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Vegetation indices are corner stones in vegetation monitoring. However, previous field studies on lichens and
NDVI have been based on passive sensors. Active handheld sensors, with their own light sources, enables high-
precision monitoring under variable ambient conditions. We investigated the use of handheld sensor NDVI for
monitoring pale lichen cover across three study sites from boreal heathlands to High Arctic tundra (62-79 °N),
and compared it with Sentinel-2 satellite NDVI. NDVI decreased with increasing cover of pale lichens but the
correlation between active and satellite NDVI varied between areas. NDVI values declined with lichen cover and
ranged from 0.4-0.18 when lichen cover was above 40%. Active ground measurements of NDVI explained 81%
of the variation in the satellite NDVI values in Svalbard (High Arctic), while the relationships were lower (~30%
explained variation) in boreal regions (Troms-Finnmark and Rgros). We show that active sensors are feasible for

extracting information from lichen-dominated vegetation.

1. Introduction

Lichens are a diverse group of fungi with photosymbionts that are
adapted to grow in all climates and on all substrates — from leaves of
evergreen trees via asphalt and other manmade substrates to polar soils
and rocks. Terricolous lichens, i.e. lichens that grow on soil and rocks,
constitute an important landcover type with global distribution. They
are particularly abundant in non-forested and non-agricultural regions
of the world (e.g., tundra, drylands, heaths, and fog oases). In cool cli-
mates, erect (fruticose) mat-forming lichens are able to outcompete
vascular plants and bryophytes, especially on nutrient-poor sandy soils,
resulting in vast areas at high latitudes and altitudes dominated by
lichens.

Species of the pale lichen genus Cladonia are commonly known as
reindeer lichens since they are an important forage resource for reindeer
and caribou (Rangifer) (Brodo et al., 2001; Joly et al., 2009; Tgmmervik
et al., 2012). Recently, increased grazing from Rangifer due to larger
populations, especially semi-domesticated, has led to steep declines in
lichen biomass and reduced ground cover of lichen-dominated vegeta-
tion in both Eurasia and North America (Joly et al., 2009; Fraser et al.,
2014; Kumpula et al., 2014; Sandstrom et al., 2016). In addition, the
increasing impacts of climate change will put additional pressure on

terricolous lichens by favouring the establishment of vascular plants in
areas traditionally dominated by lichens (Fraser et al., 2014). The
mechanisms behind those changes are not strictly a direct effect of
increasing temperatures per se, as lichens typically tolerate high tem-
peratures, but rather a shift in abiotic conditions, like dew, that favour
vascular plants (Proctor 2012). Since global warming is amplified at
higher latitudes (Serreze and Barry 2011; Blunden and Boyer 2021),
rapid and pronounced changes in lichen distribution and abundance
may be expected at high latitudes in the near future (Joly et al., 2009;
Fraser et al., 2014; Chagnon et al., 2021).

Remote sensing is a vital tool for monitoring and quantifying large-
scale vegetation changes (Piao et al., 2020). However, in contrast to
green plants, efficient methods for remote sensing of lichens have been
quite elusive (Nordberg and Allard 2002; Rees et al., 2004; Kennedy
et al., 2020). Yet, the Normalised Difference Vegetation Index (NDVI),
which is closely positively correlated with green biomass, and therefore
has been used for crop and vegetation monitoring for over 40 years
(Rouse et al., 1974; Tucker 1979; Myneni et al., 1997) was one of the
most important predictors of lichen biomass in an artificial intelligence
based remote sensing method recently developed by Erlandsson et al.
(2022). In earlier studies NDVI has been shown to be negatively corre-
lated with increasing lichen cover (Solheim 1998; Nordberg and Allard
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2002). Presently, however, nearly all field-based studies on NDVI from
lichen-rich sites have been based on traditional, passive sensors that rely
on the reflectance of sunlight (e.g., Bokhorst et al., 2012; Edwards and
Henry 2016) or portable field spectrometers that monitor a wide range
of wavelengths (ca. 325-1075 nm), from which the wavelengths used to
calculate NDVI can be retrieved (e.g. Gamon et al., 2013). Although
undeniably useful, passive sensors are sensitive to light conditions, solar
angle, haze and shadows, while portable field spectrometers are costly
and require some post-processing to retrieve NDVI data.

As a response to the methodological and economic challenges with
passive sensors and field spectrometers, low-cost active crop canopy
sensors, equipped with their own light sources, have been developed
during the last two decades, instantaneously providing an NDVI reading
within a second (Rutto and Arnall 2017; Aranguren et al., 2020). Such
devices, originally developed for precision agriculture, are not limited
by ambient light conditions, which allow for consistent and accurate
monitoring of NDVI from vegetated plots or individual plants (Anderson
et al.,, 2016; Bjerke et al., 2017; Lu et al., 2017). However, to our
knowledge, active NDVI sensors have rarely been applied on
lichen-dominated plots; Bartak et al. (2015, 2016, 2018, 2021), and
Orekhova et al. (2018) used an active sensor (“PlantPen NDVI 3007,
Photon System Instruments, Czech Republic) to study NDVI changes in
single lichen thalli during dehydration processes or artificial removal of
acetone-soluble UV-absorbing pigments. In Table 1, we present typical
NDVI values for vascular plants, bryophytes, biocrusts and soil measured
by active sensors in previous studies from boreal and arctic regions.

However, it remains unknown how lichen cover affects active-sensor
NDVI values and how these numbers correlate with values from passive
sensors such as satellites, leaving us in the dark regarding the applica-
bility of handheld sensors to monitor lichen abundance, and the possi-
bility to link field measurements to satellite-based remote sensing. There
is considerable physical variation among lichen species, thus we focused
our study on pale, fruticose lichens. Those are the ecologically,
economically and culturally most important species in our research area,
as they constitute by far the largest biomass, and are an important food
resource for wild and domestic reindeer (Rangifer tarandus) (Tgmmervik
et al., 2012; Riseth et al., 2016). In addition to their biological impor-
tance, they may, if abundant, also affect local climate due to higher
albedo (Stoy et al., 2012).

The objectives of this study are hence (1) to assess the feasibility of
active handheld sensors to detect relationships between NDVI and pale
lichen ground cover, and (2) to compare ground-based active sensor-
NDVI values with measurements from the Sentinel-2 satellites in plots
with varying lichen cover.

2. Methods
2.1. Study sites

We recorded NDVI in the field with active sensors in 3 study areas
along a 2000 km latitudinal gradient from boreal and low-arctic
heathlands in mainland Norway to high-arctic tundra in Svalbard
(covering latitudes from 62° N to 79° N, Table 2, Fig. 1). The data were
collected in 2018 and 2020.

2.2. Data collection

We measured NDVI manually at each field plot (1 m x 1 m, n = 422)
with the Trimble GreenSeeker Handheld Crop Sensor HCS-100 (Trimble
Westminster, CO, USA) (hereafter termed as ‘Greenseeker’). In 174 plots
in Rgros (Fig. 1), we also recorded NDVI with the RapidSCAN CS-45
(Holland Scientific, Lincoln, NE, USA; hereafter termed as ‘Rap-
idSCAN’), parallel to the Greenseeker measurements. Both devices have
light-emitting diodes for red (R: 670 nm) and near-infrared (NIR: 780
nm) light, both of which are required input data for the calculation of
NDVI. The RapidSCAN device also incorporates an additional red-edge
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Table 1

Published NDVI values for some common arctic and boreal plants and vegetation
types using the active sensors “Greenseeker” and “RapidSCAN”. The table in-
cludes only measurements on healthy plants/vegetation types.

Species NDVI Study site n References
range plots
Dwarf shrubs
Calluna vulgaris 0.68-0.80 Lofoten, Troms, 125 Bjerke et al.,
Norway (2017)
Cassiope tetragona 0.58-0.61 Adventdalen, 28 Anderson et al.,
Svalbard 2016
Dryas octopetala/ 0.30-0.40 Adventdalen, 31 Anderson et al.,
Salix polaris/ Svalbard (2016)
Biocrust
Empetrum nigrum 0.65-0.85 Lofoten, Troms, 111 Bjerke et al.,
Norway (2017)
Empetrum nigrum 0.65 Tromsg, Norway 59 Ritz et al.,
(2020)
Graminoid/Salix 0.50-0.56 Adventdalen, 33 Anderson et al.,
polaris Svalbard (2016)
Vaccinium 0.60-0.70 Rgros 3 Temmervik
myrtillus/Avenella et al., (2021)
flexuosa
Graminiods
Luzula sp. 0.48-0.52 Adventdalen, 15 Anderson et al.,
Svalbard (2016)
Graminoid/ 0.60-0.63 Adventdalen, 30 Anderson et al.,
bryophyte Svalbard (2016)
vegetation
Bryophytes
Racomitrium sp. 0.21-0.35 Svalbard 19 Finne,
unpublished
Racomitrium sp. 0.33-0.34 East-Iceland 4 Oskarsdottir
et al., (2019),
Moss tundra 0.31-0.60 Svalbard, North 15 Finne,
Norway unpublished
Lichens
Umbilicaria. Sp 0.10-0.60  Laboratory Bartak et al.,
(2015)
Mixed, 4 Antarctic, 0.23-0.57 Laboratory Bartak et al.,
2 Argentinian (2016)
Mixed, 5 Antarctic 0.05-0.40 Laboratory Bartak et al.,
(2018)
Mixed, 4 Antarctic 0.16-0.37 Laboratory Orekhova et al.,
(2018)
Mixed, 5 Antarctic 0.06-0.33 Laboratory Barték et al.,
(2021)
Soil 0.05-0.20  High arctic Walker et al.,
2012*
Biological soil crust ~ 0.32 Krenkel, Hayes Walker et al.,
(wet) island 2012*
Biological sol crust 0.43-0.49 Krenkel, Hayes Walker et al.,
(dry) island 2012*
Rock, stone 0.01-0.10 Finne
unpublished

band (RE: 730 nm). When the sensor is activated, light is beamed onto
the plant canopy of the target vegetation, and the reflected light,
measured with silicon diodes, is used for the calculation of NDVI. The
sensors can be operated at sensor-to-canopy distances ranging from 0.3
m to 3.0 m and are not affected by measurement height within that
range (Lu et al., 2017). However, height affects the covered area. At the
1 m height used in our data collection, the sensor footprint of the
Greenseeker can be approximated by an ellipse measuring 80 cm on the
long axis and 30 cm on the short axis whereas the field of view of the
RapidSCAN is approximately 80 x 20 cm (according to the documen-
tation of the manufacturers).

The number of measurements from the 3 study sites (Fig. 1) are listed
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Table 2
Summary of the study regions, including year, latitude, ecosystem type, dominant lichen species, and number of ground and satellite observations.
Region Year Latitude Ecosystem Dominant lichen species n ground observations n satellite observations
Svalbard 2020 78.6-79.3 High Arctic Cetrariella delisei, 67 27
Cladonia mitis,
Flavocetraria nivalis
Finnmark 2018 68.6-69.1 Sub-Arctic Cladonia arbuscula, 116 101
Cladonia stellaris
Troms-Finnmark 2020 68.7-69.2 Sub-Arctic C. arbuscula, 33 18
C. stellaris
Rgros 2020 61.7-62.7 Northern boreal C. stellaris, 209 204
C. arbuscula

80°N

75°N

70°N

65°N

60°N

Field sampling sites

Svalbard
| |Troms—Finnmark
Roros

10°W 0°

10°E 20°E

Fig. 1. Map of the field sampling sites distributed between 62° and 79° N.

in Table 2. The NDVI measurements were acquired in two ways for each
plot; one point measurement with the sensor directed towards the centre
of the plot, and a sweep recording, where the instrument automatically
averages multiple readings while being swept horizontally across a plot.
The diagonal sweep measurements were used in all analyses except the
correlation test between the two active sensors, where the centre point
values were used since multiple sweep measurements from the Rap-
idSCAN failed to be recorded.

2.3. Estimates of lichen cover

2.3.1. Digital photographic classification

We applied a digital photographic unsupervised isodata classifica-
tion of field-plot photos following the methodology described first by
Vanha-Majamaa et al. (2000), Sandstrom et al. (2003) and Tgmmervik
et al. (2012) for the 113 plots from Finnmark registered in 2018
(Table 2). The primary objective with this classification was to retrieve
exact horizontal cover of the various vegetation groups and
non-vegetated parts. The vegetation groups were pale fruticose lichens
of the genera Cladonia and Flavocetraria, other lichens, moss, grami-
noids, and shrubs. We classified each digital field-plot photo using an
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unsupervised ISODATA, automatic classification algorithm in the ENVI
software provided by L3 Harris Geostpatial (Broomfield, Colorado). The
percentage cover of the various vegetation groups was automatically
calculated. All classes from the classification phase were interpreted
using colour composites, field data (visual cover estimated), and other
sources of information following the methodology applied by Sandstrom
et al. (2003) and Tgmmervik et al. (2012).

A limited number (n = 53) of randomly selected, digital classified
images of the field plots from Finnmark in 2018, in which cover was also
visually estimated in field, were used for assessment of accuracy
(Scherrer and Pickering 2005; Tgmmervik et al., 2012). For further
control of this assessment, we ocularly compared the photos of the field
plots with the classified field plot imagery, (R?> = 0.78, n = 53, p <
0.001) in order to get comparable data with the field data from Svalbard
and Troms-Finnmark. For the field plots in Svalbard (n = 67) and
Troms-Finnmark 2020 (n = 33) we estimated the relative vascular plant
cover ocularly from plot photos.

Since we were interested in comparing lichens with green plants, and
rock has a much lower NDVI than green plants (Table 1), we removed all
plots with >10% rock or stone cover prior to analysing.

2.3.2. Visual and plot-frame estimations

For the remaining 209 (Rgros) plots, vegetation cover was estimated
in the field by ocular estimation (percentage of the area within the 1 m
x 1 m plot) for the same vegetation groups. In addition to visual vege-
tation cover, we recorded species composition by point-intercept esti-
mation using a quadrate frame on adjustable legs, elevated just above
the tallest vegetation. Since the data collection was undertaken as part of
several different monitoring programs, data rely on two different
frames. In Finnmark in 2018, we used a 1 m x 1 m frame with 100
intercept points. For all other sites, we used a frame that had a 0.3 m x
0.3 m frame with 66 intercept points. A metal rod (5 mm diameter) held
vertically was used to count hits at each intercept. If the rod hit rocks,
soil, or animal droppings, these were also recorded. Vegetation was
generally homogenous within each 1 m? plot, and the difference in point
intercept frame size had no implications for the results since we only
used the intercepts for species composition estimates.

Due to overlapping layers of certain lichen species, some observa-
tions of absolute cover exceeded 100%. In the analyses, however, we
used relative cover, summing up to 100%.

2.4. Extraction of satellite NDVI (Sentinel-2)

To compare ground-based NDVI with satellite NDVI, we calculated
NDVI for each coordinate based on Sentinel-2 satellite images (10 m x
10 m resolution, no plots appeared in the same pixel) from scenes ac-
quired as close as possible in time to the ground measurements. We used
Google Earth Engine (Gorelick et al., 2017) to access Level-2A Sentinel
scenes and used the embedded cloud probability assessment (with a
threshold of 5% chance) to mask clouds and cloud shadows. The Rap-
idSCAN features a red-edge band, allowing for a comparison with sat-
ellite derived NDRE index. However, we did only have access to this
device during the end of the field work, and the limited number of field
plots did not call for a meaningful comparison with satellite values.

2.5. Statistical analysis

2.5.1. Active NDVI in relation to vegetation cover

To assess the effect of pale lichen cover (%) on the field NDVI
measurements, we fitted 3 linear models with: a) only lichen cover, b)
only vascular plant cover, and c) both lichen and vascular plant cover, as
explanatory variables. The explanatory value of the candidate models
were compared using Akaike information criterion (AIC).

As datapoints from the same areas could not be assumed to be in-
dependent from each other, we first fitted models with study area as a
random factor. However, as the models with and without this random
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factor turned out to be practically identical, we present the results of
normal linear models, due to their simplicity.

We also compared measurements of the two handheld devices from
174 plots in the Rgros area (Fig. 1). We fitted a linear model to compare
the results from the sweep average values in each plot.

2.5.2. Active NDVI and satellite NDVI

When comparing the active NDVI measurements with the Sentinel-2
satellite values, we first did it separately for each area, fitting linear
regression models with satellite NDVI as the response variable and
active ground measured NDVI as explanatory variables. After deter-
mining that there were no differences between the slopes for the
different areas, using Tukey post-hoc comparison, we also constructed a
joint model for all areas.

Two possible approaches were assessed for comparison of field
measurements with satellite-derived values. These were (1) to select
satellite images that were as close in time to the field sampling as
possible, or (2) to select images of the highest quality within a longer
time frame ( &+ 3 weeks). The potential advantage of the first approach is
that a minor time difference minimizes any deviation caused by mois-
ture, vegetation senescence, phenological events or other changes of the
vegetation. However, the quality of the selected image might be limited
if acquired during suboptimal atmospheric conditions. The second
approach, which allows for selection of high-quality images, provides
the most accurate NDVI measurement, but there is a risk for larger de-
viation with increasing time difference between the field-based and the
satellite-based measurements.

Since we were able to obtain satellite images within a reasonable
time frame (1-18 days), we opted for a hybrid between the two ap-
proaches. When multiple dates with high-quality images were available,
we selected the images of the date that showed the highest correlation
with the field data (Table 3, Figures S1A-D). By doing this, we avoided
artificially inflated mismatches caused by undetected disturbances such
as atmospheric noise. However, to rule out any potentially systematic
effect of time difference, we tested if there was a relationship between
the residuals of the final model and the date difference by fitting a linear
model with time difference in days as explanatory variable and residuals
from the correlation as response variable. All analyses were done in R
version 4.0.3 (R Core Team, 2021) and primarily the packages: lme4
(v.1.1.26, Bates et al., 2015), sf (v. 1.0.4., Pebesma, 2018), tmap (v.
3.3.2, Tennekes, 2018).

3. Results

We collected data from 483 plots with pale lichen cover ranging from
0 to 100%. There was regional variation in species composition where
Flavocetraria nivalis (syn. Nephromopsis nivalis) was most abundant in
Svalbard and the Troms-Finnmark region, while Cladonia stellaris was
most abundant in the Rgros region (Fig. 1).

3.1. NDVI ground measurements in relation to vegetation cover

NDVI measured in the field was negatively correlated to pale lichen
cover while it was positively related to vascular plant cover (n = 422, p
< 0.001, df = 1, Table 3, Fig. 2). A comparison of the models showed
that the model including both vascular plant cover and lichen cover as
explanatory variables performed best (Table 3). The range of NDVI
values for lichens appeared to be above 0.4 when the lichen cover was
below 40%, whereas when lichen cover was between 40 and 100% the
NDVI range was 0.4-0.18, thus decreasing with increasing lichen cover
(Fig. 2). The pattern was similar for all areas, although natural variation
in lichen abundance caused the range of sampled lichen cover to differ
between study areas.

The parallel field measurements of the two sensors Greenseeker and
RapidSCAN showed a positive relationship (r = 0.79, p < 0.001, Fig. S3).
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Table 3
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Comparison of the different candidate models with Greenseeker NDVI as response variable, and vascular plant and lichen cover as explanatory variables. The model
combining both vascular plants and lichen cover performed best, as indicated by the lowest Akaike information criterion (AIC) score.

Explanatory variables n AIC Coefficients R?
vars AIC AAIC Weight Log likelihood Lichen Vascular
Lichen + vascular cover 2 -913 0 1 461 —0.0015 0.0028 0.61
Vascular cover 1 —819 94.9 0 412 - 0.0039 0.52
Lichen cover 1 —732 181.7 0 369 —0.003 - 0.40
1r Fig. 2. Normalised Difference Vegetation Index
(NDVI) measured with the handheld active sensor
Greenseeker was negatively related to cover of pale
lichens (n = 422, df =1, t =-10.4, SE = 0.00014 p <
0.81e 0.001, slope = —0.0015), while it was positively
. . related to vascular plant cover (n = 422, df = 1, t =
'Y 15.1, SE = 0.00019, p < 0.001 slope = 0.0028). The
S g . shaded area indicates 95% confidence interval,
% 06 1 calculated for each explanatory variable separately.
s (e * Area The pattern was similar across all three study sites
[J] L4 s ° s . . o 5
% . o Svalbard along a latitudinal gradient ranging from 62° N to 79
o Troms-Finnmark ~ N. (Figures showing the relationship with satellite
2 * Reros derived NDVI are included in the supplementary data,
o 04 .
9] & Fig. S2.)
o [
% ° .
o . . o °
0.2 < ° ° ° . o o lt. o!i..:
L]
0 L L L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100
Pale lichen cover (%)
1
S
o
z
o) Area
< e Svalbard
[0} Troms-Finnmark
2 ® Roros
[
(9]
—
Q)

30 40 50 60 70 80 90

Vascular plant cover (%)

3.2. Relationships between active NDVI and Sentinel-2 NDVI

The relationship (slope) between satellite and field active NDVI did
not differ between the study areas (Tukey post-hoc pairwise comparison,
p > 0.6 for all pairs), so we constructed a joint model for all regions (the
separate correlations for each site and satellite image are shown in
Fig. S4). Sentinel 2 and Greenseeker NDVI were positively correlated
across all field sites (n =358, R = 0.61 p < 0.001, Table 3). However, the

100

satellite values were generally higher, especially for lower NDVI values,
and the slope of the joint model regression line was 0.54 with an
intercept of 0.34 (Fig. 3). When analysed separately, Svalbard had the
highest correlation with the field data (R? = 0.81) while the other sites
were close to R% = 0.30 (Table 4).

The difference in time between satellite measurements and ground
measurements posed a negligible effect on the NDVI relationships, as
shown by low (negative) or no correlations between the residuals of the
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Satellite NDVI (Sentinel 2)
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Area

e Svalbard
Troms-Finnmark
® Roeros

0 0.2 0.4

0.8 1

Ground NDVI (Greenseeker)

Fig. 3. Correlation between NDVI values from field-measurements using active sensor (Trimble Greenseeker) and the Sentinel 2 satellites (n = 358, R = 0.61, df =
356, t = 14.56, SE = 0.037, p < 0.001). Data were collected from three regions at different latitudes ranging from 62°N to 79°N. Predicted line of best fit from
regression model (intercept = 0.34 & 0.014, slope = 0.54 + 0.037) is shown in black with 95% CI. Dashed line indicates a 1:1 relationship as reference.

Table 4

Regional overview on relationships between NDVI from field measurements (Greenseeker) and derived NDVIs from satellite data (Sentinel-2). Date of ground mea-
surements and satellite measurements, maximum difference in days between ground and satellite measurements, number of observations (n), correlations (r), and p-

values for the correlations are included.

Site Year Date of ground measurements Date of highest correlated satellite measurements Days between measurements R? n p

Svalbard 2020 07.09-07.22 07.11 1 0.81 27 <0.01
Troms-Finnmark 2018 08.27-08.31 08.28 1 0.33 101 <0.01
Troms-Finnmark 2020 06.17-06.28 06.17 10 0.27 17 0.014
Rgros 2020 08.18-09.20 09.02 18 0.29 213 <0.01

correlation analysis and the time difference (Troms-Finnmark: R? =
0.11, p < 0.01; Rgros: R? = 0.14, p < 0.01; Svalbard: R? = 0.01, p =
0.58) (Fig. S5).

4. Discussion

We investigated the relationship between pale lichen cover and
NDVI recorded with an active sensor in 422 field plots, from 3 study
sites, ranging from boreal heath land to high arctic tundra. As expected,
there was a positive relationship between vascular plant cover and
NDVI. More notably, the relationship was inversed for lichens, as there
was a negative relationship between lichen cover and NDVI. This was
consistent across all study areas. Satellite NDVI was correlated with
ground NDVI, but the relationship was not 1:1. Instead, satellite NDVI
was consistently higher, especially for NDVI values below 0.5.

4.1. NDVI ground measurements in relation to lichen cover

Our data describes a transition from plots dominated by common
types of boreal and tundra vegetation to plots dominated by lichens.
Although there was considerable variation in NDVI values in the plots
with no lichen cover, the general pattern was that lichens have lower
NDVI than other boreal, alpine and arctic ground vegetation types. (A
relationship that remained clear even when low lichen cover plots were
removed from the analysis.) NDVI values reached as low as 0.2 in plots

with 80% or higher lichen cover. Our lichen values were lower than
NDVI of tundra vegetation dominated by vascular plants and bryophytes
measured by Anderson et al. (2016, Table 1), except plots dominated by
a mixture of Dryas octopetala and Salix polaris that had NDVI between
0.30 and 0.40. Vegetation cover in those plots was however particularly
patchy with biocrust or bare soil between the plants, and both species
showed higher NDVI when mixed with other plants (Anderson et al.,
2016). Bryophytes like Racomitrium spp. showed an overlap with lichens
(Table 1). The effect of bare soil and biological soil crusts on NDVI is not
uniform. While soil typically has NDVI values between 0.05 and 0.20
(Walker et al., 2012), biological soil crust varies a lot, but may have
considerably higher values - reaching 0.4, especially when wet (Walker
et al., 2012). An uneven mix of bare soil and biological soil crust is a
likely explanation for the high variation in our NDVI measurements
from Svalbard, where the vegetation cover was patchier and thinner
than in the Norwegian mainland sites. However, our results suggest that
pale lichens do have lower NDVI than other types of tundra vegetation
and that handheld active NDVI sensors are useful for assessment of pale
lichen cover and possibly also proximal biomass estimation.

In our analyses we grouped all pale lichen species together as the
collected data did not allow for any analysis of specific lichen species.
However, variation in lichen species composition and abundance be-
tween plots and regions could have added variation in NDVI as different
lichen species have different reflective properties as shown experimen-
tally in other studies (Kuusinen et al., 2020). In particular, a spectral
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band placed in the SWIR area could potentially render a higher detection
of total lichen cover and potentially biomass and differentiation of
lichen species (Rees et al., 2004; Falldorf et al., 2014). The red-edge
band (739 nm) of the RapidSCAN active sensor (which is similar to
the spectral band 6 of Sentinel 2AB) may be a useful tool for rapid
in-field cover detection of lichens, and hence, also useful in bio-
monitoring programmes (Tgmmervik et al., 1997; Zagajewski et al.,
2017, 2018). In this study, we only had access to a RapidSCAN device
during the last part of fieldwork in 2020, and further measurements and
tests would be required for assessing its utility in lichen research and
monitoring, particularly the potential benefits of the red-edge band. Our
correlation test shows that there was some deviation in the NDVI values
of the Greenseeker and the RapidSCAN devices. However, the deviation
was smallest at lower NDVI values, indicating that the two devices
produced similar results for lichen-dominated vegetation. However,
further comparative measurements of lichen vegetation of different
status and species composition would show if the red-edge band could
provide a valuable new tool for detection of different species or stress.

4.2. Relationship between active ground-based measurements and
spaceborne sentinel 2 measurements of NDVI

We were able to acquire clear satellite images taken relatively shortly
before or after the field measurements. Since we found no or negligible
effects of time lag on the correlation between satellite and field mea-
surements, and since lichen-dominated vegetation is less influenced by
phenology than vascular plant-dominated vegetation (Kershaw 1985;
Nordberg and Allard 2002, May et al., 2017), we believe that our
method for selection of satellite images worked well.

In general, satellite NDVI was higher compared to the ground-based
active NDVI measurements, especially for values below 0.5. This result is
expected since vegetation in the studied 1 m x 1 m plots in general was
more homogenous than the vegetation cover on the 10 m x 10 m scale
that Sentinel-2 NDVI-values are calculated from. Especially in plots
dominated by lichens and with no or little green vegetation, our expe-
rience from the field suggests that the surrounding area generally
encompassed more green vegetation. Even in areas with thick lichen
cover, patches of green plants usually occurred, either as mat-forming
evergreens, or as protruding graminoids, sporadic clusters of forbs and
shrubs shading lichens that were growing underneath them. A similar
but even stronger effect applies to boreal plots in Troms-Finnmark and
Rgros where lichen heath is dominant between scattered individual trees
— or clusters of trees, primarily Scots pine (Pinus sylvestris) and birch
(Betula pubescens) (T¢mmervik et al., 2012). In these situations, the tree
canopy significantly increased satellite NDVI compared to the NDVI
values of the surrounding field and bottom layers, i.e., the short vege-
tation characterized by dwarf shrubs, graminoids, bryophytes and li-
chens (Peltoniemi et al., 2005; Rautiainen et al., 2007; Forsstrom et al.,
2019).

The general relationship between satellite and ground NDVI was
similar between regions, but the correlations were much weaker at
Rgros and Troms-Finnmark (R2 =~ 0.3) than on Svalbard (R2 ~ 0.8). A
possible reason for this is that the sparse high-arctic vegetation on
Svalbard is not mixed with tree and shrub layers. Thus, a single 1 m? plot
in a plane area of the high-Arctic is more likely to be representative for
the larger 100 m? area surrounding it than a single 1 m? plot in boreal or
low-arctic regions where taller vegetation is more likely to partly shade
the ground layer. Additionally, vegetation moisture levels might also
vary between the high-Arctic and the boreal and low-Arctic regions, as
Svalbard receives much less precipitation than the wetter areas of
Troms-Finnmark and Rgros (Grinde et al., 2021). Another reason could
be that morning and midday dew (Lakatos et al., 2012; Proctor 2012)
resulting in a wetter lichen surface in the first part of the day in the
boreal region like Rgros, hence reducing the relationship between sat-
ellite and ground measurements of NDVI. Finally, lower frequency of
hazy conditions in high-Arctic Svalbard can improve the relationship
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between satellite and ground-based measurements, compared with
areas further south (Myers-Smith et al., 2020).

The generally low NDVI associated with high lichen cover, in com-
bination with the in general higher NDVI values derived from Sentinel 2,
suggests that satellites, at least with the 10 m x 10 m and coarser res-
olutions, may be suboptimal as a stand-alone solution for remote sensing
of lichen cover. For example, a combination of sparse green vegetation
and bare soil can approach similar NDVI as a dense pale lichen cover.
However, since our sampling method was primarily designed to evaluate
the hand-held devices, and not to fit 10 x 10 m resolution, our results are
not a rigorous test of the suitability of the Sentinel satellites for remote
sensing of lichens. Imagery acquired by other platforms such as drones,
aircrafts and satellites with sensors that have very high spatial resolution
will probably fit more directly with NDVI-measurements done by active
sensors like Greenseeker and RapidSCAN.

5. Conclusions

In this study we have shown that NDVI values acquired with two
different types of active NDVI sensors decreased with increasing cover of
pale lichens in three different lichen-dominated areas distributed from
the middle boreal region in Mid-Norway to the high-Arctic region on
Svalbard. Ground-based NDVI explained more of the variation in satel-
lite NDVI in the high-Arctic (R? = 0.81) than in boreal and lower-Arctic
regions, likely due to tree and shrub canopy effects in the latter regions
(R? = 0.30). While NDVI is highly sensitive to plant senescence and
phenology, lichens have a more constant NDVI value throughout the
growing season, even though values might vary with moisture levels and
species composition. This indicates a clear potential applicability of
active NDVI sensors in estimation of lichen coverage, and further
development of ground-based methods assessing lichen status will be an
attractive and useful addition to the many applications of NDVI in
vegetation monitoring. The method could be readily used as a conve-
nient and low-cost addition to high-latitude vegetation monitoring ap-
plications, possibly combined with high-resolution satellite NDVI in
areas with no, or little, tree cover.
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