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Abstract

Ecological community data are used to infer levels of environmental stressors;

for example, epiphytic lichen communities can be used to estimate levels of air

pollutants. If stressors are so severe that the community of interest disappears

altogether, then “empty” plots are recorded. The problem compounds when

multiple environmental stressors strongly influence the community. We

explore this problem using simulated data and a case study of epiphytic lichens

in the Sierra Nevada mountains of the United States. This area experiences rel-

atively high amounts of nitrogen (N) deposition that can suppress lichen com-

munities, but this signal is confounded at high elevations where epiphytic

lichens become absent. This combination of severe stressors interferes with

extracting a lichen community gradient that corresponds with the air quality

gradient for the full elevation range in this study area. We evaluated three gen-

eral approaches: (1) methods of nonmetric multidimensional scaling that

allow inclusion or exclusion of empty plots, (2) the “dummy species” method

that populates empty plots with a consistent low abundance, and (3) bypassing

problematic distance measures by nonparametric regression of the environ-

mental parameter of interest (N deposition) against total abundance. In the

simulated gradient, we added stressors at one or both ends of a dataset with a

dominant environmental gradient to demonstrate the effect of extreme sup-

pression of communities by environmental conditions. With lichen and simu-

lated data that are “stressed” at one or both ends of the community gradients,

Euclidean and Gower distances distorted the primary gradients in a circular

manner that weakened relationships with environmental variables. This is

similar to the “horseshoe effect” that is recognized as a problem in ordinations

of ecological communities. If one excluded empty plots, ordination axes

represented the underlying gradients better with quantitative Sørensen

(Bray–Curtis) distance than with Euclidean and Gower distances, but this

limits the scope of its application in bioindication. The distortion of environ-

mental gradients can be revealed with ordination phase plots, a new method

of projecting environmental gradients, whether linear or nonlinear, onto any

community ordination space. The regression-based alternative to ordination
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extracted the strongest relationship between N deposition and lichen commu-

nity data, and included empty plots.

KEYWORD S
bioindication, CMAQ, distance-based methods, dummy species, nitrogen deposition,
nonmetric multidimensional scaling, nonparametric multiplicative regression, ordination
phase plot, southern Sierra Nevada, TDEP

INTRODUCTION

Bioindication uses organisms to indicate environmental
conditions. One common form of this is to use ecological
community data to infer or estimate levels of environ-
mental stressors. For example, one can use ordinations of
epiphytic lichen communities to determine relationships
between axis scores and levels of air pollutants, then use
that relationship to estimate levels of air pollutants where
the community has been measured but the pollutants
were not (e.g., Jovan, 2008; Jovan & McCune, 2005;
Will-Wolf et al., 2015). While this strategy is often suc-
cessful, sometimes the stressors can become so severe
that the community of interest disappears altogether.
This produces “empty” sample units (e.g., plots) where
no species are recorded, presenting analytical challenges
to methods that are based on species composition. The
empty plot problem becomes particularly severe when
more than one environmental stressor suppresses the tar-
get community under different circumstances within the
same dataset.

Empty plots are rarely encountered in many ecosys-
tems, for example, the Pacific Northwest of North
America (Jovan, 2008; Smith et al., 2017) and the
Northeastern United States (Cleavitt et al., 2015; Smith
et al., 2020; Will-Wolf et al., 2015). These areas have
favorable climate regimes resulting in virtually no for-
ested landscapes that lack epiphytic lichens. In these
regions, nonmetric multidimensional scaling (NMS;
Kruksal, 1964) using common proportional distance mea-
sures, such as quantitative Sørensen (Bray–Curtis) dis-
tance, effectively extracts air quality gradients from
lichen community data.

Other regions, such as the Southwestern United States,
are so climatically harsh that forested plots lacking epi-
phytic lichens are encountered, rendering the proportional
Sørensen distance unusable. That region has a single dom-
inant stressor (aridity), and NMS can continue to solve this
problem with Euclidean distance, taking advantage of the
signal from overall abundance and allowing empty plots
in the analysis (McCune et al., 2022).

Another distance measure option is Gower distance
(Gower, 1971; McCune & Mefford, 2018), which is one of

the few distance measures that allow both categorical
and quantitative variables and can be applied to empty
plots, though we could not find examples of this applica-
tion in the literature. Gower distance is a universal dis-
tance measure, in that it can be applied to any data
matrix. For quantitative data, Gower distance is a
city-block distance, since it is based on the absolute dif-
ferences between values. It is also proportional: two
objects have maximum distance (1) when they have noth-
ing in common, and minimum distance (0) when they
are identical, regardless of the variable types. Sørensen
and Jaccard are also proportional city-block distances,
but they are proportionalized by sample unit totals,
rather than Gower’s proportionalizing by absolute ranges
of the individual variables. This makes Gower’s distance
relatively sensitive to minor species in the data, rather
than being controlled by a few dominant species. Because
of the universality of Gower’s distance, we include it here
as a potential solution to the empty plot problem.

Here, we explore the empty plot problem with a
dataset in which it is particularly severe. In the southern
Sierra Nevada, epiphytic lichens at high elevations are
suppressed by climatic stress and a lack of trees. At the
other (low) end of the elevation gradient, a second envi-
ronmental stressor, very poor air quality, can virtually
eliminate epiphytic lichens. The effect of two stressors at
opposite ends of the elevation gradient is that the air
quality and climatic signals are confounded by the
extreme simplification or loss of communities at both
ends of the gradient. Most lichen community analyses
partially deal with this problem by excluding empty plots
in order to use quantitative Sørensen (Bray–Curtis) dis-
tances for ordinations (Jovan & McCune, 2004, 2005,
2006). But even strongly suppressed communities with
just one or a few species can be problematic for Sørensen
distances (Clarke et al., 2006). So, we sought a method to
effectively represent all the available data, in our case,
including both extreme high and low elevations.

Although the most common solution has been to
exclude empty plots, other options exist. Another solution
has been to augment the data matrix with a “dummy”
species with a constant, low abundance, and then to pro-
ceed with ordination based on Sørensen distances
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(Clarke et al., 2006). To use this method requires the
assumption that there is a single likely cause for empty
plots (Clarke et al., 2006). The “dummy” species method
has been used in studies of rocky intertidal communities,
which often encounter empty plots (Weitzman
et al., 2021) as well as communities that experience
reductions in diversity and abundance from pollution
stress (Sales & Ballesteros, 2009) and seasonal changes in
climate (Sobocinski et al., 2013).

In the context of estimating beta diversity and
nestedness, the function beta.pair_zerospecies in R pack-
age allanecology/BetaDivMultifun (unpublished, R docu-
mentation 9 November 2023) introduced ad hoc rules to
avoid division by zero in calculating proportional
distances:

1. If two plots are empty, then dissimilarity = 0
2. If one plot is empty and one plot has species, then

dissimilarity = 1.

In the context of ordination with multiple factors
suppressing communities, both rules clearly will degrade
recovery of environmental gradients, so we did not evalu-
ate them further. For example, Rule 1 degrades the case
of two plots stressed by the same factor, but one plot has
only one species and one plot has none. Despite similar
environment and communities, the dissimilarity is
assigned a maximum value. On the other hand, Rule
2 degrades the case when plots have different stressors
responsible for the absence of species.

Environmental gradients usually have nonlinear
relationships to community gradients (e.g., McCune
et al., 2022). NMS deals effectively with nonlinear rela-
tionships among species and between species and the
environment, but practitioners commonly view com-
munity relationships with environmental variables
graphically with linear biplots and corresponding lin-
ear statistics (R 2 or correlation coefficients). In con-
trast, phase plots have been used commonly in other
fields, such as chemistry and physics (Schnell &
Mendoza, 2004), for studying nonlinear dynamical sys-
tems. Traditional phase plots graph a series of points in
a coordinate system defined by variables that have
been recorded through time. For example, if you mea-
sured the temperature and humidity of a system
through time, a time domain graph shows temperature
and humidity as a function of time as the x axis, while
the phase plot shows a series of points in time in a
coordinate system defined by axes of temperature and
humidity. It thus shows the trajectory of the system in
the state space defined by the variables of interest.
Applied to ordinations of ecological communities, we
broaden that definition to include the path of either

temporal or environmental gradients in the state space
as represented by an ordination, that is, reduced spe-
cies space. A phase plot shows the path of an environ-
mental gradient in the community ordination space.
These plots can show how key environmental and com-
munity gradients are related to each other in species
space and can reveal structure that is otherwise
unclear. A method for creating gradient phase plots in
ordination space (B. McCune and Heather T. Root,
unpublished) is applied for the first time here.

Our primary objective was to evaluate alternative
solutions to the problem of analyzing community
responses to the environment in the face of severe envi-
ronmental stressors on two ends of a community gradi-
ent, stressors so severe that communities effectively
disappear at both ends. If there are stressors that are
severe enough to produce empty plots at only one end of
the community gradient, this still poses analytical prob-
lems, but not nearly as severe as for stressors at two ends.
To address these, we used both real lichen data and simu-
lated community data. Our second objective was to dem-
onstrate a new method, ordination phase plots, to show
how methodological choices may misrepresent underly-
ing gradients, again using both real and simulated
datasets.

STUDY AREA

Our study area falls along a nitrogen (N) deposition and
elevational gradient (50–3700 m) that extends north-
eastward from the agricultural San Joaquín Valley into
the granitic southern Sierra Nevada mountains of
California (Figure 1). Mean annual temperature
decreases and mean annual precipitation increases
along this gradient. A strong rainshadow on the east-
ern edge of our study area starts in local valleys around
2500 m in elevation on the west side and continues
eastward (Figure 2).

Like the adjacent interior southwest, the southern
Sierra Nevada mountains have a paucity of epiphytic
lichens in many areas (Jovan et al., 2021; Jovan &
McCune, 2006). Nevertheless, much of the higher eleva-
tion epiphyte-poor area falls in Class I Wilderness that
requires, under the Clean Air Act, monitoring air quality
as an agent of ecological change (Geiser et al., 2021;
Jovan et al., 2021).

The San Joaquín Valley has large urban population
centers among large expanses of agricultural land, thus
being a major source of N emissions (Almaraz
et al., 2018; Bytnerowicz et al., 2019). We included four
plots located in city parks to capture the high end of N
deposition; other plots were on rural federal- or

ECOSPHERE 3 of 16

 21508925, 2025, 10, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70394, W

iley O
nline L

ibrary on [01/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



state-managed land from the oak woodland foothills up
into the alpine high elevations of the Sierra Nevada.

Plots in high N environments favor nitrophiles; the
proportional abundance of nitrophiles within the

epiphytic lichen community indicates higher N deposi-
tion (Jovan & McCune, 2005, 2006; van Herk, 1999).
More sensitive lichen species can tolerate only
low-to-moderate levels of N deposition so that plots have

F I GURE 1 Topographic map of study area and plot locations in central California. Solid pink triangles represent plot locations.

F I GURE 2 Relationship between mean annual precipitation and elevation with ecological zones color coded for each lichen

community plot.
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lower species richness and lower abundance of sensitive
species at high levels of N deposition.

Sulfur is another common pollutant to which lichens
respond (Nash III, 2002), but deposition is low through-
out California and thus has little ecological effect in that
area, including on lichen communities (Bytnerowicz
et al., 2016; Fenn et al., 2010; Jovan & McCune, 2006).

METHODS

Lichen community survey protocol

All existing lichen community data within the study area
were extracted from the US Forest Service Air Resources
Management program (Jovan et al., 2020) and were col-
lected by both the US Forest Service Air Resources
Management program and the Forest Inventory and
Analysis program (FIA; Bechtold & Patterson, 2005) over
the last 25 years. We added more low elevation and
urban plots between the years 2019 and 2021, for a total
of 52 plots (Kovasi, 2023). Five plots (9% of the dataset)
lacked epiphytic macrolichens.

The epiphytic macrolichen community was sampled
in circular 34.7 m radius plots using the standardized
FIA protocol (Jovan et al., 2020; McCune et al., 1997).
Every macrolichen species found above 0.5 m from the
ground on wood as well as in litterfall was collected on
the plots over the course of 2 h or less. Each species was
assigned a pseudo-logarithmic abundance rating in
each plot: 1 = one to three individuals, 2 = four to
10 individuals, 3 = more than 10 individuals but pre-
sent on less than half of allowable substrate, and
4 = more than 10 individuals and present on at least
half of allowable substrate. Elevation, total basal area,
and conifer and hardwood basal area were recorded for
each plot.

Plot environmental variables

Three-year rolling averages of modeled N deposition esti-
mates came from the Community Multiscale Air Quality
model v. 5.0.2 (CMAQ; Bash et al., 2013; Byun &
Schere, 2006) produced by the Environmental
Protection Agency and from the Total Deposition model
v. 2018.02 (TDEP; Schwede & Lear, 2014) produced by
the National Atmospheric Deposition Program Total
Deposition Science Committee. Model output resolution
is 12 × 12 km. CMAQ estimates deposition by modeling
chemical transport, meteorology, and emissions inven-
tory data (Byun & Schere, 2006), while TDEP adjusts
the CMAQ model by empirical measurements of actual

deposition (Schwede & Lear, 2014). Thirty-year climate
normals for environmental variables, such as mean
annual precipitation and temperature (Appendix S1:
Table S3), were extracted from the Parameter elevation
Regressions on Independent Slopes Model (PRISM; Daly
et al., 2000). We extracted values from CMAQ and
TDEP in ArcMap 5.1 (Environmental Systems Research
Institute, 2018) using plot coordinates.

Simulated dataset

Using the program Compas (Minchin, 1987) in Windows
NT DOS simulator, we first generated species response
functions for two gradients and 100 species. We chose to
use simulated data with known underlying structure
because it allowed us to cleanly test alternative methods
for dealing with the empty plot problem. If the analytical
method can recover the underlying gradients, then the
method was successful. Use of two gradients simulates
the usual case of empirical community datasets being
driven by more than one important factor. We used
Compas defaults except that the second gradient was
weakened compared to the first gradient by giving species
broader ranges and sampling a narrower range on the
second gradient, relative to the first. Minchin’s method
uses a generalized beta function to generate species
response curves, with default distributions for alpha and
gamma applying various levels of skewness and kurtosis
in the responses to the gradients. We used the option to
adjust modes of major species to have more even spacing
along the gradients; this applied to 50% of the species.
Next, we generated a 30 × 4 sampling grid of 120 plots.
Lastly, we generated quantitative community datasets
from the noiseless species response functions along those
two gradients. These two gradients are represented by the
variables Env1 and Env2.

DATA ANALYSIS

Lichen community data

We chose NMS as a common framework that will accept
any distance measure and that excels at extracting
nonlinear patterns from species space (McCune &
Grace, 2002). The full lichen species matrix (52 plots × 60
species) contained the abundance scores of each species
at a given plot, including empty rows (no species pre-
sent). The accompanying environmental matrix (52 plots
× 15 variables) contained the environmental and two
lichen community variables discussed elsewhere
(Appendix S1: Table S3). A second version of both
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matrices excluded the empty plots. The reduced species
matrix consisted of 47 plots × 60 species and the environ-
mental matrix was 47 plots × 15 variables. The dust
bunny index was 0.84, which indicates a high degree of
departure from multivariate normality (McCune &
Root, 2015). The dust bunny index indicates for a com-
munity dataset the degree of departure from multivari-
ate normality toward the usual zero-rich condition,
with zero the expected value for multivariate normal-
ity and 1.0 the expected value for a perfect dust bunny
(all points fall on p-1-dimensional corners of the
p-dimensional space; McCune & Root, 2015).
Whittaker’s beta diversity = 4.1 when empty plots
were excluded, 86% zeros, and an average of eight spe-
cies per plot. A third matrix was created from the full
matrix using the Clarke et al. (2006) method; we added
a dummy species with an abundance of one for all the
plots (52 plots × 61 species). “Air scores” were calcu-
lated using the following methods from Jovan and
McCune (2006). The purpose of air scores is to utilize
lichen biomonitoring data to tell us something about
air quality in a streamlined way. The proportion of
nitrophile abundance (PNA) is:

PNAi ¼
Ps

j¼1xijwj
Ps

j¼1xij
, ð1Þ

where s is the number of species, xij is the abundance of
species j in plot i, and wj is a vector of binary values
indicating whether each species is a nitrophile (wj = 1)
or not (wj = 0). The expected PNA, Y, for a given eleva-
tion (in meters) was calculated with the following equa-
tion derived from nonlinear regression (Jovan &
McCune, 2006):

Y ¼ 0:48

1+ elevation=1689ð Þ5:91 : ð2Þ

Air scores were then generated by multiplying the
unstandardized residuals by 100:

Air score¼ 100 PNA−Yð Þ: ð3Þ

We referred to Jovan and McCune (2004, 2005, 2006) to
classify species as nitrophilous or not. Because PNA is
proportional to plot totals, it cannot be calculated for
empty plots, which prevents calculating air scores. To
bypass this problem, we set PNA = 0 for empty plots
because empty plots were at high elevations where no
nitrophiles were expected. This assumption was
supported by observations of the non-nitrophile Letharia
vulpina below 0.5 m (excluded by sampling rules) in the
otherwise empty plots. Plots that had lichens, but no

nitrophiles, also had PNA = 0. We ignored the dummy
species when calculating the air scores.

Species present in two or fewer plots were removed to
reduce noise and improve relationships to environmental
gradients. This reduced the total number of species from
60 to 42; 43 with the dummy species. No plots were iden-
tified as outliers in the reduced or dummy datasets using
an average Sørensen distance from other plots of three
SDs beyond the grand mean of distances (McCune &
Grace, 2002). Similarly, no outliers were identified for the
full dataset using Euclidean and Gower distances.

Simulated community data

The quantitative community abundance values were
rounded to the nearest integer (range 0–53), then log(x
+ 1) transformed. Empty columns (species) resulting
from rounding very small values were deleted. The
rounded and log-transformed data had 120 plots × 31
species remaining, and a moderate departure from multi-
variate normality, as measured by the dust bunny
index = 0.71 (McCune & Root, 2015), Whittaker’s beta
diversity = 1.6, 62% zeros, and an average of 12 species
per plot.

To introduce additional environmental stressors, we
suppressed communities at one or both ends of the main
gradient by multiplying each raw abundance by a propor-
tion from 0 to 1. For a single stressor, we multiplied
abundances at one end of the gradient by 0, the other
end by 1, and a linear series of proportions between
0 and 1 at each of the 29 steps between the ends. For two
stressors, we used similar multipliers from both ends of
the gradient, with 0 at the ends and 1 in the middle, and
evenly ramping up and down around the middle. We
then adjusted each dataset by rounding to the nearest
integer, log(x + 1) transforming, and deleting empty spe-
cies that had an abundance of zero for all plots after the
sampling.

This yielded a full matrix of 120 plots × 24 species
with one stressor, including four empty plots, and a full
matrix of 120 plots × 21 species with two stressors,
including eight empty plots. This adjustment increased
the dust bunny index only slightly to 0.76 with one
stressor and 0.73 with two stressors. The small range in
the dust bunny index among the three variants of the
dataset indicates that the degree of departure from multi-
variate normality was similar among all three. To apply
the dummy species method of avoiding empty plots, we
also augmented each log-transformed matrix with a
dummy species containing a constant abundance of
0.301, the smallest nonzero value in each matrix, increas-
ing the species count for each matrix by one.
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Nonmetric multidimensional scaling

We summarized community relationships in species space
with NMS (PC-ORD v. 7.07; McCune & Mefford, 2018),
using both real and simulated datasets. We used Euclidean
and Gower distance on matrices that had empty plots and
Sørensen distance on all matrices that did not. For equa-
tions and properties of these measures, see Beals (1984),
McCune and Grace (2002), and Clarke et al. (2006). We did
not use Euclidean distance or Gower distances on the
datasets without empty plots, because we wanted to retain
the most complete dataset allowed by each method. For
the lichen data, a 2-D solution was recommended based on
100 runs with both real and randomized data from random
starting configurations, tie penalization, and a maximum
of 200 iterations per run. Stable solutions were verified by
checking plots of stress by iteration number and final insta-
bility. We calculated coefficients of determination between
original plot distances and distances in the final ordination
solutions to determine how much variability in lichen com-
munity composition was represented by the NMS axes.
The same NMS procedure was used with the simulated
data, but forcing a 2D solution, because two environmental
factors completely determined this species matrix.

Ordination phase plots

A new phase plot method displayed selected environmen-
tal gradients in relationship to ordinations of plots in spe-
cies space. Details of the conceptual steps and calculations
are in Appendix S2. The gradients can be either temporal
or environmental. Although standard biplots or joint plots
also superimpose environmental gradients on the ordina-
tion space, they assume that the relationship is linear
(McCune & Grace, 2002), while phase plots can show both
linear and nonlinear gradients. Furthermore, monotonic-
ity is not required for either the species relationships or
ordination axis relationships to the environmental vari-
able. Phase plots can be applied to any community ordina-
tion method and distance measure. Phase plots can reveal
how environmental gradients are represented by different
ordination methods and different distance measures.

We constructed phase plots by first fitting 100-step non-
parametric regression (NPMR) curves (e.g., Bowman &
Azzalini, 1997, chapter 3) in HyperNiche v. 2.30 (McCune &
Mefford, 2009) of Axis 1 and 2 NMS ordination scores sepa-
rately against key environmental variables using a local
mean with a Gaussian kernel, the smoothing parameters
optimized by maximizing the leave-one-out cross-validated
R2. We then used these regressions to calculate the fitted
values of the ordination scores for 100 incremental steps
along the environmental gradient, which allowed us to

superimpose the environmental gradient in the same coordi-
nate system as the ordination of plots in species space. We
applied the same method to ordinations of the simulated
datasets to show how the known underlying environmental
gradients, those used to generate the species responses, were
represented in the community ordinations. An ideal, simple,
easily interpreted outcome for an environmental gradient in
a phase plot on a community ordination is a long straight
line, but phase plots will also reveal strongly nonlinear rela-
tionships between an environmental gradient and the ordi-
nation space.

Nonparametric multiplicative regression

Finally, we addressed empty plots a different way using non-
parametric multiplicative regression (NPMR; McCune, 2006)
as implemented in HyperNiche, regressing modeled
nitrogen deposition variables (CMAQ and TDEP N)
against a pool of predictors consisting of lichen commu-
nity and environmental variables. The predictors were
the same 13 environmental variables used in the ordina-
tions, in addition to the lichen variables PNA, total abun-
dance, and richness (Appendix S1: Table S3). Abundance
was the sum of the abundance of each lichen species at a
given plot, and richness was the number of species in a
given plot. NPMR fits a response surface to the predictors
using a kernel smoother (local mean, Gaussian kernel).
Smoothing parameters and predictors are selected to
maximize fit, subject to overfitting controls. Fit was eval-
uated by leave-one-out cross-validation to calculate ×R2

(cross-validated coefficient of determination). We chose
the “conservative” software setting to force stiffer
response surfaces to help bridge gaps in the data along
the primary environmental gradients. We set the mini-
mum average neighborhood size to 20% of available plots.
Smoothing parameters were expressed as “tolerance,” the
range of a predictor covered by one SD of the Gaussian
kernel function. We evaluated the importance of individ-
ual parameters in the model by sensitivity analysis.
Sensitivity is the root mean squared difference in
response resulting from nudging the predictors, expressed
as a proportion of the range of the response variable. For
parsimony, we required a minimum gain of ×R2 of 0.08
to add a predictor to the model.

RESULTS

Distance measure comparison

Community patterns had stronger relationships to envi-
ronmental variables when using Sørensen distance versus
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the nonproportional Euclidean and Gower distances,
with Gower performing worse than Euclidean. The
Sørensen NMS ordination had a final stress of 16.8, less
than expected by chance (p = 0.02). Stress measures
departure from monotonicity between the distance matri-
ces in ordination space and the original space; the lower
the stress, the better the representation of the distance
matrix by the ordination. Final instability was adequate
at 0.001. The ordination was rotated to align Axis 1 with
mean temperature, because it was the environmental var-
iable with the strongest linear relationship to the commu-
nity ordination (Figure 3). Two axes captured 79% of the
variation in lichen communities (Axis 1, 54.8%; Axis
2, 24.1%). Axis 1 represented a community gradient with
increasing abundance of Candelaria pacifica, Melanelixia
californica, and Physconia isidiigera and decreasing abun-
dance of Letharia vulpina and Ahtiana sphaerosporella.
This community gradient had strong linear relationships
(R2 > 0.45) to numerous environmental variables
(Appendix S1: Table S1): air scores, CMAQ N, PNA, tem-
perature, and maximum vapor pressure deficit increased
along Axis 1, while total basal area, elevation, and precip-
itation decreased. TDEP N had only a weak relationship
with Axis 1 (R2 = 0.09). Axis 2 had no strong linear rela-
tionship to any measured environmental variable.

Using Euclidean distance, the NMS 2-D ordination
had a final minimum stress of 12.2, lower than expected
by chance (p = 0.02). We rotated it to align with mean
temperature, to aid comparison to the other ordinations
(Figure 3). Final instability was 0.00029; 87.9% of the varia-
tion in the lichen community was captured by the two
NMS axes (Axis 1, 50.5%; Axis 2, 37.4%). Species relation-
ships to Axis 1 were similar to the Sørensen ordination,
except that Physconia perisidiosa rather than M. californica
increased strongly along it. Positive Axis 1 scores are most
strongly related (R2 > 0.2) to decreasing elevation and pre-
cipitation, and increasing maximum vapor pressure deficit,
PNA, air scores, and temperature. Both models of N depo-
sition correlated weakly with Axis 1 (R2 < 0.2). Many of
these variables also had strong correlations in the
Sørensen ordination, although overall the R2 values were
lower using Euclidean distances. Axis 2, as in the
Sørensen ordination, was not correlated strongly with any
environmental variables (R2 < 0.07).

Using Gower distance, the NMS 2-D ordination
yielded slightly poorer results than Euclidean distance,
with final stress of 16.9 and weaker correlations with
environmental variables (Appendix S1: Table S1). Gower
and Euclidean distances brought the urban and
high-elevation empty plots very close to each other in
species space, while the two groups of plots should ide-
ally have been placed at opposite ends of the environ-
mental gradient (Figure 3).

The contrast between ordinations based on
nonproportional distance measures (Euclidean and
Gower) and a proportional distance measure (Sørensen
distance) is illustrated by the shift in position of the four
urban plots (Figure 3). Using Sørensen distance, the
urban plots were close to plots with much higher lichen
richness and abundance than would be expected based
on the limited diversity in the urban plots. This derived
from the fact that the few species present at the urban
plots were most commonly found in the high richness
and abundance sites. Moreover, this positioning strength-
ened correlations of Axis 1 with climate and other envi-
ronmental variables because the urban plots are similar
climatically to foothill plots that had higher lichen rich-
ness and abundance. With Euclidean and Gower dis-
tances, however, urban plots fell close to high-elevation
plots with zero to low abundance of lichens, even though
they had no species in common. Euclidean and Gower
distances considered the plots with overall low abun-
dance of lichens to be close in species space, even though
they were at opposite ends of the elevation, CMAQ N,
and climatic gradients.

Dummy species analysis

Using Sørensen distance for NMS on the dummy species
matrix yielded a 2-D solution with final stress of 11.0, sig-
nificantly lower than expected by chance. As for the
other ordinations, this one was also rotated by mean tem-
perature (Figure 3). Final instability was 0.04; 80.7% of
the variation in the lichen community was captured
(Axis 1, 53.7%; Axis 2, 27.0%). The species strongly
related to Axis 1 were the same as in the Sørensen ordi-
nation of the nondummy species matrix. Axis 1 had
strong linear relationships (R 2 > 0.45) to longitude, ele-
vation, temperature, maximum vapor pressure deficit,
and PNA (Appendix S1: Table S1). All of the correla-
tions were stronger than for the ordinations using
nonproportional distance measures, but weaker than for
the Sørensen ordination. Axis 2, as in the other
Sørensen ordination, was at most weakly correlated
with the environmental variables. The urban and empty
plots are somewhat close to each other in species space,
but further away than when using Gower and Euclidean
distances (Figure 3).

Ordination phase plots

The Sørensen ordination phase plots had straighter eleva-
tion (Appendix S1: Figure S1), CMAQ N deposition
(Figure 4), and precipitation (Appendix S1: Figure S1)
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gradient lines through species space than did the
Euclidean, Gower, and dummy ordination phase plots
(Figure 4; Appendix S1: Figure S1). The phase plots also
exposed sampling gaps on the environmental gradients.
The Euclidean, Gower, and dummy phase plots’ environ-
mental gradient lines are generally rather circular, with
the elevation and CMAQ N gradient lines being more cir-
cular than those for precipitation. The plots are

compressed at one end of the environmental gradient line
and become spread out at the other end. The straight seg-
ments of the gradient lines in the Euclidean elevation
and CMAQ N phase plots show where we had to manu-
ally connect the gradient lines because of gaps in the
elevational and CMAQ N gradients; that is, we did not
have plots at those missing elevations and CMAQ N
deposition amounts.

F I GURE 3 Euclidean, Gower, and Sørensen (Bray–Curtis) distance nonmetric multidimensional scaling ordinations and the dummy

variable ordination of plots (solid black triangles) in species space overlaid with red vectors of environmental and lichen community

variables (R 2 > 0.2). Latitude and longitude were removed to alleviate crowding of vector labels, but correlations can be seen in

Appendix S1: Table S1. Abbreviations for environmental vectors shown are: elev, elevation; ppt, mean annual precipitation; tmean, mean

annual temperature; vpdmax, maximum annual vapor pressure deficit; TotBA, total basal area; CMAQ N, Community Multiscale Air

Quality model v. 5.0.2 modeled N deposition estimates; PNA, proportion of nitrophile abundance; and air score, Jovan & McCune (2006) air

scores.
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Distance measure comparison for
simulated data

All NMS ordinations on the simulated data had a final
stress ≤0.2, found stable solutions, and were rotated to
align with Env1. The results of NMS ordinations on the
original simulated dataset with no stressors, and thus
no empty plots, were quite different depending on the
choice of distance measure (Figure 5a,d,g,j).
Correlations between the main environmental gradi-
ent, Env1, and Axis 1 were, however, high for all ordi-
nations (R 2 = 0.97). Correlations between Env1 and
Axis 1 using Gower distance were slightly lower
(R 2 = 0.94). The Env1 gradient is expressed as a
straight line parallel to Axis 1 using Sørensen distance
(Figure 5d), while with Euclidean and Gower distance
the Env1 gradient was arched (Figure 5a,g). Even
worse, using Euclidean and Gower distances, Axis
2 had almost no relationship with the secondary envi-
ronmental gradient, Env2, while with Sørensen dis-
tance the community gradient expressed by Axis 2 was
closely related to Env2 (R 2 = 0.9).

With a single stressor added to one end of the com-
munity gradient, all ordinations curved the main gradi-
ent, but more extremely so with Gower and Euclidean

distances (Figure 5b,h). Axis 1 using Euclidean dis-
tance had a weaker, but still strong relationship with
Env1 (R 2 = 0.82). The correlation involving Gower dis-
tance was weaker (R 2 = 0.7). Axis 1 using Sørensen
distance maintained a strong relationship with Env1
(R 2 = 0.97). Axis 2 with Gower or Euclidean distance
had no relationship to Env2. Application of the single
stressor along the main gradient destroyed the relation-
ship between Axis 2 and Env2 using Sørensen distance
(R 2 = 0.05).

Adding the second stressor at the opposite end of
the community gradient made the environmental gra-
dients even harder to detect. Ordination with
Euclidean and Gower distances only weakly found the
major gradient, Env1 (R 2 = 0.5 and 0.43, respectively),
and there were no relationships between Axis 2 and
Env2. Ordination with Sørensen distance did effec-
tively detect a relationship between Axis 1 and Env1
(R 2 = 0.95) but detected no relationship between Axis
2 and Env2. Ordination with Euclidean and Gower dis-
tances and two stressors represented the main gradient
as a circle with the opposing ends of the community
gradient nearly touching each other in species space
(Figure 5c,i). The Sørensen ordination became strongly
arched (Figure 5f).

F I GURE 4 Euclidean, Sørensen, Gower, and dummy nonmetric multidimensional scaling (NMS) ordination phase plots showing

environmental gradient lines of Community Multiscale Air Quality model v. 5.0.2 (CMAQ) N deposition. A point on a phase plot line

represents the average position of plots near that point on the environmental gradient in the ordination space. Environmental gradient lines

are labeled “High” at the high end of the deposition gradient and “Low” at the low end of the gradient.
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Simulated data dummy species analysis

NMS with Sørensen distance of the dummy species
dataset exhibited similar results to the Euclidean and
Gower ordinations of the one- and two-stressor
datasets, with opposing ends of the community gradi-
ent becoming close in species space (Figure 5c,i,l).
Correlations between Env1 and Axis 1 were strong for

the simulated dummy dataset with no stressors
(R 2 = 0.97), while correlations with Env2 were low
(R 2 = 0.003). Correlations with Env1 weakened as
stressors were added, with R 2 decreasing slightly to
0.95 for the one-stressor dataset, then decreasing
sharply to R 2 = 0.20 for the two-stressor dataset.
Correlations with Env2 stayed low throughout the
analyses.

F I GURE 5 Nonmetric multidimensional scaling (NMS) ordination phase plots of simulated datasets with the addition of stressors and

using Euclidean, Gower, or Sørensen distances, as well as the dummy method. Points are plotted on a sampling grid along one major and

one minor environmental gradient, the minor gradient independent of the major gradient. The phase plot overlay shows the main

environmental gradient, Env1, as lines through ordination space. In all cases, the species have noiseless response curves to the two

environmental factors. The ideal representation in the ordination would be a straight line phase plot and a rectangular grid of plots that is

elongate along Axis 1.
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Applying NPMR to the empty plot problem

A NPMR model effectively estimated nitrogen deposition
(CMAQ N) from two predictors, total lichen abundance and
elevation (NPMR: ×R2 = 0.81, p = 0.01). Tolerances for pre-
dictors are smoothing parameters in the model, with smaller
smoothing parameters for more influential variables. Raw
tolerances, expressed in the original units of the predictors,
were 15.5 for total abundance and 344 m for elevation; rela-
tivized into a percentage of the range of those predictors,
25% for abundance and 10% for elevation. Sensitivities
express the influence of predictors by nudging the input
values and recording the magnitude of the response. The
sensitivity was 0.13 for abundance and 0.37 for elevation,
showing elevation to be the more influential variable.

The nonlinear relationship of CMAQ N to elevation
and abundance is illustrated by a 3-D response surface
(Figure 6). At high elevations, CMAQ N is low regardless
of lichen abundance, but between about 1500 and
2500 m, lichen abundance has a counterintuitive pattern,
with more lichen abundance indicating higher N levels.
At low elevations, N is high and lichen abundance is
informative as to just how high and with the expected
pattern: more N means less lichen abundance. At middle
elevations (1000–1500 m) lichen abundance is moderate
to high, but not informative about N levels. Our model
could be used to estimate local N deposition for future
plots with known lichen abundance and elevation using
HyperNiche’s prediction tool. In general, modeled
CMAQ N ranges from 2.5 to 12.5 kg ha−1 year−1, total
lichen species abundance from 0 to 62, and elevation
ranges from 53 to 3494 m (Appendix S1: Table S4).
Modeled estimates of CMAQ N in relationship to lichen
abundance and elevation are in Appendix S1: Table S4.

The best model for TDEP N deposition (×R2 = 0.67)
was a three-predictor model involving lichen species rich-
ness, longitude, and precipitation. In this model, TDEP N
decreases as longitude increases (becomes more easterly)
and lichen richness increases (Figure 6; precipitation not
shown).

DISCUSSION

A primary goal of community analysis is to be able to indi-
cate or estimate environmental variables based on species
composition. In this case, we wished to estimate total N
deposition from lichen community data. Most commonly,
this has been done with community ordination techniques
(Jovan, 2008; Smith et al., 2020; Will-Wolf et al., 2015).

Bioindication from species composition is challenged
when stressors are so severe that the community of inter-
est may be completely absent, producing “empty plots.”

How can we effectively recover an environmental gradi-
ent under these conditions? Our trials with various
methods designed to overcome this community analytical
problem proved ineffective with both real and simulated
data. These fixes included applying nonproportional dis-
tance measures (Euclidean, Gower), deleting empty plots,
and introducing dummy species.

Distance measure comparison

With both real lichen data and simulated data that are
“stressed” at one or both ends of the community

F I GURE 6 Nonparametric multiplicative regression model

contour plots of response surfaces. (a) Isolines of Total Deposition

model v. 2018.02 (TDEP) N in relationship to longitude and lichen

species richness. (b) Isolines of Community Multiscale Air Quality

model v. 5.0.2 (CMAQ) N response surface is in relationship to

elevation and total lichen species abundance. Gray areas have

insufficient data to estimate the response.
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gradients, Euclidean and Gower distances distorted the
primary gradients in species space in a circular manner that
weakened relationships with environmental variables. This
is similar to, but more extreme than, the “horseshoe effect”
or “arch effect” that has long been recognized as a problem-
atic phenomenon in ordinations of ecological communities;
the arch effect is predictably severe with some ordination
methods (Austin & Noy-Meir, 1971; Beals, 1973). However,
the problem becomes especially severe when both ends of
the environmental gradient have suppressed communities
and the two ends of the arch are pulled together by the
empty or near-empty sample units into a circular pattern.
On the other hand, the use of Sørensen distances
represented the environmental gradient more linearly in
the ordination space, but required excluding empty plots,
thus shortening the environmental gradient.

Ordination phase plots showed how environmental
gradients ran through species space, whether straight or
curved, highlighting how the community ordinations
related to key environmental gradients. While one can
also capture nonlinear gradients with contour overlays,
only one gradient can be displayed at once, while multi-
ple environmental gradients can be shown in a single
phase plot. Furthermore, the reduction of the pattern to a
single curved or straight line more clearly connects with
the concept of a gradient than a contour overlay or other
response surface.

Dummy species analysis

With the real data, adding a dummy species to enable use
of Sørensen distance for all plots distorted the main envi-
ronmental gradient into a strongly arched pattern, as
shown by the phase plots. This is because the near-empty
urban plots and empty plots at high elevations were both
dominated by the dummy species, placing them near
each other in species space. Similarly, for simulated data,
the dummy species method distorted the main environ-
mental gradient into an arched pattern for one stressor
and a nearly circular pattern for two stressors.

Ecological explanations for empty plots are often more
complicated than a single stressor, so exclusion of the
empty plots often makes more sense than using the dummy
species method (Elahi et al., 2013; Jovan & McCune, 2005).
The dummy species method should only be used when
there is a single cause for empty plots (Clarke et al., 2006).

Applying NPMR to the empty plot problem

NPMR bypassed the limitations of the distance measures
underlying community ordinations and effectively predicted

CMAQ N. The strongest model represented 81% of the vari-
ance in N deposition based on total lichen species abun-
dance and elevation, while retaining empty plots, even
though using total abundance ignores the information pre-
sent in species composition.

Our regression model was better able to predict
CMAQ N than TDEP N. The TDEP N deposition model
has been found to have weaker relationships than the
CMAQ N model to lichen elemental concentration data
in another study (Kovasi et al., 2022). Likewise, our
Sørensen NMS ordination found that Axis 1 scores had a
strong relationship with CMAQ modeled estimates of N,
but not TDEP N. The CMAQ and TDEP models did not
exist at the time of the Jovan & McCune (2006) study, but
the relationship of the Jovan & McCune (2006) air scores
to CMAQ N is also stronger than to TDEP N. Because a
subset of our plots (n = 9) was monitored for N deposi-
tion in 2012 and 2013 (Bytnerowicz et al., 2019), we com-
pared their measurements to CMAQ and TDEP N
estimates from that time period and found CMAQ related
more strongly to direct N measurements than did TDEP
(data not shown).

While our regression model used total lichen species
abundance and elevation to predict CMAQ N deposition,
this is not a causal model. In fact, both N deposition and
elevation affect lichen abundance. Recognizing that all
three variables have error, we used lichen abundance
and elevation as predictors of N deposition (in kilograms
per hectare per year) to facilitate practical application of
the lichen data.

Geiser et al. (2021) also used lichen community data
to create estimates of CMAQ N deposition using commu-
nity weighted means of species deposition optima for the
entire United States. While this method is similar to our
NPMR approach, it does not work well in the southern
Sierra Nevada given the low species diversity and inabil-
ity to make estimates for empty or near-empty plots; their
method requires at least five species with calculated
deposition optima to calculate an air score. This would
have excluded almost half of our plots (23 of 52). The
Jovan & McCune (2006) method allows calculation of air
scores with just one epiphytic lichen species present, but
it has other drawbacks. First, these air scores are not esti-
mates of deposition. Instead, they are unstandardized
residuals from regression of PNA against elevation. Their
air scores are thus the differences between the observed
and expected PNA values, with a possible range of −100
to +100. Second, because the regression is based on ele-
vation, and climate change will surely alter climate rela-
tionships with elevation (Rangwala & Miller, 2012), the
applicability of the method will degrade over time.

Our regression of CMAQ against elevation and lichen
abundance provides the most effective method to date for
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estimating total N deposition from lichen community
data in the study area, even though it does not take
advantage of information on species composition. Future
work should evaluate this regression method with
expanded geographic scope, by drawing on the extensive
lichen community surveys outside of our study area.

The lichen community and simulated datasets showed
us that ordinations of lichen community data based on
Euclidean, Gower, or Sørensen distance each had their
own problems with representing the strong air quality and
climatic gradients of the southern Sierra Nevada. Sørensen
distance was more effective than Euclidean and Gower
distances when used on datasets that are stressed on both
ends of the community gradient, but this distance measure
requires exclusion of empty plots such that the full range
of the underlying environmental gradients is not
represented. NPMR of N deposition against lichen species
abundance and elevation solved this problem for the
lichen community data, effectively predicting modeled N
deposition while still retaining empty plots. This investiga-
tion provides more evidence that epiphytic lichen commu-
nities in the southern Sierra Nevada have strong
relationships to both climate and N deposition.
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