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ABSTRACT

Aim We evaluate the scale dependence of species richness—environment relation-
ships with a continent-wide analysis of lichen epiphyte communities. Specifically,
our goals are to assess: (1) the dependence of local richness on regional processes,
(2) whether species richness is primarily influenced by heterogeneity in environ-
mental conditions or the central tendency of those conditions, and (3) whether the
relative influence of these different aspects of the environment differs between local
communities and regional species pools.

Location Forests of the contiguous United States.

Methods We used variation partitioning and model averaging of linear models to
relate macrolichen richness at 1923 forest inventory plots (c. 4000 m?) to measures
of environmental heterogeneity and mean conditions at local and regional scales.
Data included 17 local environmental variables and 11 regional-scale variables
which were obtained from a national forest inventory, herbarium records and
several climate data sources.

Results Regional-scale variables explained more unique variation in local species
richness and generally had stronger effects than variables measured locally.
However, most variation in local richness was explained jointly by local and
regional variables. At both local and regional scales, variables measuring environ-
mental heterogeneity explained little variation in species richness and had weaker
effects than variables characterizing mean environmental conditions.

Main conclusions Species richness of epiphytic macrolichens is not regulated by
environmental heterogeneity locally or regionally and instead tracks large-scale
climate gradients of water availability and temperature. Richness in local commu-
nities is influenced by processes operating at both regional and local scales, high-
lighting the importance of determining large-scale drivers of lichen richness across
the North American continent. This research demonstrates a general method for
comparing the influence of different aspects of the environment on species richness
across scales and should be applicable to many different taxonomic groups.

Keywords
Biodiversity, environmental heterogeneity, forest, multimodel inference, spatial
scale, species richness.

INTRODUCTION

has been proposed as a primary driver of biodiversity across a
wide range of spatial scales (McIntosh, 1985; Stein et al., 2014).

Which environments support more species? Answering this
question is a prerequisite for explaining the global distribution
of biodiversity and providing practical guidance for its conser-
vation. Recently and historically, environmental heterogeneity
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At small scales, where interacting individuals form a
multispecies community, environmental heterogeneity provides
a greater variety of niches for species with different ecological
(MacArthur, 1964) fitness

requirements and facilitates
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trade-offs that limit competitive exclusion when species require
similar resources (Amarasekare, 2003). At regional to global
scales, heterogeneity can increase species richness by aggregating
species pools from different habitat types (Hortal et al., 2009) as
well as by altering rates of speciation (Hughes & Eastwood,
2006) and persistence through climate fluctuations (Fjeldsd
etal., 2012).

Many other contemporary environmental factors have been
proposed as primary drivers of species richness at various scales,
including water and energy, productivity, nutrients, edaphic
conditions and disturbance (reviewed in Whittaker et al., 2001).
Specific mechanisms by which each factor influences richness
vary, but as a generalization species cannot persist in environ-
ments that do not meet their fundamental niche requirements,
and therefore richness has the potential to be highest where
conditions meet the needs of more species. Furthermore, con-
ditions closer to species fitness optima sustain larger popula-
tions with lower probabilities of extinction or local extirpation.
Correlations between species richness and environmental
factors can arise when species physiology and ecology are con-
strained by a shared evolutionary and geographical history, such
that environmental conditions that match shared niche require-
ments support more species (Currie et al, 2004; Wiens &
Graham, 2005).

The extent to which the number of species in an area relates to
the ‘optimality’ of the environment for multiple species versus
the variety of environmental conditions available (i.e. ‘heteroge-
neity’) is likely to vary across systems and scales. Meta-analysis
of the environmental correlates of species richness has shown
greater explanatory ability of covariates related to climate and
productivity than covariates measuring environmental hetero-
geneity, particularly at the largest spatial grains and extents
(Field etal., 2009). This seems contrary to the widespread
support for positive richness—heterogeneity relationships
(Lundholm, 2009), which also tend to be strongest at larger
spatial grains (Stein et al., 2014). These disparities suggest that a
single study investigating the relative influence of environmental
heterogeneity and optimality on species richness should strive to
utilize data and methods that integrate across scales (e.g.
Gonzélez-Megias et al., 2007). The mechanisms by which envi-
ronmental heterogeneity and optimality affect species richness
differ with scale and should be accounted for in analyses.
Furthermore, processes regulating richness at small and large
scales are linked by the interdependence of environmental con-
ditions across scales (Passy, 2009) and the dispersal of species
amongst the local sites that comprise a larger region (Leibold
et al., 2004). The meta-community conceptualization of local—
regional dynamics (Leibold et al., 2004) is a potentially valuable
framework for studying the influence of environmental hetero-
geneity and optimality on species richness across spatial scales
and could improve our understanding of how patterns of geo-
graphical diversity are generated.

Our goal is to investigate how environmental heterogeneity
and optimality regulate species richness across spatial scales
using analyses that explicitly consider these effects within a
local-regional hierarchy. We use data from a national survey of

Regional and local lichen species richness

epiphytic lichen communities in forests because lichen epi-
phytes are a biologically diverse group whose ecology offers an
ideal opportunity to evaluate hypotheses about the influence of
the environment on communities across spatial scales (Ellis,
2012). As sensitive environmental indicators that are ubiquitous
globally in forested ecosystems (Nash, 2008), lichens are well
suited to detecting how different aspects of environmental vari-
ation can influence communities across a wide range of condi-
tions. In addition, forests vary greatly in structural composition
and climatic setting, which allows environmental heterogeneity
and optimality to be measured at multiple spatial scales.

We first establish the geographical distribution of local and
regional species richness for non-crustose epiphytic lichens (e.g.
‘macrolichens’) across the United States using US Forest Service
surveys of forest inventory plots and by aggregating Consortium
of North American Lichen Herbaria species records, respec-
tively. We then relate species richness to environmental
covariates that characterize environmental heterogeneity and
average environmental conditions at local and regional scales in
order to determine: (1) the dependence of local richness on
regional processes, (2) whether species richness is primarily
influenced by environmental heterogeneity or optimality, and
(3) whether the relative influence of these different aspects of
the environment differs between local and regional scales. Our
approach is to use generalized linear models to isolate the effects
of categories of predictors of macrolichen species richness.
Parameter estimates and variation explained by these models are
used to infer the importance of regional and local processes in
determining local richness and whether richness is primarily
related to environmental heterogeneity or optimality.

METHODS

Data

We obtained macrolichen community data for 2071 forest plots
surveyed between 1997 and 2008 by the Forest Inventory and
Analysis Lichen Community Indicator program (hereafter FIA)
(Will-Wolf, 2010). Data are available from: http://apps.fs.fed.us/
fiadb-downloads/datamart.html and http://www.fia.fs.fed.us/
tools-data/other_data/default.asp. Subsets of these data have
been used to quantify environmental gradients affecting lichen
community structure in specific regions (McCune et al., 1997;
Jovan & McCune, 2004; Will-Wolf et al., 2006), but variation in
species richness across the entire United States has not been
previously reported. Due to the survey methodology, plot-scale
species richness in these data underestimates the actual number
of macrolichen species that are present and may more accurately
be referred to as a ‘species richness index’ (Will-Wolf, 2010).
However, the standardized methodology does allow comparison
of richness differences across plots, even if the absolute estimates
are incorrect. After removing 44 plots with fewer than two adult
trees, 100 plots for which environmental data were not available
and four plots determined to be outliers, the final data set con-
sisted of 1923 plots located in 29 states spanning the continental
United States.
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We estimated local species richness for each plot from
surveys in which macrolichen species are recorded from all
woody substrates in an area of approximately 4000 m? (within
a circular plot of radius 36.576 m) within a 2-h time period
(the detailed survey methodology can be found in Woodall
et al., 2009; Will-Wolf, 2010). To account for changes in tax-
onomy, species names were standardized as recommended in
the FIA documentation for analyses spanning all regions. We
then calculated local macrolichen species richness in each plot
as the total number of taxa occurring in a single survey, since
only a few plots were surveyed multiple times. Regional
macrolichen species richness was estimated from 148,161 her-
barium records in the Consortium of North American Lichen
Herbaria database (CNALH, 2014). We estimated regional
species richness for each plot as the number of taxa that
occurred within a 500-km radius of the plot, only considering
taxa that are surveyed by the FIA program. To control for geo-
graphical bias in overall sampling effort, regional richness esti-
mates were based on a fixed sample of 2000 records. Distances
shorter than 500 km did contain enough herbarium records to
ensure an adequate sample of regional diversity, but yielded
similar geographical patterns of regional richness (see ‘Calcu-
lation of regional species richness’ in Appendix S1 in Support-
ing Information).

We derived forest structure and climate variables measuring
environmental optimality and heterogeneity at both local and
regional scales (Table 1). Variables measuring environmental
optimality assess the central tendency (e.g. the mean) of an
environmental factor within a plot or region surrounding a plot,
while variables measuring heterogeneity assess the dispersion of
these factors (e.g. the variance) within a plot or region. All local
forest structure variables were based on tree surveys conducted
by the FIA programme at the same plot locations where lichens
were surveyed. We estimated regional tree species richness
within a 500-km radius of each plot from tree species occur-
rences across all FIA plots. Local-scale climate variables were
obtained for each plot by intersecting the geographical coordi-
nates of plots with several long-term average climate maps
obtained from WorldClim and PRISM data (PRISM Climate
Group; Hijmans et al., 2005). Regional-scale climate variables
were derived from the same data, with regional means and vari-
ances calculated within a 500-km radius of each plot. One local
climate variable, total annual direct solar insolation, was calcu-
lated from field-measured topographic slope, aspect and lati-
tude using functions in the insol package in R (Corripio, 2014).
In two cases, pairs of environmental variables were strongly
collinear: annual precipitation and relative humidity, and
maximum tree diameter and tree size diversity. Therefore, we
extracted two orthogonal variables from each of these pairs
using principal components analysis (PCA) and used the
orthogonal variables in all models (the names of orthogonal
variable are high precipitation-high RH (relative humidity)/
high precipitation—low RH and large trees/tree size variation).
Detailed descriptions of the derivations of all environmental
covariates are described in the ‘Additional methodological infor-
mation’ section of Appendix S1.

Table 1 Environmental variables included in analyses. Variables
are sorted according to their scale (local or regional) and whether
they measure central tendency (optimality) or dispersion
(heterogeneity). Detailed descriptions of variables and their
derivation can be found in Appendix S1.

Regional optimality

Regional heterogeneity

High precipitation—high RH
(mean)
High precipitation—low RH

(mean)

High precipitation—high RH
(variance)
High precipitation—low RH

(variance)

Precipitation seasonality (mean)  Precipitation seasonality (variance)

Isothermality (mean) Isothermality (variance)
Mean annual temperature Mean annual temperature
(mean) (variance)

Regional tree species richness

Local optimality Local heterogeneity

Mean bark moisture Bark moisture diversity

Mean wood density Wood density diversity
Large trees Tree size variation
Tree species diversity Tree species composition
Mean canopy density Canopy variability
Solar radiation % Trees dead
High precipitation—high RH

High precipitation-low RH

Precipitation seasonality

Isothermality

Mean annual temperature

RH, relative humidity.

The entire data set was randomly divided in half into training
and testing data sets that encompassed the same geographical
range. To avoid over-fitting the models, the training data set was
used during initial data exploration and model specification,
during which we decided which variables to include, whether to
transform variables and whether quadratic relationships should
be included. Final results were interpreted from models fitted to
the testing data set of 962 plots.

Models

To explore relationships between environmental covariates and
local and regional macrolichen species richness (Sy and Sg,
respectively), we fitted six models with different combinations
of sets of predictors: local heterogeneity variables (LH), local
optimality variables (LO), regional heterogeneity variables (RH)
and regional optimality variables (RO) (see Table 2 for model
abbreviations). Variables with strongly skewed distributions
were transformed to reduce the impact of extreme observations.
Regional climate variance variables were all log-transformed,
while bark moisture diversity and wood density diversity were
square-root transformed. To model local species richness, we
used maximum likelihood to fit a generalized linear model with
a negative binomial error distribution and log-link function,
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Table 2 Linear models of macrolichen species richness used for variation partitioning. Responses are local (S;) or regional (Sg) species
richness and model statistics are for a full model fit to all variables in each of the included categories: regional optimality (RO), regional

heterogeneity (RH), local optimality (LO), local heterogeneity (LH). Model forms are either a generalized linear model with negative

binomial error (GLM) or a spatial autoregressive error model with normal errors (SAR). Reported model statistics are the likelihood ratio
pseudo-R?, the number of estimated parameters (K), residual deviance and Akaike information criterion (AIC). Models with the lowest AIC
for each response variable are indicated in bold.

Model Response Predictors Form R? K Deviance AIC

L1 St RH + RO + Sy GLM 0.55 18 966.44 5446.7
L2 St LH+LO GLM 0.44 27 953.97 5671.3
L3 SL RH +RO +LH + LO + Sg GLM 0.63 43 949.34 5317.2
L4 St RO GLM 0.42 9 966.36 5667.9
L5 St LO GLM 0.42 18 957.42 5694.6
L6 St RO +LO GLM 0.54 25 952.81 5493.9
L7 St RH GLM 0.31 10 979.23 5838.4
L8 St LH GLM 0.18 11 984.30 6014.3
L9 St RH +LH GLM 0.41 19 973.28 5715.1
R1 Sk RH SAR 0.35 10 164.62 1078.9
R2 Sk RO SAR 0.54 9 132.96 869.7
R3 Sr RH +RO SAR 0.61 16 120.70 791.4

which was better supported than a Poisson or normal error
distribution (function glm.nb in the R package MASS; Ripley
et al., 2015). For regional species richness, we used maximum
likelihood to fit a spatial simultaneous autoregressive error
model (function errorsarlm in the R package spdep (Bivand
et al., 2015) with normal errors and neighbour weights propor-
tional to the areal overlap of the 500-km radius circles around
neighbouring plots used to calculate regional-scale variables.
This attempts to account for the spatial autocorrelation induced
by our method of calculating regional-scale variables. The algo-
rithm we used to fit these models was unable to accommodate
predictors with variances that differed by several orders of mag-
nitude. Therefore, since we were primarily interested in the rela-
tive effect of different variables, we standardized variables to
z-scores before including them in the models. Because species
richness might be expected to exhibit unimodal relationships
with some variables measuring environmental optimality, we
included a quadratic term for any variable where unimodal rela-
tionships were supported in single-variable models. This was
determined for each variable by comparing the Akaike informa-
tion criterion (AIC) of a univariate model with a linear term or
with an additional quadratic term, and accepting the relation-
ship as ‘unimodal’ when the quadratic term was negative
(concave-down) and the AAIC greater than 2.

Variation partitioning

We used additive variation partitioning (Legendre & Legendre,
2012) to test the relative variation in local species richness
explained by local versus regional environmental variables and
the variation in species richness explained by environmental
heterogeneity versus optimality at both local and regional scales.
This procedure involves comparing the variation in the response
explained by nested models to determine the proportion of the

variation which can be uniquely attributed to the different sets of
predictors in those models and that which is shared among them.
We made five comparisons using the models described in Table 2.
1. Variation in local richness explained by all regional-scale
variables versus all local-scale variables (Model L3, partitioning
variance between L1 + L2).

2. Variation in local richness explained by regional-scale versus
local-scale optimality variables (Model L6, partitioning variance
between L4 + L5).

3. Variation in local richness explained by regional-scale versus
local-scale heterogeneity variables (Model L9, partitioning vari-
ance between L7 + L8).

4. Variation in local richness explained by local heterogeneity
versus optimality variables (Model L2, partitioning variance
between L5 + L8).

5. Variation in regional richness explained by regional hetero-
geneity versus regional optimality variables (Model R3, parti-
tioning variance between R1 + R2).

The first three comparisons assess the relative influence of
local versus regional processes on local macrolichen species
richness, while comparisons 4 and 5 assess the relative influence
of environmental heterogeneity versus optimality. Because
models were generalized linear models (GLMs) and spatial
autoregressive models, we used the likelihood ratio-adjusted
pseudo-R? (R.4?) as the goodness-of fit measure of variation
explained (Nagelkerke, 1991). Fractions of variation uniquely
explained by sets of variables were determined by adding and
subtracting R,q”* values of the appropriate models.

Multimodel inference and parameter estimation

We used model averaging to estimate the effects and importance
of individual environmental variables included in the linear
models (Burnham & Anderson, 2002). To compare the effects of
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individual local versus regional predictor variables on local
species richness we computed parameter estimates and AIC,
(the AIC corrected for small sample size) for all possible
submodels of two full models: one containing only heterogene-
ity variables (Model L9) and one containing only optimality
variables (Model L6), with the restriction that each submodel
retained at least two predictor variables and quadratic terms
could not appear without their corresponding linear term. From
these sets of candidate models, we then selected the top models
whose Akaike weights were no less than 5% of the best model
(i.e. an evidence ratio of 0.05). Parameter estimates and variable
importance were then calculated from these sets of more prob-
able models. Variable importance was assessed as the sum of the
Akaike weights of all models in which a variable appears and its
estimated effect was calculated as the average of its effects in all
models weighted by model Akaike weights. We report standard-
ized parameter estimates so that the relative effects of variables
can be compared, but do not report the significance of individ-
ual predictors because such inferential tests are not valid after

A. Local Species Richness

Figure 1 Map of lichen species richness in
1923 forest plots. Plot locations are
indicated by circles which are
coloured/shaded (a colour version is
available online) by the number of
macrolichen species on a plot (a, local
richness) or the number of species within a
500-km radius (b, regional richness). Light
grey pixels are areas with forest cover
(USDA Forest Service, 2002). Map
projection: Lambert azimuthal equal area
centred at 40° N, 97° W.

this post-hoc analysis of such a large set of models (Burnham &
Anderson, 2002). We used the same procedure to compare the
effects of individual heterogeneity versus optimality predictor
variables on local species richness (Model L2) and regional
species richness (Model R3).

RESULTS

Geographical distribution of lichen richness

Local macrolichen species richness ranged from 1 to 37 species,
with high richness occurring in Maine, Washington, Oregon,
California and Idaho and low richness in the Great Basin and
other arid regions (Fig. 1a). Regional species richness was
highest in the Pacific Northwest region and south-eastern Appa-
lachians, but low throughout the Great Basin and Midwest
(Fig. 1b). The high regional richness in the south-western
deserts and south-eastern forests contrasted with the generally
lower local-scale richness in these regions.

J 280
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Variation partitioning

In univariate models, local species richness exhibited unimodal
relationships with five variables measuring environmental
optimality and three variables measuring heterogeneity (Appen-
dix S1, Table S2), while regional species richness exhibited
unimodal relationships with one optimality variable and one
heterogeneity variable (Appendix S1, Table S3). Quadratic terms
for these variables were included in subsequent models used for
variation partitioning and model averaging.

We compared three sets of models to determine the relative
influence of local- versus regional-scale variables on local
macrolichen species richness. In each comparison, the model
with regional-scale variables uniquely explained more variation
than the model with local-scale variables, despite having fewer
estimated parameters (Fig.2a). When all variables were
included (Model L3), the regional variable model uniquely
explained 18% of the variation in local richness, while the local
variable model explained 8%. Among heterogeneity variables
(Model L9) this disparity increased, with the regional model
uniquely explaining 23% of the variation and the local model
explaining 9%. However, among models containing only vari-
ables measuring environmental optimality (Model L6), the pro-
portion of variation in local richness uniquely attributed to local
versus regional variable models was approximately equal (11%
and 12%, respectively). In addition, for all three comparisons
the regional model had a much lower AIC than the model con-
taining only local-scale environmental variables.

To determine the relative influence of environmental hetero-
geneity versus optimality on macrolichen species richness we
compared two sets of models — one set predicting local richness
(Model L2) and one set predicting regional richness (Model R3).
At both scales, models containing variables measuring environ-
mental heterogeneity explained very little unique variation in
species richness (Fig. 2b). At a regional scale, variables measur-
ing environmental optimality uniquely explained at least four
times more variation in regional species richness than heteroge-
neity variables (26% vs. 7%). In models of local species richness,
the model with variables measuring environmental optimality
uniquely explained 27% of the variation in species richness
compared with 2% for the heterogeneity model. Lower AIC
values for optimality models at both scales also indicate that
these variables are better predictors of species richness than
heterogeneity variables.

Multimodel inference and parameter estimation

In order to compare the effects of individual local- versus
regional-scale variables on local macrolichen species richness,
we averaged parameter estimates from the best submodels of
two full models — one containing optimality variables (Model
L6) and one containing heterogeneity variables (Model L9). Of
the 1,119,727 optimality submodels, 129 were identified as being
most likely (evidence ratio >0.05, compared with the best
model) and were used for parameter estimation (Appendix S1,
Table S4). Following the same criterion, 52 out of 31,091 het-

Regional and local lichen species richness
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Figure 2 Proportion of variation in lichen species richness
explained by different sets of environmental variables. (a)
Variation in local macrolichen species richness explained by
variables measured at a local or regional scale. Dark grey indicates
variation uniquely explained by local-scale variables while light
grey indicates variation uniquely explained by regional-scale
variables. The intermediate grey boxes indicate variation which
cannot be ascribed to either set of variables alone and the white
boxes show variation unexplained by the full model. The left
column partitions richness variation among all variables (model
L3 =L1 +L2), while in the middle and right columns variation is
partitioned only among variables measuring environmental
optimality (model L6 = L4 + L5) or heterogeneity (model

L9 =17+ L8). (b) Variation in macrolichen species richness
explained by variables measuring environmental heterogeneity
versus optimality. The left column shows variation in regional
species richness explained by regional-scale heterogeneity and
optimality variables (model R3 = R1 + R2) and the right column
shows variation in local richness explained by local-scale
heterogeneity and optimality variables (model L2 = L5 + L8).

erogeneity submodels were identified as the most likely and were
used for parameter estimation (Appendix S1, Table S5). We
report standardized parameter estimates so that the effects of
variables can be compared.

In the optimality variable model (Model L6), the variables
with the strongest effects on local richness were all regional-scale
climate variables: high precipitation—-high RH (0.12), mean
annual temperature (—0.11) and isothermality (0.08). Apart
from high precipitation-low RH, the effects of local-scale
climate variables were always weaker than the effects of their
regional counterparts (Fig. 3). Six out of eleven local-scale
optimality variables had no effect on local richness. For the
heterogeneity variable model (Model L9), every regional-scale
variable was included in all 52 top models, whereas only two
local-scale heterogeneity variables, bark moisture diversity and
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Figure 3 Effects of local and regional climate variables on local

macrolichen species richness. Coefficients from the
best-supported models of local macrolichen species richness
containing optimality variables (full model L6) were averaged and

standardized to obtain standardized effects of climate variables

measured locally and regionally. These effects are plotted here

with the coefficient for each local climate variable on the x-axis

and the coefficient for each regional mean climate variable on the

y-axis. Points falling in the grey region indicate climate variables
that have a stronger effect on local richness when measured
regionally compared with when measured locally. Abbreviations
are: high precipitation-high RH (WET) and its square (WET?),
high precipitation—-low RH (LOWRH), precipitation seasonality
(PSEAS), isothermality (ISO) and mean annual temperature

(MAT).

Table 3 Importance and effects of
local-scale environmental variables on
local macrolichen species richness.
Parameter estimates are averaged from
the 1545 most likely submodels
(evidence ratio > 0.05) of a full model
containing all local-scale variables
(model L2). Estimates are standardized
to enable comparison among variables.
Variables are ordered from the strongest
to the weakest estimated effect on local
richness. For each variable the table lists
whether the variable measures
environmental heterogeneity (mode H)
or optimality (mode O), the relative
importance of the variable (summed
weights of submodels containing it) and
the number of most likely submodels in
which the variable occurs (out of 1545).
Effects of variable quadratic terms can
be found in Appendix S1, Table S6.
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tree species diversity, exhibited the same level of importance.
Regional tree species richness and spatial variance in precipita-
tion seasonality had the strongest effects (0.12 and 0.11, respec-
tively), but the inclusion of a negative quadratic term for both
variables suggests that local richness does not respond linearly.

To compare the effects of individual variables measuring
environmental heterogeneity versus optimality, we averaged
parameter estimates from the best submodels of a regional-scale
model of regional richness (Model R3) and from the best
submodels of a local-scale model of local richness (Model L2).
Fourteen out of 4608 regional submodels were identified as
most likely and used for parameter estimation, while 1545 out of
3,359,214 local-scale submodels were used.

At the local scale, six variables measuring environmental
optimality occurred in all 1545 most likely models, while no
variable measuring environmental heterogeneity did so
(Table 3). Of the most important optimality variables, mean
canopy density had the strongest effect (0.05), followed by high
precipitation—high RH (0.04), and solar radiation (0.03). All
three of these variables had negative quadratic effects, indicating
a concave-down relationship with local richness. At the regional
scale, all variables measuring environmental optimality had
stronger effects on regional species richness than all variables
measuring heterogeneity and were included in all 14 top models
(Table 4). Regional mean isothermality had the strongest effect
(1.19) followed by regional mean annual temperature (—1.06)
and precipitation seasonality (0.58).

DISCUSSION

Regional control of local communities

Two lines of evidence suggest an important role for regional
processes in determining local richness of macrolichen

Predictor Mode Importance Models Estimate SE

Mean canopy density (@] 0.998 1539/1545 0.0528 0.0176
High precipitation—high RH O 1.000 1545/1545 0.0380 0.0040
Solar radiation (€] 1.000 1545/1545 0.0259 0.0149
Precipitation seasonality (€] 1.000 1545/1545 0.0229 0.0028
Wood density diversity H 0.782 1181/1545 0.0211 0.0119
Bark moisture diversity H 0.838 1266/1545 0.0188 0.0110
Mean wood density (0] 1.000 1545/1545 —-0.0172 0.0114
Mean annual temperature (@] 1.000 1544/1545 —-0.0111 0.0036
Tree diversity H 0.581 949/1545 0.0081 0.0051
Tree composition (€] 1.000 1545/1545 -0.0075 0.0027
Isothermality (€] 0.597 882/1545 0.0064 0.0038
High precipitation—low RH ¢} 0.550 872/1545 0.0053 0.0035
Canopy variability H 0.464 725/1545 0.0036 0.0026
Mean bark moisture (0] 0.341 602/1545 —-0.0033 0.0031
Large trees (€] 0.269 487/1545 —-0.0022 0.0025
Tree size variation H 0.266 497/1545 0.0020 0.0024
% of trees dead H 0.310 610/1545 0.0012 0.0039

RH, relative humidity.

Global Ecology and Biogeography, 25, 406-417, © 2016 John Wiley & Sons Ltd



Regional and local lichen species richness

Table 4 Importance and effects of

Predictor Mode  Importance ~ Models ~ Estimate  SE regional-scale environmental variables
on regional macrolichen species richness.
Isothermality (mean) (6] 1.00 14/14 1.193 0.091 Parameter estimates are averaged from
Meafl 'fmn.ual tempera.ture (mean) 0] 1.00 14/14 -1.059 0.115 the 14 most likely submodels (evidence
PFeC1p1tat1f)1? se.asonapty (mean) O 1.00 14/14 0.580 0.103 ratio > 0.05) of a full model containing
High precipitation—high RH (mean) (0] 1.00 14/14 0.506 0.114 all regional-scale variables (Model R3).
High precipitation-low RH (mean) % 1.00 14/14 0.403 0.080 The table follows the same format as
High precipitation-high RH (variance) ~ H 1.00 14/14 0.345 0.100 Table 3. Variables are ordered from
Regional tree richness . H 1.00 14/14 0.320 0.091 strongest to weakest effect on local
Mean annual temperature (variance) H 1.00 14/14 0.302 0.062 richness. Effects of variable quadratic
High precipitation—low RH (variance) H 1.00 14/14 —0.281 0.072 terms can be found in Appendix S1,
Isothermality (variance) H 0.74 8/14 0.065 0.033 Table S6.
Precipitation seasonality (variance) H 0.33 7114 0.021 0.074

communities in US forests: the greater explanatory ability of
regional-scale variables in the variation partitioning analysis
and the generally stronger effects on local richness of individual
variables measured at a regional rather than a local scale. The
only other study to explicitly assess environmental drivers of
local and regional richness in lichens found little predictive
power of any covariate and did not discuss potential linkages
across scales (Casanovas et al., 2013). Other studies assessing the
correlation between local stand-scale lichen richness and land-
scape or regional-scale predictors generally find little effect of
large-scale predictors compared with local environmental pre-
dictors (Nascimbene etal., 2012; Kiraly etal., 2013) or of
macroclimate compared with local forest structure (Moning
et al., 2009; Ellis & Coppins, 2010). The apparent contradiction
between our finding that regional-scale processes are important
for local richness and these previous results stems from a differ-
ence in scale. In several previous studies, the purpose of exam-
ining landscape-scale predictors was to assess whether dispersal
of lichen species from older forest patches augments the number
of species in adjacent areas. The lack of evidence for landscape-
scale enrichment of local richness indicates that lichen species
have the ability to disperse across landscapes, at least over mod-
erate time-scales. Gjerde et al. (2012) suggest that dispersal limi-
tation of species richness in nascent forest patches disappears
after 100 years. Our finding that regional processes have an
impact on local macrolichen richness is also consistent with
lichens having a relatively high dispersal ability. However, our
study covered a much larger geographical extent and our
‘regional-scale’ variables are measured over an area that in some
cases would encompass the entire geographical extent of prior
landscape-scale studies. Dispersal rates may be high enough to
homogenize local communities and erase correlations between
local richness and landscape attributes measured at a scale of
10-100 km, yet metacommunity models predict that moderate
dispersal should enhance correlations with regional variables
measured at larger scales by strengthening the relationship
between local and regional richness (Mouquet & Loreau, 2003).

Given the influence of regional-scale processes on local lichen
richness, an important avenue for further research is to deter-
mine the underlying cause of regional gradients of lichen rich-
ness in North America. High dispersal ability would suggest that

lichen distributions track current climate, and it is tempting to
interpret regional-scale richness—environment correlations as
evidence for large-scale environmental filtering of a group of
organisms with similar physiological limitations. However, it is
also possible that certain environments have a higher capacity to
support or evolve more species and that species niches evolved
accordingly. Quantifying the evolutionary flexibility of lichen
niches would help to clarify the direction of causality. Globally,
only a handful of studies (Marini et al., 2011; Casanovas et al.,
2013; Soto-Medina, 2013) have assessed potential drivers of
regional-scale lichen richness. The continual development of
large-scale data sets on species distribution, such as CNALH,
will be crucial for understanding the generation of continental-
to global-scale diversity.

Dominance of environmental optimality over
heterogeneity across scales

As in previous studies, environmental variables were better pre-
dictors of species richness at the regional scale than at the local
scale (Belmaker & Jetz, 2011), but the contribution of environ-
mental optimality relative to environmental heterogeneity
remained similar across scales. Both variation partitioning and
the individual parameter estimates support a stronger role for
environmental optimality over heterogeneity in determining
macrolichen species richness. At both local and regional scales,
the optimality model independently explained substantially
more variation in richness than the heterogeneity model and the
estimated effects of optimality variables were mostly stronger
than the estimated effects of heterogeneity variables. Further-
more, heterogeneity variables did not appear to be increasing
richness by increasing available niches. Several heterogeneity
variables had negative or unimodal relationships with richness.
Taken together, this evidence suggests that niche-based sorting
among habitats is not a general driver of local or regional
macrolichen richness across the wide variety of forests in North
America.

Heterogeneity variables primarily explained variation in rich-
ness that could also be attributed to variables measuring envi-
ronmental optimality, particularly in the regional-scale models
comprising mostly climate variables. This means that changes in
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species richness are mainly associated with changes in environ-
mental heterogeneity that are also accompanied by changes in
mean conditions. Thus, it is not simply the variety of conditions
that matter, but the quality of those conditions.

The relatively weak independent influence of environmental
heterogeneity across scales is surprising in light of numerous
studies showing that turnover in lichen epiphyte community
composition is strongly associated with environmental variation
ranging from within a single tree to across a landscape (Ellis,
2012). Forest structural elements that introduce heterogeneity,
such as light gaps, trees of different ages and standing dead trees,
have frequently been identified as contributing to lichen species
richness (Moning et al., 2009; McMullin et al., 2010; Ellis, 2012),
especially as pertaining to recommendations for maintaining
diversity in managed forests (Neitlich & McCune, 1997). Species
sorting among trees with different bark properties can lead to a
correlation between tree species richness and lichen richness
(Meier et al., 2005), a pattern that extends to larger regional
scales where forest types with greater tree species richness have
been found to support a more species-rich lichen flora (Jiriado
et al., 2003). However, the strength of this correspondence
between tree and lichen richness may depend on the region in
which the study is conducted. In northern temperate to boreal
forests complementarity among lichen communities on hard-
woods versus conifers leads to greater richness in mixed forest
types (Cleavitt ef al., 2009). Yet, increasing tree species richness
could have much less of an effect in more diverse forests found
at lower latitudes if adding tree species to already moderately
diverse forests does not create new niches for lichens. We found
a weak positive relationship between regional tree richness and
macrolichen richness, but no clear effect at the local scale. The
overall weak effects of variables measuring local forest structure
that we find in this study imply that there are no general rela-
tionships between macrolichen richness and forest structure
that are true for all US forests. Hence, we reiterate the oft-given
advice that care should be taken when generalizing from studies
conducted within smaller spatial extents and furthermore
suggest that decisions regarding forest management for lichen
diversity be based on regionally parameterized models
(Will-Wolf et al., 2006).

If our data support the hypothesis that richness increases
under conditions that are more optimal for more species, what
then is the optimal macrolichen niche? Like plants, lichens rely
on photosynthesis to obtain carbon for metabolic processes,
hence light and water availability are expected to be primary
determinants of the distribution and abundance of lichen
species (Harris, 1971). The strong positive effects of precipita-
tion and humidity on macrolichen richness that we observe are
in line with previous reports that water availability creates a
strong physiological constraint on poikilohydric lichens (Green
et al., 2008) and is a primary driver of lichen richness at regional
scales (Marini et al., 2011). This manifests geographically as
centres of high regional macrolichen diversity occurring in the
Pacific Northwest and Northeastern regions and the southern
Appalachians. The inclusion of solar radiation and of mean
canopy density as one of the few local variables measuring forest

structure with important effects on macrolichen richness is con-
sistent with previous findings that light availability is a determi-
nant of lichen richness (Moning et al., 2009; Rosabal et al.,
2012). Unlike previous work, we found an effect of climatic
variables related to temperature: both regional and local species
richness were higher in areas with lower mean annual tempera-
tures, and regional richness was higher in areas where diurnal
temperature variation approaches intra-annual variation. These
results are surprising, given that lichens are thought to have
generally broad thermal optima that shift toward warmer tem-
peratures at lower latitudes (Lechowicz, 1982; Nash, 2008).
Richness—environment relationships may arise from underlying
biogeographical variation unrelated to niche-based species
sorting and, as with any correlative modelling approach, caution
should be used when interpreting any single parameter estimate
from our models. We base the support for our conclusions on
the aggregate trend of multiple predictors and do not recom-
mend characterizing the optimal lichen niche based solely on
the effects of single predictors in our models. Furthermore, these
conclusions about environmental drivers of macrolichen species
richness should not be generalized to crustose lichens that grow
embedded in their substrate because their morphology may
cause different responses to environmental variation
(Nascimbene & Marini, 2015).

Implications beyond lichen ecology

Our results are generally consistent with a series of meta-
analyses that have found that the effect of environmental het-
erogeneity on richness is stronger or more frequently positive at
larger spatial scales (Tamme et al 2010, Stein et al., 2014), but
that when compared against other hypotheses, climate, produc-
tivity and other measures of average environmental conditions
better explain variation than environmental heterogeneity
(Field et al., 2009; Lundholm, 2009). There has not been a com-
prehensive meta-analysis comparing the relative contribution of
regional and local factors to local richness, despite a recent
increase in the number of studies that explicitly consider both
local and regional environmental factors in the same analysis.
While several studies find a greater explanatory role for local
biotic and abiotic environmental filters over regional processes
(Harrison et al., 2006; White & Hurlbert, 2010; Wang et al.,
2012), others find approximately equal roles of local and
regional processes (Passy, 2009; Kristiansen et al., 2011). It is not
clear whether our conclusions regarding macrolichens are
anomalous or expected given their dispersal potential and bio-
geographical history. A detailed review and analysis of this
recent literature would clarify general expectations and the
dependence of patterns on taxon- or system-specific biological
features (e.g. traits or geographical contexts that influence dis-
persal) or methodological decisions.

Targeted collection and analysis of data on organisms, guilds
or systems with unique properties provide opportunities to
identify exceptions to patterns and ultimately develop more
comprehensive theories. Lichens are one example of an exem-
plary target for increasing the generality of ecological studies
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because they disperse and reproduce like micro-organisms, yet
have long been collected and studied as macro-organisms. Thus,
lichen diversity and distributions are well characterized com-
pared with other fungi and microbes. This, combined with a
long evolutionary history, global distribution and high sensitiv-
ity to the environment, makes lichens a particularly rich, yet
underutilized, research system. By shifting the focal unit of
analysis from species identity to species number and functional
strategy (e.g. McCune, 1993; Stofer et al., 2006; Rapai et al.,
2012), lichen ecologists can both increase the scale of their
analyses and facilitate comparison across taxa and systems.

Explicit consideration of the contribution of environmental
heterogeneity and optimality to species richness within the
context of local versus regional dynamics provokes general ques-
tions about the interaction between scale and heterogeneity. For
example, how does regional heterogeneity alter the link between
richness at regional and local scales? In a heterogeneous region
containing a diverse assemblage of species, dispersal amongst
habitat patches may enrich local sites to a greater extent than in
a more homogeneous region (e.g. mass effects) and lead to
stronger regional control of local richness. However, if the geo-
graphical features that create regional heterogeneity also hinder
the movement of propagules or individuals, then reduced dis-
persal could result in greater local-scale environmental control
(Damschen & Brudvig, 2012). Assessing the conditions under
which these scenarios occur would be a fruitful avenue for future
research. Yet the importance of understanding and predicting
these patterns is not purely theoretical. Conservation recom-
mendations are likely to differ for species guilds that vary in how
regional heterogeneity affects dispersal or the extent to which
diversity is constrained by average environmental conditions
versus environmental heterogeneity. Anthropogenic habitat
modification can increase or decrease environmental heteroge-
neity, depending on the scale and level of intensity (Seiferling
et al., 2014). This, coupled with region-wide changes in climate,
makes it imperative that we be able to predict how different
groups respond to environmental variation at both local and
regional scales.
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