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Abstract Climate change-induced shrub expansion in the Arctic feeds back on climate by reducing surface
albedo. Vegetation dynamics are typically monitored by tracking the evolution of vegetation indices, such as
normalized difference vegetation index (NDVI), derived from satellite imagery in processes known as greening
or browning. However, detecting changes in vegetation type requires sufficient spectral variation. Here, we
measured the spectral albedos (346-2,400 nm) of assemblages of prostrate vegetation and of the only erect shrub
species Salix richardsonii on Bylot Island in the eastern Canadian high-Arctic to assess spectral differences
among common vegetation types. The broadband albedo of S. richardsonii (0.132 = 0.009) was lower than that
of prostrate vegetation (0.166 = 0.008). However, NDVI values showed no significant difference

(0.598 £ 0.074 vs. 0.561 + 0.021). Satellite remote sensing using NDVI with spatial resolutions from 0.5 to
30 m using Pléiades, Sentinel-2 and Landsat-8 failed to detect differences in reflectance and NDVI between
prostrate vegetation and S. richardsonii. These findings suggest that long-term NDVI trend analysis may be
insufficient to capture the structural vegetation shift in these climate-sensitive areas. Failure to detect erect shrub
expansion in the high-Arctic may therefore omit a climate change effect which produces a surface albedo
decrease of 0.03 and a local summer solar forcing of 5.8 W m™2.

Plain Language Summary With climate change, taller shrubs are replacing tundra vegetation in the
Arctic. Shrubs reflect less sunlight than tundra vegetation: they have a lower albedo. Shrub expansion thus
contributes to further warming, creating positive feedback on climate, which must be measured to improve
climate models. Shrub expansion across the Arctic is usually monitored using satellite remote sensing in the
visible and infrared ranges. Because satellites only monitor a limited number of wavelengths, indices combining
several wavelengths are used to track vegetation changes. The most commonly used index is called Normalized
difference vegetation index (NDVI). Here we use both field measurements, which allow shrub detection with
certainty, and satellite data to test whether satellites can accurately detect shrub expansion in the high-Arctic.
We show that, in the field, shrubs have NDVI values similar to low vegetation. NDVI from satellite also fails to
distinguish shrubs from low vegetation. However, our field measurements show that shrubs in the high-Arctic
have an albedo of 0.132, compared to 0.166 for low vegetation. This difference creates a local surface forcing of
5.8 W m™2. In comparison, the global forcing due to anthropogenic CO, is about 2.3 W m™~>. Common shrub
detection methods in the high-Arctic therefore miss an important local climate forcing.

1. Introduction

With climate change, increases in Arctic vegetation greenness and primary productivity are observed in many
locations (Bayle et al., 2022; Berner et al., 2020; Boelman et al., 2011; Frost et al., 2025; Gauthier et al., 2013; Ju
& Masek, 2016). Erect shrubs (>30 cm) (Myers-Smith et al., 2015) are the tallest growth form above the treeline
and their increase in abundance, a.k.a. shrub expansion or shrubification (Myers-Smith, Forbes, et al., 2011), has
been reported repeatedly near treeline (Buchkowski et al., 2020; Ropars & Boudreau, 2012; Sturm et al., 2001),
with complex effects on the energy budgets at the top of the vegetation and at the ground surface, therefore
impacting the near surface air and ground temperatures (Bonfils et al., 2012; Kropp et al., 2021; Rydsaa
et al., 2015).
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The presence of erect shrubs has been used to delineate the limit between the low- and high-Arctic (Bliss &
Matveyeva, 1992; Walker et al., 2005). Yet, isolated populations can be found in protected areas north of this
arbitrary line (Jacobs et al., 1997). Most of the vegetation in the high-Arctic grows within a few centimeters of the
ground including the dominant prostrate shrubs (Salix arctica, Dryas integrifolia, and Cassiope tetragona). The
presence of erect shrubs (rarely taller than 50 cm) in these landscapes has the potential to transform ecosystems by
decreasing the albedo and warming the surface (Aartsma et al., 2020; Blok et al., 2011; Domine, Bayle,
et al., 2025; Juszak et al., 2014), insulating the ground with metamorphized snow (Domine et al., 2016) and by
modifying trophic interactions (Poirier et al., 2023), carbon sequestration (Lamarque et al., 2023; Ola et al., 2022)
and energy budgets (J. Chen et al., 2022; Lafleur & Humphreys, 2018). There is therefore a strong interest to
assess erect shrub dynamics in these remote and rapidly changing environments (Beringer et al., 2005; Frost
et al., 2025; Juszak et al., 2017).

The most obvious effect of the presence of erect shrubs on the summer energy budget at the top of the vegetation is
on shortwave radiation, via changes in broadband (BB) albedo. Field studies have indeed found that the BB
albedo of erect shrubs is significantly lower than that of prostrate vegetation in boreal and low-Arctic regions
(Aartsma et al., 2020; Beringer et al., 2005; Blok et al., 2011; Domine, Bayle, et al., 2025; Juszak et al., 2014;
Nicholls & Carey, 2021; Ramtvedt et al., 2021). For example, a comparison of the BB albedo of lichen heath and
shrubs (Betula nana) in Southern Norway revealed values of 0.255 for lichen and 0.132 for shrubs (Aartsma
et al., 2020), leading to a 16% increase of the solar energy absorbed by the surface if shrubs replace lichen.
Inversely, the decrease in shrub height and abundance caused by reindeer grazing has been found to increase
surface albedo (te Beest et al., 2016).

All these studies have however taken place near tree lines or in the low-Arctic, with hardly any studies of the
impact of shrubs on albedo in the high-Arctic. For evaluating circumarctic effects, the presence of shrubs must
first be detected using remote sensing. A widely used method is the normalized difference vegetation index
(NDVI), which has been found to be correlated with biomass and the leaf area index (LAI) in the Arctic (Berner
etal., 2018; Rees et al., 2020). Taller vegetation, which generally has a greater biomass and LAI, has higher NDVI
values (Blok et al., 2011; Boelman et al., 2011; Juszak et al., 2014; Pattison et al., 2015), and this property has
often been used to attribute greening trends, that is, increases in NDVI, to changes in vegetation assemblages
toward tall shrubs in the Arctic (Jespersen et al., 2023; Rees et al., 2020). However, at Herschel Island (69°N,
western Canadian Arctic), (Cunliffe et al., 2020) concluded that “Vegetation ‘greenness’ measured as NDVI
across four independent multispectral surveys explained only a small proportion of the variability in the biomass
of vascular plants and was influenced by moss cover, suggesting caution should be used when attributing dif-
ferences in NDVI to differences in either vascular plant biomass or phytomass.” Therefore, further tests of the
detectability of Arctic shrubs using NDVI appear useful.

Regarding terrestrial Arctic albedo, remote sensing studies of this variable have in general concluded that it has
been decreasing in most summer months except July (Plekhanova et al., 2022; Webb et al., 2021; Yu et al., 2022).
The slight July increase in albedo has been tentatively attributed to a decrease in surface water (Plekhanova
et al., 2022; Webb et al., 2021). The overall albedo decrease seems mostly consistent with local field studies
observing increasing shrub abundance (Forbes et al., 2010; Fraser et al., 2014; Frost & Epstein, 2014; Mekonnen
et al., 2021). However, shrubification is only one of the possible causes of albedo change. Other causes such as
fire, post-fire recovery and increase in surface water (Webb et al., 2021) can lead to increases or decreases in
albedo so that identifying the contribution of shrubification is uncertain using remote sensing alone, especially
considering the potential difficulty in identifying shrub presence using indices such as NDVI (Cunliffe
et al., 2020). Therefore, the combination of field studies and remote sensing in the high-Arctic is required to: (a)
test the possibility to detect shrubs by remote sensing methods and (b) quantify the impact of shrubification on
albedo.

To address both these questions, we combined field work with remote sensing on Bylot Island (73°N, 80°W)
and northern Baffin Island. In this Canadian high-Arctic region, Salix richardsonii is the only truly erect spe-
cies. There, this shrub remains small (generally <50 cm) with a fairly open structure and few leaves which
are insufficient to conceal the ground or understory vegetation. This contrasts with canopy-forming shrubs
(Myers-Smith et al., 2015) further south such as dwarf birch, which have a fairly high LAI (Chang et al., 2022)
and through which the ground is much less visible. This raises the question of whether S. richardsonii at Bylot
Island can be detected through optical remote sensing using albedo or indices such as NDVI, or simple reflectance
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at specific wavelengths, and whether its expansion can be tracked by analyzing NDVI trends over decades.
Another question is whether such shrubs have a significant impact on albedo. We have therefore measured in the
field the spectral albedos of numerous spots (n = 83) at locations featuring a wide variety of vegetation covers.
These data were used to compare NDVI and BB albedo values of prostrate vegetation and of S. richardsonii. We
then determined NDVI using remote sensing methods over a wide range of spatial resolutions by assembling a
multiscale remote sensing data set using an unmanned aerial vehicle (UAV, 0.3 m resolution) and data from the
satellites Pléiades (0.5 m), Sentinel-2 (10 m) and Landsat-8 (30 m).

2. Methods

2.1. Site Description

Field measurements were performed in Qarlikturvik valley (73.15°N, 80.00°W) on Bylot Island, North of Baffin
Island in the Canadian Arctic Archipelago (Figure 1). A few measurements were also performed at Mala River
Valley (73.01°N, 80.69°W) on northern Baffin Island just across Navy Board Inlet from Bylot Island (Figure 1).
Table 1 lists the location of the field spectral measurements and describes the vegetation assemblages. A wide
range of vegetation types are found because of the presence of humid, moist and mesic areas, as well as the
presence of alluvial fans with active and inactive flow channels (Lamarque et al., 2023; Ola et al., 2022). A
mixture of mosses, lichens, graminoids and forbs are observed along with prostrate shrub species such as Salix
arctica, S. reticulata, S. herbacea, Dryas integrifolia, and Cassiope tetragona as detailed by Gauthier
et al. (2011). Although S. arctica occasionally reaches heights around 10 cm, the only erect shrub species is S.
richardsonii, usually around 40-50 cm tall. It is commonly found in alluvial fans, where spring water flow,
sediment deposition, and active layer depth are most important (Lamarque et al., 2023). There, large fairly ho-
mogeneous patches with individuals reaching 50 cm in height and covering several 1,000 m? are observed. The
understory below these large patches usually consists mostly of mosses, graminoids, S. arctica, and bare soil
patches. In less active parts of the alluvial fans and in riparian areas, and sometimes in mesic areas, smaller
patches of about 10 m in their largest dimension are occasionally observed. The shrubs there are shorter and have
sparser cover than in more active areas. Although LAI was not quantitatively measured, a visual inspection in-
dicates that the LAI of taller shrubs in active parts of alluvial fans is greater than in less active parts, in line with
previous findings (Lamarque et al., 2023). Figure 2 presents overview photographs illustrating prostrate vege-
tation and S. richardsonii patches. In this study, prostrate vegetation includes prostrate shrubs, herbaceous
vegetation, mosses and lichens. Figures S1 and S2 in Supporting Information S1 show close-up photographs of
the main vegetation assemblages studied. Mosses showed large appearance variations, from brown mesic mosses
to bright green humid mosses (Figure S3 in Supporting Information S1).

2.2. Spectral Albedo Measurements

Spectral albedo was measured with a field portable spectroradiometer (HR-1024 model, Spectra Vista Corpo-
ration, SVC) between 10 and 18 July 2015, between about 10:30 and 16:30 local summer time each day so that the
solar zenith angle (SZA) varied between 50.1 and 60.3°. Summer 2015 was drier than most summers in terms of
precipitation and soil moisture. Over the 2013-2019 period, it was the driest summer (Domine et al., 2021),
raising the question of whether these dry conditions may have led to atypical NDVI values. Indeed, remote
sensing studies indicate that soil moisture and NDVI are often anticorrelated (T. Chen et al., 2014). However,
field studies at 0.5 m spatial resolution are less conclusive (Engstrom et al., 2008). At the time of measurements,
shrub foliage was fully developed. Time-lapse images at the SALIX-D1 location (Figure S4 in Supporting In-
formation S1) do not reveal any significant further foliage development after mid-July. A comparison of time-
lapse images of years 2015-2024 do not reveal any striking difference in greenness or foliage development
between years. These observations support our assumption that despite the relative dryness of summer 2015,
NDVI values were not significantly affected. Yellow leaves were visible starting on 4 August 2015. Lighting
conditions during spectra recording were mostly clear sky to nearly clear sky (n = 78). A few spectra (n = 5) were
measured under completely overcast conditions on 16 July. Clouds were then cirrostratus and stratus, optically
thick with no visible shadows. The light collector connected to the spectrometer was an SVC full sky irradiance
integrating sphere 7.5 cm in inner diameter with a nadir to 85° field of view, making it a nearly perfect cosine
receptor. It was located at the end of a 2-m metal rod resting on a tripod, at a height of about 1.2 m (Figure S5 in
Supporting Information S1), so that 71% of the radiance entering the sphere comes from a circle 1.2 m in radius
below the sphere. For measurements above 40 cm shrubs, this radius is reduced to 0.8 m. Albedo was determined
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Figure 1. Location of Qarlikturvik valley on Bylot Island in the Canadian high-Arctic. Stars indicate where spectra were
acquired. Note the SALIX-M site on Baffin Island, in Mala River valley on the top map, where spectra were also acquired.
The nearest community, Pond Inlet (Nunavut), is indicated by a triangle. Maps from https://search.open.canada.ca/openmap/
8ba2aa2a-7bb9-4448-b4d7-f164409fe056, last accessed on 16 November 2022.

from successive measurements of the downwelling and upwelling radiation, by rotating the metal rod 180° be-
tween both measurements. The horizontality of the sphere was checked with an electronic inclinometer located
next to the sphere. The spectrometer dark current was measured automatically before each measurement and
automatically subtracted from the measurement. A photodiode monitored the solar irradiance and data where
irradiance varied by >1% between both measurements were rejected, as detailed earlier (Belke-Brea et al., 2020).
To cover a large part of the solar spectrum, the spectrometer is composed of three independent optical lines, with
their specific gratings and light detectors. The spectral resolution varies between 1 and 1.5 nm for the Si detector
(346.5-982 nm), 3.5-4 nm for the first InGaAs detector (982-1,883 nm) and 2.5 nm for the second InGaAs
detector (1,883-2,514 nm). For each spectrum, a running mean average was used to improve the signal-to-noise
ratio. Averaging was over a 12 nm range from 346.5 to 1,800 nm, and 80 nm beyond that. In general data quality
for wavelengths greater than 2,400 nm was poor due to low irradiance and thus unreliable for BB albedo
calculation. We therefore only present data over the 346.5-2,400 nm range. The impact of neglecting the 2,400—
2,514 nm range is negligible for BB albedo calculations, because the fraction of downwelling solar energy within
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Table 1
Main Characteristics of the Locations Where Spectral Albedo Measurement Were Performed
Location Latitude Longitude Vegetation types found Veg. height (cm)
TUNDRA 73.150° —80.004° Humid and moist polygons with prostrate vegetation with mostly mosses, graminoids, Salix 5
arctica and Salix herbacea
PLAINE 73.167° —79.915° Prostrate vegetation and bare soil patches caused by cryoturbation (mudboils) with mosses, 5
graminoids and S. arctica
GRASS 73.158° —79.907° Prostrate vegetation between patches of Salix richardsonii dominated by S. arctica, with litter, 8
mosses, graminoids and occasional bare soil
SALIX-D1 73.158° —79.907° Scattered patches of S. richardsonii. Understory includes mosses, graminoids, litter, S. arctica 35
and bare soil
SALIX-M 73.006° —80.685° Mesic area with patches of S. richardsonii. Understory includes mosses, graminoids and litter. 40
Between patches: herb tundra with graminoids and mosses. The area is not within an
alluvial fan
SALIX-G2 73.168° —79.812° Extended area in an alluvial fan with S. richardsonii. Understory includes litter, mosses, 50

graminoids, bare soil, S. arctica and S. reticulata

Note. The coordinates are those of the center of the areas studied, where several spectra were acquired within 50 m of the positions indicated. GRASS and SALIX-D1
have the same coordinates because the area was a mix of S. richardsonii and prostrate vegetation.

that range was on average 0.35% only. BB Albedos calculated with the reduced and full ranges differed by less
than 0.0005, and using the reduced range is certainly more reliable.

Finally, we corrected for the lack of data in the 300-346.5 nm range to calculate the BB albedo. The downwelling
energy contribution in this range was evaluated using the SMARTS radiation model (https://www.nrel.gov/grid/
solar-resource/smarts.html, last accessed on 6 June 2023). For SZAs in the ranges of interest here and over
vegetated surfaces, this wavelength range contributes about 1.6% to the total downwelling radiation under clear
sky conditions. The albedo of vegetation surfaces in the 300-340 nm range has been reported to be about 90% of
that at 350 nm for the vegetation covers studied (Feister & Grewe, 1995). We therefore correct for the lack of the
300-346.5 nm range by assuming that (a) 1.6% of incident irradiance is in that range; (b) the average albedo over
that range is 0.9 X albedo measured at the lowest available wavelength: 346.5 nm.

Spectral albedo was measured over different surfaces dominated by (a) mudboils, n = 4; (b) graminoids, n = 7; (¢)
mosses, n = 17; (d) S. arctica, n = 16; (e) three groups of S. richardsonii located in different areas, n = 34 under
clear sky conditions and n = 5 under overcast conditions (Table 2). We used spectral albedo measured in either
lighting condition to calculate BB albedo under both (a) clear sky; and (b) overcast conditions. To be rigorously
comparable, all BB albedo calculations must use the same spectral irradiance distributions. We implicitly assume
that the difference of directionality between the various measurements had a second order effect relative to the

Figure 2. Typical prostrate vegetation near TUNDRA (left) and a patch of Salix richardsonii near SALIX-G2 (right). The person is about 1.62 m tall.
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Table 2
Broadband Albedo (300-2,400 nm) and Normalized Difference Vegetation Index of the Dominant Vegetation Cover Types
BB albedo
Dominant cover type Locations Number of spectra, n Clear sky Overcast NDVI
Erect vegetation
S. richardsonii SALIX-D1 17 0.148 £ 0.017 0.139 £ 0.015 0.599 + 0.026
S. richardsonii SALIX-M 8 0.140 £ 0.017  0.129 £ 0.015 0.517 + 0.038
S. richardsonii SALIX-G2 14 0.113 £ 0.023  0.108 + 0.021  0.633 + 0.023
Prostrate vegetation
S. arctica GRASS 16 0.183 £ 0.019 0.169 + 0.018 0.591 + 0.034
Graminoids TUNDRA, SALIX-M 7 0.162 + 0.037 0.150 £ 0.035 0.517 + 0.084
Mosses TUNDRA, PLAINE 17 0.153 £ 0.017 0.140 £ 0.016  0.542 + 0.058
Mudboils PLAINE, SALIX-G2 4 0.136 £ 0.013  0.125 £ 0.013  0.501 + 0.038
Data by main types (prostrate vs. S. richardsonii)
S. richardsonii 39 0.134 £ 0.026  0.126 £ 0.023  0.594 + 0.054
Prostrate vegetation 44 0.166 = 0.026  0.153 £ 0.024 0.552 + 0.064

Note. BB albedos have been calculated for both clear sky and overcast conditions. The standard deviations are indicated.

spectral distribution difference (Sandmeier et al., 1999). For the clear sky downwelling irradiance distribution, we
used the average of five spectra measured over representative surfaces (two for S. richardsonii, two over mosses,
one over mudboil, measured between 12:00 and 16:00 on 11, 13, and 15 July). For the overcast downwelling
irradiance distribution, we used the five spectra measured on 16 July, which were all very similar. Both
normalized irradiance distributions are shown in Figure S6 in Supporting Information S1. As expected, the
downwelling irradiance in cloudy conditions is depleted in the near and short-wave infrared.

2.3. NDVI Calculations From Ground Spectral Data

NDVI uses red (R) and near-infrared (NIR) spectral ranges. Different spectral ranges are used in the literature for
R and NIR, depending on the satellite used when NDVI is determined from remote sensing data (Berner
et al., 2020; Blok et al., 2011; Juszak et al., 2014), or on the portable instrument used when it is determined from
field data (Boelman et al., 2011; Jespersen et al., 2023; May et al., 2022). Here we use wavelengths centered on
the Landsat R and NIR bands:

NDVI = (NIRggs — Rgss)/(NIRggs + Ress) 1)

Since our spectra are smoothed over 12 nm, in terms of raw data the ranges are R (649-661) and NIR (859-871).
Both these ranges are also within the ranges of the Pléiades satellite R (620-700) and NIR (775-915) bands.

2.4. NDVI Calculations From Remote Sensing Data

In addition to ground spectral measurements, we gathered July remote sensing acquisitions from four independent
sources, each with a specific spatial resolution: a UAV (0.3 m), Pléiades-1B (0.5 m), Sentinel-2 (10 m) and
Landsat-8 (30 m). For each sensor, we computed NDVI using their respective NIR and R bands following
Equation 1 to test whether erect shrubs have specific radiometric signals at multiple scales. Data were acquired in
different years because of logistical constraints or quality data availability for July. However, we essentially focus
on differences in optical responses between S. richardsonii and prostrate vegetation for any given sensor. Ob-
servations and time-lapse cameras do not reveal any significant difference in vegetation development from year to
year. We therefore estimate that using data from different years does not affect our conclusions.

Regarding the UAV, a 3.6 km? zone near SALIX-D1 and with patchy S. richardsonii coverage was surveyed with
a fixed wing Ebee X mapping UAV on 16 July 2022. The UAV was equipped with a Duet M multispectral
camera, which combines a Parrot Sequoia + sensor for multispectral imaging and a Sensefly S.0.D.A. sensor for
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RGB imaging. The Sequoia + sensor is composed of four distinct sensors in the green (550 + 40 nm), red
(660 £ 40 nm), red-edge (735 = 10 nm), and near-infrared (790 £ 40 nm) bands. The UAV was flown with side
and frontal overlaps between the images of 70% and 87%, respectively. The Duet M camera is equipped with a
sunshine sensor, which corrects variations in illumination. This eliminates the need for a radiometric calibration
target on the ground (Cubero-Castan et al., 2018). The RGB and multispectral images were processed in
Pix4dMapper version 4.8.4 to produce RGB and spectral reflectance orthoimages with 6.78 and 30 cm spatial
resolution, respectively. Three ground control points (GCPs) were distributed over the surveyed area to validate
the accuracy of the direct georeferencing. Both the UAV images and GCPs were geolocated precisely using post-
processing kinematics (PPK) relative to a fixed GNSS base station installed near the camp, whose coordinates
were precisely calculated using precise point positioning (PPP) for several long occupation times (>5 hr). The
root-mean-squared (RMS) horizontal geolocation accuracy of the orthoimages products derived from the GCPs
was =5 cm.

Regarding the Pléiade-1B satellite, a stereo pair of 5-band (B, G, R, NIR: 2 m resolution; panchromatic: 0.5 m
resolution) images from 28 July 2016 was obtained. Spectral ranges are 430-550 nm (blue), 500-620 nm (green),
590-710 (red) and 740-940 nm (NIR) and 480-830 nm (panchromatic). The raw images Digital Numbers (DN)
were converted to ground reflectance with ATCOR (Atmospheric & Topographic Correction) in the Catalyst
Professional® software, version 2223.0.2 (PCI Geomatics). ATCOR is an atmospheric correction algorithm that
reduces the influence of the atmosphere (water vapor and aerosol type), solar illumination, sensor viewing ge-
ometry, and terrain illumination on the DN of the raw satellite optical images, using the MODTRAN 5 radiation
transfer model (Richter & Schlipfer, 2017; Richter, Schlédpfer, & Miiller, 2006). The reflectance images were
orthorectified using a2 m DEM derived from the panchromatic stereo pair (Mohammadzadeh Khani et al., 2023).
The native geolocation accuracy is 4.5 m for Pléiades-1B without GCPs (Lebegue et al., 2013). To improve the
geolocation accuracy of the Pléiades products, GCPs were collected automatically from the UAV RGB ortho-
image from 16 July 2022, which was approximately centered on the sector of interest where manual shrubs
surveys were performed (Figure 3). The RGB orthoimage was first aggregated to 10 cm resolution to speed up the
process. Automatic GCP collection was performed in Catalyst Professional®, based on image correlation be-
tween the reference UAV RGB orthoimage and the panchromatic and multispectral images, using Fast Fourier
Transform phase matching. 87 and 82 GCPs regularly distributed within the area common to the UAV and
Pléiades image were found for the panchromatic and multispectral images, respectively. The GCPs were used to
compute and apply a first order adjustment to the rational polynomial coefficient (RPC) model provided with the
Pléiades image, resulting in a horizontal geolocation residual RMS error of 3.2 and 2.6 cm for the panchromatic
and multispectral images, respectively. The multispectral image was then pan-sharpened using the MRAFUSION
algorithm in Catalyst Professional®. MRAFUSION is a multi-resolution algorithm that fuses black-and-white
panchromatic and multispectral color images using wavelet decomposition, providing similar-to-superior re-
sults than traditional pan sharpening approaches while preserving the spectral characteristics of the original
images (Gonzalez-Audicana et al., 2005). This allowed improving the spectral bands from their native spatial
resolution (2 m) to the higher resolution of the panchromatic band (0.5 m), which is better suited to capture
reflectance contrasts within heterogeneous shrub patches.

The Sentinel-2B product is a surface reflectance level of correction (2A) acquisition from 26 July 2019 with
neither clouds nor cloud shadows over our study area, processed using the Multi-Temporal Cloud Screening and
Atmospheric Correction software (MAJA) (Colin et al., 2023) and downloaded from theia.cnes.fr, last accessed
on 02 May 2024. NDVI was computed using bands 4 (red, 633—-695 nm) and 8 (NIR, 726-938 nm).

The Landsat-8 OLI image used is a Tier 1 Collection 2 acquisition from 23 July 2015 with neither clouds nor
cloud shadows over our study area and a geometric RMSE model of 5.024 m, with a surface reflectance level of
correction (2A) downloaded from earthexplorer.usgs.gov (Last accessed on 03 May 2024). NDVI was computed
using bands 4 (red, 630-680 nm) and 5 (NIR, 845-885 nm).

Finally, to test the potential impact of our findings at the scale of the Canadian high-Arctic, we used Google Earth
Engine (GEE) to produce a 10-m Sentinel-2 based map of July ND VI for the Canadian high-Arctic. We gathered all
available images from the Sentinel-2 Level-2A collection of July, years 2017-2023, and masked clouds and cloud
shadows using the S2 cloud probability collection with a probability threshold of 80%. NDVI was computed on
each cloud-free image and pixelwise median was computed to obtain a median value of ND VI for the month of July.
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Figure 3. Normalized difference vegetation index map from (a) Landsat-8, (b) Sentinel-2, (c) Pléiades-1B, and (d) drone acquisitions over our study site showing the
location of GNSS shrub survey transects, and the location of the sites with spectrometer measurements with associated names. The black frame in (c) is the area of the

unmanned aerial vehicle survey in (d).

2.5. Reflectance Extraction Along Shrub Transects and Sites

For reflectance comparison between S. richardsonii and prostrate vegetation, GNSS field surveys were conducted
in summer 2023 to map erect shrubs along transects with a spatial resolution equal to or better than the resolution
of Pleiades (<0.5 m). The shrub transects were walked with a GNSS in dynamic mode, sampling the position at
each second. When entering and exiting an isolated S. richardsonii shrub or a continuous patch of shrubs, the code
“A” was noted along with the GNSS counter. Later, points in between “A”-coded time stamps were given the “A”
value, all others the “S” value (“soil”’). GNSS surveys were post-processed with PPK relative to the same fixed
base station used for georeferencing the UAV. The point shrub survey data was converted to two-class (shrub, no-
shrub) polyline objects (Figure S7 in Supporting Information S1) representing the abundance of erect shrub
S. richardsonii.

The proportion of the transect line pertaining to the erect shrub class within a given image pixel was calculated
using the Line Statistic tool in Arcgis Spatial Analyst, using search distances of 0.20 m (UAV), 0.41 m (Pléiades),
5 m (Sentinel-2), and 15 m (Landsat-8). For the high-resolution UAV and Pléiades images, these distances
correspond to the distance between a cell center point and its corners plus a 95% confidence horizontal pixel
geolocation uncertainty estimated as twice the typical orthorectification RMS error of 3 cm. This error was
ignored for the coarser Sentinel-2 and Landsat-8 images. For Sentinel-2, Pléiades-1B and UAV, a given pixel was
considered as erect or prostrate only if 100% of the transect lines within the pixel was of one of the classes. For the
coarser resolution Landsat-8, we used a threshold of <25% and >75% of erect shrubs to classify as either prostrate
or erect vegetation to maximize the number of samples. This approach implicitly assumes that the composition of
transect lines within a pixel reflects the areal composition. In large alluvial fan patches, this assumption is likely
valid. For smaller isolated patches, whose size is typically about 10 m, the assumption is likely valid for UAV and
Pléiades data (resolutions 0.3 and 0.5 m). For Sentinel-2 (10 m resolution), it is probably reasonably valid. For
Landsat-8 (resolution 30 m) the validity may not be as good and the 25%—75% range was set in an attempt to
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a optimize the transect-areal agreement. With these limitations in mind, this
% approach was used to investigate the radiometric signal of pure stands of erect
and prostrate vegetation at multiple scales.
g
8 3. Results
2 o
< 7 3.1. Field Spectral Albedo and NDVI
= Figure 4 compares the spectral albedos of prostrate vegetation and of
SALIX-D1 (n = 12) S. richardsonii patches. This shows that the spectral albedo is higher for
S ; : : | prostrate vegetation than for S. richardsonii over the whole spectral range.
500 1000 1500 2000 This observation applies when comparing nearby pairs of sites (Figures 4a
and 4b) and for the whole data set (Figure 4c). Notable different spectral
g b features include a low albedo near 669 nm and a relatively low albedo at
1,300 nm for S. richardsonii. Overall, the BB albedo reduction is 0.032 under
o clear sky conditions and 0.027 under overcast conditions (Table 2). Figures Sc
8 and 5d are graphical representations of Table 2, for easier visualization. The
é g NDVI is lowest for soil (mudboils) and graminoids (0.501 and 0.517,
respectively) and highest for S. richardsonii at the D1 and G2 sites (0.599 and
pr 0.633, respectively), Table 2. However, overall, the NDVI difference between
S. richardsonii SALIX-M (n = 8) prostrate vegetation and S. richardsonii is very small (0.552 vs. 0.594)
2 4 considering that the ranges of values largely overlap. In particular, it is
5(')0 10‘00 15'00 20'00 noteworthy that the NDVI value for S. richardsonii at the mesic SALIX-M
site, 0.517, is lower than the average value for mosses, 0.542 and also
< c lower than the S. arctica average, 0.591. A large proportion of woody tissue
° (mostly pale gray, but with many reddish parts), few willow leaves and
& relatively dry mosses (brown) in the understory at the SALIX-M site may
s S explain the low NDVI value (Figure S1 in Supporting Information S1).
é S Figure 5a illustrates the large variations in the spectral albedo of
S. richardsonii between sites. The notably different spectral features from
S the SALIX-M location, in particular the high albedos around 669 and
A1S. Rerard=oill (n =555 1,300 nm, are probably due to a visibly lower LAI, which results in a greater
3 contribution of understory species (Figure S1 in Supporting Information S1).

500

Figure 4. Comparisons of the average spectral albedos of prostrate vegetation

I T
1000 1500

Wavelength (nm)

2000

with those of Salix richardsonii patches obtained under clear sky conditions.
(a) at the SALIX-D1/GRASS sites, taken quasi-simultaneously under stable
lighting conditions; (b) at the SALIX M site, under similar conditions to

panel (a); (c) overall comparison of all the spectra. Shaded areas represent
the standard deviation of all relevant spectra.

The sandy soil at SALIX-M is also drier than the silty soils at SALIX-D1 and
SALIX-G2. Since S. richardsonii tends to grow preferentially in moist areas,
the SALIX-M location may not be a favorable site for optimal development. It
is possible that S. richardsonii at SALIX-M is a relic from previous moister
conditions.

Figure 5b reveals that, while spectral features are fairly similar for all pros-
trate vegetation types, there are significant differences in BB albedos
(Figure 5c). The lowest BB albedo is for mudboil. It is important to note that
mudboil spectra do not represent 100% bare soil, as mudboils are surrounded
by prostrate vegetation (Figure S2 in Supporting Information S1).

3.2. Remote Sensing Reflectance and NDVI

Maps of NDVI values obtained with Landsat-8, Sentinel-2, Plé¢iades and the UAV are shown in Figure 3. The
assignment of UAV and Pléiades pixels to S. richardsonii versus prostrate vegetation was performed with field

transects (Figures 3c and 3d). Figure 6 shows reflectance values for the blue, green, red, red-edge and NIR UAV

and Pléiades bands for S. richardsonii and prostrate vegetation. Numerical values of reflectances are detailed in

Table S1 in Supporting Information S1. Differences between S. richardsonii and prostrate vegetation reflectances
in the red (R) and NIR bands are very small, <0.005, for Pléiades. For the UAV data, however, it reaches 0.0098
for red-edge and 0.0127 in the NIR. A Wilcoxon rank sum test (Gibbons & Chakraborti, 2011) showed that these
differences between vegetation types (S.richardsonii vs. prostrate) are statistically significant (p < 0.01) for all
UAYV bands, and for the red and NIR band for Pléiades-1B (Figure 7). However, differences are always very small
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Figure 5. Spectral albedo, Broadband albedo and normalized difference vegetation index (NDVI) of the vegetation types studies. (a) Average spectral albedos for the
three sites where Salix richardsonii was studied; (b) Average spectral albedo of the four types of prostrate vegetation studied, classified according to the dominant cover;
(c) BB albedo and (d) NDVI of the cover types studied, with standard deviations as error bars. Average values for the main types (S. richardsonii and prostrate
vegetation) are shown in the lower parts of (c) and (d).

compared to the spread of the values so that assigning a vegetation type based on reflectance is not possible. The
distributions of NDVI values calculated from these reflectances are shown in Figure 7 for the UAV, Pléiades,
Sentinel-2 and Landsat-8, with numerical values reported in Table S2 in Supporting Information S1. The median
NDVI for S. richardsonii was slightly higher than for prostrate vegetation for the UAV and Pléiades 1B, by ~0.01
(Figures 7a and 7b). As for reflectance, the differences are very small in comparison to the range of variation

within each type, so that reliably assigning a vegetation type from NDVI values is not possible. At a larger spatial
scale, no significant difference in NDVI value is found for Landsat-8 and Sentinel-2 between both vegetation
classes, corroborating results from Pléiades and UAV. The spectral bands do not cover a sufficient spectral range
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Figure 6. Difference in reflectance between Salix richardsonii (green) and prostrate (red) vegetation for (a) unmanned aerial vehicle and (b) Pléiades-1B (B: blue;
G: green; R: red; RE: red-edge NIR: near-infrared). The difference between S. richardsonii and prostrate vegetation mean reflectance (A Reflectance) is displayed as a

blue line on the right axis.
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Figure 7. Difference in normalized difference vegetation index (NDVI) for Salix richardsonii shrubs (green) and prostrate
vegetation (red) for (a) unmanned aerial vehicle, (b) Pléiades-1B, (c) Sentinel-2 and (d) Landsat 8. Median NDVI values are
displayed on the plot along with the number of pixels considered.

for the reliable calculation of the BB albedo, so that a discussion on BB albedo that would be derived from remote
sensing is not possible.

Figures 5a and 5d indicate that the larger shrub patches at SALIX-G2 have different spectral characteristics and
higher NDVI values than the smaller patches at SALIX-D1. Earlier studies also noted an adjacency effect where
patch size could affect reflectance (Richter, Bachmann, et al., 2006). We therefore tested the effect of patch size
on UAV and Pléiades-1B data. Figure S8 in Supporting Information S1 shows no detectable effect.

Since these data indicate that NDVI and reflectance values cannot be used for differentiating S. richardsonii
patches from prostrate vegetation in the high-Arctic valley studied, a legitimate question is whether this
conclusion may be applied to the whole Canadian high-Arctic. While similar spectroscopic studies in numerous
sites are required to address this question with certainty, a first partial response was obtained by determining the
NDVI from Sentinel-2 over the whole Canadian high-Arctic, that is, climate zone C after (Walker et al., 2005).
Figure 8 shows the results for July, based on 2017-2023 data. This is a composite image and data are not for the
same day of July for all pixels. The bottom map of Figure 8 selects data for NDVI values >0.48. This is equivalent
to a NDVI value of 0.49 obtained by our field spectroscopic studies because Sentinel-2 uses slightly different
spectral ranges for its R and NIR bands. This threshold was chosen to be reasonably certain to detect even the S.
richardsonii patches with the lowest NDVI values (Table 2). The area concerned with this NDVI limit covers
21,300 km?. If our Bylot results can be extrapolated to the whole Canadian climate zone C, this means that the rest
of climate zone C (2,253,160 kmz) is unlikely to host erect shrubs, and that in the 21,300 km? portion where erect
shrub presence is possible, their presence cannot be established. To place this area in perspective, this area is about
twice the size of Bylot Island and slightly larger than Lake Ontario. Based on the monitoring of downwelling
shortwave radiation at Bylot Island (Domine et al., 2021), a BB albedo difference of 0.03 produces an average

DOMINE ET AL.

11 of 16

d ‘01 ‘STOT ‘1968691T

:sdny woy

sdpy) SuonIpuO) pue SWId L, 3y 08 “[9Z02/20/1 1] U0 A1e1qrT SUIUQ AD[IA “SIRJIARY SIOLL, Y 09GN N(Y WEISIIAIUN £q £6S800DIFTOT/6T01 01/10p/w0d Ko[1A

Ropav:

QSUAII'T SuOW0)) dANEAI) d[qeoridde oy £q pauIdA0S dIe SA[ONIE V() SN JO SN 10§ AIRIqIT dUI[UQ) AS[IA) UO (SUOT



I VY ed B | . . .
A\I Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008593
[ subzone C (Walker) o e =
[] Bylot Island . st .
0 250 500 0 0.5 1
1 Km . -/ o
NDVI Sentinel-2 %00 - e %0
(July 2017 - 2023) - sea .

SWEDE
NORWAY

NDVI > 0.48

Figure 8. (Top) Normalized difference vegetation index (NDVI) values derived from Sentinel-2 data in July for the climate zones A, B, C, D of Walker et al. (2005) for
the Canadian Arctic. Zone C (High-Arctic) where our study was located is delimited by a dark contour. (Bottom) Pixels with NDVI > 0.48 for climate zone C are shown
in red. Climate zone C is highlighted on the general Arctic map, top right.

summer shortwave local forcing of a 5.8 W m™2, based on data from the 2014-2018 period. This forcing may
therefore be missed over a fraction of this 21,300 km? area. This fraction is likely to increase over time.

4. Discussion

Across the range of vegetation types sampled, the lowest BB albedo is for 50 cm tall shrub patches of
S. richardsonii at the SALIX-G2 site, and the highest value is for surfaces dominated by prostrate S. arctica
(Table 2, Figure 5c). The maximum BB albedo difference between prostrate vegetation and S. richardsonii is
therefore 0.070 for clear sky conditions and 0.061 for overcast ones. Overall, the albedo difference between
S. richardsonii and prostrate vegetation is 0.027-0.032, depending on lighting conditions. This is much less than
observed in low-Arctic or boreal studies (Aartsma et al., 2020; Beringer et al., 2005; Blok et al., 2011; Nicholls &
Carey, 2021; Ramtvedt et al., 2021), where differences sometimes exceeded 0.13. Since the BB albedo ranges
show a large overlap, reliably differentiating S. richardsonii versus prostrate vegetation from albedo does not
seem possible in most cases (Figure 5¢). This can probably be explained by the presence here of only short-stature
S. richardsonii patches with low LAI, which do not form a full canopy. The difference in albedo averaged over all
our measurements nevertheless exists and produces a summer shortwave local forcing of 5.8 W m™2. This is much
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less than the difference between erect shrub and prostrate vegetation in the low-Arctic, or as calculated by models.
For example (Domine, Bayle, et al., 2025), measured a forcing of 11.17 W m™~? for the replacement of lichen by
dwarf birch in northern Quebec. Bonfils et al. (2012) determined using simulations that even for short shrubs, the
shortwave forcing would exceed 20 W m ™2 in summer. High-Arctic shrubification may therefore produce a more
limited summer shortwave forcing, which should be considered by models.

In the UAYV data, both ranges of reflectance values completely overlap, so that it is not possible to assign a given
measured reflectance to one vegetation type or the other. The same conclusion applies to the Pléiades data. For
field measurements, the overlap is much less so that some discrimination of the vegetation type may be possible in
this case. The interest is however limited because simple field observations suffice to detect shrub presence.
Besides the more complete spectral data provided by field measurements, a possible explanation for the better
discriminating potential of field measurement may be the more specific footprint. The coarser Pléiades resolution
may result in the inclusion of small areas of prostrate vegetation at pixel borders, and also possibly in a mix of
vegetation types in a given pixel, increasing reflectance and decreasing the difference in value between both
vegetation types. Field data on the contrary may be unconsciously biased, because operators wishing to measure
shrubs inevitably place the integrating sphere over the thickest part of the patch and avoid small shrub gaps which
are ubiquitous, and which the UAV does not avoid. UAV and satellite images are further affected by blurring due
to the spatial point-spread function of the sensor, which leads to pixels neighboring a punctual target to contribute
to the target reflectance (e.g., Huang et al., 2002).

NDVI values calculated from field spectra show a very limited range and the ranges strongly overlap among
vegetation types (Figure 5d). This is corroborated by all the remote sensing data (Figure 7), with which it is in
fact impossible to differentiate S. richardsonii from prostrate vegetation. This contrasts with the numerous
low-Arctic studies (Berner et al., 2018; Blok et al., 2011; Fraser et al., 2014; Jespersen et al., 2023; Juszak
et al., 2014; Myers-Smith et al., 2020; Pattison et al., 2015; Stow et al., 1993) which all observed that increased
shrub cover led to an increase in NDVI, up to 0.80, while our highest average is 0.63, at SALIX-G2.

The explanation may be due to the shrub structure. The dominant shrub species in most of the low-Arctic studies
were birch (Betula nana and B. glandulosa) and willow (Salix pulchra, S. glauca, and S. richardsonii) species,
with a fairly dense canopy and a LAI usually greater than 1 (Berner et al., 2015; Myers-Smith, Hik, et al., 2011).
Woody stems are therefore less visible. Here, S. richardsonii had few leaves and numerous visible woody stems
(Figure S1 in Supporting Information S1). Boelman et al. (2011) showed that an increase in woody stem
abundance led to a decrease in NDVI, down to values as low as 0.35. The abundance of woody stems, combined
with the visibility of understory vegetation such as mosses of moderate NDVI (Figure 5d) is a likely explanation
for the low shrub NDVI values we observed. The spatial variations in NDVI shown in Figure 3d may thus not be
interpreted as due to S. richardsonii presence, as confirmed by Figure S7b in Supporting Information S1. Many
pixels with high NDVI are prostrate vegetation, and these could possibly be dominated by S. arctica, which has
NDVI values similar to and sometimes higher than S. richardsonii. At Herschel Islands, where S. richardsonii
appears to have a slightly higher LAI than at our site based on published photographs, it is also difficult to identify
this shrub using NDVI (Cunliffe et al., 2020). The problem of S. richardsonii detection using NDVI may therefore
exist in large parts of the Arctic.

NDVI and albedo have been observed to be anticorrelated in low-Arctic studies (Blok et al., 2011; Juszak
etal., 2014). Therefore, increases in NDVI observed using satellite remote sensing may be used to infer decreases
in albedo. This is useful to force land surface models and evaluate the energy budget effects of vegetation
changes. In our case, following this approach will imply that no albedo change takes place, since no difference in
NDVI is observed (Figure 7) while in fact an albedo change of about 0.03 and a summer local forcing of
5.8 W m~2 are observed. This confusion may affect an area greater than 20,000 km? (Figure 8), which is likely to
increase with the progression of greening. Missing this forcing will negatively impact the quality of land surface
model outputs.

We therefore conclude that, contrary to the low-Arctic, neither reflectance nor NDVI values from field or remote
sensing measurements can be reliably used to differentiate erect from prostrate vegetation at our high-Arctic study
site. In the Canadian high-Arctic, the expansion of S.richardsonii at the expense of prostrate vegetation may not
manifest itself as greening trends, and thus may go undetected. Detecting the spread of S. richardsonii using
NDVI may therefore be unfeasible, leaving the associated 0.03 reduction in albedo unnoticed. Another formu-
lation of this conclusion is that the absence of detection of S. richardsonii expansion there does not mean it is not
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actually taking place. This impacts the validation of energy budget calculations by land surface models, as well as
our ability to describe ecological changes and their implications.

To address the limitations of NDVI identified in this study, an alternative approach used successfully in the low-
Arctic (Domine, Bayle, et al., 2025) is to use visible, NIR and SWIR satellite bands, and to train an algorithm with
field spectral data to identify S. richardsonii. This is probably possible because this shrub has spectral charac-
teristics significantly different to those of prostrate vegetation (Figure 4). Integrating refined remote sensing data
with ground-based spectral measurements may therefore be a promising avenue. However, an extra difficulty will
be to check that spectral data obtained at one location can be used at other locations. Training an identification
model teaches this model to differentiate between several vegetation assemblages. These assemblages vary with
soil type, moisture, climate, etc., so that numerous field studies recording spectral albedos may be required for this
approach to be applicable to most of the Arctic.
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