij is the presence (0 or 1) of species j in site i, Fj(xi) is the percen‐
tile of species j given site climate value xi, xi is the climate value of site i, 
and n is the total number of species we observed over all sites.

2.4.3 | v3: Safety margin

Finally, a third vulnerability index (v3) was the climatic “safety mar‐
gin”, defined as the deviation of local climate values from community‐
mean upper tolerances (95th percentile values). Positive v3 indicates 
that local conditions exceed average community upper tolerances 
(i.e., “vulnerable” communities), while negative values indicate that 
local conditions are less than average tolerances (communities with a 
margin of safety). The magnitude of v3 indicates how far the average 
community upper tolerances depart from local conditions.

where aij is the presence (0 or 1) of species j in site i, Qj(0.95) is the 
95th percentile climate value from the set of all climate values in which 

species j occurs (upper climate tolerance of species j), xi is the climate 
value of site i, and n is the total number of species we observed over all 
sites. Previous workers used a nearly identical “thermal bias” measure, 
except they reversed the order of terms making it negatively related 
to vulnerability (Stuart‐Smith, Edgar, Barrett, Kininmonth, & Bates, 
2015). Blonder et al. (2017) refer to a similar measure as “community 
climate lag” when integrating change over time.

2.5 | Elevational and latitudinal variation of 
vulnerability

Of interest was whether “cold‐adapted” communities at higher ele‐
vations and northerly latitudes would be more or less vulnerable rel‐
ative to “warm‐adapted” communities at lower elevations and more 
southerly locations. After estimating vulnerability across the United 
States study area, we used nonparametric quantile regressions to 
estimate 95th percentile vulnerability, conditional on the interaction 
of elevation and latitude. Resulting regression surfaces represented 
the greatest expected vulnerability as a continuous nonlinear func‐
tion of elevation × latitude combinations.

2.6 | Sensitivity of vulnerability

Measurement and model error can propagate to uncertainty in cli‐
mate variables and estimated vulnerability. We evaluated uncer‐
tainty using sensitivity analyses in which we added noise to the 
original climate data inputs, then measured corresponding effects 
on vulnerability outputs. Added noise was uniformly‐distributed 
with bounds ±5% or ±10% the range of the original climate values. 
Sensitivity (s) was the range‐standardized mean absolute deviation 
of original versus noise‐added vulnerability values, expressed as a 
proportion of the range of original values.

where vnoise and vorig are vulnerability values for site i, respectively, 
resulting from noise‐added and original data, and n is the total num‐
ber of sites. Sensitivity (s) is interpreted as the proportion of change 
in the v response caused by a corresponding change in the climate 
variable. Values of s  =  0% would mean that climate uncertainty 
has no effect on the response, while s = 100% would mean that a 
change in climate variables results in an average vulnerability change 
of equal magnitude. For each of the three vulnerability indices, we 
calculated the average sensitivity of 100 noise‐added datasets.

2.7 | Future climate change scenarios

We evaluated changes in thermal vulnerability under four future cli‐
mate change scenarios. For consistency, we refer to each of the four 
alternative warming scenarios by their mean warming increment (+0.5, 
+1.0, +2.5, +3.6°C). First, we incrementally added +0.5, and +1.0°C to 
contemporary MWMT to mimic small amounts of uniform warming 

v1i=

�∑n

j=1
aijIij

�
xi≥Qj

�
0.95

��

∑n

j=1
aij

�
×100

v2i=

�∑n

j=1
aijFj

�
xi
�

∑n

j=1
aij

�
×100

v3i=xi−

�∑n

j=1
aijQj

�
0.95

�

∑n

j=1
aij

�

s=

� ∑n

i=1
�vnoisei −vorigi �

n�max vorigi −min vorigi �

�
×100



     |  387SMITH et al.

across sites. Second, since real warming is not likely to be spatially uni‐
form, we also used data derived from coupled climate models that were 
not added incrementally to each site, but rather which incorporated 
spatial variation in warming. For this, we queried MWMT values for 
the 30‐year period spanning 2041–2070 from two realistic ensemble 
model projections based on low‐(CMIP5‐RCP4.5) and high‐(CMIP5‐
RCP8.5) greenhouse gas emissions scenarios (IPCC [Intergovernmental 
Panel on Climate Change], 2014). We chose the CMIP5 model because 
of its comprehensive spatial coverage at high resolution, demonstrated 
hindcast skill, and its inclusion of a full range of potential future cli‐
mates while accounting for historical variability (Snover et al., 2013). 
Ensemble model projections were obtained from ClimateNA (Wang et 
al., 2016). Finally, for each warming scenario we then estimated the 
percentage of “very vulnerable” communities where vulnerability ex‐
ceeded subjective critical values (v1 ≥ 50%, v2 ≥ 95%, v3 ≥ 0°C).

3  | RESULTS

3.1 | Species’ climatic niche measures

Epiphytic macrolichen species of the United States exhibited a broad 
array of realized climate niches for 17 different variables, which we 
collected into one database (Appendix S2). Beyond the present ap‐
plication to vulnerability, realized niche values should prove useful 
for studies of climatic niche evolution, trait analyses and climate‐
based distributional mapping. We focus hereafter on climatic niches 
defined by MWMT and CMD.

3.2 | Niche coverage: Truncated versus extended 
climate niches

Niche overlap between extended versus truncated niches exceeded 
75% for greater than half of the species in the United States mac‐
rolichen flora (Appendix S3). Niche estimation most affected warm‐
tolerant lichen genera (Heterodermia, Sticta, Teloschistes) whose 
geographical distributions extended south of the FIA study area. 
By contrast, extremely common temperate species exhibited little 
difference in coverage between truncated versus extended niches 
(Appendix S3), where “extremely common” species refer to those 
occurring in ≥20% of all plots: Flavoparmelia caperata, Punctelia ru‐
decta and Phaeophyscia rubropulchra in the eastern U.S.; Melanohalea 
subolivacea, Hypogymnia imshaugii and Letharia vulpina in the west‐
ern U.S.; and Parmelia sulcata, Physcia adscendens and Hypogymnia 
physodes throughout. The niche estimation steps assume that the 
realized niche, as observed in a finite area, will adequately describe 
species’ climate sensitivities; before proceeding with such an analy‐
sis, workers should ensure that the finite area is representative of 
the true range of climates under which the species may persist.

Vulnerability from extended versus truncated niche estimation 
disagreed by 3.2%–3.4% (range‐standardized MAD for v1), 6.2%–
8.7% (v2) and 3.7%–7.2% (v3) (Figure 2), suggesting that broadening 
niche estimation from the United States to the North American con‐
tinent had minor but substantive effects on estimated vulnerability. 

Robustness to niche coverage differed among the vulnerability in‐
dices (v2 had slightly greater disagreement than v1 or v3). Truncated 
niches gave higher vulnerability relative to extended niches (Figure 2). 
Based on niche breadths (interquartile ranges), a mixture of special‐
ist and generalist species tolerated upper extremes of the climatic 
gradients (Appendix S4). Lichens of the eastern U.S. tended to have 
higher upper thermal tolerances relative to western species. After 
accounting for possible niche truncation by extended niche estima‐
tion, very few macrolichen species tolerated conditions in excess of 
28°C MWMT or 1,250 mm/year CMD (Appendix S4).

3.3 | Vulnerability indices

Based on the FIA lichen survey sites with extended niche estimation, 
all three v indices agreed qualitatively: vulnerability by any index 
was consistently greatest in northern and central California, in the 
Southwest along the Sonoran–Colorado Plateau interface, and to a 
lesser degree on the Southeastern coastal plain (Figure 3). High vul‐
nerability in these regions indicates where community compositions 
are most expected to change as a result of specific climate changes. 
Vulnerability based on temperature alone (MWMT) was broadly dis‐
tributed throughout the United States, while vulnerability based on 
temperature‐dependent moisture limitation (CMD) was more pro‐
nounced in the U.S. West (Figure 3).

3.4 | Elevational and latitudinal variation of 
vulnerability

All three vulnerability indices reached maxima at low elevations 
and low latitudes (Figure 4), regardless of whether the extended 
or truncated niche estimation was employed. The first vulnerabil‐
ity index (v1: vulnerable species percentage) exhibited the steepest 
geographical gradient of vulnerability at low‐elevation and southerly 
locations, whereas v2 and v3 varied more gradually. Lichen commu‐
nities below 2,000  m elevation and south of 40° latitude had the 
greatest vulnerability in all cases.

3.5 | Sensitivity of vulnerability

Sensitivity (s) is the proportion of change in the v response caused 
by a corresponding change in the climate variable (where s = 0% 
means no effect of climate uncertainty, and s  =  100% means 
equal‐magnitude change in v resulting from uncertainty in climate 
variables). Vulnerability index v2 was more than twice as sensi‐
tive to climate uncertainty as the other indices. After adding ±5% 
noise to the three original climate variables to mimic uncertainty, 
the sensitivities of v1, v2 and v3 were respectively 1.4%–1.9%, 
6.1%–8.1% and 2.3%–2.5%. After adding ±10% noise, sensitivity 
was 3.2%–4.5%, 11.8%–14.2% and 4.5%–5.0%, respectively.

3.6 | Future climate change scenarios

Thermal vulnerability increased under future climate warming sce‐
narios (+0.5, +1.0, +2.5, +3.6°C), with the greatest changes in lichen 
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F I G U R E  2   Niche coverage effects on climate vulnerability of US lichen communities. Truncated niches (horizontal axes) from the 
United States and extended niches (vertical axes) from all of North America were used to estimate vulnerability values at 6,474 Forest 
Inventory and Analysis lichen community sites. Three indices (columns) and two focal climate variables (rows) showed minor disagreement of 
vulnerability between truncated versus extended niches, largely because extended niches more completely characterized the realized niche
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communities expected for the U.S. Southeast, Southwest, California 
and the Intermountain West (Figure 5). The percentage of “very vul‐
nerable” sites exceeding critical values also increased with warm‐
ing. For example, the percentage of U.S. communities with more 
than half of all species vulnerable (v1 ≥ 50%) increased from 1.9% 
to 32.4%. The percentage of communities at excessive community‐
mean thermal percentiles (v2 ≥ 95%) increased from 1.3% to 20.4%. 
The percentage of communities exceeding thermal safety margins 
(v3  ≥  0°C) increased from 1.8% to 28.7% (Figure 6). Collectively, 
the three vulnerability indices indicated that at least one‐fifth of all 
U.S. epiphytic macrolichen communities would meet the criteria for 
severe loss of species within the 30‐year period 2041–2070 given 
high‐emissions scenarios.

4  | DISCUSSION

Overall, our findings suggest that lichen communities with the 
greatest vulnerability of warming‐ and drought‐related species 
losses are those at low‐elevation and southerly locations in the 
United States. This finding contradicts a commonly accepted view 
that climatic vulnerability should be greatest among high‐elevation 
and high‐latitude communities possessing species not adapted to 
warm conditions. High‐elevation lichens have long been a conserva‐
tion focus because of high endemism and rarity (Allen & Lendemer, 
2016), and because of assumptions that communities dominated by 

cold‐tolerant species should be more sensitive than warm‐toler‐
ant communities to increasing temperatures (Aptroot & van Herk, 
2007; Hauck, 2009; van Herk, Aptroot, & van Dobben, 2002). By 
contrast, we found that warm‐tolerant lichen communities are 
nevertheless quite commonly very near to exceeding their upper 
climatic limits. This echoes similar findings among warm‐adapted 
arthropods, amphibians, reptiles, molluscs and fish in the tropics, 
which are simultaneously tolerant of currently warm conditions but 
also at‐risk of further incremental warming (Overgaard et al., 2014; 
Sunday, Bates, & Dulvy, 2011; Tewksbury, Huey, & Deutsch, 2008). 
Vulnerability of warm‐tolerant species near their upper climatic lim‐
its may be aggravated by a limited capacity for acclimation given 
the often narrow range of climatic variation towards lower latitudes 
(Deutsch et al., 2008).

The climate change vulnerability of warm‐tolerant vegetation 
communities requires critical re‐thinking. For example, tropical 
lowland macrolichens are at risk from global changes because they 
often occur in physiologically marginal locations that would be‐
come too hot to support species if exposed to even minor amounts 
of warming (Zotz & Bader, 2009). Controlled experiments (Zotz et 
al., 2003) confirm that the negative impacts of minor warming are 
not merely an artefact of underestimating fundamental niches in 
the absence of hotter current conditions (Feeley & Silman, 2010), 
but instead reflect real physiological limits and a lack of plasticity. 
Others have invoked greater vulnerability of tropical and subtropi‐
cal vegetation because of dominance by thermal specialists (Perez, 

F I G U R E  4   Climatic vulnerability of U.S. lichen communities across elevation and latitude. Based on three indices (columns) and two 
distinct climate variables (rows), maximal vulnerability of epiphytic macrolichen communities occurred at low‐elevation sites and southerly 
latitudes of the United States. Surfaces are conditional 95th percentiles from nonparametric quantile regressions
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F I G U R E  5   Warming effects on thermal vulnerability of U.S. lichen communities. Four warming scenarios (+0.5, +1.0, +2.5, +3.6°C) were 
compared to the contemporary baseline. Percentages are the number of 6,474 sites identified as “very vulnerable” communities exceeding 
critical values (more than half of all species vulnerable = v1 ≥ 50%; community‐mean thermal percentile extremely high = v2 ≥ 95%; exceeded 
thermal safety margin = v3 ≥ 0°C). Alaska not shown for brevity. Each point is one epiphytic macrolichen plot from the Forest Inventory and 
Analysis program, where completely blank areas were not sampled. Albers equal‐area projection
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Stroud, & Feeley, 2016), though we found inconclusive support 
in this study because both generalists and specialists occurred at 
warmer temperatures. Aside from direct physiological impacts, at‐
mospheric warming may also have indirect effects on lowland li‐
chen communities due to rising sea levels (Lendemer & Allen, 2014) 
or shifts in moisture regimes (Follmann, 1995). Similar to cold‐tol‐
erant and temperate species, the only recourse for warm‐tolerant 
lichen species would be upward or northward range expansion, as 
seems to be recently underway in western Europe where long‐term 
records exist (Aptroot & van Herk, 2007; van den Broeck, 2010; van 
Herk et al., 2002; Søchting, 2004; Wolfskeel & van Herk, 2000). 
Maintaining populations via range expansion assumes that species’ 
dispersal rates can track suitable climates. Yet, for at least some 
species, dispersal and establishment rates necessary to maintain 
populations may lag behind rates of climate change (Greenwood 
et al., 2016).

Warming scenarios when combined with our vulnerability in‐
dices revealed that the local consequences of climate changes will 
not be solely restricted to warm areas. High‐elevation montane 
areas and high‐latitude areas also became increasingly vulnerable 
with progressive warming, despite that our analyses did not include 
rock‐ or ground‐dwelling species which may be least adapted to 
warm conditions (Hauck, 2009). Suitable montane and alpine hab‐
itats may become increasingly limited in places like the Appalachian 
Mountains of the U.S. Southeast (Allen & Lendemer, 2016). To the 
extent that dispersal allows, climate migration in the mountainous 
U.S. West could involve both poleward and upward shifts, but pole‐
ward shifts may be the only feasible route in the U.S. East where 

mountains are much lower and less extensive. The loss of epiphytic 
macrolichens from boreal and montane forests would likely have re‐
percussions on forest functions such as water retention, cycling of 
carbon, nitrogen and phosphorous, and the provision of wildlife hab‐
itat (Berryman & McCune, 2006, and sources therein). Therefore, 
the potential for lichen species decline implies direct consequences 
for other forest processes.

Under future emission scenarios leading to warming (+0.5, 
+1.0, +2.5, +3.6°C), the greatest increases in thermal vulnerability 
were concentrated in lichen communities of the U.S. Southeast, 
Southwest, California and the Intermountain West. Intriguingly, 
those high‐vulnerability areas appeared to coincide with predicted 
climate‐change “hotspots” (Williams, Jackson, & Kutzbach, 2007), 
which suggests that vulnerability metrics integrating both climatic 
exposure and species’ sensitivities are consistent with independent 
metrics based solely on climate. Under plausible high‐emissions sce‐
narios (+3.6°C), we found that a large fraction (nearly one‐fifth) of all 
U.S. lichen communities could lose half their current lichen species 
by the late‐21st century, based on exceedances of upper thermal tol‐
erances. A similar proportion of lichen communities exceeded ther‐
mal safety margins, meaning that local warm‐season temperatures 
are expected to exceed the average upper thermal tolerances of 
these communities by the end of the century. Taken together, these 
findings suggest that multiple strategies for stabilizing greenhouse 
gas concentrations (e.g., emissions reductions, afforestation, shifts 
to renewable energy; Pacala & Socolow, 2004) could, in part, help 
address the warming‐related decline of forest diversity over broad 
areas of the United States.

Resource managers and policy makers need a rapid way to score 
sites according to climate change extinction risks. Ideally, such a 
method would avoid the burden of specifying in detail each species’ 
demography or assumed climate response traits (Pacifici et al., 2015). 
Our approach was to model species responses individualistically (as 
nonparametric cumulative distribution functions of niches) and si‐
multaneously (as collective vulnerability indices for each site). This 
approach differs from most other ecological response approaches 
by modelling species occurrence probabilities via cumulative dis‐
tribution functions, rather than regression functions. Cumulative 
distribution functions realistically portray ‘solid’ response curves 
where many zero or low‐abundance values can occur even at a spe‐
cies’ optimum on one niche axis, due to constraints on other, pos‐
sibly unobserved niche axes (McCune & Grace, 2002; Whittaker, 
1967). In the process of estimating species niches this way, we found 
subtle but important effects of extending niche coverage to avoid 
truncation. Correcting for niche truncation lowered the perceived 
degree of vulnerability in this study and others (Feeley & Silman, 
2010), leading to more realistic vulnerability estimates. Bias is al‐
ways a risk when estimating the climatic niche of any single species. 
For example, observations restricted to a temperate region may 
underestimate the thermal niche of a tropic‐centred species, but 
also overestimate that of a boreal‐centred species. However, niche 
biases among multi‐species mixtures may on average tend to cancel 
when calculating vulnerability at the community‐level. An ongoing 

F I G U R E  6   Percentage of very vulnerable U.S. lichen 
communities exceeding critical values. Percentages are the number 
of 6,474 sites identified as very vulnerable communities exceeding 
critical values, corresponding to Figure 5. Critical values were 
defined as: more than half of all species vulnerable = v1 ≥ 50%; 
community‐mean thermal percentile extremely high = v2 ≥ 95%; 
exceeded thermal safety margin = v3 ≥ 0°C. Warming scenario 
data originated from ClimateNA (Wang et al., 2016) based on IPCC 
(2014) emissions scenarios
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challenge remains to account for novel climate combinations not yet 
observed in realized ranges. Given that existing species’ distribu‐
tions represent the accumulated legacy of historical climates, novel 
climates unlike any in the recent historical record may complicate 
forecasts. Parameterizing forecasts would ultimately benefit from 
ecophysiological experiments across a combinatorial range of cli‐
mates, which may or may not be logistically practical for hundreds 
of taxa simultaneously.

Vulnerability indices show the degree to which climatic 
changes will impinge on species tolerances to affect community 
compositions. Evaluating temperature and moisture impacts is 
important because these are the two most critical factors that 
limit the warm edges of species geographic distributions (Cahill 
et al., 2014). Developing a multivariate generalization that admits 
interactions among multiple climate drivers is warranted and will 
be forthcoming. While the univariate version described here re‐
quires assuming only that change at extreme values of one vari‐
able will be biologically limiting, the multivariate version requires 
non‐trivial assumptions about the direction and magnitude of a 
climate‐change vector across multiple axes (assumptions both 
biological and analytical). Sensitivity analysis found that our vul‐
nerability indices were largely robust to moderate uncertainty in 
climate data, which would otherwise lead to spurious conclusions 
about community climate‐change responses (Rodríguez‐Sánchez, 
De Frenne, & Hampe, 2012). Like other niche‐based methods, our 
approach assumes that species’ realized niches are indicative of 
potentially habitable climate space (Peterson et al., 2011), and 
that dispersal and adaptation are not overwhelming influences 
on species’ local persistence. Our vulnerability metrics consider 
species losses but not gains, and therefore they give conserva‐
tive estimates of compositional change (i.e., they account only for 
local extinctions of existing species, and do not account for immi‐
grations that would further change community compositions rela‐
tive to baseline). We view this conservative property as desirable, 
both philosophically (to avoid overestimating potential changes) 
and operationally (to avoid dependence on parameterizing disper‐
sal kernels, distances to known populations, rates of propagule 
production and release, etc.). Nonetheless, improved knowledge 
of dispersal and adaptation processes could strengthen our vul‐
nerability approach, given the mutual importance of both disper‐
sal and strong environmental filtering during establishment for 
explaining lichen biogeographic distributions (Leavitt & Lumbsch, 
2016; Tripp, Lendemer, Barberán, Dunn, & Fierer, 2016; Werth et 
al., 2006). We explored the possible effects of climatic changes 
in removing species from local communities, but future modifi‐
cations might also incorporate other ecological processes that 
may remove species, such as competitive selection and ecological 
drift, or processes that can introduce species, like immigration 
and speciation (Vellend, 2016). Gaining adequate knowledge of 
such hard‐to‐measure processes would permit more precise fore‐
casting of future forest conditions.

The consensus view is that epiphytic lichen communities are 
excellent bioindicators of both air quality and climate in forests 

(McMurray, Roberts, & Geiser, 2015). Yet the question remains 
whether lichens will be more sensitive to climate change than 
other kinds of vegetation, such as vascular plants. Rapid popula‐
tion turnover in lichens (Larsson & Gauslaa, 2011) suggests that 
climate‐related responses could manifest in lichen communities 
before longer‐lived vegetation such as trees. Our approach could 
be used for comparatively ranking climate change vulnerability 
among different groups of organisms with contrasting life histo‐
ries (e.g., trees vs. understory vs. epiphytic vegetation) that may 
respond at different rates. We posit that forest trees, understory 
plants, and epiphytic lichens (in that order) would be increasingly 
vulnerable because of different population growth‐rates and life 
histories.

In conclusion, niche‐based climate change vulnerability indi‐
ces are useful for scoring whole communities (sites), specific hab‐
itats and geographic regions according to the joint vulnerability 
of all species present. Vulnerability in this sense is based on both 
the climate exposure of each site and the sensitivity of constitu‐
ent species. Environmental constraints limit species membership 
in ecological communities, and are central to predicting diversity 
changes. Among epiphytic forest macrolichen communities of the 
United States, climatic constraints in current and future scenarios 
appear to most strongly limit species membership in low‐elevation 
and southern locations, although high‐elevation and northern loca‐
tions are not exempt. Vulnerability analyses are one avenue toward 
anticipating how the strength of climate selection may change over 
time.

ACKNOWLEDG EMENTS

We thank Andy Jones, Lisa Ganio, Dominique Bachelet and Katie 
Baer for critically reading earlier versions. We are grateful to Erin 
Saupe and two anonymous reviewers for comments that improved 
the manuscript. Funding was provided through Joint Venture 
Agreement 12‐JV‐11261979‐047 between the U.S. Forest Service 
and Oregon State University.

DATA AVAIL ABILIT Y S TATEMENT

All data (species occurrences, community inventories and climate data) 
and computer code (R format) are available in a self‐contained, open‐
access, public repository at: https​://github.com/phyto​mosai​c/vuln.

ORCID

Robert J. Smith   https://orcid.org/0000-0001-5085-634X 

R E FE R E N C E S

Allen, J. L., & Lendemer, J. C. (2016). Climate change impacts on en‐
demic, high‐elevation lichens in a biodiversity hotspot. Biodiversity 
and Conservation, 25, 555–568. https​://doi.org/10.1007/
s10531-016-1071-4

://github.com/phytomosaic/vuln
https://orcid.org/0000-0001-5085-634X
https://orcid.org/0000-0001-5085-634X
https://doi.org/10.1007/s10531-016-1071-4
https://doi.org/10.1007/s10531-016-1071-4


     |  393SMITH et al.

Aptroot, A., & van Herk, C. M. (2007). Further evidence of the effects 
of global warming on lichens, particularly those with Trentepohlia 
phycobionts. Environmental Pollution, 146, 293–298. https​://doi.
org/10.1016/j.envpol.2006.03.018

Barkman, J. J. (1958). Phytosociology and ecology of cryptogamic epiphytes 
– Including a taxonomic survey and description of their vegetation units 
in Europe. Assen, The Netherlands: Van Gorcum and Company.

Berryman, S., & McCune, B. (2006). Estimating epiphytic macrolichen 
biomass from topography, stand structure and lichen commu‐
nity data. Journal of Vegetation Science, 17, 157–170. https​://doi.
org/10.1111/j.1654-1103.2006.tb024​35.x

Blonder, B., Moulton, D. E., Blois, J., Enquist, B. J., Graae, B. J., Macias‐
Fauria, M., … Svenning, J.‐C. (2017). Predictability in community 
dynamics. Ecology Letters, 20, 293–306. https​://doi.org/10.1111/
ele.12736​

Cahill, A. E., Aiello‐Lammens, M. E., Caitlin Fisher‐Reid, M., Hua, X., 
Karanewsky, C. J., Ryu, H. Y., … Wiens, J. J. (2014). Causes of warm‐
edge range limits: Systematic review, proximate factors and implica‐
tions for climate change. Journal of Biogeography, 41, 429–442. https​
://doi.org/10.1111/jbi.12231​

Coyle, J. R., & Hurlbert, A. H. (2016). Environmental optimality, not het‐
erogeneity, drives regional and local species richness in lichen ep‐
iphytes. Global Ecology and Biogeography, 25, 406–417. https​://doi.
org/10.1111/geb.12420​

Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., Ghalambor, 
C. K., Haak, D. C., & Martin, P. R. (2008). Impacts of climate warm‐
ing on terrestrial ectotherms across latitude. Proceedings of the 
National Academy of Sciences of the USA, 105, 6668–6672. https​://
doi.org/10.1073/pnas.07094​72105​

Devictor, V., Julliard, R., Couvet, D., & Jiguet, F. (2008). Birds are tracking 
climate warming, but not fast enough. Proceedings of the Royal Society 
of London B: Biological Sciences, 275, 2743–2748.

Elix, J. A. (1993). Progress in the generic delimitation of Parmelia 
sensu lato lichens (Ascomycotina: Parmeliaceae) and a synoptic 
key to the Parmeliaceae. The Bryologist, 96, 359–383. https​://doi.
org/10.2307/3243867

Ellenberg, H. (1974). Zeigerwerte der Gefässpflanzen Mitteleuropas 
[Indicator values of vascular plants in central Europe]. Göttingen, 
Germany: Scripta Geobotanica.

Ellis, C. J. (2013). A risk‐based model of climate change threat: Hazard, 
exposure, and vulnerability in the ecology of lichen epiphytes. 
Botany‐Botanique, 91, 1–11. https​://doi.org/10.1139/cjb-2012-0171

Ellis, C. J., Yahr, R., & Coppins, B. J. (2009). Local extent of old‐
growth woodland modifies epiphyte response to climate 
change. Journal of Biogeography, 36, 302–313. https​://doi.
org/10.1111/j.1365-2699.2008.01989.x

Elmendorf, S. C., Henry, G. H. R., Hollister, R. D., Fosaa, A. M., Gould, 
W. A., Hermanutz, L., … Walker, M. D. (2015). Experiment, moni‐
toring, and gradient methods used to infer climate change effects 
on plant communities yield consistent patterns. Proceedings of the 
National Academy of Sciences of the USA, 112, 448–452. https​://doi.
org/10.1073/pnas.14100​88112​

Engemann, K., Enquist, B. J., Sandel, B., Boyle, B., Jørgensen, P. M., 
Morueta‐Holme, N., … Svenning, J.‐C. (2015). Limited sampling 
hampers “big data” estimation of species richness in a tropical bio‐
diversity hotspot. Ecology and Evolution, 5, 807–820. https​://doi.
org/10.1002/ece3.1405

Fačkovcová, Z., Senko, D., Svitok, M., & Guttová, A. (2017). Ecological 
niche conservatism shapes the distributions of lichens: Geographical 
segregation does not reflect ecological differentiation. Preslia, 89, 
63–85. https​://doi.org/10.23855/​presl​ia.2017.063

Feeley, K. J., Hurtado, J., Saatchi, S., Silman, M. R., & Clark, D. B. (2013). 
Compositional shifts in Costa Rican forests due to climate‐driven 
species migrations. Global Change Biology, 19, 3472–3480. https​://
doi.org/10.1111/gcb.12300​

Feeley, K. J., & Silman, M. R. (2010). Biotic attrition from tropical forests 
correcting for truncated temperature niches. Global Change Biology, 
16, 1830–1836. https​://doi.org/10.1111/j.1365-2486.2009.02085.x

Feuerer, T., & Hawksworth, D. L. (2007). Biodiversity of lichens, includ‐
ing a world‐wide analysis of checklist data based on Takhtajan’s flo‐
ristic regions. Biodiversity and Conservation, 16, 85–98. https​://doi.
org/10.1007/s10531-006-9142-6

Foden, W. B., Butchart, S. H. M., Stuart, S. N., Vié, J.‐C., Akçakaya, H. 
R., Angulo, A., … Mace, G. M. (2013). Identifying the world’s most 
climate change vulnerable species: A systematic trait‐based assess‐
ment of all birds, amphibians and corals. PLoS ONE, 8, e65427. https​
://doi.org/10.1371/journ​al.pone.0065427

Follmann, G. (1995). On the impoverishment of the lichen flora and the 
retrogression of the lichen vegetation in coastal central and northern 
Chile during the last decades. Cryptogamic Botany, 5, 224–231.

Gottfried, M., Pauli, H., Futschik, A., Akhalkatsi, M., Barančok, P., Benito 
Alonso, J. L., … Grabherr, G. (2012). Continent‐wide response of 
mountain vegetation to climate change. Nature Climate Change, 2, 
111–115. https​://doi.org/10.1038/nclim​ate1329

Greenwood, S., Chen, J.‐C., Chen, C.‐T., & Jump, A. S. (2016). Community 
change and species richness reductions in rapidly advancing 
tree lines. Journal of Biogeography, 43, 2274–2284. https​://doi.
org/10.1111/jbi.12776​

Hauck, M. (2009). Global warming and alternative causes of decline 
in arctic‐alpine and boreal‐montane lichens in North‐Western 
Central Europe. Global Change Biology, 15, 2653–2661. https​://doi.
org/10.1111/j.1365-2486.2009.01968.x

IPCC [Intergovernmental Panel on Climate Change] (2014). Climate 
change 2013: The physical science basis. Working Group I Contribution 
to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change. Cambridge, UK: Cambridge University Press.

Jezkova, T., & Wiens, J. J. (2016). Rates of change in climatic niches in 
plant and animal populations are much slower than projected climate 
change. Proceedings of the Royal Society B, 283, 20162104. https​://
doi.org/10.1098/rspb.2016.2104

Kershaw, K. A. (1983). The thermal operating‐environment of a lichen. 
The Lichenologist, 15, 191–207. https​://doi.org/10.1017/S0024​28298​
3000286

Larsson, P., & Gauslaa, Y. (2011). Rapid juvenile development in old for‐
est lichens. Botany‐Botanique, 89, 65–72. https​://doi.org/10.1139/
B10-086

Leavitt, S. D., Kirika, P. M., Paz, G. A. D., Huang, J.‐P., Hur, J.‐S., Elix, J. A., 
… Lumbsch, H. T. (2018). Assessing phylogeny and historical bioge‐
ography of the largest genus of lichen‐forming fungi, Xanthoparmelia 
(Parmeliaceae, Ascomycota). The Lichenologist, 50, 299–312.

Leavitt, S. D., & Lumbsch, H. T. (2016). Ecological biogeography of li‐
chen‐forming fungi. In I. S. Druzhinina, & C. P. Kubicek (Eds.), 
Environmental and microbial relationships (pp. 15–37). Switzerland: 
Springer International.

Lendemer, J. C., & Allen, J. L. (2014). Lichen biodiversity under threat 
from sea‐level rise in the Atlantic coastal plain. BioScience, 64, 923–
931. https​://doi.org/10.1093/biosc​i/biu136

MacFarlane, J. D., & Kershaw, K. A. (1978). Thermal sensitivity in li‐
chens. Science, 201, 739–741. https​://doi.org/10.1126/scien​
ce.201.4357.739

Martínez, I., Flores, T., Otálora, M. A. G., Belinchón, R., Prieto, M., Aragón, 
G., & Escudero, A. (2012). Multiple‐scale environmental modulation 
of lichen reproduction. Fungal Biology, 116, 1192–1201. https​://doi.
org/10.1016/j.funbio.2012.09.005

McCune, B., & Grace, J. B. (2002). Analysis of ecological communities. 
Gleneden Beach, OR: MjM Software Design.

McMurray, J. A., Roberts, D. W., & Geiser, L. H. (2015). Epiphytic lichen 
indication of nitrogen deposition and climate in the northern Rocky 
Mountains, USA. Ecological Indicators, 49, 154–161. https​://doi.
org/10.1016/j.ecoli​nd.2014.10.015

https://doi.org/10.1016/j.envpol.2006.03.018
https://doi.org/10.1016/j.envpol.2006.03.018
https://doi.org/10.1111/j.1654-1103.2006.tb02435.x
https://doi.org/10.1111/j.1654-1103.2006.tb02435.x
https://doi.org/10.1111/ele.12736
https://doi.org/10.1111/ele.12736
https://doi.org/10.1111/jbi.12231
https://doi.org/10.1111/jbi.12231
https://doi.org/10.1111/geb.12420
https://doi.org/10.1111/geb.12420
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.2307/3243867
https://doi.org/10.2307/3243867
https://doi.org/10.1139/cjb-2012-0171
https://doi.org/10.1111/j.1365-2699.2008.01989.x
https://doi.org/10.1111/j.1365-2699.2008.01989.x
https://doi.org/10.1073/pnas.1410088112
https://doi.org/10.1073/pnas.1410088112
https://doi.org/10.1002/ece3.1405
https://doi.org/10.1002/ece3.1405
https://doi.org/10.23855/preslia.2017.063
https://doi.org/10.1111/gcb.12300
https://doi.org/10.1111/gcb.12300
https://doi.org/10.1111/j.1365-2486.2009.02085.x
https://doi.org/10.1007/s10531-006-9142-6
https://doi.org/10.1007/s10531-006-9142-6
https://doi.org/10.1371/journal.pone.0065427
https://doi.org/10.1371/journal.pone.0065427
https://doi.org/10.1038/nclimate1329
https://doi.org/10.1111/jbi.12776
https://doi.org/10.1111/jbi.12776
https://doi.org/10.1111/j.1365-2486.2009.01968.x
https://doi.org/10.1111/j.1365-2486.2009.01968.x
https://doi.org/10.1098/rspb.2016.2104
https://doi.org/10.1098/rspb.2016.2104
https://doi.org/10.1017/S0024282983000286
https://doi.org/10.1017/S0024282983000286
https://doi.org/10.1139/B10-086
https://doi.org/10.1139/B10-086
https://doi.org/10.1093/biosci/biu136
https://doi.org/10.1126/science.201.4357.739
https://doi.org/10.1126/science.201.4357.739
https://doi.org/10.1016/j.funbio.2012.09.005
https://doi.org/10.1016/j.funbio.2012.09.005
https://doi.org/10.1016/j.ecolind.2014.10.015
https://doi.org/10.1016/j.ecolind.2014.10.015


394  |     SMITH et al.

Melillo, J. M., Richmond, T. C., & Yohe, G. W. (2014). Climate change 
impacts in the United States: The third national climate assessment. 
Washington, DC: U.S. Global Change Research Program.

Overgaard, J., Kearney, M. R., & Hoffmann, A. A. (2014). Sensitivity to 
thermal extremes in Australian Drosophila implies similar impacts of 
climate change on the distribution of widespread and tropical spe‐
cies. Global Change Biology, 20, 1738–1750.

Pacala, S., & Socolow, R. (2004). Stabilization wedges: Solving the climate 
problem for the next 50 years with current technologies. Science, 
305, 968–972. https​://doi.org/10.1126/scien​ce.1100103

Pacifici, M., Foden, W. B., Visconti, P., Watson, J. E. M., Butchart, S. H. M., 
Kovacs, K. M., … Rondinini, C. (2015). Assessing species vulnerability 
to climate change. Nature Climate Change, 5, 215–224. https​://doi.
org/10.1038/nclim​ate2448

Parmesan, C. (2006). Ecological and evolutionary responses to re‐
cent climate change. Annual Review of Ecology, Evolution, and 
Systematics, 37, 637–669. https​://doi.org/10.1146/annur​ev.ecols​
ys.37.091305.110100

Perez, T. M., Stroud, J. T., & Feeley, K. J. (2016). Thermal trouble in the 
tropics. Science, 351, 1392–1393. https​://doi.org/10.1126/scien​
ce.aaf3343

Peterson, A. T., Soberón, J., Pearson, R. G., Anderson, R. P., Martínez‐
Meyer, E., Nakamura, M., & Araújo, M. B. (2011). Ecological niches and 
geographic distributions. Princeton, NJ: Princeton University Press.

R Development Core Team. (2018). R: A language and environment for 
statistical computing. Version 3.5.1. Vienna, Austria: R Foundation for 
Statistical Computing.

Ramensky, L., Tsatsenkin, I. A., Čižikov, O. N., & Antipov, N. A. (1956). 
Экoлoгичecкaя oцeнкa кopмoвыx yгoдий пo pacтитeльнoмy 
пoкpoвy [Ecological evaluation of grazed lands by their vegetation]. 
Moscow, Russia: Selkhozgiz.

Rodríguez‐Sánchez, F., De Frenne, P., & Hampe, A. (2012). Uncertainty 
in thermal tolerances and climatic debt. Nature Climate Change, 2, 
636–637. https​://doi.org/10.1038/nclim​ate1667

Root, H. T., McCune, B., & Jovan, S. (2014). Lichen communities 
and species indicate climate thresholds in southeast and south‐
central Alaska, USA. The Bryologist, 117, 241–252. https​://doi.
org/10.1639/0007-2745-117.3.241

Saupe, E. E., Hendricks, J. R., Portell, R. W., Dowsett, H. J., Haywood, 
A., Hunter, S. J., & Lieberman, B. S. (2014). Macroevolutionary con‐
sequences of profound climate change on niche evolution in marine 
molluscs over the past three million years. Proceedings of the Royal 
Society B: Biological Sciences, 281, 20141995.

Savage, J., & Vellend, M. (2015). Elevational shifts, biotic homogenization 
and time lags in vegetation change during 40 years of climate warm‐
ing. Ecography, 38, 546–555. https​://doi.org/10.1111/ecog.01131​

Smith, R. J., Jovan, S., & McCune, B. (2017). Lichen Communities as 
Climate Indicators in the US Pacific States. General Technical Report 
PNW‐GTR‐952. Portland, OR: US Department of Agriculture, Forest 
Service, Pacific Northwest Research Station.

Smith, R. J., Nelson, P. R., Jovan, S., Hanson, P. J., & McCune, B. (2018). 
Novel climates reverse carbon uptake of atmospherically dependent 
epiphytes: Climatic constraints on the iconic boreal forest lichen 
Evernia mesomorpha. American Journal of Botany, 105, 266–274.

Snover, A. K., Mantua, N. J., Littell, J. S., Alexander, M. A., Mcclure, M. 
M., & Nye, J. (2013). Choosing and using climate‐change scenar‐
ios for ecological‐impact assessments and conservation decisions: 
Choosing and using climate‐change scenarios. Conservation Biology, 
27, 1147–1157. https​://doi.org/10.1111/cobi.12163​

Søchting, U. (2004). Flavoparmelia caperata–a probable indicator of in‐
creased temperatures in Denmark. Graphis Scripta, 15, 53–56.

Song, L., Liu, W.‐Y., & Nadkarni, N. M. (2012). Response of non‐vas‐
cular epiphytes to simulated climate change in a montane moist 

evergreen broad‐leaved forest in southwest China. Biological 
Conservation, 152, 127–135. https​://doi.org/10.1016/j.
biocon.2012.04.002

Stanton, D. E., Huallpa‐Chávez, J., Villegas, L., Villasante, F., Armesto, J., 
Hedin, L. O., & Horn, H. (2014). Epiphytes improve host plant water 
use by microenvironment modification. Functional Ecology, 28, 1274–
1283. https​://doi.org/10.1111/1365-2435.12249​

Stuart‐Smith, R. D., Edgar, G. J., Barrett, N. S., Kininmonth, S. J., & Bates, 
A. E. (2015). Thermal biases and vulnerability to warming in the 
world’s marine fauna. Nature, 528, 88–92. https​://doi.org/10.1038/
natur​e16144

Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2011). Global analysis of 
thermal tolerance and latitude in ectotherms. Proceedings of the 
Royal Society B: Biological Sciences, 278, 1823–1830. https​://doi.
org/10.1098/rspb.2010.1295

Tewksbury, J. J., Huey, R. B., & Deutsch, C. A. (2008). Putting the heat on 
tropical animals. Science, 320, 1296–1297.

Tripp, E. A., Lendemer, J. C., Barberán, A., Dunn, R. R., & Fierer, N. (2016). 
Biodiversity gradients in obligate symbiotic organisms: Exploring the 
diversity and traits of lichen propagules across the United States. 
Journal of Biogeography, 43, 1667–1678. https​://doi.org/10.1111/
jbi.12746​

van den Broeck, D. (2010). Schriftmossen (Opegrapha) en andere li‐
chenen met een Trentepohlia‐photobiont in opmars in Vlaanderen 
(België). Dumortiera, 98, 6–10.

van Herk, C. M., Aptroot, A., & van Dobben, H. F. (2002). Long‐term mon‐
itoring in the Netherlands suggests that lichens respond to global 
warming. The Lichenologist, 34, 141–154. https​://doi.org/10.1006/
lich.2002.0378

Vellend, M. (2016). The theory of ecological communities. Princeton, NJ: 
Princeton University Press.

Wang, T., Hamann, A., Spittlehouse, D., & Carroll, C. (2016). Locally 
downscaled and spatially customizable climate data for historical and 
future periods for North America. PLoS ONE, 11, e0156720. https​://
doi.org/10.1371/journ​al.pone.0156720

Werth, S., Wagner, H. H., Gugerli, F., Holderegger, R., Csencsics, D., Kalwij, 
J. M., & Scheidegger, C. (2006). Quantifying dispersal and establish‐
ment limitation in a population of an epiphytic lichen. Ecology, 87, 
2037–2046. https​://doi.org/10.1890/0012-9658(2006)87[2037:Q‐
DAEL​I]2.0.CO;2

Whittaker, R. H. (1967). Gradient analysis of vegetation. Biological 
Reviews, 49, 207–264. https​://doi.org/10.1111/j.1469-185X.1967.
tb014​19.x

Williams, J. W., Jackson, S. T., & Kutzbach, J. E. (2007). Projected distri‐
butions of novel and disappearing climates by 2100 AD. Proceedings 
of the National Academy of Sciences of the USA, 104(14), 5738–5742. 
https​://doi.org/10.1073/pnas.06062​92104​

Wirth, V. (2010). Ökologische Zeigerwerte von Flechten – Erweiterte 
und Aktualisierte Fassung [Ecological indicator values of lichens – 
enlarged and updated species list]. Herzogia, 23, 229–248. https​://
doi.org/10.13158/​heia.23.2.2010.229

Wolfskeel, D. W., & van Herk, C. M. (2000). Heterodermia obscurata 
Nieuw Voor Nederland. Buxbaumiella, 52, 47–50.

Zotz, G., & Bader, M. Y. (2009). Epiphytic plants in a changing world: 
Global‐change effects on vascular and non‐vascular epiphytes. 
Progress in Botany, 70, 147–170.

Zotz, G., Schultz, S., & Rottenberger, S. (2003). Are tropical lowlands 
a marginal habitat for macrolichens? Evidence from a field study 
with Parmotrema endosulphureum in Panama. Flora – Morphology, 
Distribution, Functional Ecology of Plants, 198, 71–77. https​://doi.
org/10.1078/0367-2530-00077​

Zwillinger, D. (2012). CRC standard probability and statistics tables and for‐
mulae (32nd ed.). Boca Raton, FL: CRC Press.

https://doi.org/10.1126/science.1100103
https://doi.org/10.1038/nclimate2448
https://doi.org/10.1038/nclimate2448
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1126/science.aaf3343
https://doi.org/10.1126/science.aaf3343
https://doi.org/10.1038/nclimate1667
https://doi.org/10.1639/0007-2745-117.3.241
https://doi.org/10.1639/0007-2745-117.3.241
https://doi.org/10.1111/ecog.01131
https://doi.org/10.1111/cobi.12163
https://doi.org/10.1016/j.biocon.2012.04.002
https://doi.org/10.1016/j.biocon.2012.04.002
https://doi.org/10.1111/1365-2435.12249
https://doi.org/10.1038/nature16144
https://doi.org/10.1038/nature16144
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1111/jbi.12746
https://doi.org/10.1111/jbi.12746
https://doi.org/10.1006/lich.2002.0378
https://doi.org/10.1006/lich.2002.0378
https://doi.org/10.1371/journal.pone.0156720
https://doi.org/10.1371/journal.pone.0156720
https://doi.org/10.1890/0012-9658(2006)87%5B2037:QDAELI%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B2037:QDAELI%5D2.0.CO;2
https://doi.org/10.1111/j.1469-185X.1967.tb01419.x
https://doi.org/10.1111/j.1469-185X.1967.tb01419.x
https://doi.org/10.1073/pnas.0606292104
https://doi.org/10.13158/heia.23.2.2010.229
https://doi.org/10.13158/heia.23.2.2010.229
https://doi.org/10.1078/0367-2530-00077
https://doi.org/10.1078/0367-2530-00077


     |  395SMITH et al.

BIOSKE TCHE S

Robert J. Smith is a poet and postdoctoral ecologist who asks 
how changes to disturbance and climatic regimes alter the distri‐
bution, persistence and co‐occurrence of species; this work is a 
contribution to his doctoral dissertation. Sarah Jovan, an ecolo‐
gist with the US Forest Service, focuses on developing metrics 
for indicating air quality and climate based on lichen and bryo‐
phyte communities and chemistry. Bruce McCune is professor in 
the Department of Botany and Plant Pathology at Oregon State 
University; he works on biodiversity and ecology of lichens and 
bryophytes as well as tools for analysis of multivariate ecological 
data and niche modelling.

Author contributions: R.J.S. formed the initial concept and meth‐
ods. S.J. and B.M. refined the concept and methods, S.J. pro‐
vided data, R.J.S. performed analyses and wrote initial drafts and 
all authors contributed equally to editing and refining the final 
manuscript.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.    

How to cite this article: Smith RJ, Jovan S, McCune B. Climatic 
niche limits and community‐level vulnerability of obligate 
symbioses. J Biogeogr. 2020;47:382–395. https​://doi.
org/10.1111/jbi.13719​

https://doi.org/10.1111/jbi.13719
https://doi.org/10.1111/jbi.13719

