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Cryptogamic covers are a wide range of photoautotrophic plants which synthesize their
own food while using sunlight as an energy source. Globally, cryptogrammic covers
(such as cyanobacteria, algae, fungi, lichens, and bryophytes) annually uptake about
7% of the net primary production of terrestrial vegetation and account for about half of
annual biological terrestrial nitrogen fixation. On the basis of these contributions to
global carbon and nitrogen cycling, it is crucial to be able to accurately monitor
seasonal and regional patterns of cryptogamic cover distribution and abundance.
However, lichen-encrusted rock seldom comprises 100% of the ground cover within a
pixel of remote-sensed imagery, and thereby arise challenges in lichen mapping and
monitoring. Here we explore spectroscopic methods and spectral mixture analysis (SMA)
to overcome the challenges of reflectance spectroscopy-based optical remote sensing
detection and characterization of crustose lichen species. One suite of discrete wavelengths
(λ1 = {400, 470, 520, 570, 680, 800, 1080, 1120, 1200, 1300, 1470, 1670, 1750, 2132,
2198, 2232 nm}) and two wavelength regions (λ2 = {λ: 800 nm ≤ λ ≤ 1300 nm}
and λ3 = {λ: 2000 nm ≤ λ≤ 2400 nm})were investigated for their ability to discriminate
between substrate and different lichen species. We found that the spectral region
800–1300 nm performed best at lichen-substrate differentiation and interspecial
lichen differentiation. Furthermore, measures of central tendency from multiple
wavelength regions are superior to most individual wavelength regions, particularly
for lichen-rock unmixing.

1. Introduction

Lichens are a type of crypotogamic cover, consisting of a symbiotic relationship between
a fungus (mycobiont) and a photosynthetic, green algae, or cyanobacteria partner referred
to as a photobiont (Rees, Tutubalina, and Golubeva 2004). Globally, cryptogamic covers
annually uptake around 3.9 Pg of carbon, about 7% of the net primary production of
terrestrial vegetation, and around 49 Tg of nitrogen, about half of the annual biological
terrestrial nitrogen fixation (Elbert et al. 2012). The geographic distribution of many
lichen species make in situ monitoring costly and inefficient in areas such as boreal forest
and tundra zones, where lichens comprise up to 70% of the terrestrial ground cover
(Solheim et al. 2000), and remote areas where lichens function as the dominant terrestrial
organism, such as Antarctica (Kappen 1983), European mountainous areas, and northern
hemispheric continental subarctic regions (Nordberg and Allard 2002).

Hyperspectral remote-sensing systems have been identified as a desired methodology
to monitor lichen extent and abundance (Zhang, Rivard, and Sánchez-Azofeifa 2005;
Rees, Tutubalina, and Golubeva 2004; Feng et al. 2013). Several key requirements for
remote lichen monitoring are met. Lichen transmission is <3% through the 350–2500 nm
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range, allowing for reflectance data from lichen species to be spectrally unaffected by the
underlying substrate (Bechtel, Rivard, and Sánchez-Azofeifa 2002). In addition, many
regions characterized by abundant lichen populations are free of other diverse vegetation
(Bjerke et al. 2011), such as in the subarctic region where tree cover is very sparse and the
land surface is dominated by rock and lichen coverage (Bartalev et al. 2003). Further, in
areas such as continental subarctic, poor drainage conditions result in wetland cover and
great proportions of the region are covered by water. However, this is overcome in this
case as lichens lack water-absorbing structures, a waxy cuticle and stomata (Brodo,
Sharnoff, and Sharnoff 2001). As a result, water absorption occurs over the whole
vegetative body (Loppi et al. 1997). Ager and Milton (1986) determined that changes
in the moisture content of the lichen do not affect the locations of their absorption bands.

However, there are challenges to the remote monitoring of lichen species. Lichen-
encrusted rock seldom comprises 100% of the ground cover within a pixel (Zhang,
Rivard, and Sánchez-Azofeifa 2005), and thus it is not feasible to determine lichen extent
directly from imagery. SMA is an established technique which uses a linear combination
of endmember spectral components to approximate the abundance of each endmember
within a mixture spectrum (Somers et al. 2011; Song 2005). This study is an attempt to
address the issue of monitoring the abundance and distribution of terrestrial crustose
lichen coverage through hyperspectral remote sensing systems, and assess the use of
SMA as a tool in this regard.

Previous research has focused on the capability of remotely sensed imagery to infer
reflectance signatures of minerals on the ground by unmixing substrate and lichen
reflectance spectra (Zhang, Rivard, and Sánchez-Azofeifa 2005; Rogge et al. 2009).
The application of this capability to mineral exploration and geological mapping is
noted, however, this approach is proverbially ‘throwing the baby out with the bathwater’
considering applications to lichen detection, characterization, and monitoring. In particu-
lar, the amount of carbon and nitrogen that lichens are capable of fixing from the
atmosphere depends on the lichen species (Lange et al. 2004; Gavazov et al. 2010).
Thus, it is important to be able to not only discriminate substrate from encrusting lichen,
but also to discriminate between lichen species within a mixed pixel or spectrum.

2. Methods

2.1. Lichen-encrusted rock samples

Fifteen lichen-encrusted rocks were selected from several localities, including Hecla
Island, Manitoba (n = 4), Pinawa, Manitoba (n = 3), Churchill, Manitoba (n = 4), Eagle
Butte, Alberta (n = 1), and Contwoyto Lake, Nunavut (n = 3). These samples represent a
wide range of lichen species (n = 16) and substrate compositions, including basalts,
limestones, quartzites, dolostone, schist, and mafic metatuff. A summary of locality,
lichen species (classified into rough groupings by colour as orange, green, black, or
white/grey), and substrate composition for each sample is shown in Table 1. Ten of the
15 samples contained two endmembers, a single lichen species, and underlying substrate.
Five of the 15 samples contained three or more endmembers: two or more lichen species
and underlying substrate.

All samples were kept air-dried from their collection until spectral reflectance mea-
surements were made. Spectral reflectance between wet and dry samples is reported by
Rees, Tutubalina, and Golubeva (2004) to differ by less than ±5%, with dry samples
exhibiting slightly higher reflectance values.
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2.2. Spectral and endmember abundance data

Reflectance spectra were collected for each endmember (each lichen species on each
sample and underlying substrate for each sample), as well as for a circular area containing
one or more lichen species and substrate on each sample to represent a spectral mixture.

All spectral data was acquired with an ASD FieldSpec Pro HR spectrometer, which
acquires data from 350 to 2500 nm with a spectral resolution of between 2 and 7 nm, and
a spectral sampling interval of 1.4 nm, which is internally resampled by the spectrometer
to provide 1 nm output data. Sample spectra were measured relative to a Spectralon-
calibrated reflectance standard, then corrected for minor irregularities in the absolute
reflectance of the standard in the 2.0–2.5 μm region and for dark current. Spectral
measurements were collected using a fibreoptic (FOV = 25.4°), employing a viewing
geometry of incidence = 30° and emission = 0° with an in-house collimated 50 watt quartz
tungsten halogen lamp light source at the Planetary Spectrophotometer Facility at the
University of Winnipeg. Each spectral curve is an average of 500 scans of a constant field
of view. This observational set-up is properly referred to as biconical-bidirectional
(Schaepman-Strub et al. 2006). In the ensuing discussion we will refer to it simply as
reflectance or bidirectional reflectance.

To model the situation of a mixed pixel in which spectral information from both the
substrate and lichen are contributing to the pixel’s spectral composition, two circular
carbon black masks were constructed (radii = 6.90 and 3.50 cm) to coincide with viewing
heights of 15.1 and 7.7 cm, respectively, from the spectrometer’s optical fibre bundle.
Each sample was covered with a circular carbon black mask such that the remaining

Table 1. Summary of locality, lichen species (roughly classified by colour as orange, green, black,
or white/grey), and substrate composition for each sample.

Sample
number Locality

Substrate
composition Lichen species

1 Hecla Island, Manitoba Limestone Placynthium nigrum (black)
2 Contwoyto Lake, Nunavut Basalt Dimelaena oriena (orange)
3 Contwoyto Lake, Nunavut Mafic metatuff Umbilicaria deusta (black)
4 Eagle Butte, Alberta Sandstone Aspicilia cincera (white/grey)
5 Pinawa, Manitoba Granite Physcia caesia (white/grey)
6 Hecla Island, Manitoba Limestone Placynthium nigrum (black)
7 Churchill, Manitoba Quartzite Melanalia stygia (black)
8 Churchill, Manitoba Pink dolostone Melanelia disjuncta (black)
9 Churchill, Manitoba Grey schist Rhizocarpon geographicum (black)
10 Hecla Island, Manitoba Limestone Placynthium nigrum (black)
11 Churchill, Manitoba Granite Caloplaca cernia (orange), Rinodina

turfacea (black)
12 Hecla Island, Manitoba Limestone Candelaria concolor (orange),

Placynthium nigrum (black)
13 Contwoyto Lake, Nunavut Granite Arctoparmelia centrifuga (green),

Umbilicaria deusta (black), Lecanora
dispersa (white/grey)

14 Pinawa, Manitoba Granite Arctoparmelia centrifuga (green),
Placynthium asperllum (black),
Lecanora muralis (white/grey)

15 Pinawa, Manitoba Granite Candelariella aurella (orange)
Placynthium asperllum (black) Lecanora
muralis (white/grey)
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visible area comprised heterogeneously one or more lichen species and the underlying
substrate, with the abundance of lichen coverage and substrate coverage varying by
sample and mask position. Once the mask was fixed on an area, high-resolution digital
photographs were taken to determine areal coverage of different lichen species and
substrate by employing ImageJ software (Schneider, Rasband, and Eliceiri 2012).
ImageJ was used to manually trace polygons delineating areas of lichen and substrate
on each sample and calculate relative abundance of each. Bidirectional reflectance spectra
as defined above (representing a remotely sensed mixed pixel) were then obtained for the
identical area on each sample.

2.3. Spectral mean normalization

Spectral mean normalization is a technique used to suppress wavelength-independent
differences between spectral features (Wu 2004; Zhang, Rivard, and Sánchez-Azofeifa
2005). The reflectance value at each wavelength is divided by the mean reflectance value
of some set of wavelengths:

r0 λð Þ ¼ r λð ÞP
λ2λj

r λð Þf g
λjj j

� � ; (1)

where r0 λð Þ is the mean normalized reflectance at wavelength λ, r λð Þ is the raw reflectance
at wavelength λ, λj is a set of wavelengths forming a wavelength region for analysis (for
example, λvis ¼ λ : 390 nm � λ � 700 nmf g, representing the visible region) over the
index variable j for some number of wavelength regions. λj

�� �� is the size of the set of
wavelengths λj, for example, for λvis as defined previously, λvisj j = 310.

Spectral mean normalization reflectance values may range above 100%. For example,
a mean normalized reflectance value of 150% at some wavelength λ represents a reflec-
tance 50% greater than the mean reflectance across all wavelengths under consideration
(these wavelengths under consideration are precisely the set λj).

2.4. Spectral mixture analysis

SMA models a mixture spectrum as a linear combination of its component spectral
endmembers weighted by their abundance within a field of view, and can be inverted to
determine percentage abundance of known endmembers from a mixture spectrum. The
abundances are determined by minimizing the squared difference function d subject to the
constraints that the abundances of all k distinct endmembers sum to one and that each
endmember has non-negative abundance:

d f1; f2; . . . ; fk ; e λð Þ λ2λjf g
� �

¼
X
λ2λjf g

r0m λð Þ �
Xk
i¼1

X
λ2λjf g

r0i λð Þfi þ e λð Þ

0
B@

1
CA

2
64

3
75
2

; (2)
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fi � 0; (3)

Xk
i¼1

fi ¼ 1; (4)

where fi is the percentage abundance of the ith endmember, r0m λð Þ is the mean normalized
reflectance of the mixture spectrum at wavelength λ, r0i λð Þ is the mean normalized
reflectance of the ith endmember spectrum at wavelength λ, e λð Þ is an error term as a
function of wavelength, and λj is a set of wavelengths forming a wavelength region for
analysis. The Generalized Reduced Gradient (GRG) algorithm (Lasdon et al. 1978) was
employed to minimize the squared difference function d and output optimal values for
percentage abundance of each endmember and error functions e λð Þ.

2.5. Selecting spectral regions λj
Zhang, Rivard, and Sánchez-Azofeifa (2005) demonstrated that a single lichen endmem-
ber is suitable for performing SMA in the wavelength region from 2000 to 2400 nm. This
technique is preferable when discriminating rock from lichen cover, but an extension of
this technique is required in order to differentiate between multiple lichen species in the
same mixture spectrum. One set of discrete wavelengths and two wavelength regions were
defined in order to highlight both intra-species spectral reflectance differences between
lichens and also spectral differences between lichens and their underlying substrate. In
addition, these regions and wavelength set purposely avoided water bands present at 1400
and 1900 nm, as although characteristic lichen absorption bands are unaffected by
moisture content (Ager and Milton 1986), many regions dominated by lichen species,
such as northern continental subarctic are dominated by wet conditions year-round (Stow
et al. 2004).

We identified one suite of discrete wavelengths and two wavelength intervals as being
potentially useful for lichen-substrate discrimination. The first suite of discrete wave-
lengths (wavelength set) is a collection of 16 distinct wavelengths selected by Rees,
Tutubalina, and Golubeva (2004) in their principal components analysis of reflectance
spectra of subarctic lichen species from 400 to 2400 nm. The selected wavelengths,
termed ‘interesting wavelengths’ by the authors, in nanometers, are λ1 = {400, 470,
520, 570, 680, 800, 1080, 1120, 1200, 1300, 1470, 1670, 1750, 2132, 2198, 2232 nm}.
The first spectral region is also following up work by Rees, Tutubalina, and Golubeva
(2004) and based upon their recommendation for an ideal wavelength region to discrimi-
nate between lichen species, representing the infrared spectrum below the hydroxyl
absorption band at 1400 nm, where λ2 = {λ: 800 nm ≤ λ ≤ 1300 nm} with a 1 nm
wavelength interval (integer values) between members. We have chosen this wavelength
region λ2 to determine whether intraspecial discrimination in this region can be extended
to discriminating both between species and between lichen and substrate. The second
wavelength region is adapted from Zhang, Rivard, and Sánchez-Azofeifa (2005), and
takes advantage of the spectral distinction between rock and lichen in the range 2000–
2400 nm; λ3 = {λ: 2000 nm ≤ λ ≤ 2400 nm}, also with a 1 nm wavelength interval (integer
values) between members.

To minimize over- or under-representation of lichen or substrate endmember spectra in
any one particular wavelength region, two measures of central tendency (mean and
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median values) were applied to the percentage abundances yielded from SMA in each of
the three wavelength sets or regions.

3. Results & discussion

3.1. Endmember spectra

Figure 1 shows mean-normalized bidirectional reflectance spectra of all lichen species and
substrate endmembers. The variability (or lack thereof) in lichen spectra (across species,
across colours, and between substrate and lichen) presented here provides a preliminary
understanding of which wavelength regions may perform best for spectral unmixing.

3.2. Discriminating lichen cover from substrate

Table 2 summarizes the results of SMA to determine percentage abundances from each of
the three wavelength sets or regions as compared to results of percentage abundance
derived from digital photography. Figure 2 displays the unmixing results for each of the
three wavelength sets or regions, as well as the mean and median values of abundance for
all three wavelength sets or regions. Only substrate abundance is displayed, as linear
regression is invariant under linear transformations, and thus results would be identical for
lichen abundance.

The wavelength set or region performing best for lichen-substrate discrimination
was λ2 = {λ: 800 nm ≤ λ ≤ 1300 nm} (coefficient of determination R2 = 0.90) versus
λ3 = {λ: 2000 nm ≤ λ ≤ 2400 nm} (R2 = 0.80). This is surprising, as λ3 was selected to
take advantage of the spectral differences between lichen cover and underlying
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Figure 1. Normalized reflectance spectra (350–2500 nm) of endmemebers in the study: (a) orange
and green lichen species, (b) black lichen species, (c) substrates, (d) white/grey species.
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substrate, whereas λ2 was selected to take advantage of intra-species spectral distinc-
tions between lichens.

For example, one sample (sample 9) where SMA λ2 (78.4% substrate, 21.6% lichen)
outperformed SMA λ3 (89.6% substrate, 10.4% lichen) compared with the abundance
from the image (72.3% substrate, 27.7% lichen). Figure 3 shows the normalized
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Figure 2. Results of spectral unmixing analysis to determine substrate abundance for lichen-
substrate discrimination using (a) wavelength set λ1, (b) wavelength region λ2, (c) wavelength
region λ3, (d) mean substrate abundance values for all three wavelength sets and regions, and (e)
median substrate abundance values for all three wavelength sets and regions.
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reflectance of the mixture as well as substrate and lichen endmembers for sample #9 (a)
between 800 and 1300 nm (λ2) and (b) between 2000 and 2400 nm (λ3). The lichen and
substrate endmembers appear, from quick examination, to be spectrally distinct in the
wavelength region λ2. Also, the mixture spectra through λ2 appear to be an approximate
linear combination of 80% of the substrate endmember spectra and 20% of the lichen
endmember spectra, as was confirmed from SMA. This suggests that although the region
between 800 and 1300 nm was selected to highlight spectral differences between lichen
species, it appears capable of discriminating between lichen cover and substrate better
than the wavelength region selected for this purpose based on the results of Zhang,
Rivard, and Sánchez-Azofeifa (2005).

The mean (R2 = 0.97) and median (R2 = 0.91) unmixing results performed better than
any of the three individual wavelength sets or regions. By capturing a wider range of
variation between spectral signatures in different regions, potential over- or under-repre-
sentation of any particular endmember abundance in any one wavelength region is
reduced through averaging these abundance values over the three sets or regions.
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Figure 3. Normalized reflectance spectra of mixture, substrate, and lichen for sample #9 in the
wavelength regions (a) λ2 and (b) λ3.
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3.3. Discriminating between lichen species

Table 3 summarizes the results of SMA to determine percentage abundances between
various lichen species compared with percentage abundances derived from digital photo-
graphy. Figure 4 displays the unmixing results for each of the three wavelength sets or
regions, as well as the mean and median values for all three wavelength sets or regions.
Abundance values from SMA and digital photography are displayed for each lichen
species and substrate cover.

Similar to results for discriminating between mixtures of substrate and only one lichen
species, the best wavelength set or region for discriminating between substrate and
multiple lichen species was λ2 = {λ: 800 nm ≤ λ ≤ 1300 nm} (R2 = 0.47), compared
with λ1 (R2 = 0.36) or λ3 (R2 = 0.41). This is not surprising as λ2 was selected for
interspecies discrimination as described by Rees, Tutubalina, and Golubeva (2004).

Table 3. Percentage abundance results for multiple lichen species and substrate by spectral mixture
analysis (SMA) for spectral sets and regions λ1 ({400, 470, 520, 570, 680, 800, 1080, 1120, 1200,
1300, 1470, 1670, 1750, 2132, 2198, 2232 nm}, λ2 ({λ: 800 nm ≤ λ ≤ 1300 nm}), and λ3 ({λ:
2000 nm ≤ λ ≤ 2400 nm}) for samples 11–15 (multiple lichen species and substrate mixtures) in
rough colour classes of species (orange, green, black, and white/grey).

Abundance (%)

Analysis method Cover class
Sample
11

Sample
12

Sample
13

Sample
14

Sample
15

Digital photo Orange species 0.6 27.4 0.0 0.0 0.8
Green species 0.0 0.0 12.6 0.5 0.0
Black species 41.6 12.9 15.2 12.9 2.8
White/grey species 0.0 0.0 19.2 20.5 48.6
Substrate 57.8 59.7 53.0 66.1 47.8

SMA λ1 Orange species 0.0 47.1 0.0 0.0 27.9
Green species 0.0 0.0 27.1 0.0 0.0
Black species 0.0 0.0 11.1 14.1 5.4
White/grey species 0.0 0.0 7.4 58.4 29.7
Substrate 100.0 52.9 54.4 27.5 37.0

SMA λ2 Orange species 0.0 51.2 0.0 0.0 0.0
Green species 0.0 0.0 10.5 10.5 0.0
Black species 0.0 0.5 0.5 10.7 11.9
White/grey species 0.0 0.0 21.9 50.6 32.0
Substrate 100.0 48.4 67.2 28.1 56.0

SMA λ3 Orange species 0.0 46.6 0.0 0.0 8.4
Green species 0.0 0.0 39.8 52.9 0.0
Black species 0.0 0.0 1.8 0.2 0.0
White/grey species 0.0 0.0 0.7 3.1 47.5
Substrate 100.0 53.4 57.6 43.8 44.2

SMA mean Orange species 0.0 48.3 0.0 0.0 12.1
Green species 0.0 0.0 25.8 21.1 0.0
Black species 0.0 0.2 4.5 8.3 5.8
White/grey species 0.0 0.0 10.0 37.4 36.4
Substrate 100.0 51.6 59.7 33.2 45.7

SMA median Orange species 0.0 47.1 0.0 0.0 8.4
Green species 0.0 0.0 27.1 10.5 0.0
Black species 0.0 0.0 1.8 10.7 5.4
White/grey species 0.0 0.0 7.4 50.6 32.0
Substrate 100.0 52.9 57.6 28.1 44.2
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For example, spectral unmixing of sample 13 was more successful (although still not
to an ideal standard) at interspecies lichen discrimination compared with digital photo-
graphy (12.6% green lichen species, 15.2% black lichen species, 19.2% grey lichen
species, 53.0% substrate) in the wavelength region λ2 (27.1% green lichen species,
11.1% black lichen species, 7.4% grey lichen species, 67.2% substrate) than for the
wavelength region λ3 (39.8% green lichen species, 1.8% black lichen species, 0.7%
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Figure 4. Results of spectral unmixing analysis to determine abundance of multiple lichen species
and substrate using (a) wavelength set λ1, (b) wavelength region λ2, (c) wavelength region λ3, (d)
mean abundance values for all three wavelength sets and regions, and (e) median abundance values
for all three wavelength sets and regions.
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grey lichen species, 57.6% substrate). Figure 5 displays normalized reflectance spectra for
each lichen endmember, the substrate endmember, and the mixture spectra. These results
confirm the work of Rees, Tutubalina, and Golubeva (2004), who suggested that lichen
species may be spectrally differentiated in the region between 800 and 1300 nm. In this
case, λ3 performed better than λ2 at discriminating between total lichen coverage (all
species) and substrate, consistent with previous work by Zhang, Rivard, and Sánchez-
Azofeifa (2005) that the wavelength region between 2000 and 2400 is optimal for distin-
guishing between lichen spectra (independent of species) and substrate. This suggests that
when not concerned with lichen species composition but faced with the challenge of
multiple lichen species, spectral unmixing in the 2000 to 2400 nm region is preferred.

The mean (R2 = 0.47) and median (R2 = 0.44) unmixing results performed better than
unmixing for the λ1 wavelength set and λ3 wavelength region; however, in this case, both
measures of central tendency performed equally well or worse than unmixing results from
the λ2 region.

1.5

(a)

(b)

1.3

1.1

0.9

0.7

0.5

0.3

M
ea

n 
no

rm
al

iz
ed

 r
ef

le
ct

an
ce

900 1000 1100 1200 1300800
Wavelength (nm)

2000 2100 2200 2300 2400
Wavelength (nm)

Mixture

Umbilicaria deusta

Lecanora dispersa
Arctoparmelia centrifuga

Substrate (granite)

1.3

1.2

1.1

1.0

0.9

0.8

0.7

M
ea

n 
no

rm
al

iz
ed

 r
ef

le
ct

an
ce

Figure 5. Normalized reflectance spectra of mixture, substrate, and lichen for sample #13 in the
wavelength regions (a) λ2 and (b) λ3.
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In all cases, R2 values for unmixing results were much lower for multiple lichen
species (ranging from 0.36 to 0.47) than single lichen species and substrate mixtures (0.80
to 0.97). The complexity of three or four endmembers in an unmixing model makes the
problem much more difficult, particularly when multiple endmembers are spectrally
ambiguous (as is the case with many lichen species in the selected wavelength set or
regions), illustrated in the case of sample #13 in Figure 4.

Of note is the fact that in this study all lichen species under consideration were of
crustose type. Many environments investigated for lichen abundance and coverage
through hyperspectral remote sensing systems may be covered (predominantly or periph-
erally) by other lichen morphologies (foliose and fruiticose). These other morphologies
may have spectral properties that were not accounted for in this work and deserving of
similar treatment to determine whether spectral unmixing is a feasible method to dis-
criminate lichen cover intramorphologically, and between fruiticose and foliose lichens
and substrate.

4. Conclusions

This study has assessed the potential to employ SMA to determine abundance of substrate
and one or more lichen species within a mixture. One wavelength set and two wavelength
regions (λ1 = {400, 470, 520, 570, 680, 800, 1080, 1120, 1200, 1300, 1470, 1670, 1750,
2132, 2198, 2232 nm}, λ2 = {λ: 800 nm ≤ λ ≤ 1300 nm}, and λ3 = {λ:
2000 nm ≤ λ ≤ 2400 nm}) were investigated for their ability to discriminate between
substrate and different lichen species. Water absorption bands at 1400 and 1900 nm were
purposefully avoided in each wavelength set or region.

The mean and median unmixing results performed better than unmixing in the λ1 set
and λ3 region; however, in this case, both measures of central tendency performed equally
well or worse than unmixing results from the λ2 region. In all cases, R2 values for
unmixing results were much lower for multiple lichen species (ranging from 0.36 to
0.47) than single lichen species and substrate mixtures (0.80 to 0.97). The complexity of
three or four endmembers in an unmixing model makes the problem much more difficult,
particularly when multiple endmembers are spectrally ambiguous (as is the case with
many lichen species in the selected wavelength set and regions).

In both cases of lichen-substrate differentiation and interspecial lichen differentiation,
the wavelength region between 800 and 1300 nm performed better than the region
between 2000 and 2400 nm and the wavelength set consisting of the wavelengths
λ1 = {400, 470, 520, 570, 680, 800, 1080, 1120, 1200, 1300, 1470, 1670, 1750, 2132,
2198, 2232 nm}. However, when considering the challenge of lithological mapping in
areas of multiple lichen species, unmixing in the spectral region from 2000 to 2400 nm
performed best for determining total lichen abundance (species-independent) and substrate
abundance. The mean and median abundance value from SMA of several different
wavelength sets or regions performed better than the SMA in any individual wavelength
set or region.

Previous studies employing SMA to unmix lichen and substrate have focused on the
application of this procedure for lithologic mapping using published spectra of rock
encrusting lichens, combined with the usage of normalization procedures in different
spectral regions applied to both image and endmember spectra. In doing so, some
methodologies ‘provide geologists with an opportunity to group all lichens into one
endmember’ (Zhang, Rivard, and Sánchez-Azofeifa 2005). Although effective for geolo-
gical mapping, recent emphasis on the importance of lichens in global carbon and
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nitrogen cycling underscores the importance of long-term lichen detection, characteriza-
tion, and monitoring. In the future, a closer examination of lichen/substrate unmixing in
the visible region may provide a solution to the difficulties inherent in intraspecies (or
intramorphological) discrimination.
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