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Our development of lichen elemental bioindicators for a United States of America (USA) national mon-
itoring program is a useful model for other large-scale programs. Concentrations of 20 elements were
measured, validated, and analyzed for 203 samples of five common lichen species. Collections were
made by trained non-specialists near 75 permanent plots and an expert near nine air monitoring sites.
Flavoparmelia caperata (most frequent) and Physcia aipolia/stellaris between them represented the full
range of local forest cover and pollution load. Evernia mesomorpha (values saturated at intermediate

gfgivr:girg;or pollution), Parmelia sulcata, and Punctelia rudecta (both difficult for non-specialists) were less useful.
Element Conversion models (GLM or regression) rendered elemental data equivalent between species. Al, Cr, Cu,
Lichen Fe, Hg, N, and S, plus composite indexes from them, were linked with local air pollution based on cor-

Metal relations with directly measured N and particulate matter as well as from PCA; elements were weakly

Nitrogen correlated with modeled pollution estimates. Lichen Hg had no other useful surrogates. Invoking multiple
Pollution causation and scale-dependence helped address several issues of interpretation, for instance conflicting
Scale-dependence bioindicator value of Al and Fe from literature.

Sulfur Published by Elsevier Ltd.

1. Introduction

Biomonitoring response to air pollution is an important compo-
nent of evaluating the health of biological systems (e.g., for lichens
Fenn et al., 2003; Nimis et al., 2002). Estimation of local air qual-
ity from elemental concentrations in lichens or mosses naturally
growing in situ (passive monitoring as opposed to active monitor-
ing with transplants: Garty, 2002)is a classic technique (Ferry et al.,
1973; Martin and Coughtrey, 1982) with wide current usage (e.g.
Donovan et al., 2016; McMurray et al., 2013; Paoli et al., 2014) to
complement costly instrument monitoring.

Elemental biomonitoring well represents relative local pol-
lution loads, as compared with instrument measurements (e.g.
Bargagli and Mikhailova, 2002; Root et al., 2015), although accu-
racy of quantitative calibration varies (e.g. Bargagli, 2016; Bari
etal., 2001; Boquete et al., 2015; Cercasov et al., 2002; Vestergaard
et al.,, 1986). Elemental bioindicator species should be relatively
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pollution-tolerant, widespread, and amenable to collection (e.g.
Conti and Cecchetti, 2001; Puckett, 1988; Wolterbeek, 2002). Ele-
mental accumulation rates can differ between lichen species;
conversion between species (e.g. Karakas and Tuncel, 2004; Root
et al., 2013; Sloof and Wolterbeek, 1993) can provide equivalent
elemental data.

Our protocols were designed for large-scale studies where mul-
tiple target species are likely and simplicity plus cost-effectiveness
facilitate implementation. Our general objective for the full project
(located in upper Midwest, USA) was to recommend improved
practices for elemental biomonitoring using in-situ mosses or
lichens. Our objectives for this aspect of the full project were to: 1)
evaluate elemental concentrations in multiple lichen species from
non-specialist collectors; 2) develop conversion models between
species; 3) calibrate lichen elemental data to measured values; and
4) evaluate lichen-indicated air quality across the study region. In
two other aspects of this project, Will-Wolf et al. (2017a) assess the
impact of variation in protocols and staff expertise on data qual-
ity, and Will-Wolf et al. (2017b) evaluate applications of protocols
and bioindicators in eastern United States of America (E USA) for
the United States Department of Agriculture Forest Service Forest
Inventory and Analysis Program (FIA) program. Lichen elemental
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Fig. 1. Locations of lichen sites and instrument monitor sites. Wisconsin, marked in the USA inset, is in the center with Minnesota west, lowa southwest, and Illinois south.

bioindicators for two other E USA projects (Will-Wolf et al., 2014,
2015b) used similar protocols, but only expert staff.

2. Methods
2.1. Study region and environmental variables

The 241,800 km? project area includes USA states Wisconsin and
parts of adjacent Illinois, lowa, and Minnesota (Fig. 1). It mostly
extends across two Bailey ecoregions (Bailey et al., 1994; Cleland
et al., 2007): Laurentian Mixed Forest (province 212) and Eastern
Broadleaf

Forest (province 222); three southern (Illinois) plots are in
Prairie Parkland (province 251). Laurentian Mixed Forest has
high cover of mixed deciduous broadleaf-conifer forests; East-
ern Broadleaf Forest has more fragmented deciduous broadleaf
forests interspersed with agricultural land; Prairie Parkland now
has sparse deciduous broadleaf forests in an agricultural landscape.
Environmental variables represent location, climate, land cover,
and modeled pollution deposition (Table 1; Supplementary Docu-
ment 1). Lichen elemental concentrations and species distributions
were correlated with land coverin a subset of the project area (Will-
Wolf et al. 2011, 2015b); similar links were investigated at this
larger spatial scale. Measured pollutants for 2008-2013 were from
11 instrument monitoring stations at eight monitor sites (2-9 on
Fig. 1) linked with national networks (Supplementary Document
2).

2.2. Target species, field data collection, and measurement

Five macrolichen species common in eastern North America
(E NA: Brodo et al,, 2001) were collected: Evernia mesomorpha
Nyl. (acronym Evemes; small/medium size fruticose growth form),
Flavoparmelia caperata (L.) Hale (acronym Flacap: large foliose),
Parmelia sulcata Taylor (acronym Parsul; medium foliose), Physcia
aipolia (Ehrh. ex Humb.) Fiirnr. var . aipolia and P. stellaris (L.) Nyl.
combined (acronym Phyaip; small foliose, tightly appressed), and
Punctelia rudecta (Ach.) Krog (acronym Punrud: large foliose). Fla-
cap and Punrud were used in two recent E USA studies (Will-Wolf
et al.,, 2014, 2015b) and all but Phyaip have been used in other
studies in the region (Will-Wolf et al., 2017a).

Lichens were collected by FIA field staff with no prior experi-
ence with lichens, who survey permanent plots on a preset 10-year
rotation (USDA FS, 2015), and by professional lichenologist Susan
Will-Wolf (the expert). Field staff were trained (at site 1, Fig. 1) for
one day by the expert (details in Will-Wolf et al., 2017b). Field staff
collected lichens September-November 2013; the expert collected
in Summer-Fall 2013 from temporary sites near monitor sites 2-9
on Fig. 1 (Supplementary Document 2).

Collection areas were forest openings or edges with 20-50%
canopy near permanent FIA plots (no destructive sampling on plots:
USDA FS, 2015) or at temporary sites with similar characteristics.
The moderately narrow range of relatively open canopy reduced
habitat variability (e.g. Gandois et al., 2014), allowed penetration of
air pollution, and still represented forest conditions. Areas affected
by local chemical contamination (e.g. adjacent to active agricultural
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Table 1
Site characteristics by ecoregion; most useful environmental variables. Variables in bold had the strongest relationships with lichen elemental data.
Laurentian Mixed Forest Eastern Broadleaf Forest Prairie Parkland
N=40 N=40 N=3
Environmental Variable avg range avg range avg range
Geography, Climate
Latitude, deg N 45.66 44.32-46.77 43.55 42.77-44.53 41.37 41.28-41.45
Longitude, deg W -90.63 -91.51 to —88.57 -90.59 —92.55 to —87.90 -90.40 —90.89 to —89.54
Elevation, m 1227.90 442-1732 820.69 190-1200 740.33 713-785
Min annual temp, deg C -0.55 -1.49 t0 0.93 2.15 0.22-4.49 4.64 4.27-4.97
Max annual temp, deg C 11.30 9.93-13 13.24 12.4-14.4 15.58 15.53-15.66
Mean annual temp, deg C 538 4.27-6.93 7.70 6.34-8.99 10.11 9.91-10.32
Mean annual ppt, mm 822.80 773.4-897.6 870.34 830.7-943.6 932.27 930.8-933.1
Land cover, %
Forest Cover 88.35 48.4-100 46.16 0.8-95.6 20.54 7.8-36.2
Agricultural Cover 5.80 0-50.7 30.83 0-81.5 74.23 58.5-87.9
Developed Land Cover 3.30 0-22.1 16.35 0.73-99.0 415 3.30-5.09
Modeled air pollution, kg/ha/yr
SO4wet deposition 6.33 5.47-8.55 7.81 6.10-9.96 7.95 7.51-8.78
Hg wet deposition 8.63 7.41-10.23 11.11 9.20-12.95 10.45 10.3-10.7
S total deposition 3.68 3.16-4.45 4.79 3.65-7.58 5.51 5.42-5.62
N total deposition 10.32 8.08-16.30 14.42 7.83-19.43 11.76 11.4-12.5
Pollution Indices
Lichen N+S 1.09 0.51-2.54 1.63 0.97-2.64 1.22 0.44-2.10
Lichen 5 metals 1.28 0.66-2.65 1.45 0.89-2.50 1.00 0.63-1.63

fields, roads, or lawns) were avoided. Target species were collected
from any natural standing (live or dead) woody stem or branch
0.5 m above the ground and within reach.

The field staff collection goal was two samples at each site; repli-
cates of multiple species were collected at intervals. The expert
collected replicate samples of each target species present at a site,
plus a bulk Flacap sample for internal reference (Will-Wolf et al.,
2017b). Samples for this study followed rigorous collecting and
handling protocols (Will-Wolfetal.,2017a) to avoid contamination.
Adequate samples included >1 gr air dry weight for one species,
appearing healthy, and composited from >6 different substrates
within a 200-500 m range (averages across within-site variation).
Samples were handled in the field and lab (by the expert) wear-
ing clean nitrile gloves, collected into certified chemically clean
bags, air-dried, and kept cool and dry before measurement. Equip-
ment was wiped with alcohol. Sample elements (listed by standard
codes: IUPAC, 2014), plus a certified external standard (IAEA-336
pre-ground Evernia prunastri from rural Portugal: IAEA, 2014) and
the internal reference, were measured at the Soil and Water Analy-
sis Lab, Logan Forestry Sciences Lab, USFS Rocky Mountain Research
Station, Logan, Utah, USA. C, N, S, and Hg were measured with com-
bustion analysis, while 23 elements were measured by chemical
digestion and ICP-OES (Supplementary Document 3).

2.3. Elemental data validation and conversion between species

Validation of elemental data was based on values below detec-
tion limit (BDL) and variability of replicates. Extreme outlier values
(>5x the next higher value) were removed before validation (mea-
surement error assumed). Replicate variability was calculated as
relative standard deviation (rSD: 100 * standard deviation o divided
by |mean |; e. g. Halleraker et al., 1998), equivalent to coefficient of
variation (CV) when . is positive. Average rSD was calculated for
replicates of the external standard, the Flacap internal reference,
Flacap from field sites, and post-grinding lab splits of all species.
Validated elements had <5% of values BDL and average rSD <25%
for all sets of replicates. Cut-offs in the literature for data reliabil-
ity are 10-50% rSD or CV (e.g. Frati et al., 2005; Gailey and Lloyd,
1986; Loppi et al., 2002). For validated elements, BDL values were
replaced by %2 the smallest accurately detected value.

Conversion of each species’ data to equivalence with Flacap
used data from all sites having both species. Linear regression of
species averages for sites (Flacap the independent variable) and
General Linear Model (GLM) univariate analysis of sample values
with species and site as fixed independent factors were calculated
in SPSS v23.0 (SPSS, 2015). Logarithm base 10 transformed (log10)
data corrected for data distribution issues as necessary. Model
strength was judged from homogeneity of variances (GLM) and
probability (p) values. Flacap data violated the regression model
assumption of no measurement error for the independent vari-
able, so a GLM model (measurement error assumed) was selected
when p values were similar, and a regression model with p >0.005
was described as weak, in case measurement error of Flacap had
inflated model strength. Models from regression and/or log10 data
with notably lower p values were interpreted as indicating the
relationship was non-linear. The second species’ elemental con-
centrations were converted to equivalence with Flacap values using
the strongest model. Site averages were calculated from converted
data.

2.4. Elemental data analysis

Calibration of expert samples to measured data from air moni-
toring sites (2-9, Fig. 1) used monitor site variables for particulate
matter (PM) and monitored elements. Each was often measured
in different ways, for example both “Cadmium PM (particulate
matter) 2.5 (particle size in microns) LC (local conditions)” and Cad-
mium PM10 LC might be measured. For the most frequent variable
both measured and ranked values were tested. Values were also
ranked for each type of variable for each element or compound;
ranks were averaged for each monitor site to increase sample size
(Supplementary Document 2). We then correlated (SPSS, 2015)
composite monitor site variables with lichen elemental data from
nearby sites.

Patterns of association between validated elements were
explored with principal components analysis (PCA) and pairwise
correlations. PCA of average site values for each element was con-
ducted in PC-ORD v.6 (McCune and Mefford 2016); outcome was
compared with randomized runs. Pairwise correlations between
elements by sample or site, plus simple and partial correlations
(SPSS, 2015) with environmental variables, also suggested sources
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Table 2

Summary of models for conversion of data from other lichen species to equivalence with data from Flacap (total number of sites with both species in parentheses). Original

S. Will-Wolf et al. / Ecological Indicators 78 (2017) 253-263

data were used unless noted. Abbreviations: excl. = excluded; GLM = univariate general linear model; regress = regression model; wk=model p value 0.01<p<0.05.

Element Evemes to Flacap (N=13) Parsul to Flacap (N=10) Phyaip to Flacap (N=14) Punrud to Flacap (n=13)

Al GLM, 3 sites excl. GLM, log10 data Regress, 1 site excl. Regress, 2 sites excl.

CcC GLM wk, 2 sites excl. GLM GLM NOT NEEDED (GLM), 2 sites excl.
Ca GLM, 2 sites excl. GLM GLM GLM, log10 data, 3 sites excl.

Cd GLM, log10 data, 2 sites excl. Regress, log10 data GLM, log10 data NOT NEEDED (GLM), 2 sites excl.
Co Regress, 2 sites excl. GLM, log10 data NOT NEEDED (GLM) NOT NEEDED (GLM), 2 sites excl.
Cr GLM, 2 sites excl. GLM, log10 data GLM, log10 data Regress, 2 sites excl.

Cu NOT NEEDED (GLM), log10 data, 4 sites excl. GLM, log10 data Regress GLM, 2 sites excl.

Fe GLM, 2 sites excl. GLM Regress, 1 site excl. Regress, 3 sites excl.

Hg GLM, 2 sites excl. GLM GLM GLM, log10 dat, 2 sites excl.

K GLM, 2 sites excl. GLM, log10 data GLM, L10 dat, 1 site excl. GLM, 2 sites excl.

Mg Regress Regress GLM, log10 data Regress, 2 sites excl.

Mn Regress Regress Regress, 1 site excl. Regress wk, log10 data, 2 sites excl.
N GLM, 2 sites excl. Regress Regress wk, log10 dat, 1 site excl. ~ Regress, 2 sites excl.

Na GLM wk, log10 data, 2 sites excl. Regress NOT NEEDED (GLM) DO NOT CONVERT

Ni GLM wk, L10 data, 2 sites excl. GLM wk NOT NEEDED (GLM), 1 site excl. Regress, log10 data, 2 sites excl.
P GLM wk, log10 data, 2 sites excl. GLM, log10 data GLM, L10 data NOT NEEDED (GLM), 3 sites excl.
Pb GLM, log10 data, 2 sites excl. NOT NEEDED (GLM) GLM, log10 data Regress, 2 sites excl.

S Regress, 2 sites excl. GLM GLM NOT NEEDED (GLM), 3 sites excl.
Sr GLM wk, 2 sites excl. GLM, log10 data GLM, log10 data NOT NEEDED (GLM), 2 sites excl.
Zn Regress wk, 3 sites excl. GLM, log10 data GLM wk, log10 data Regress, 2 sites excl.

Data pattern

Nonlinear for 55% of elements

Nonlinear for 65% of elements

Nonlinear for 60% of elements

Nonlinear for 55% of elements

or arrival modes. Many statistical tests were performed but ele-
ments and variables were often correlated with each other. To
qualitatively account for experiment-wide error, any result with
p value 0.01 <p<0.05 was considered weak (includes species con-
version models described in section 2.3)

3. Results
3.1. Elemental data collection and validation

In total 231 field samples were collected; 221 were measured
for 26 elements in spring 2014. Field staff collected 146 samples
near 70 of 81 permanent plots visited (86%) and 75 searched (93%),
with two or more target species near 52 (74%) searched plots (ten
not measured: only non-target species or too small). An additional
75 samples were collected and measured by field staff from the
training site or by the expert at 13 temporary lichen sites near
eight monitor sites. Plots equally represented the two most preva-
lent ecoregions and spanned the full (NE-SW) climate gradient and
a long pollution gradient (Table 1), though they were unevenly
spaced (Fig. 1). About 85% of 30 individuals of sampled Phyaip from
five sites were assigned to Physcia aipolia; ~15% (from three of
those sites) were assigned to P. stellaris. Vouchers for all species
are deposited in WIS. Twenty elements were validated for anal-
ysis (Table 2). Six (As, B, Ba, Mo, Se, Si) were excluded, with >5%
BDL and/or rSD >25% from 7 to 8 replicates of the standard and/or
internal reference. Average rSD for field replicates or lab splits con-
firmed those stronger results (Supplementary Document 3). S from
digestion/ICP-OES was used for analyses; it had smaller rSD for field
replicates and more sites with data than S from combustion.

This study analyzed data for 203 measured samples from 83 sites
(original data and information on sites in Will-Wolf et al. (2017b),
Will-Wolfetal.(2017a) excluded 18 samples from analyses because
of poor quality validated data for several elements. Most excluded
samples also had field sample quality issues: sample composited
from too few substrates, very small, or with external contamina-
tion, including a novel possible soil dust signal from high Ca/Sr
and low values of pollution elements (Supplementary Document
4, sections S4.1, S4.3).

3.2. Conversion of lichen species data and calculation of pollution
indices

Most species and elements required data conversion for
equivalence with Flacap (Table 2; model parameters and for-
mulas in Supplementary Document 5). Relationships between
species appeared nonlinear (regression and/or log10 data gave the
strongest model) for most elements. The strongest model (of up to
eight) had the lowest p value, the most homogeneous variances,
and the weakest site x species interaction (GLM results). Conver-
sion was from the difference between Estimated Marginal Means
(EMMs) for a GLM model or the linear regression model formula
applied to the second species. For Evemes, Phyaip, and Punrud a few
of the sites with both species were excluded to achieve a stable con-
version model: the most polluted Evemes sites excluded for most
elements, a Phyaip site excluded for five elements, two to three
moderately polluted Punrud sites excluded for most elements. No
site was excluded for more than one species pair. Evemes pollu-
tion tolerance was exceeded at excluded sites; Phyaip and Punrud
unexplained anomalous data drove site exclusion (Supplementary
Document 5). Data excluded for conversion models were excluded
for other analyses. Ranges of site averages with converted data were
similar to Flacap alone (Supplementary Document 6). Within-site
variability was higher for converted data, but exceeded 25% of aver-
age only for Cd, Mn, Na, Ni, Pb, Sr, and Zn. Range of within-site
replicates after conversion was mostly <10% of full range.

Two combined pollution indices, one from lichen N+S, and one
from lichen Al + Co + Cr + Cu + Fe, were calculated for each lichen site
after data conversion, to serve as general indicators for relative local
pollution load and to compensate for missing data on individual
elements. Site values for other elements were rescaled to N val-
ues with a multiplier: average (across all lichen sites) elemental
value/average N value (Table 3); rescaled elemental ranges were
also similar to N. Rescaled values for each element were averaged
for the site Index score. The Indices, while moderately correlated
with each other (r? = 0.465), reflected somewhat different pollution
patterns in the upper range of both Indices (scatter in Fig. 2).

Example scatterplots of elements by species (other scatterplots
in Will-Wolf et al., 2017b) illustrate species differences from orig-
inal data (Fig. 3, left graph), and interspersion of species after
conversion (Fig. 3, right graphs). An element is graphed vs the Pol-
lution Index with which it was more strongly correlated. Flacap
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Table 3
Summary of calculations for combined lichen pollution indices.

Original Site Values

Transformed Site Values

Avg Max Min
Al 309.83 692.93 123.70
Co 0.2121 0.4125 0.115
Cr 0.6334 2.1996 0.2820
Cu 3.127 7.402 1.222
Fe 393.47 949.17 137.76
N 1.350 2.645 0.4722
S 0.1190 0.2333 0.0392

Lichen Pollution Index, N+S
Lichen Pollution Index, 5 metals

Multiplier Avg Max Min

0.0044 1.350 3.019 0.5389
6.365 1.350 2.626 0.7320
2.131 1.350 4.687 0.6010
0.4317 1.350 3.195 0.5272
0.0034 1.350 3.256 0.4726
1.0 1.350 2.645 0.4722
11.342 1.350 2.646 0.4450
- 1.354 2.639 0.4429
- 1.350 2.650 0.6349
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Fig. 2. Comparison of the two lichen elemental Pollution Indices. The “...5 metals”
Index includes Al, Co, Cr, Cu, and Fe.

and Phyaip samples together spanned the full pollution range; only
three sites lacked both species. For most species S (Fig. 3A, B), Cr
(Fig. 3G, H), and Cu (Fig. 31, ]) elemental values increased with Pol-
lution Index, a pattern also shown by Al, Co, Fe, and N. In contrast,
original data for Evemes S, Cr, and Cu (Fig. 3A, G, I) leveled off at
Pollution Index 1-1.2 and Evemes was absent from the upper Index
ranges; pattern was similar for Al, Co, Fe, and N. Tight clustering
of S, Cr, and Cu values partly reflects inclusion in their Index; wide
scatter of Hg and Ca data reflects weak correlations with the Index
(Supplementary Document 7). Original S (Fig. 3A) and Cr (Fig. 3G)
values for species were similar at the same Index score, a pattern
shared by Al, C, Fe, and N. Original values for species were more
distinct for Hg (Fig. 3C) and Cu (Fig. 31), a pattern shared by Cd,
Co, K, Mg, Mn, Na, Ni, P, and Zn. Overlapping original values of Ca
(Fig. 3E) for large foliose Flacap and Punrud contrasted with much
lower and less variable values for Evemes, Parsul, and Phyaip; Pb
and Sr shared that pattern. Original Evemes (24 samples) values for
most pollution elements were below their peaks higher than Fla-
cap values at the same Index score, while Parsul (23), Phyaip (47),
and Punrud (25) values for those elements had varied patterns with
Flacap (77). Variability increasing with Index score as for S, Cr, and
Cu was common to most pollution elements. Monitor sites (cov-
ering ~75% of Index range in S, Cr, and Cu graphs) were for Fig. 3
assigned the average Pollution Index score of the temporary lichen
sites near them.

3.3. Calibration of lichen data to monitor station data

Correlations between monitor site PM and N variables for mea-
sured pollution and lichen elements Al, Co, Cr, Cu, Fe, N, and S
(Table 4) or lichen Pollution Indices were reliably strong. Correla-
tions of these lichen variables with monitor site variables for most
other individual elements were less reliable and often weaker. In
contrast, lichen Mn had negative correlations with monitor site
variables including Mn. Most non-significant results in Table 4
and few positive correlations of a lichen element with its moni-
tor site variable reflect few available monitor sites (Supplementary
Document 2). Quantitative calibration of lichen elemental concen-
trations to measured levels of elements was not attempted because
of small sample sizes.

3.4. Patterns of elemental association and relationship to
environment

The strongest lichen elemental association pattern was the
group of local pollution elements noted in Section 3.3 and Table 4.
Axes 1 and 2 from PCA of sites by elements (Fig. 4) displayed 51%
of variance; each was significant at p=0.001 (Supplementary Doc-
ument 8). Similar patterns for Al, Co, Cr, Cu, Fe, N, and S whose
pollution origins were supported from correlations with monitor
site data (Table 4) were confirmed with PCA and direct simple
pairwise correlations (Supplementary Document 7). All had strong
negative correlation with PCA Axis 1 (vectors point left); all had
strong pairwise correlations from both Flacap samples and site ele-
mental averages. N and S were somewhat distinct from the five
metals in all analyses (pattern stronger from correlations). Nutri-
entelements Kand P were tightly linked both in the PCA (negatively
correlated with Axis 2) and from correlations, with Mg loosely
linked to them. Each had moderate to weak correlations with the
seven local pollution elements. Most other elements were posi-
tively correlated with PCA Axis 2, inverse to C; they had weak to
no correlations with the local pollution elements, nor with each
other. (Supplementary Document 7). Positively correlated Sr and
Ca had negative correlations with most other elements, a pattern
not obvious in PCA, but associated with soil dust contamination
(Supplementary Document 4).

Relationships of lichen elements with environmental variables
in PCA (Fig. 4) were consistent with direct simple and partial corre-
lations between elements and variables (Supplementary Document
1). Pollution Indices accurately reflected pollution element patterns
on the PCA, though interpretation of Axis 1 as a pollution gradient
was supported primarily by correlations of elements with monitor
site variables (Table 4). Modeled N, representing in Fig. 4 all mod-
eled pollution variables, was more strongly linked with geography,
climate, and land cover than with lichen pollution elements both in
the PCA (correlated more with Axis 2) and from direct pairwise cor-
relations (Supplementary Document 1). Environmental variables
were often correlated with each other, but only latitude and tem-
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Fig. 3. Scatterplots for example elements S, Hg, Ca, Cr, and Cu of original sample d

Lichen pollution index, 5 metals

ata for all lichen species (left column) compared with Flacap data and converted sample

data for other species (right column). Samples excluded for conversion were also excluded from graphs in the right column.

perature were so strongly correlated (negative: r2/rho?=0.86 to
0.89) that they were not entered into the same partial correla-
tions. Temperature and Forest Cover varied along a NE-SW gradient
across ecoregions in the study area (Fig. 1), represented mostly on
PCA axis 2. Moderate to weak correlations of lichen elements with

environmental variables were usually stronger than with modeled
pollution variables. Land cover variables had few strong links with
elemental values or lichen species, with two exceptions. Pb had
positive simple and partial correlations at r>0.75 with Devel-
oped Land Cover. Flacap was absent from several sites (including
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Fig. 4. Principal components analysis (PCA) of sites by elements. Correlations with Axis 1 of Lichen Index 5 metals (r> =0.77) and Cr (r? =0.765) are similarly strong. Vector
scales differ for single elements (thin, blue lines) vs.secondary variables (thick, red lines). Full names of ecoregions in Fig. 1 legend.

Prairie Parkland sites) having low forest cover and moderate Pol-
lution Index scores, as well as from several high Index score urban
sites with low forest cover, a pattern not reflected in elemental
correlations.

Maps of selected variables and lichen elements (Fig. 5) indicate
greater air pollution in the more southern and more populated East-
ern Broadleaf Forest ecoregion. Modeled total N deposition (Fig. 5A;
modeled Hg and S similar) depicts a smoother pattern of local air
pollution than do lichen Pollution Indices for N + S or pollution met-
als (Fig. 5B, D-F). Maps confirm conclusions from Fig. 3 that the
N+S (Fig. 5B) and pollution metals Indices (Fig. 5D-F) differ in
geographic pattern. Spatial patterns of lichen Al (Fig. 5D) and Cu
(Fig. 5F) showed the widest variation among those in the Pollution
Index, 5 metals (Fig. 5E). Lichen Hg pattern (Fig. 5C) was notably
different from other lichen pollution elements or modeled N.

4. Discussion

4.1. Bioindicator development as a model for large monitoring
programs

Samples collected across the project area by mostly non-
specialist field staff following rigorous protocols supported
evaluation of all five lichen species as indicators for local pollu-
tion, achieving our first objective. Will-Wolf et al. (2017a) found
that relaxed cleanliness protocols and collecting from too few
substrates unacceptably reduced data quality. Sample collection
time (~3/4 h/site), preparation time (1/2-1 h/sample), and elemen-
tal measurement cost (~2013 USA $50/sample) were acceptable
for large-scale application (Will-Wolf et al., 2017b). Validation of
measured elements relied on replicates of reference samples as
well as standard screening of single measurements; both protocol
elements should be routinely included. Field site replicates and lab-
oratory splits (not useful) contributed little to data validation. Data
screening for general patterns as well as individual values identified
entire samples for exclusion to support quality data analysis; this
is recommended for routine analysis. For instance, evaluation of a
Ca/Sr pattern suggested an unusual soil dust signal and a possible
cause for data issues with some excluded samples (Supplementary

Document 4, section S4.1). Examination of scatterplots helped visu-
alize conversion needs, samples with odd data to be considered for
exclusion, and elements such as Ca whose accumulation patterns
might be linked to lichen morphology.

Data conversion for equivalency among the five lichen species
was also successful, achieving this objective for all species. Reliable
models were supported by field site replicates of multiple target
species at many sites across the pollution gradient. Exclusion of eli-
gible sites was species-specific; no site was excluded for more than
one species pair. Punrud data needed conversion for the fewest
elements (13) to equivalence with morphologically similar Flacap.
Original Ca, Pb, and Sr data overlapped between Punrud and Fla-
cap but differed from the other morphologically distinct species.
Elemental accumulation patterns linked with lichen morphology
(also Bennett, 2008; Bennett and Wetmore, 1997) are consistent
with accumulation through passive particle trapping (Bargagli and
Mikhailova, 2002; Conti and Cecchetti, 2001; Sloof and Wolterbeek,
1993). Comparisons with two other studies using similar protocols
(Will-Wolfetal., 2014, 2015b) suggest that species data conversion
may be needed for more elements in large areas with multiple pol-
lution sources (Supplementary Document 9). Specific conversion
models were unique to each study, reinforcing their spatial scale-
and context-dependence.

Flacap and Phyaip were the two most important target species,
between them covering the project region. Easy species recog-
nition by non-specialists helped; their identification success was
~95% for Evemes, Flacap, or Phyaip and ~70% for Parsul or Punrud
(Will-Wolf et al., 2017a). Evemes data showed saturation of many
elements at moderate air pollution loads as estimated from Indexes,
and absence at higher loads; similar patterns with other species
have been reported by Hauck et al. (2002), Sloof and Wolterbeek
(1993), and Yemets et al., 2014. Evemes pollution sensitivity limits
its usefulness for bioindication in the region, despite easy recogni-
tion. Parsul and Punrud were also less useful, linked to field staff
identification problems; they had few samples, few unique sites,
and many sample and data quality issues (Will-Wolf et al., 2017a).
Punrud success from expert collectors in two similar studies (Sup-
plementary Document 9) suggests collector expertise explains the
contrast; the species is common across our project region (Jovan
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Fig. 5. Mapped modeled N deposition, lichen Pollution Indices, and selected lichen elements. A. Modeled total N deposition 2013; B. Lichen Pollution Index, N +S; C. Lichen
Hg; D. Lichen Al; E. lichen Pollution Index, 5 metals; F. Lichen Cu. Scale bar inset (C) is for all maps. Solid dots are cities; ecoregion shading as in Fig. 1.

probably reflected different dispersal modes (N and S in aerosols
vs pollution metals in particulates: e. g. Bargagli and Mikhailova,
2002); possibly also some undocumented differences in sources.
Composite Pollution Indices captured these differences well and
also averaged over data gaps, an advantage for biomonitoring.

Additional patterns for individual elements are summarized
here and reviewed in detail in Supplementary Document 4. Lichen
Hg was not well correlated with any other element or environ-
mental variable including modeled Hg deposition, probably linked
to known long residence of Hg in atmosphere as it disperses from
itsdocumented pollution sources (Bargagli, 2016). Thus this impor-
tant pollution element that varies at a more regional scale had no
other valid proxy in our study. Lichen Mn data were quite variable,
not correlated with other lichen elements reflecting local pollution,
and negatively correlated with monitor site data; we recommend,
as did Boquete et al. (2011) for mosses, that Mn be excluded from
lichen elemental biomonitoring. Lichen Pb appeared to specifically
represent urban impact: it had strong correlations with cover of
developed land, the only element strongly linked with land cover.
Intensive mapping in urban areas of relative Pb load from lichen or
moss elemental bioindicators could highlight specific subsections
with elevated potential risk for more costly instrument monitoring,
similar to the Donovan et al. (2016) study.

Our specific research objectives were achieved with classic,
relatively simple, widely available, and equally broadly applied
data analysis techniques. Their long history facilitates appropri-
ate application and interpretation by applied researchers as well
as academic scientists.

4.3. Applications of general ecological theory to biomonitoring
practice

The ecological context- and scale-dependency (e.g. Levin, 1992)
of lichen elemental bioindicators is generally accepted in most
modern biomonitoring practice: specific applications and species
conversion models are at least by implication recommended for the
area and spatial scale used in the study. Performance of bioindica-
tors in the ecological context of the sites studied, and the context of
program limitations such as sample collection by non-specialists,
are less often addressed in published literature. Including criti-
cal details that support interpretation of results in our extensive
Supplementary Documents is an acknowledgement of context-
dependency useful to include in literature, to support comparisons
and improve applications.

A contrast in interpretation of the bioindicator applications of
Al and Fe led us to more careful consideration of implications from
ecological theory (details in Supplementary Document 4, section
S4.2). Both Al and Fe are strongly supported from our study as
local pollution indicators along with Co, Cr, Cu, N, and S: from cor-
relations with monitor site data (Table 4) and between elements
(Supplementary Document 7), and from PCA patterns (Fig. 4). In
contrast, in European literature (e.g. Bargagli and Mikhailova, 2002)
Al and Fe are often interpreted as bioindicators for soil dust con-
tamination. Differences in soil chemistry or air pollutant types do
not seem satisfactory explanations, since Europe and E USA have
similar temperate forest environments and industrial history. Com-
parisons with two other E USA studies supported two alternate
hypotheses. Invoking simple spatial scale-dependency, Al and Fe
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might have longer residency in the atmosphere than do Co, Cr, Cu,
N, and S, and so vary less across small areas (Will-Wolf et al., 2014,
2015b), consistent with the well-documented regional pattern of
Hg distribution (Bargagli 2016). Invoking both multiple causation
(e.g. for lichens Ellis and Coppins, 2010; Will-Wolf et al., 2006) and
more subtle scale-dependency, Al and Fe might have both soil dust
and pollution sources: the dominant signal seen might for instance
depend on size of the area studied relative to breadth of the pollu-
tion and soil chemistry gradients.

Evaluation in Section 4.1 of multiple factors linked with strong
spatial complementarity of Flacap and Phyaip in our study pointed
to nearby forest cover as possibly a stronger driver of the pattern
than pollution load. Modern European “urban drought” studies sug-
gested a non-pollution mechanism for absence of Flacap from cities
with low forest cover (e.g. Tretiach et al., 2012). This might also
apply somewhat to small and isolated rural forests, and dispersal
limitation, interacting with response to pollution and humidity, is
another possible mechanism linking lichens with landscape pat-
tern (e.g. Ellis and Coppins, 2010) that could be further investigated
for bioindicator species. Species in the genus Physcia are well doc-
umented as thriving in high nitrogen habitats and microhabitats
(e.g. Conti and Cecchetti, 2001; Fenn et al., 2003; Jovan et al., 2012).
Our study also suggested Physcia thrives in low-forest landscapes,
another pattern deserving more investigation. In another example,
proportion of developed land cover was identified in our study as
the strongest environmental correlate of Pb pattern, pointing to
urban areas as the most important targets for bioindication with
Pb (Supplementary Document 4). The importance in our study of
evaluating links with environmental drivers other than pollution,
including some like local land cover whose relevance is not obvious,
likely parallels circumstances for any large monitoring program.

5. Conclusions

Bioindication with elemental data from in situ naturally-
occurring lichens allows both broader coverage and more intense
sampling per total program cost than other options, while it rep-
resents local air quality better than regionally modeled variables.
Biomonitoring with lichen transplants (Bargagli and Mikhailova,
2002; Garty, 2002), not practically feasible for large-scale mon-
itoring because it requires costly multiple visits per site and
single-source transplants not suitable for long climate gradients,
has contributed much research about the variation of within-site
responses to be averaged across (considered noise in this context)
for generating reliable site-wide signals of pollution load. Reliable
site-wide signals support monitoring the health and environmental
response of biotic communities across a large region. For instance,
estimation of N critical loads by calibration of site lichen commu-
nity response to atmospheric N has been more successful in W USA
supported by widespread site-level in situ lichen elemental bioindi-
cation (Fenn et al., 2003; Geiser et al., 2010; Jovan et al., 2012) than
in EUSA (Cleavittetal., 2015; Pardo et al., 2011, 2015) without such
wide support.

Considering multiple environmental factors and appropriate
ecological theory such as context- and scale-dependence of pat-
terns at all levels of bioindicator design and interpretation improves
application of results. Considering cost-effectiveness is more
important for large-scale scientific studies and applications to
monitoring, than for small-scale studies. These considerations are
important to both support quality science and facilitate continued
use of lichen elemental bioindication in large monitoring programs
(Ferretti and Erhardt, 2002).
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