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Highlights
• A pilot study on estimating forest floor lichen cover from hyperspectral data.
• Multiple endmember spectral mixture analysis applied to field and airborne data.
• Accuracy of lichen cover estimates was good.
• Tree cover and presence of dwarf shrubs may influence lichen cover estimation.

Abstract
Lichens are sensitive to competition from vascular plants, intensive silviculture, pollution and 
reindeer and caribou grazing, and can therefore serve as indicators of environmental changes. 
Hyperspectral remote sensing data has been proved promising for estimation of plant diversity, 
but its potential for forest floor lichen cover estimation has not yet been studied. In this study, 
we investigated the use of hyperspectral data in estimating ground lichen cover in boreal forest 
stands in Finland. We acquired airborne and in situ hyperspectral data of lichen-covered forest 
plots, and applied multiple endmember spectral mixture analysis to estimate the fractional cover 
of ground lichens in these plots. Estimation of lichen cover based on in situ spectral data was very 
accurate (coefficient of determination (r2) 0.95, root mean square error (RMSE) 6.2). Estimation 
of lichen cover based on airborne data, on the other hand, was fairly good (r2 0.77, RMSE 11.7), 
but depended on the choice of spectral bands. When the hyperspectral data were resampled to the 
spectral resolution of Sentinel-2, slightly weaker results were obtained. Tree canopy cover near the 
flight plots was weakly related to the difference between estimated and measured lichen cover. The 
results also implied that the presence of dwarf shrubs could influence the lichen cover estimates.
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1 Introduction

Lichens are classified as fungi but are symbiotic associations of a fungal and photosynthetic 
(typically green alga or cyanobacterium) partner (Nash 2008). Lichens grow everywhere in the 
world and vary widely in their physical and functional traits (Nash 2008; Asplund and Wardle 
2017). Generally, they occupy sites in which their capacity to tolerate drought and low nutrient 
levels, through their ability to intercept particulates directly from precipitation, fog, and dry 
deposition, is of a competitive advantage. These sites include rocks, sandy soils, nutrient poor 
peatlands and tree trunks and branches. Poor soils and harsh climate decrease the competition 
from vascular plants, hence mat-forming ground lichens are the most common in the boreal, 
arctic, and alpine areas (Ahti and Oksanen 1990).

Human activity in the form of climate warming, air pollution, reindeer husbandry, and 
forest management have caused a decline in ground lichen cover in northern areas. The warm-
ing climate may increase the cover of vascular plants at the cost of lichens in the arctic tundra 
(Cornelissen et al. 2001; Fraser et al. 2014; Moffat et al. 2016; Vuorinen et al. 2017) and cause 
a shift from primarily arctic lichen species to primarily boreal ones (Vuorinen et al. 2017). 
A decline in lichen cover has also been associated with air pollution (Tømmervik et al. 2003; 
Pykälä 2019) and reindeer grazing and trampling (Ahti and Oksanen 1990; Tømmervik et al. 
2004). Reindeer grazing has also been observed to alter the lichen species composition from 
species that dominate later in forest succession (Cladonia stellaris (Opiz) Pouzar & Vězda) to 
species that dominate earlier (Cladonia arbuscula (Wallr.) Flot., Cladonia rangiferina (L.) F. 
H. Wigg) (Väre et al. 1996). At the present, habitat loss due to intensive forest management 
has been reported as one of the main threats for lichen diversity in Finland (Jääskeläinen 2011; 
Pykälä 2019). Intensive silviculture including clear cutting, soil scarification, logging residues, 
dense regeneration and increased productivity and standing volume have also led to a decline 
in lichen cover and consequently to a loss of 30–50% of reindeer grazing winter grounds in a 
study area in northern Sweden during the last century (Berg et al. 2008). Similarly, Sandström 
et al. (2016) found that the decline in the area of lichen-abundant forests in the Swedish rein-
deer husbandry area in 1953–2013 coincided with the decrease of open pine forests over 60 
years old.

Remote sensing provides a tool for large area monitoring of lichen cover. Hyperspectral 
remote sensing data have proved promising in assessing functional plant traits and diversity 
(Anderson et al. 2008; Singh et al. 2015; Asner et al. 2017; Schneider et al. 2017), and the new 
hyperspectral satellite missions (e.g., PRISMA, EnMAP) are therefore expected to provide a tool 
for monitoring species-level traits across time (Skidmore et al. 2021). Similarly as the spectral 
properties of plants have been related to, e.g., their morphology and chemical composition, 
the laboratory or in situ measurements of lichen spectra have shown the spectral reflectance of 
lichens to vary strongly not only between species (Petzold and Goward 1998; Rees et al. 2004; 
Kuusinen et al. 2020), but also within species due to, e.g., variation in lichen structure (Kuusinen 
et al. 2020) or height (Nordberg and Allard 2002), across viewing angles (Peltoniemi et al. 2005; 
Solheim et al. 2000; Kuusinen et al. 2020), and with varying water content (Nordberg and Allard 
2002; Rees et al. 2004; Neta et al. 2010; Granlund et al. 2018; Kuusinen et al. 2020). These 
findings as well as the lichen spectra stored in openly available spectral libraries (Kuusinen et al. 
2022) could help in interpreting hyperspectral remote sensing data for discrimination of lichens 
from plants and other ground cover types. However, studies using hyperspectral remote sensing 
data for lichen cover estimation are very few (but see Huemmrich et al. 2013 and Yang et al. 
2023 for plant functional type estimation or mapping in tundra areas), and, to our knowledge, 
non-existent in the boreal forest areas.
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Instead, most studies that have estimated lichen cover or biomass in high-latitude regions 
have used multispectral satellite or airborne data, sometimes together with some auxiliary data 
on, e.g., land cover, topography, climate or forest variables. Multispectral data have been used to 
produce categorical information of lichen cover as part of land cover type classifications (Col-
paert et al. 2003, 2012; Tømmervik et al. 2003, 2004; Théau et al. 2005; Gilichinsky et al. 2011), 
but in the recent years, predicting lichen cover as a continuous variable has been more common. 
Techniques from spectral mixture analysis (Théau et al. 2005), to spectral indices (Falldorf et al. 
2014) combined with environmental variables (Nelson et al. 2013; Silva et al. 2019), and machine 
learning methods (Kennedy et al. 2020) have been used. Several recent studies have utilized data 
from multiple remote sensing sensors; for example, using measurements from sensors mounted 
on unmanned aerial vehicles (UAVs) as a training data for models employing optical satellite data 
(Macander et al. 2020; He et al. 2021), or estimates of forest structure from Light detection and 
ranging (LiDAR) data combined with optical data from satellite imagery (Hillman and Nielsen 
2020). LiDAR data alone has also been utilized for separation of lichens from other ground cover 
types (Korpela 2008; Moeslund et al. 2019).

Although several remote sensing data and techniques for lichen cover retrieval have been 
experimented, a gap of knowledge exists in the potential of hyperspectral data for lichen cover 
estimation. We hypothesize that the use of hyperspectral data for separation of lichens from other 
ground cover types is superior to multispectral data, as they allow for selection of wavelength 
regions in which the differences in reflectance between lichens and the other ground cover types 
are the largest. In this study, we tested a method for estimating forest floor lichen cover in study 
plots in Finnish boreal forests using hyperspectral data collected below and above forest canopies. 
Additionally, we investigated the influence of nearby tree canopy and ground cover composition 
on the retrieved lichen cover estimates, and compared the results to those obtained by resampling 
the spectral data to the spectral resolution of a multispectral sensor.

2 Material and methods

2.1 Study site

The study site was located near the Hyytiälä forestry field station in southern Finland (61°51´N, 
24°17´E) (Fig. 1). The studied stands were dry or semi-dry Scots pine (Pinus sylvestris L.) domi-
nated southern boreal forests. The ground cover in the stands was dominated by dwarf shrubs, 
mosses and lichens, and the tree canopy was quite sparse (i.e., stand level leaf area index estimated 
from hemispherical photographs was 1.07–2.70).

2.2 Airborne remote sensing data

Hyperspectral data were acquired on 13th July 2019 using aircraft mounted CASI-1500 and SASI-
500 sensors (Hovi et al. 2022). The flight altitude was 1 km. The combined CASI and SASI data 
covered the spectral range 380–2450 nm and were provided in a spatial and spectral resolution 
of 1.25 m and 15 nm, respectively, by the Czech Globe. The data had been orthorectified to the 
ground surface (digital elevation model constructed from LiDAR data), and radiometrically and 
atmospherically corrected to yield bottom-of-atmosphere hemispherical-directional reflectance 
factors. The sky was partially cloudy during the data acquisition, but the flight lines used in this 
study were visually checked to be free of clouds and cloud shadows. The spectral bands 895–1002, 
1107–1167, 1302–1527, and 1737–2050 nm were removed due to atmospheric absorption, and 
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bands with shorter wavelengths than 450 nm and longer than 2300 nm were excluded due to reduced 
sensor sensitivity and increased noise, resulting in 77 spectral bands that were used in the analyses. 
View-zenith angles of the data used in this study varied between 0° and 10°, being on average 3.9°.

LiDAR data were collected during the same flight as the hyperspectral data using a Riegl 
LMS Q780 sensor. A raster digital surface model (DSM) with 0.5 m pixel size was calculated by 
subtracting the ground elevation from the elevation of highest laser echo in each pixel. Pixels with 
missing data were filled by applying a mean filter in 3×3 pixel neighborhood. A canopy height 
model (CHM) was then obtained by subtracting the ground elevation from the pixel values of the 
DSM. The CHM was later used to estimate the influence of tree canopy on the retrieved lichen 
cover estimates (Section 2.5).

2.3 Field measurements and data processing

2.3.1 Spectral measurements of ground cover types

Reflectance spectra of pure samples of ground cover types were measured to be used as end-
members in spectral mixture analyses. Reflectance spectra of 3–4 samples of six common lichen 
species (Cladonia arbuscula (Wallr.) Flot., Cladonia rangiferina (L.) F. H. Wigg., Cladonia 
stellaris (Opiz) Pouzar & Vězda, Cladonia uncialis (L.) F. H. Wigg., Cladonia crispata (Ach.) 
Flot., Cetraria islandica (L.) Ach.), three dominant dwarf shrub species (Vaccinium vitis-idaea 
L., Vaccinium Myrtillus L., Calluna vulgaris (L.) Hull), three common moss species (Pleurozium 
schreberi (Willd. ex Brid.) Mitt., Dicranum polysetum Sw., Polytrichum commune Hedw.), litter, 
and stone (weathered granite and granodiorite), were measured in July 2021 in overcast sky condi-

Fig. 1. Location of the study area and photos from two study stands. The in situ plots and flight plots are located within 
the yellow squares.
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tions, using an ASD FieldSpec4 spectrometer (350–2500 nm, spectral resolution 3 nm at 700 nm 
and 10 nm at 1400 and 2100 nm, serial number 18456). An average of the white reference panel 
measurements before and after each sample was used in the calculation of hemispherical-conical 
reflectance factor spectrum for each sample (Schaepman-Strub et al. 2006). We refer to these simply 
as reflectance spectra. The mean spectrum per cover type was used in further analyses. Measure-
ment height varied between 15–35 cm and was adjusted for each sample so that the sample filled 
the entire field-of-view of the spectrometer (25˚), resulting in a circle with a radius of 3.3–7.8 cm.

2.3.2 In situ plots

Reflectance spectra of 55 plots on the forest floor with varying lichen cover and four plots without 
lichen (altogether 59 plots) were measured. This data set was used to test the estimation of lichen 
cover from in situ spectral measurements. The plots were measured during the same time and in 
similar conditions as the pure samples of species (Section 2.3.1). The measuring height was 1.2 m, 
and the corresponding radius of the sensor field-of-view on the ground was ~26.5 cm. Finally, 
however, the cover fractions of the ground cover types were estimated from a circle with a radius 
of 21.5 cm from the center of the plot, because 95% of the signal recorded by the spectrometer in 
the visible bands originates from that area (Hovi et al. 2020). The plots were photographed from 
above and the species fractions within the plots were estimated in the field. The final cover frac-
tion estimation was done from the photographs by placing a regular grid of 90–130 points (due 
to varying image resolution) on the 21.5 cm radius circle, and recording the visually estimated 
ground cover type co-occurring each point. Example photographs of the in situ plots are presented 
in Fig. S1 in Supplementary file S1, available at https://doi.org/10.14214/sf.22014, and information 
on forest floor cover in the plots in Table 1. During the measurement, the receiver of the sensor 
was carefully leveled and pointed at the center of a 1 m square laid on the ground (with estimated 
accuracy of 5 cm).

Spectral regions with atmospheric and instrumental noise (1330–1490 nm, 1750–2050 nm, 
and above 2300 nm) were removed from all measured spectra, resulting in 1488 spectral bands that 
were used in the analyses. The spectra were smoothed using the Savitzky-Golay filter. A second 
order polynomial and a window size of 15 nm for wavelengths up to 1000 nm, 39 nm for wave-
lengths between 1000–2050 nm, and 51 nm for wavelengths above 2050 nm were used.

Table 1. Mean and range of percentage cover of ground cover types in the in situ and flight plots.

In situ plots Flight plots
Mean (%) Range (%) Mean (%) Range (%)

Lichens 30.9 0–90 30.7 0–82
Vascular plants 30.7 0–85 33.9 0–72

Vaccinium vitis-idaea 23.5 0–60 22.2 0–48
Vaccinium myrtillus 0.7 0–39 2.7 0–27
Calluna vulgaris 6.4 0–48 8.6 0–52
Other vascular plants 0.2 0–8 0.4 0–3

Mosses 13.3 0–42 13.4 0–42
Litter 25 6–59 21.8 6–41
Stone 0 0 0.2 0–4

https://doi.org/10.14214/sf.22014
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2.3.3 Flight plots

Ground cover in 32 plots of 2×2 m size (see Fig. S2 in Suppl. file S1 for examples) was estimated 
to assess if it is possible to discriminate lichen from other ground cover types using hyperspectral 
airborne data. The locations of the plots were subjectively selected from small (ca. 3.5–7 m) canopy 
openings in which there were no trees obscuring the view of the airborne hyperspectral sensor to 
the plot and which ensured variability of ground cover in the data. The 2×2 m plots were accurately 
positioned by performing a terrestrial laser scanning (with Leica P40 Scan Station) of each plot, 
and co-registering the TLS data with airborne LiDAR data, using treetops as control points. Each 
2×2 m plot was further divided into four 1×1 m quadrats to enable high resolution photographs of 
the ground cover. Species fractions in the quadrats were visually estimated in the field, and each 
quadrat was photographed from above. The pixel of the airborne hyperspectral data coinciding 
with the center of each flight plot was selected for the analysis (Section 2.4.), and the cover frac-
tions of each ground cover type in the pixel were estimated by placing a grid of 100 points on the 
photograph of each 1×1 m quadrat, and estimating the cover fractions based on those grid points 
that fell inside the pixel of the airborne hyperspectral data. In the subsequent text, the term “flight 
plot” refers to the area of the 2×2 plot that coincides the pixel of airborne data.

2.4 Estimation of lichen cover from hyperspectral data using multiple endmember 
spectral mixture analysis

2.4.1 Background

In linear spectral mixture analysis, the reflectance spectrum of a pixel is modeled by the spectra 
(endmembers) of its constituent cover types (Settle and Drake 1993):

R f r es k k s sk
N� ��� , ( )1 1

where Rs is the pixel reflectance in spectral band s, fk represents the fractional cover (abundance) 
of cover type k (of N) within the pixel, rk,s is reflectance of cover type k in spectral band s, and es 
is the residual error in spectral band s.

The forest floor composition within and across forest stands varies according to, at least, 
topography and microtopography, soil type, tree cover and species composition, successional stage 
and disturbance and management history. The spatial variation in forest floor composition can 
make it difficult to estimate the abundance of certain ground cover types, such as lichens, using a 
single endmember combination for all image pixels. This is particularly true since the similarity 
of spectra of different ground cover types would often inhibit the use of several endmembers in 
one model. One way to overcome the issue of spatial variability in endmembers is to use the mul-
tiple endmember spectral mixture analysis (MESMA) (Somers et al. 2011). In MESMA, multiple 
candidate models, constituting typically of two to three or four endmembers, are estimated for 
each pixel. The model with the smallest root mean squared error (RMSE) and typically fulfilling 
several criteria is then chosen for a pixel (Roberts et al. 1998).

2.4.2 Endmember selection

Altogether 130 two-to-four endmember models were estimated for each in situ plot and flight plot. 
For flight plots, the endmember spectra were resampled to the spectral resolution of the airborne 
data before the analysis. The models included all possible (non-overlapping) 2–4 combinations of 
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the nine endmembers: average of the in situ measured reflectance spectra of 1) Cladonia arbuscula, 
2) C. stellaris, 3) C. rangiferina, 4) Vaccinium vitis-idaea, 5) Calluna vulgaris, 6) Pleurozium 
schreberi and 7) litter, as well as average reflectance spectra of 8) C. arbuscula and C. stellaris, 9) 
all measured Cladonia species (Section 2.3.1.). The spectra of C. arbuscula and C. stellaris were 
very highly correlated and they occurred often together, which is why their mean was treated as 
one endmember. Note that no model included ‘overlapping’ endmembers, that is, for example, 
C. arbuscula and the average of all Cladonia species endmembers were never in the same model. 
Pleurozium schreberi was used as the only moss endmember, although small fractions of Dicra-
num polysetum were observed in many plots. However, the spectra of Pleurozium schreberi and 
Dicranum polysetum were very similar (Pearson’s correlation coefficient 0.997). Other vascular 
plants that occurred as minority in some plots (Vaccinium myrtillus, Empetrum nigrum, grasses, 
small tree seedlings) would likely be classified as Vaccinium vitis-idaea or (more rarely) Calluna 
vulgaris. Spectra of Cetraria islandica and Polytrichum commune were not used, as Cetraria 
islandica did not occur in the plots, and Polytrichum commune only rarely.

Subsets of spectral bands were selected to remove redundant spectral bands and enhance the 
separability between endmembers (Van der Meer and Jia 2012). We computed the covariance matrix 
of the scaled spectra of the most common ground cover types (endmembers) (Vaccinium vitis-idaea, 
Calluna vulgaris, Pleurozium schreberi, litter and Cladonia arbuscula or Cladonia rangiferina) 
and chose the spectral bands based on their low correlation with other bands and endmembers, 
determined from the covariance matrix and the values of the first eigenvector (Rees et al. 2004). 
This and comparison of the results using different band combinations yielded eight spectral bands: 
400, 492, 670, 760, 875, 1716, 2051 and 2081 nm, that were used for the in situ plots. The correla-
tions between endmembers in these bands were slightly lower than when using all bands, yet still 
high. For example, Pearson’s correlation coefficient between spectra of Cladonia arbuscula and 
litter, Vaccinium vitis-idaea and Pleurozium schreberi were 0.62, 0.88, 0.88 in the eight bands, and 
0.70, 0.91, 0.93 in all bands. Several band combinations produced approximately as good results, 
and the correlations between endmembers in some band combinations were slightly smaller than in 
the one that was used, but the fit of the measured and estimated lichen cover was poorer. This could 
result from, e.g., scattering of radiation between ground cover types. In the airborne hyperspectral 
data, however, the selected band combination (note that band 400 nm was not usable in the airborne 
data due to high atmospheric scattering and low sensor sensitivity) did not yield a better agreement 
between estimated and measured lichen cover than using all bands. A further examination showed 
that excluding the shortwave infrared (SWIR) bands clearly improved the results in the flight plots 
(although correlations between endmembers increased). Finally, the spectral bands 496, 695, 767, 
867 and 1273 nm were chosen in the airborne data. To enable a comparison to commonly used 
multispectral data, the data were resampled to the spectral resolution of Sentinel-2 MSI (10 and 20 
m spatial resolution). The band combinations that produced the best agreement between measured 
and estimated lichen cover in the in situ plots (442.7, 492.4, 664.6, 782.8, 832.8, 1613.7 and 2202.4 
nm) and in the flight plots (492.4, 559.8, 664.6, 704.1, 782.8 and 832.8 nm) were used.

2.4.3 Model selection

Previous studies have shown that spectral mixture analysis is sensitive to the reflectance level of 
the used spectra, which is usually tackled either by employing a “shade” endmember (Roberts et 
al. 1998; Dennison et al. 2004) or by using normalized spectra (Wu 2004; Morison et al. 2014; 
Kuusinen et al. 2021). We normalized the reflectance spectra of endmembers, in situ plots and 
flight plots by dividing the reflectance in each spectral band of a spectrum by the sum of reflectance 
values in that spectrum.
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The best model for each in situ plot and flight plot was selected from the 130 candidate 
models based on the following criteria: the resulted cover type abundances must be within 0–1 and 
their sum 0.99–1.01. The results were categorized based on the number of explanatory variables 
(endmembers, 2–4), and a model from a category with one more endmember could be chosen 
only if the decrease of RMSE between the best model of a lower category and the best one from 
that category exceeded certain threshold. By comparing the estimated and measured lichen cover 
fractions with different thresholds, we ended up using a relative threshold, in which a model from 
a category with one more endmember was chosen, if the decrease in the smallest RMSE between 
the two categories was more than 12% of the smallest RMSE of the two-endmember category. 
Using this threshold, the number of endmembers in a model was four in 15% and 3%, three in 68% 
and 53%, and two in 17% and 44% of the models chosen for in situ and flight plots, respectively, 
based on the above mentioned eight and five spectral bands.

2.5 Examination of the factors affecting the results

To understand possible estimation errors of lichen cover in the plots, we calculated an “optimal” 
spectrum for each in situ and flight plot, i.e., a spectrum predicted based on the visually estimated 
cover fractions and the spectra of individual cover types or species. For this, the fractional cover of 
each lichen species was obtained by multiplying the field-recorded species-specific cover fractions 
by the total lichen cover estimated from the photographs (Sections 2.3.2. and 2.3.3.), as lichen spe-
cies could not be identified reliably from the photographs. Then, we calculated the relative change 
from measured to “optimal” spectrum in each spectral band as: loge(measured reflectance / optimal 
reflectance) (Törnqvist et al. 1985). This was done to evaluate in which wavelength regions the 
spectra measured by the spectrometer or airborne hyperspectral sensor and the “optimal” spectra 
deviated the most.

Finally, we investigated how the presence of tree canopy influences the estimated lichen 
cover in flight plots. Tree canopy proximity was approximated by the proportion of pixels of the 
canopy height model (spatial resolution 0.25 m2), that had a height of at least 3 meters, of all pixels 
within a circle of 4 m radius from the flight plot center. Due to proximity effects, closely located 
trees were hypothesized to increase the differences between estimated and measured lichen cover.

3 Results

3.1 Spectral data

In situ measured mean spectra of selected species and litter are shown in Fig. 2, and these spectra 
are also provided in Suppl. file S2. The Cladonia species C. stellaris, C. arbuscula and C. rangif-
erina had a relatively high reflectance in all spectral regions, although in the near-infrared (NIR) 
region the reflectance was lower than that of the Vaccinium vitis-idaea. The absorption feature in 
the chlorophyll absorption area in the red was also less deep than in Vaccinium vitis-idaea, Cal-
luna vulgaris and Pleurozium schreberi. The less common Cladonia crispata had a clearly lower 
reflectance and less steep red edge than the other Cladonia species. Reflectance spectra of flight 
plots with high lichen cover deviated from those with no or a little lichen, which was also demon-
strated by the increasing NDVI with decreasing lichen cover (Fig. 3).
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Fig 2. In situ measured reflectance spectra of selected species and litter. Data are provided in the Supplementary 
file S2.

Fig. 3. Figure on the left (a) shows the airborne spectra of the 32 flight plots. Red color indicates a greater than 50% 
lichen cover in a plot. Figure on the right (b) shows normalized difference vegetation index (NDVI) calculated from the 
airborne spectra plotted against percentage lichen cover in the flight plots. NDVI was calculated using spectral bands 
centered at 667 nm and 838 nm.

3.2 Estimation of lichen cover

Lichen cover in the in situ plots was accurately estimated using multiple endmember spectral 
mixture analysis (Fig. 4). A subset of eight spectral bands produced approximately as good agree-
ment between estimated and measured lichen cover than using all 1488 spectral bands. Lichen 
cover estimates derived for the flight plots, on the other hand, were less accurate than for the in 
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situ plots (Fig. 5). The best agreement between measured and estimated lichen cover in the flight 
plots was obtained with a band subset that had no bands from the SWIR region (Fig. 5). When the 
spectral data were resampled to the spectral resolution of Sentinel-2, slightly poorer results were 
obtained for both in situ plots and flight plots, than when the best performing band combinations 
from hyperspectral airborne data were used (Fig. 6).

Fig. 4. Estimated versus measured lichen cover in in situ plots as well as root mean square error (RMSE), coefficient of 
determination (r2), intercept and slope of linear regression. Dashed lines represent 1:1 line. Results derived using a) all 
spectral bands (n = 1488), b) spectral bands at 400, 492, 670, 760, 875, 1716, 2051 and 2081 nm.

Fig. 5. Estimated versus measured lichen cover in flight plots as well as root mean square error (RMSE), coefficient of 
determination (r2), intercept and slope of linear regression. Dashed lines represent 1:1 line. Results derived using a) all 
spectral bands (n = 77), and b) spectral bands at 496, 695, 767, 867 and 1273 nm.
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The average relative changes from measured to “optimal” spectra were largest in the SWIR 
region and near the chlorophyll absorption region in the red (Fig. 7). The measured reflectance in 
these regions was generally lower, and reflectance in NIR higher than that based on the ground 
cover type proportions and spectra. The differences in NIR and SWIR were larger in the flight plots 
than in the in situ plots. The differences imply that the measured spectra resembled on average more 
the spectra of green vegetation (Fig. 2) than the “optimal” spectra. In the in situ plots, the relative 
change in red was strongly correlated (Pearson’s correlation coefficient was –0.8) with the cover 
of dwarf shrubs that are generally taller than lichen, litter and moss, i.e., Vaccinium vitis-idaea, 
Calluna vulgaris and V. myrtillus (in one plot only) (Fig. 8). This phenomenon was not observed 
in the flight plots.

Fig. 6. Estimated versus measured lichen cover as well as root mean square error (RMSE), coefficient of determina-
tion (r2), intercept and slope of the linear regression in in situ plots (a) and in flight plots (b) when their spectra were 
resampled to spectral resolution of Sentinel-2. Dashed lines represent 1:1 line.

Fig. 7. Average of the relative changes from measured to “optimal” spectra, and their standard deviation, in a) in situ 
plots and b) flight plots.
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When all bands of the airborne hyperspectral data were used, low tree canopy proximity 
(Section 2.5.) was associated with overestimation and high tree canopy proximity with underesti-
mation of lichen cover. The influence of nearby trees was less evident when the analysis was based 
on the subset of the five selected spectral bands (Fig. 9).

Fig. 8. Relative change from measured to “optimal” reflectance in spectral band 665 nm (in situ plots) or 667 nm (flight 
plots) versus measured cover of dwarf shrubs. Dwarf shrubs include Vaccinium vitis-idaea, Calluna vulgaris and Vac-
cinium myrtillus. Grey circles indicate plots with no lichen.

Fig. 9. The difference between estimated and measured lichen cover in the flight plots plotted against tree canopy 
proximity. Results derived using a) all spectral bands (n = 77) (r2 = 0.24), and b) spectral bands at 496, 695, 767, 867 
and 1273 nm (r2 = 0.07).
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4 Discussion

4.1 In situ versus airborne hyperspectral data in spectral mixture analysis

The estimation of lichen cover in the in situ plots was clearly more accurate than in the flight 
plots. This can be explained by the better match of the area from which the cover fractions of 
ground cover types were estimated and the area from which the signal received by the hyper-
spectral sensor originated from in the in situ plots compared to the flight plots. In other words, 
the signal recorded by the airborne hyperspectral sensor was impacted by the surrounding forest 
canopy as well as included residual errors due to possibly imperfect atmospheric correction and 
small geolocation errors, that were almost absent in the in situ measured surface reflectances. 
Shadow casting on forest floor during the airborne data acquisition in sunny conditions, as well 
as using endmembers that are measured in diffuse illumination conditions, may also complicate 
the interpretation of the results.

MESMA enabled the estimation of lichen cover in forests where the forest floor composition 
varies spatially. The average number of endmembers in models chosen for flight plots was smaller 
than in models chosen for in situ plots. This agrees with observations made in earlier studies: low 
contrast endmembers are dampened by high noise levels (Sabol et al. 1992; Drake et al. 1999), that 
is, the ability of mixture analysis to separate highly correlated endmembers is better using in situ 
measured spectra with higher signal-to-noise ratio compared to the airborne hyperspectral data. 
The observation that only on average two to three endmembers could be used in mixture models 
based on remote sensing data emphasizes the advantage of an approach in which the endmembers 
are let to vary on a per pixel basis.

Other observations concerning the use of multiple endmember spectral mixture analysis 
were that, particularly in the case of no-lichen endmembers and for airborne data, the selected 
endmember combination was in many cases not the “closest to real” endmember combination, even 
though also the “closest to real” combination would also have produced sensible cover fractions. 
That is, the differences in RMSEs between model candidates were sometimes very small. This leads 
to the second observation that increasing the number of endmembers used in the models (not the 
number of endmembers per model but considering more endmembers and therefore having more 
model candidates) did not improve the results. When too many (possibly rare) endmembers are 
used and the number of models increases, the possibility to obtain the smallest RMSE for a pixel 
by a model that is best only by chance, increases.

We estimated lichen cover in canopy openings from hyperspectral data, and to date, we 
are not aware of other similar studies. Thus, our results are not directly comparable to those of 
previous studies, but comparisons can help to gain understanding about the performance of dif-
ferent methods. The agreement of our measured and estimated lichen coverage in the flight plots 
(r2 = 0.77, RMSE = 11.7) was higher than in studies conducted in forested regions, but in the same 
magnitude than in studies from tundra areas, which emphasizes the difficulty in estimating lichen 
cover accurately in the presence of obscuring tree canopy. Silva et al. (2019) predicted lichen 
presence and biomass in Canadian boreal forests using information on environmental variables 
and spectral indices from Landsat, and found that both were best predicted by ecosite, canopy 
closure and time-since-fire (R2 of final biomass prediction 0.39). Likewise in Canada, Hillman 
and Nielsen (2020) predicted ground lichen biomass using the blue band from KOMPSAT and 
LiDAR derived canopy cover, which together explained 35% of the variation in measured lichen 
biomass. In a forest-tundra area in Alaska, Nelson et al. (2013) could explain 37% of the varia-
tion in cover of usnic lichens based on only elevation and Landsat 7 ETM+ bands 1 and 7, while 
variation in cover of other lichen groups was not as well explained. Kennedy et al. (2020) used 
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machine learning to model lichen coverage across a large area in northern Canada and Alaska 
using Landsat TM imagery and topographical and climate data and reported an r2 value of 0.6 and 
RMSE of 10.4%. Falldorf et al. (2014) developed a spectral index, called Lichen Volume Estima-
tor (LVE), which they employed in an alpine lichen heath community for lichen volume estima-
tion from Landsat TM images, and obtained an average adjusted R2 value of 0.67 (SD = 0.115) 
for tenfold cross-validation.

4.2 Wavelength selection and sources of uncertainty

The subset of spectral bands selected for the unmixing analysis using the in situ hyperspectral 
data included three visible (400, 492 and 670 nm), two near-infrared (760 and 875 nm) and three 
shortwave infrared (1716, 2051 and 2081 nm) bands. Two of the visible bands (492 and 670 nm), 
located in the blue and red chlorophyll absorption areas, and the near-infrared bands (760 and more 
roughly 875 nm) agree with those used by Huemmrich et al. (2013), who studied the discrimina-
tion of functional types in a tundra site based on their in situ measured spectra in the 310–1130 nm 
range. Based on stepwise discriminant analysis, they ended up using wavelengths 488, 671, 712, 
763 and 834 nm in estimating the coverage of vascular plants, mosses, lichens, and nongreen 
materials using linear spectral unmixing. We also tested the proposed wavelength combination 
for the in situ plots but did not achieve as good results as using the above-mentioned set of eight 
spectral bands. This suggests that also measuring the SWIR region when estimating ground cover 
type abundances from in situ measured spectra is recommendable.

Interestingly, however, the SWIR region needed to be excluded to achieve the best agree-
ment between measured and estimated lichen cover when using airborne hyperspectral data (tested 
also for numerous other band combinations than those shown here). This contrasts with the results 
obtained for the in situ plots and could refer to the influence of tree canopy or different lichen 
water content during the flight and the spectral measurements of endmembers. Indeed, the lichen 
samples measured to be used as endmembers in 2021 were very dry, but during the acquisition 
of the airborne data in 2019 the lichen water content was most probably at least slightly higher 
(according to weather statistics). Higher lichen water content has been associated with lower 
reflectance in SWIR (Granlund et al. 2018), which would fit the observation that the flight plots 
had on average clearly lower reflectance in the SWIR than the “optimal” flight plot spectra (based 
on the field measured cover fractions and pure spectra) (Fig. 7). However, also the influence of 
green tree canopy on flight plot reflectance, through scattering of radiation by the tree crowns, 
would be to decrease VIS and SWIR and increase NIR reflectance; all these changes are observ-
able in Fig. 7. and Figs. S8–S10 in Suppl. file S1. The amount of tree canopy around the flight 
plots was at least weakly related to the estimation errors of the lichen cover (Fig. 9), even though 
these canopy parts should not have been in the line of sight of the sensor to the plot. The effect of 
tree canopy on flight plot reflectance could also vary according to whether the plot was in sun or 
tree shade during the airborne data acquisition, which is unknown. However, the lower VIS and 
SWIR and higher NIR reflectance of the measured compared to the “optimal” spectra was visible 
also in most of the in situ plots (Fig. 7 and Figs. S3–S7 in Suppl. file S1). This was suspected to 
be a result of the scattering of radiation from taller dwarf shrubs to the lower lichens, mosses, 
and litter, as the relative change in red was strongly negatively correlated with the cover of dwarf 
shrubs (Fig. 8). However, the influence of dwarf shrubs was not observable in the airborne data, 
and could anyhow not explain why the SWIR region performed poorly in estimation of lichen 
when using airborne data (but well when using in situ measured hyperspectral data). To summa-
rize, in the in situ plots, the differences between estimated and measured cover fractions can be 
caused by differences between measured endmembers and the spectra of the ground cover types 
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present in the plot, and interactions of radiation within the plot (non-linear mixing). In the flight 
plots, however, these sources of uncertainty are accompanied by those related to the proximity 
effects of tree crowns, interfering atmosphere, and varying proportions of tree shadows on the 
ground.

4.3 Future perspectives of remote sensing of lichen cover

We hypothesized, that hyperspectral data would be superior to multispectral data for separation of 
lichens from other ground cover types. The hypothesis was supported by the fact that band selec-
tion had a large impact on the agreement between measured and estimated lichen cover. On the 
other hand, the lichen cover estimates derived based on the selected bands of the hyperspectral in 
situ (Fig. 4b) and airborne (Fig. 5b) data were only somewhat more accurate than those based on 
the best-performing Sentinel-2 bands (Fig. 6a and 6b) (i.e., in situ or airborne hyperspectral data 
resampled to the spectral resolution of Sentinel-2). This indicates that the Sentinel-2 bands are 
quite well suited for lichen cover estimation, and only moderate improvement for lichen cover 
estimation could be anticipated from the use of the new and upcoming hyperspectral satellite 
missions (e.g., EnMAP, PRISMA). However, because there are considerable differences in some 
lichen species’ spectra at wavelengths shorter than 450 nm (e.g., Fig. 2 of this study and Kuusinen 
et al. 2020), the availability of remote sensing data at these wavelengths would be important for 
separating between different lichen species. However, retrieving accurate remote sensing data from 
the UV-blue region is technically challenging due to large atmospheric effects and poor radiometric 
sensitivity of sensors.

Some findings of this study call for further investigation. Using airborne hyperspectral data, 
we were able to estimate the forest floor lichen cover quite well in forest openings, but studies 
are needed to examine lichen cover also under tree canopies. Spectral unmixing combined with 
forest reflectance modeling to estimate the canopy effect could be one tool for this. Furthermore, 
to achieve very accurate results, scattering of radiation between ground cover types, particularly 
from taller vegetation to lichens, should be accounted for by using nonlinear unmixing.
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