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Abstract 

Snow exerts key controls on many aspects of plant ecology in the Arctic, including 

community composition. With climate predictions forecasting dramatic changes in winter 

climate and snow cover in the Arctic in the near future, it is important to improve our 

understanding of snow effects on plant communities in these regions. This study used a snow 

depth manipulation experiment established in 2006 in Adventdalen, Svalbard, Norway 

(78°10’N, 16°04’E) to investigate long-term effects of deepened snow on plant community 

composition. Two common tundra vegetation types were studied (Cassiope heath and mesic 

meadow) using data from three years (2015, 2020, and 2021). The study further used ‘near-

remotely’ sensed vegetation indices (VIs; RGB-based indices, image based, and non-image 

based NDVI) to describe differences between snow regimes, years, and vegetation types. 

Green Chromatic Coordinate as well as image and non-image based NDVI were compared 

with cover of major plant groups in an initial step towards understanding the relationships 

between VIs and plant cover over several years and in different vegetation types. This study 

documented general decreases in the cover of live vascular plants, especially shrubs, and 

simultaneous increases in bryophytes and the forb Bistorta vivipara under deepened snow. 

Community changes were similar between the Heath and the Meadow vegetation types but 

changes were more pronounced in Heath. Near-remotely sensed VIs showed differences 

between snow regimes, possibly reflecting the documented vegetation change. However, 

relationships between VIs and plant cover were ambiguous when compared between years, 

vegetation types and snow regimes. The relationships generally differed in magnitude, but 

sometimes also direction, and were likely confounded by phenology and variations in 

maximum VI values between years. These findings highlight remaining challenges in the use 

of near-remote sensing as a tool for vegetation monitoring. Further studies should investigate 

the relationships between VIs and plant cover in a context of annual variations in maximum 

VI values, and phenological stages, as this may improve the usefulness of near-remote 

sensing in the future.  

 

Keywords: Winter climate change, snow depth, plant community composition, near-remote 

sensing, vegetation indices, Svalbard 
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1 Introduction 

With climate change proceeding at its current rate in the Arctic, it is inevitable that snow 

conditions will be affected in the future (Bintanja & Andry, 2017). The most recent climate 

forecasts now suggest increasingly warming winters with more rain precipitation, shorter 

duration of snow cover and earlier spring-time snowmelt throughout the Arctic (Constable et 

al., 2022), including on Svalbard (Hanssen-Bauer et al., 2019). However, regional variation is 

expected, and snow depth may increase in some regions despite earlier snowmelt (Lemke et 

al., 2007). 

Snow is known to play a major role as a modulator of ecosystem processes, especially in 

high-Arctic areas (Bokhorst et al., 2016; Callaghan et al., 2011), such as Svalbard, where 

snow cover can last for more than eight months of the year. Snow conditions have been 

shown to affect several aspects of plant ecology in the Arctic including community 

composition (Cooper et al., 2019; Happonen et al., 2019), species distributions (Niittynen & 

Luoto, 2018), soil and plant chemistry (Semenchuk et al., 2015, Mörsdorf et al., 2019), plant 

phenology (Bjorkman et al., 2015; Semenchuk et al., 2016), plant growth (Rumpf et al., 

2014), and reproductive success (Cooper et al., 2011; Ellebjerg et al., 2008; Semenchuk et al., 

2016). Indeed, snow conditions have been identified as the single most important control on 

plant community composition, with greater effect than summer air temperatures (Happonen et 

al., 2019; Wahren et al., 2005), and shorter snow cover duration has been shown to potentially 

act as a major driver of species extinctions and biodiversity loss in the Arctic (Niittynen et al., 

2018).  

The effects of snow on vegetation appear to be related to key properties of the snowpack such 

as snow depth and snow cover duration (Cooper, 2014; Niittynen et al., 2018; Niittynen & 

Luoto, 2018; Rixen et al., 2022) as these properties inherently affect local abiotic conditions 

and biogeochemical processes well into the snow-free summer period (Barichivich et al., 

2014; Mörsdorf et al., 2019). Thick snow cover acts as an insulator with a positive effect on 

soil temperature (Pattison & Welker, 2014) which, in turn, lead to a greater depth of thaw as 

well as higher microbial activity, faster nutrient turnover (Edwards et al., 2007) and litter 

decomposition rates (Baptist et al., 2010). These effects are accompanied by increased soil 

moisture due to melting of the thicker snowpack, increasing both the quantities of plant 

available water (Barichivich et al., 2014; Johansson et al., 2013) and nutrients well into the 
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growing season (Mörsdorf et al., 2019; Xu et al., 2021). Furthermore, snow cover duration, 

and thus the timing of snowmelt, is a major factor determining the potential growing season 

length available for plant development, growth, and reproduction in summer. 

Our understanding of snow effects on tundra communities is to a great extent based on snow 

depth manipulation experiments, often using snow fences or open top chambers to create an 

experimentally deepened snow treatment with paired control plots (Cooper et al., 2019; Rixen 

et al., 2022; Wipf & Rixen, 2010). The effects of snow on vegetation in such experiments are 

therefore related to snow depth in winter and also to later spring-time snowmelt since the 

thicker snowpack melts out later. Snow manipulation experiments have been carried out in 

several tundra locations, both in alpine (Mark et al., 2015; and see Wipf & Rixen, 2010), and 

Arctic sites including in North Amerika (Christiansen et al., 2018; Leffler et al., 2016; Natali 

et al., 2012; Wahren et al., 2005) and Phenoscandia (Johansson et al., 2013). The only high-

Arctic snow manipulation site, to my knowledge, is located in Svalbard, Norway (Cooper et 

al., 2019; Mörsdorf & Cooper, 2021). Helpful overviews of known alpine and Arctic snow 

manipulation studies on vegetation composition and their main findings are provided in 

Mörsdorf & Cooper (2021) and Wipf & Rixen (2010).  

Snow manipulation studies have found diverse responses in plant community composition to 

deepened snow, apparently depending on the experimental setting and geographical location 

(see Rixen et al., 2022). Evergreen shrubs have been found to increase in Daring Lake, 

Canada (Christiansen et al., 2018) but decrease in Toolik Lake, Alaska, USA, and 

Adventdalen, Svalbard, Norway (Cooper et al., 2019; Wahren et al., 2005). Deciduous shrubs 

increased in Toolik Lake (Leffler et al., 2016; Wahren et al., 2005) but decreased in 

Adventdalen (Cooper et al., 2019). Graminoids increased in Abisko, Sweden, and Daring 

Lake (Johansson et al., 2013; Natali et al., 2012) but decreased in Toolik Lake and 

Adventdalen (Cooper et al., 2019; Leffler et al., 2016). Bryophytes increased in Toolik Lake 

and Adventdalen (Cooper et al., 2019; Wahren et al., 2005) but not in Abisko or Daring Lake 

(Johansson et al., 2013; Natali et al., 2012). In Toolik Lake, contrasting responses in species 

diversity and shrub abundance were demonstrated between two vegetation types (moist 

tussock tundra and dry tundra) after 8 years of experimentally deepened snow (Wahren et al., 

2005). In Adventdalen, declining shrub- and increasing bryophyte abundance was 

documented after 9 years of deepened snow, but magnitudes of these responses were different 
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between a heath and a meadow vegetation type (Mörsdorf & Cooper, 2021). The diversity of 

the outlined findings show that tundra communities are responding to climate change, and 

especially changes in snow conditions, in a highly heterogeneous way (see also Elmendorf et 

al., 2012), and most likely are influenced greatly by the amount of snow in 

ambient/experimental conditions, soil moisture content, and vegetation types under effect 

(Cooper et al., 2019, Mörsdorf & Cooper, 2021, Rixen et al., 2022). 

It is clear that the role of snow in shaping Arctic tundra plant communities is a research area 

which requires further investigation, and which would greatly benefit from additional long-

term studies. However, long-term, field-based vegetation monitoring can be challenging in 

Arctic areas, such as Svalbard, where field campaigns are costly and work often must be done 

in remote locations and challenging conditions. For this purpose, remote sensing is an 

extremely helpful tool for obtaining data with good spatiotemporal coverage. However, the 

coarse scale of satellite based remote sensing data is a fundamental, yet unresolved, issue in 

using satellite data to describe and understand vegetation dynamics at the much finer spatial 

scale on which we can expect snowpack to affect vegetation (Parmentier et al., 2021). Thus, 

much ground truthing has yet to be done in order to reliably use satellite data for this purpose 

in Arctic regions (Beamish et al., 2020; Myers-Smith et al., 2020; Pan et al., 2018). It has also 

been pointed out that satellite data with good temporal coverage can be largely unobtainable 

in heavily clouded regions of the Arctic such as Svalbard (Karlsen et al., 2018).  

As a method for ground truthing, and for inexpensively obtaining ground-level data on 

vegetation dynamics (including community composition, phenology and net productivity), 

near-remote sensing techniques have received increasing attention in recent years (Anderson 

et al., 2016, 2017; Cooper et al., 2019; Parmentier et al., 2021; Peter et al., 2018; 

Westergaard-Nielsen et al., 2013, 2017). These studies have further focused on the use of 

inexpensive RGB (Red-Green-Blue) cameras (i.e., normal digital cameras) as an alternative to 

the more costly near-infrared (NIR) sensors or RGN (Red-Green-NIR) cameras needed to 

obtain the widely used Normalized Difference Vegetation Index (NDVI). Several RGB-based 

vegetation indices (VIs), including Green Chromatic Coordinate (GCC; also known as 

Channel_G%), 2G_RBi, and Green-Red vegetation index (GRVI), have been used to identify 

phenological stages in common vegetation types in Svalbard (Anderson et al., 2016, 2017). 

The RGB-based ‘Excess Green’ index (ExG; also referred to as GEI) and NDVI (from 
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handheld, non-imaging sensors) have been used to describe vegetation composition in the 

Arctic (Beamish et al., 2016; Cooper et al., 2019). However, whether near-remotely sensed 

NDVI or RGB-based VIs can be used to describe temporal variation in community 

composition over several years remains untested.  

This study aims at advancing our understanding of the usefulness of near-remote sensing as a 

tool for describing vegetation change in Arctic tundra. This study also aims at illuminating the 

effects of snow depth on plant community composition in two vegetation types, by using data 

from a 15 year-running snow fence experiment in Adventdalen, Svalbard. Specifically I aim 

to:  

1) Describe overall observed year-to-year changes in plant community composition in 

plots with experimentally deepened snow (Deep) and control plots (Ambient) in two 

vegetation types (Heath and Meadow), using data from 2015, 2020 and 2021. It is 

expected that, in accordance with Cooper et al. (2019): 

a. Dwarf shrub cover decreased while bryophyte cover increased in Deep plots. 

b. Dead plant material increased in Deep plots, especially from dwarf shrubs.  

It is further expected that: 

c. Any effects of deepened snow on plant cover got larger over time.  

2) Test several RGB image based VIs (Excess Green, Greenness Index, Green Chromatic 

Coordinate, and 2G_RBi) as well as NDVI (image and non-image based) for overall 

differences between Deep and Ambient snow regimes, and between Heath and 

Meadow vegetation types, in 2015, 2020, and 2021. Further, the relationships between 

a subset of VIs (Green Chromatic Coordinate, image and non-image based NDVI) and 

plant species/functional group cover will be explored. It is expected that:  

a. Vegetation indices differ between Ambient and Deep snow regimes as well as 

between Heath and Meadow vegetation types. It is further expected that VIs 

reflect changes in plant community composition over the study period.  

b. One or more VIs will correlate with cover of major plant species and/or 

functional groups, and reflect changes in these between 2015, 2020 and 2021.  

3) Use the knowledge obtained in point 2 to evaluate the suitability of near-remote 

sensing technology (imaging and non-imaging) for describing and monitoring 

vegetation change in the future.  



 

Page 6 of 59 

 

2 Methods 

2.1 Study site 

The study site is located in Adventdalen, Svalbard, Norway (78°10’N, 16°04’E), a large 

valley in the western part of Spitsbergen. This high-Arctic valley has a mean annual 

temperature of -4.7 ± 1.9 °C (from 1976-2020; data available from Svalbard Airport about 15 

km west of the study site at seklima.met.no). Summer temperatures are cold, with mean July 

temperatures at 6.9 ± 1.1 °C (1976-2020), and the growing season is as short as six to ten 

weeks for most plants (Semenchuk et al., 2016). Mean annual precipitation in the same years 

was 196.2 ± 46.0 mm with most of this precipitation falling as snow in the winter. The valley 

is underlain by permafrost throughout, and the active soil layer thickness within the study site 

was only 91.1 ± 18.7 cm by mid-August 2021 (own data, unpublished). Maximum active soil 

layer thickness was measured at the site in 2012 by Xu et al. (2021), where it was between 

106-130 cm depending on vegetation type and snow regime.  

The vegetation within the study site is characteristically Arctic with very little vegetation 

above 10 cm in height and few species present. Valleys in the central Spitsbergen are 

generally dominated by two major vegetation types; Cassiope heath and mesic meadow 

(Elvebakk, 2005). Cassiope heaths beneath the rocky valley slopes are dominated by the 

evergreen dwarf shrub Cassiope tetragona L. while other common vascular plants include 

Dryas octopetala L., Salix polaris Wahlenb., Alopecurus ovatus Knapp. and Bistorta vivipara 

L. (Cooper et al., 2011; Morgner et al., 2010). The landscape topography is varied with many 

ridges and hollows, but the study locations were established in flat to gently north-facing, 

sloping areas. The soil is stony and relatively well-drained with a continuous moisture supply 

throughout the growing season (Elvebakk, 2005; Morgner et al., 2010). Mesic meadows 

contain many of the same plant species as Cassiope heath but are generally dominated by S. 

polaris while Luzula confusa Lindeb., A. ovatus, D. octopetala and B. vivipara are also 

abundant (Cooper et al., 2011). Cassiope tetragona grows in smaller patches. Other common 

species across the study area include: Oxyria digyna L., Stellaria longipes Goldie., 

Pedicularis hirsuta L., and Equisetum arvense L. spp. Alpestre Wahlenb. Bryophyte cover is 

greater in mesic meadows compared to Cassiope heath and can often constitute up to 50% or 

more of the plant cover. The most common bryophytes are Sanionia uncinata Hedw., 

Tomentyphnum nitens Hedw., Polytrichum Hedw. spp., Dicranium Hedw. spp., and 

http://www.seklima.met.no/
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Distichium Bruch & Schimp spp. (Cooper et al., 2019). Common lichens include Rhizocarpon 

geographicum L., Stereocaulon Hoffm. spp., Thamnolia vermicularis Sw. and Cetrariella 

delisei Bory ex Schaer. The meadows are situated further away from the valley sides, on flat 

river terraces with a fine and mesic soil created by fluvial deposits. In some places these river 

terraces are disturbed by cryoturbation. The scientific names for vascular plants are according 

to the PanArctic-Flora (panarcticflora.org).  

2.2 Experimental design 

This study was conducted within a long-term field experiment established in 2006, using 

snow fences to modify snow depth (Morgner et al., 2010). The fences were 6 m wide and 1.5 

m tall. They were placed perpendicular to the dominant wind direction which is south-easterly 

in the valley (Figure 1-2). This simple design causes drifting snow to accumulate on the 

leeside of the fences where snow depth increases in an area of > 20 m behind the fence  

(Cooper et al., 2011). The snow is deepest in the area of 3-12 m behind the fence, hereafter 

called ‘Deep’ snow regime; where the maximum winter snow depth is up to 1.2 m greater 

than Ambient snow depth (Morgner et al., 2010; Figure 1-2).  

Twelve snow fences were established in 2006 in a multi-factorial, nested design. Six fences 

were placed in each of the two major vegetation types in the valley; Cassiope heath and mesic 

meadow (from here; ‘Heath’ and ‘Meadow’). Two separate clusters of three snow fences 

(hereafter ‘blocks’) were placed in each of the vegetation types (blocks A-B in Heath and C-D 

in Meadow). Each block was about 200 x 200 m and all blocks were located within an area of 

about 2.5 x 1.5 km with a minimum distance of 500 m between the blocks (Figure 3). At each 

fence location, six vegetation plots (75 x75 cm) were placed in the Deep snow regime as well 

as six plots in the Ambient snow regime. Ambient plots served as control plots for each fence, 

and were placed to the side of the fence, on areas checked to be unaffected by snow melting 

from the fences. Of the six plots in each snow regime (Deep or Ambient), three were placed 

such that the dominant evergreen dwarf shrub (DES) was Dryas octopetala, and three such 

that Cassiope tetragona was the DES (from here; ‘Dryas’ and ‘Cassiope’ plots). One snow 

fence (fence C8) did not have any Cassiope plants and therefore no Cassiope plots in the 

Deep snow regime. Thus, only the three Dryas plots were included as Deep plots at this fence. 

One fence (fence A2) collapsed before 2015, and therefore no plots associated with that fence 

were used in this study. The river terraces are subject to dramatic permafrost-driven soil 

http://panarcticflora.org/
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movement, and in some areas large-scale soil collapses are visible, which occurred after the 

establishment of the site. This is especially notable in one area where an ice lens has possibly 

collapsed and left a large, ~1.5 m deep, water-filled crater in the ground behind a snow fence 

(fence C7; Parmentier et al., 2019; and see Figure S1). This fence was still included in the 

study although two plots which were completely submerged in water were not surveyed. 

Thus, this study includes the survey of 127 permanent plots (Table 1) from 11 fence locations. 

The plots were established in 2007 and data for this study was collected in 2015, 2020 and 

2021.  

 

Figure 1. Schematic drawing of a snow fence and location of plots. Prevailing wind direction causes deposition of 
a snow drift behind the fence. In the area of 3-12 m behind the fence, snow depth is ~1 m deeper than the 
ambient snow depth. ’Deep’ plots are placed in this area of deepened snow while ’Ambient’ plots are placed to 
the side of the snow fence to serve as control plots for the ’Deep’ treatment. Dominant Evergreen Shrub (DES) 
was assigned; three plots with Cassiope tetragona (C) and three plots with Dryas octopetala (D). Redrawn after 
Cooper et al. (2019). 
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Figure 2. Accumulation of snow behind fence resulted in deepened snow and later snowmelt. 
Photograph from Cooper et al. (2011). 

Figure 3. Map of the study area. A: Location of Adventdalen, Svalbard. B: Location of the study 
site and Svalbard Airport within Adventdalen. C: Location of 11 snow fences within the study site. 
Fence A2 collapsed before 2015 and was therefore not used in this study. Snow fences are 
nested into four ‘Blocks’, indicated with capital letters A-D. Blocks A and B are in Heath while 

blocks C and D are in Meadow vegetation. Map and orthophotos accessed at geodata.npolar.no. 

https://geodata.npolar.no/
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2.3 Data collection 

Data collection consisted of making ground cover estimates, photographing, and measuring 

NDVI, at the permanent plots at peak-growing season (mid-July to early August) in 2015, 

2020 and 2021 (Table 2; Figure 4). In 2015, a subset of 39 plots was surveyed while all 127 

plots were surveyed in 2020 and 2021. All 2021 data was collected in the field by myself 

while data from previous years was collected by other scientists.  

Table 1. Number of plots included in the categories ‘Snow Regime’ (Ambient or Deep), ‘Dominant Evergreen 
Shrub’ (Cassiope or Dryas) and ‘Vegetation Type’ (Heath or Meadow). Numbers indicate plots surveyed in 2020 
and 2021 while numbers in parentheses indicate plots surveyed in 2015. Total number of plots surveyed in 2020 

and 2021 was 127. Thirty-nine (39) plots were included in 2015. 

 

 

Table 2. Dates for data collection in year 2015, 2020 and 2021 as well as time of snowmelt and thawing degree 
days (TDD; temperature sum of days with mean temperature > 0°C since snowmelt) at the first day of ground 
cover data collection and photograph collection. Mean monthly temperature between June-August are also shown 
for each year. Number of plots used in the respective years (n) is indicated in parenthesis. Dates given as Day of 
Year (DoY). Climatic data obtained from Svalbard Airport, 15 km West of the study site (data available at 
seklima.met.no).   

Year Jun-Aug 
temperature 
(mean; °C) 

Snowmelt 
(DoY) 

Ground cover 
(DoY) 

Ground cover 
(TDD) 

Photographs 
(DoY) 

Photographs 
(TDD) 

2015 
(n = 39) 

6.7 138 215-219 348.7 198-204 255.9 

2020  
(n = 127) 

7.1 113 198-206 296.2 198-206 296.2 

2021  
(n = 127) 

5.2 154 197-202 109.5 197-202 109.5 

 

 

Snow Regime Dominant Evergreen Shrub Heath Meadow Sum 

Ambient 
Cassiope 15 (5) 18 (5) 33 (10) 

Dryas 15 (5) 18 (5) 33 (10) 

Deep 
Cassiope 15 (5) 15 (4) 30 (9) 

Dryas 15 (5) 16 (5) 31 (10) 

http://www.seklima.met.no/
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2.3.1 Ground cover estimates 

Ground cover was obtained for a list of predetermined individual plant species, genera, and 

functional groups. This was done by visually estimating the per cent of ground covered by 

each plant or category in the permanent vegetation plot of 75 x 75 cm (Figure 4). Per cent 

ground cover was also estimated for the non-vegetated proportion of each plot (Table 3). The 

total ground cover for a plot always summed to 100%. Ground covers were subjective 

estimates made by observers in the field. To mitigate potential observer bias, estimates were 

usually carried out by two observers working together to increase accuracy, but sometimes 

plots were observed only by one observer for efficiency.  

Table 3. Categories (first column) for which ground cover was estimated in each plot in 2015 (n = 39), 2020 (n = 
127), and 2021 (n = 127). Note that the sum of all these categories equals 100% in each vegetation plot. 
Combined categories which were subsequently used in the analyses are indicated on the right side of the table. 
‘X’ indicates that a plant was included in the given category. ‘Vascular plants’ and ‘Shrubs’ and were divided into 
subcategories; ’Live vascular plants’, ‘Dead vascular plants’, ‘Live shrubs’ and ‘Dead shrubs’. ‘Live graminoids’ 
included live plant material only. ‘Total live plants’ included live vascular plants and bryophytes, but no distinction 
could be made between dead and live bryophytes. 

All surveyed ground 
cover categories 

Combined categories used in analysis 

Total live 
plants 

Live/dead vascular 
plants 

Live graminoids Live/dead 
shrubs 

Cassiope tetragona X X  X 

Dryas octopetala X X  X 

Salix polaris X X  X 

Bistorta vivipara X X   

Pedicularis spp. X X   

Alopecurus ovatus X X X  

Luzula spp. X X X  

Other graminoids X X X  

Other plants: herbs 
and Equisetum 

X X   

Bryophytes X    

Lichens     

Soil and biocrust     
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The surveyed plants included separate dead and live cover of the following vascular plants: C. 

tetragona, D. octopetala, S. polaris, B. vivipara, Pedicularis spp., A. ovatus, Luzula spp., and 

‘other graminoids’. The genus Pedicularis was represented by the two species P. dasyantha 

and P. hirsuta but no distinction was made between these. The Luzula genus was similarly 

represented by two species between which no distinction was made; L. confusa and L. nivalis. 

Dead and live cover was also observed separately for the category ‘other plants’ which 

consisted of forbs in the genera Oxyria L., Saxifraga L., Micranthes Haw., Draba L., Papaver 

L., Stellaria L., and Cerastium L. as well as a single species of horsetail; Equisetum arvensis 

spp. alpestre. Surveyed cryptogams included bryophytes and lichens, and no discrimination 

was made between dead and live material of these categories. A combined category (‘soil & 

biocrust) was also included for biological crust (including cyanobacteria), bare soil, animal 

droppings and stones. Ground cover data was collected using the same methodology each 

year, by different field workers but with training and guidance from the same project leader. 

2.3.2 Vegetation indices 

Normal RGB (Red-Green-Blue) photographs were taken of each plot during peak-growth in 

mid-July in all three years (Table 2; Figure 4). All photographs were taken with normal 

digital cameras with autofocus and an automatic setting for shutter speed, aperture, and ISO. 

Different cameras were used each year (Ricoh Digital 3, Sony Ilce-6100, Canon Powershot 

G16 in 2015, 2020 and 2021, respectively). The same plots were used for photographs as for 

ground cover. Additionally, in 2021 all plots were photographed with a MAPIR 3 RGN (Red-

Green-NIR) camera (MAPIR, San Diego, CA, USA). The cameras were mounted on an 

aluminium frame  (75 x 75 cm) with the camera fixed at 150 cm above ground, lens pointing 

vertically towards the ground (Figure 4). In addition to the image-derived VIs, a 

‘GreenSeeker’ handheld, non-imaging crop-sensor (Trimble Agriculture, Westminster, CO, 

USA) was used to measure NDVI in all plots in all three years. This sensor is an active sensor 

(as opposed to passive, imaging sensors), meaning that measurements are obtained by sending 

out red and near-infrared radiation, and subsequently measuring the radiation which is 

reflected by the vegetation. In 2020-2021, NDVI was measured with the GreenSeeker on the 

same days as ground cover estimates were made, with the sensor held at 90 cm above the 

ground. Three measurements were done per plot, and the mean value used in the statistical 
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analysis. In 2015, NDVI was measured in the same way on July 15 and 22 (DoY 197 and 

204). For the statistical analysis, mean value between these dates was used. 

2.4 Image data processing 

From RGB images the following VIs were derived: Green Chromatic Coordinate (GCC), 

Excess Green (ExG), 2G_RBi, and Greenness Index (GI). Normalized Differences Vegetation 

Index (NDVI) was derived from the MAPIR 3 RGN images for each plot in 2021. All 

MAPIR images were calibrated prior to processing, using the standard calibration option in 

MAPIR Camera Control (MCC) version 10/16/2019, an open-source software made available 

by the camera manufacturer (MAPIR, Inc. (2019). MCC. 

www.mapir.camera/collections/software). NDVI obtained with the GreenSeeker did not 

require any processing before analysis. 

  

 

 

Figure 4. Photos from field work in 2021. Left: Myself doing visual ground cover estimate for a plot in the 
‘Ambient’ snow regime in Meadow using a 75 x 75 cm frame to delineate the plot. Paired snow fence visible in the 
background. Right: Using the frame with mounted RGB camera to photograph a plot. RGB images were later 
used for calculation of RGB-based vegetation indices. 

http://www.mapir.camera/collections/software
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Figure 5. Example of a plot photograph taken with an RGB camara mounted 1.5 m above ground with a 75 x 
75 cm aluminium frame. The frame and surrounding vegetation were cropped out before vegetation indices 
were extracted from the image. White flowers in the plot belong to the shrub Cassiope tetragona.  

 

Vegetation index Formula 

RGB-based indices  

Green chromatic coordinate (GCC) 
𝐺𝐶𝐶 =

𝐺𝐷𝑁

𝑅𝐷𝑁 + 𝐺𝐷𝑁 + 𝐵𝐷𝑁
 

2G_RBi 2𝐺_𝑅𝐵𝑖 = 2𝐺𝐷𝑁 − (𝑅𝐷𝑁 + 𝐵𝐷𝑁) 

Greenness index (GI) 

 

𝐺𝐼 =
2𝐺𝐷𝑁 − (𝑅𝐷𝑁 + 𝐵𝐷𝑁)

2𝐺𝐷𝑁 + (𝑅𝐷𝑁 + 𝐵𝐷𝑁)
 

Excess Green (ExG) 𝐸𝑥𝐺 = 2𝑛𝐺 − (𝑛𝑅 + 𝑛𝐵) 

Excess Green-Red (ExGR) 𝐸𝑥𝐺𝑅 = 𝐸𝑥𝐺 − 1.4𝑛𝑅 − 𝑛𝐺 

Green-Red Vegetation Index (GRVI) 
𝐺𝑅𝑉𝐼 =

𝐺𝐷𝑁 − 𝑅𝐷𝑁

𝐺𝐷𝑁 + 𝑅𝐷𝑁
 

NIR based indices 

Normalized differences vegetation 

index (NDVI) 

 

𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅𝐷𝑁 − 𝑅𝐷𝑁

𝑁𝐼𝑅𝐷𝑁 + 𝑅𝐷𝑁
 

Table 4. Formulas for calculation of vegetation indices. RDN, GDN, BDN and NIRDN: digital number of pixels 
in red, green, blue and near-infrared bands. nR, nG and nB: normalised digital numbers of red, green and 

blue bands as respective bands divided by (RDN + GDN + BDN). 
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It was necessary to crop all RGB and RGN images in order to standardize the plot area, and 

exclude the aluminium frame and vegetation surrounding the plot before extracting VIs. This 

was done using the open-source photo-editing software GIMP version 2.10.22 (The GIMP 

Development Team. (2019). GIMP. https://www.gimp.org). RGB and RGN images were 

imported as JPEG-format, cropped using the ‘Free selection’ tool, and exported in 

uncompressed TIF-format (Figure 5). Vegetation indices were then extracted from the TIF-

files in RStudio (RStudio Team, 2022), using the ‘raster’-package (Hijmans, 2022). Digital 

numbers were extracted for the red, green, and blue channels in the case of RGB images, and 

for the red and near-infrared (NIR) channels in the case of RGN images. The values of the 

respective VIs were then calculated for each pixel according to the equations given in Table 4 

and summarized to a mean value for each VI in all plots. 

2.5 Statistical analysis 

Prior to the statistical analyses, a thorough data exploration was conducted as recommended 

by Zuur et al. (2010) and Zuur & Ieno (2016) to avoid problems with violation of underlying 

assumptions in the statistical approach. The data was investigated for the presence of outliers, 

collinearity among covariates and heteroscedasticity. The data exploration led to the exclusion 

of all plots which contained water, as water severely impacted the VIs and led to the presence 

of true outliers in the dataset. This meant that four plots were excluded from the statistical 

analyses in year 2020 and 2021. Thus, the data used in those years included 123 plots for all 

analyses. Plot identifiers for all plots which were included in the statistical analyses are listed 

in Table S2. All statistical analyses as well as data exploration were carried out in RStudio 

(RStudio Team, 2022). 

2.5.1 Effect of snow regime, vegetation type, and year on community 
composition 

A distance-based redundancy analysis (dbRDA; Legendre & Anderson, 1999) was conducted 

using the ‘capscale’-function of the ‘vegan’-package in R (Oksanen et al., 2020). This 

constrained ordination method allowed for explicitly investigating the effects of snow regime 

(Ambient or Deep), vegetation type (Heath or Meadow) and year (2015, 2020 or 2021) on 

plant community composition, including relative abundances of plants, as well as testing for 

multivariate interactions. The method further allowed ‘partialling out’ any variance described 

by the variables ‘Fence’ (denominating fence location) and ‘Dominant Evergreen Shrub 

https://www.gimp.org/
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(DES)’, similar to using random effects in linear mixed-effects modelling. This was done to 

account for spatial variability between the 11 snow fences as well as the inherent variability in 

Dryas and Cassiope cover described by ‘DES’. A significant advantage of the dbRDA is that 

it allowed for the use of the non-Euclidean Bray-Curtis distance, a good measure of 

ecological distance for species abundance data (Faith et al., 1987; Legendre & Legendre, 

2012). The use of Bray-Curtis distances further prevented double-zeros effects, where the 

absence of the same species in two different plots unduly influences the ecological distance 

between those plots. Significance of the terms ‘Snow regime’, ‘Vegetation type’, ‘Year’ and 

the interactions ‘Snow regime × Year’ and ‘Snow regime × Vegetation type’ was assessed 

through permutation tests using 999 permutations. Further, a model selection was run in 

which different combinations of significant model terms were compared by both an Akaike 

Information Criterion (AIC)-like criterion based on Chi-squares, as well as by adjusted R2-

values (Table S1). This was done by applying the ‘ordistep’- and ‘ordiR2step’-functions of 

the ‘vegan’-package with a forward selection and 999 permutations.  

2.5.2 Effect of snow regime, vegetation type, and year on cover of 
individual plant species/functional groups 

The relationship between plant cover and snow regime (Ambient or Deep), vegetation type 

(Heath or Meadow), and year-to-year variation between 2015, 2020 and 2021 was examined 

for a selection of plant species and functional groups (see Table 3). These were live Cassiope, 

live Dryas, live Salix, live Bistorta, live shrubs, live graminoids, total live vascular plants, 

total live plants, bryophytes, lichens, as well as total dead vascular plants, dead shrubs, and 

soil & biocrust (including stone and faeces). For this purpose, Generalized Linear Mixed-

effects Models (GLMMs) were applied for each category, resulting in 13 separate GLMMs. 

All GLMMs were done using the ‘glmmTMB’-package in R (Brooks et al., 2017).  

Since the ground cover data was proportional and had zero-truncated distributions, these 

models were done by applying GLMMs with beta-distributions and logit link-functions as 

recommended by Damgaard & Irvine (2019). Beta-distributed GLMMs only allow the 

response variable to take on values in the open interval ]0;1[, and therefore, all ground cover 

values were divided by 100. Ground covers were subsequently transformed with a ‘lemon-

squeezer’ transformation (Smithson & Verkuilen, 2006) which concentrates proportional 

values into the ]0;1[ interval and draws extreme values away from the interval limits. A 
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stepwise model reduction was done for each of the 13 GLMMs. Here, global models 

including the three covariates ‘Snow regime’, ‘Vegetation type’ and ‘Year’, as well as all 2- 

and 3-way interactions were reduced to the simplest models possible while keeping the 

additive terms ‘Snow regime’, ‘Year’ and ‘Vegetation type’ fixed. This was done by 

sequentially removing one term from the model and comparing model Chi-squares at each 

step between current (reduced) and previous (more complex) model. Model reduction was 

stopped if p < 0.05 for the Chi-squares test. Model residuals were examined at each step 

through the ‘DHARMa’ R-package (Hartig, 2021), applying visual inspection of residual 

plots as well as several tests for goodness-of-fit. Model structures of the 13 final models are 

presented in Table 6. All models included a nested random term to account for the spatial 

variability between fence locations as well as the inherent between-plot differences in Dryas 

and Cassiope cover described by the variable ‘DES’. This random term reflected the nested 

nature of the experimental design. For some models, it was necessary to allow variance to 

differ between fence locations, snow regimes, DES, or combinations of these, in order to get 

an acceptable model-fit (as judged from residual diagnostics in DHARMa). Predictor 

variables which were contributing to significant within-group deviations from residual 

uniformity in those models were identified by plotting scaled residuals against each predictor 

variable separately. Variance was then allowed to differ between levels of the identified 

predictors by applying the ‘dispformula’-option in ‘glmmTMB’ to the affected global models. 

Model selection was then repeated for those models. The applied dispersion formulas are also 

given in Table 6.  

2.5.3 Effect of snow regime, vegetation type, and year on vegetation 
indices 

The effects of snow regime, vegetation type, and year on VIs was analysed for the following 

RGB-based indices: Green Chromatic Coordinate (GCC), Greenness Index (GI), Excess 

Green (ExG) and 2G_RBi, as well as for NDVI obtained with two different sensors: non-

imaging GreenSeeker NDVI sensor and MAPIR 3 RGN camera (from here referred to as 

‘GS-NDVI’ and ‘MAPIR-NDVI’). The four RGB-based VIs were selected from a list of six 

candidate VIs since these had the best correlations with MAPIR-NDVI in 2021 according to 

linear regressions. This was done as it was of interest to investigate if RGB-based VIs could 

be used for vegetation monitoring in place of the widely used NDVI. Therefore, RGB indices 

which reflected the properties of NDVI were chosen for this analysis. The correlation between 
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GS-NDVI and MAPIR-NDVI was also tested. Adjusted R2 values for the seven linear 

regression models are presented in Table 5.   

Table 5 Adjusted R2 values for linear regressions of the following vegetation indices with MAPIR-NDVI in 2021: 
Green Chromatic Coordinate (GCC), 2G_RBI, Greenness Index (GI), Excess Green (ExG), Excess Green-Red 
(ExGR), Green-Red Vegetation Index (GRVI), and non-image based GreenSeeker NDVI (GS-NDVI). MAPIR-

NDVI was obtained with a MAPIR 3 RGN camera. 

Vegetation index Correlation with MAPIR-NDVI 

(adjusted R2) 

GCC 0.96 

2G_RBi 1.00 

GI 0.97 

ExG 0.96 

ExGR 0.77 

GRVI 0.23 

GS-NDVI 0.39 

 

The relationship between each VI and snow regime (Ambient or Deep), vegetation type 

(Heath or Meadow), and year (2015, 2020, and 2021) was analysed using Linear Mixed-effect 

Models (LMMs). MAPIR-NDVI was only available for 2021, and therefore the model for this 

index did not include a term to describe year-to-year variation. All models included a nested 

random term, same as described for ground cover models (section 2.5.2), to account for 

spatial variability as well as inherent differences in Dryas and Cassiope cover between plots. 

All LMMs were done using the ‘glmmTMB’-package in R (Brooks et al., 2017). Similar to 

the ground cover models described in section 2.5.3, a stepwise model reduction was done for 

each of the six LMMs. For each VI, a global model including ‘Snow regime, ‘Vegetation type 

and ‘Year’ as well as all 2- and 3-way interactions was reduced to the simplest model possible 

while keeping the additive terms ‘Snow regime’, ‘Vegetation type and ‘Year’ fixed. The 

global model for MAPIR-NDVI did not include the term ‘Year’ and therefore this model did 

not include a 3-way interaction. The procedure applied was the same as described for the 

ground cover models, where ‘DHARMa’ residual diagnostics and Chi-square tests were 

inquired at each step until the model could be reduced no further. Model structures of the 

resulting six LMMs are presented in Table 8.  

2.5.4 Relationship between vegetation indices and plant cover 

Relationships between three VIs (GCC, GS-NDVI and MAPIR-NDVI) and ground cover of 

13 ground cover categories were investigated. Due to the extensive nature of this analysis, 

relationships with plant cover could not be analysed for all VIs. Green Chromatic Coordinate 
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(GCC) was chosen since it was considered one of the most widely used RGB-based VIs in the 

Arctic (Anderson et al., 2016, 2017; Parmentier et al., 2021; Westergaard-Nielsen et al., 2013, 

2017). The two measures of NDVI (image based MAPIR- and non-image based GS-NDVI) 

were included in order to compare the performance of an RGB-based VI and the more widely 

used NDVI when used to describe plant community composition. Further, the two NDVI 

measures represent a passive (MAPIR) and an active (GS) sensor. Since the two sensors are 

fundamentally different, it was of interest to test whether they performed differently too, and 

to see if one was more sensitive to vegetation composition than the other.  

To test whether the relationships between the chosen VIs and plant cover differed between 

snow regimes, vegetation types, and years, analysis of variance (ANOVA) tests were applied. 

Separate tests were performed for each ground cover category and VI (resulting in 39 tests). 

Here, VIs were used as response variables. Explanatory variables were, in addition to cover of 

one specific ground cover category, the additive effects of ‘Snow regime’, ‘Vegetation type’, 

and ‘Year’ as well as their interactions with the ground cover category, according to the 

model: 

𝑉𝐼𝑖  ~ 𝐶𝑜𝑣𝑒𝑟 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦𝑗  ×  (𝑆𝑛𝑜𝑤 𝑟𝑒𝑔𝑖𝑚𝑒 + 𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑡𝑦𝑝𝑒 + 𝑌𝑒𝑎𝑟)    (𝑀𝑜𝑑𝑒𝑙 1) 

where i was the ith of the three VIs (GCC, GS-NDVI, and MAPIR-NDVI) and j was the jth of 

the 13 ground cover categories. ‘Snow regime’ included two levels (Ambient and Deep), 

‘Vegetation type’ also included two levels (Heath and Meadow) and ‘Year’ included three 

levels (2015, 2020, and 2021). Interactions were of specific interest in this analysis as the 

presence of significant interactions would mean that the relationship between ground cover 

categories and VIs would differ between snow regimes, vegetation types, or years. It was of 

interest to reveal any such inconsistencies if present, as these would represent a challenge in 

the use of VIs for describing and monitoring plant community composition.  
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3 Results 

3.1 Plant community composition 

In the dbRDA, the model which best described plant community composition was, according 

to AIC (in fact an AIC-like criterion based on Chi-squares, described in 2.5.1) and adjusted 

R2, the model:  

[𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑋 𝑐𝑜𝑣𝑒𝑟] ~ 𝑆𝑛𝑜𝑤 𝑅𝑒𝑔𝑖𝑚𝑒 + 𝑌𝑒𝑎𝑟 + 𝑐𝑜𝑛𝑑 (𝐹𝑒𝑛𝑐𝑒 ×  𝐷𝐸𝑆)         (𝑀𝑜𝑑𝑒𝑙 2) 

where variance described by conditioning (cond) variables ‘Fence’ (fence location) and 

‘DES’ and their interaction was partialled out. The [species X cover] matrix included per cent 

ground cover of the plants described in section 2.3.1 and Table 3 (left column). ‘Snow 

regime’ included two levels (Deep and Ambient) while ‘Year’ included three levels (2015, 

2020, and 2021). AIC and adjusted R2 values are given for all candidate models in Table S1. 

Vegetation type did not describe any significant amount of variance in plant community 

composition according to the conducted permutation tests (p > 0.05; 999 permutations). The 

term ‘Vegetation type’ and its interaction with ‘Snow regime’ were therefore excluded from 

the final model (Model 2). Addition of the interaction term ‘Snow regime × Year’ did not 

improve the model fit (ΔAIC = 1.3, Δadj-R2 = -0.012) and thus, no interaction was found 

between snow regime and year. The model accounted for 43.8% of the total variance in 

community composition. Of this, 13.7% was explained by the variables ‘Snow regime’ and 

‘Year’ while 30.1% was explained by the conditioning variables ‘Fence’ and ‘DES’. After 

removing the contribution of the conditioning variables, snow regime accounted for 14.2% of 

the variance in community composition (F = 33.1, p < 0.001). Year accounted for 3.0% (F = 

3.89, p < 0.001) after snow regime had already been accounted for. Plant communities in 

Deep and Ambient snow regimes clearly separated in ordination space (Figure 6). Snow 

regimes separated primarily along the first constrained axis (CAP1) which explained 15.2% 

of community variance. Here, Ambient plots generally had negative loadings while Deep plots 

had positive loadings (Figure 6.B). The three years separated clearly along the second 

constrained axis (CAP2) which explained 3.0% of community variance. Here, 2015 had a 

highly negative loading while 2021 had a highly positive loading on CAP2. Even though 

CAP2 only captured a small amount of community variance the effect of year was still 

significant according to permutation tests. Live material of the shrubs Dryas,  
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Cassiope, and Salix had clear negative loadings on the CAP1 axis. Especially live Dryas and 

Cassiope clustered in association with Ambient plots while live Salix appeared to associate 

with both Ambient plots and the year 2021. Live Bistorta and dead Cassiope had positive 

loadings on the CAP1 axis, and clustered in association with Deep plots. Bryophytes had 

highly positive loadings on both the CAP1 axis and the second constrained axis (CAP2).  

3.2 Cover of individual plant species and functional groups 

The additive effect of snow regime significantly influenced all ground cover categories except 

live graminoids (Figure 7; Table 7). Here, all p-values were below 0.001 with exceptions only 

in the two categories ‘Lichens’ and ‘Soil & biocrust’. Deep snow had a negative impact on 

the cover of all categories which contained live plants, except live Bistorta and bryophytes 

where the effect of Deep snow was instead positive. Deep snow positively affected the cover 

of dead vascular plants and dead shrubs as well as soil & biocrust with the estimates for dead 

vascular plants and dead shrubs being highly significant (p < 0.001). Dead vascular plant 

cover decreased between 2015-2021 while bryophytes and live Salix both increased between 

2015-2021.  

The additive effect of vegetation type (Heath or Meadow) impacted the cover of dead and live 

shrubs, live graminoids, live Dryas and live Bistorta (Figure 7; Table 7). Here, Heath 

contained more dead and live shrubs, especially live Dryas, than Meadow. Meadow contained 

more live graminoids and live Bistorta. Deep snow generally had a stronger effect in Heath 

than in Meadow, with a more pronounced negative impact on total live plants, live shrubs, 

and live Dryas, as indicated by the significant interactions between snow regime and 

vegetation type in these plant categories (Table 7). The positive responses to Deep snow in 

dead vascular plants and dead shrubs were also greatest in Heath compared to Meadow. 

Bryophytes showed a different pattern, with the positive effect of Deep snow being more 

pronounced in Meadow. Live graminoid cover decreased under Deep snow in Meadow only. 

Year-to-year variation further differed between Heath and Meadow in total live plants, live 

vascular plants, live graminoids and lichens. Although the interaction ‘Vegetation type × 

Year’ was significant for these categories, it should be noted that the categories showed 

significance (p < 0.05) only in one or none of the additive terms included in this interaction. 

Total live plant cover increased between 2015-2021 but only in Heath. Live vascular plant 

cover was similar in Heath and Meadow in 2015 but smaller in Meadow compared to Heath 
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in 2020-2021. Live graminoid cover in Meadow was about two times greater in 2015 

compared to 2020-2021. Lichen cover was greatest in 2020 but this was due to an increase in 

Heath only. For dead vascular plants, the positive effect of Deep snow decreased between 

2015-2021 in Heath while remaining similar among years in Meadow (Figure 7), as indicated 

by the significant three-way interaction ‘Vegetation type × Snow regime × Year’ (Table 7). 
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3.3 Vegetation indices  

Clear differences between Ambient and Deep snow regimes were found in all six VIs (Figure 

8; Table 9) with a uniform response in all indices showing lower values in Deep snow 

compared to Ambient. All indices showed high significance for the term ‘Snow regime’ (p < 

0.001).  

Vegetation index values varied between years in all indices (except MAPIR-NDVI where the 

model did not include the term ‘Year’). In ExG, GI and GCC, values were lowest in 2015, and 

increased to similar levels between 2020-2021. The index 2G_RBi also showed lowest values 

in 2015 but was greater 2020 than in 2021. GS-NDVI was highest in 2020 and lowest in 2021 

with the 2015 mean falling between those years. The negative effect of snow regime was 

similar among years in all indices (Figure 8; Table 9).  

The additive effect of vegetation type on VIs was only significant for MAPIR-NDVI with 

Meadow being higher than Heath (p < 0.001; Table 9). However, all four RGB-based VIs 

(ExG, GI, GCC, and 2G_RBi) showed a stronger negative response to Deep snow in Heath 

than in Meadow (significant interaction ‘Snow regime × Vegetation type’; Table 9).  

Table 8. Included model terms in best candidate models (LMMs) resulting from the model selection for 6 
vegetation indices, including four RGB (Red-Green-Blue) indices and NDVI measured with two different sensors 
(non-imaging, active GreenSeeker and imaging, passive ’MAPIR’). All vegetation indices were modelled with a 
gaussian distribution. Each model included an identical random factor where ’Dominant Evergreen Shrub (DES)’ 
was nested within snow fence location, in addition to the model terms shown. ’MAPIR-NDVI’ was only measured 

in one year (2021) and thus did not include the term ’Year’. 

 Model term 

Vegetation  
Index 
(response) 

Vegetation 
type 

Year Snow 
regime 

Snow 
regime × 
vegetation 
type 

Year × 
Vegetation 
type 

Snow 
regime 
× year 

Vegetation 
type × Year 
× Snow 
regime 

ExG X X X X - X - 

2G_RBi X X X X - X - 

GI X X X X - X - 

GCC X X X X - X - 

GreenSeeker- 
NDVI 

X X X X X - - 

MAPIR- 
NDVI 

X - X - - - - 
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Table 9. Slope estimates ± standard errors for model terms in 6 LMMs, each modelling different vegetation 
indices (responses) with the model terms ’Vegetation type’ (Heath/Meadow), ’Snow regime’ (Ambient/Deep) and 
’Year’ (2015/2020/2021) and interactions when relevant. Empty fields indicate that the model term was not 
included in the model for that specific vegetation index. See Table 8 for details on model structures and Table 3 
for index equations. Significant terms are highlighted in bold, and significance levels indicated with asterisks (’*’: p 
< 0.05, ’**’: p < 0.01, ’***’: p < 0.001).  Significance levels for model intercepts are not shown. 

 

 

 Vegetation index (response) 

Model term ExG 2G_RBi GI GCC GreenSeeker
- NDVI 

MAPIR- 
NDVI 

Intercept 0.03 ± 
0.01 

6.4 ± 
2.48 

0.02 ± 
0.01 

0.34 ± 
0.00 

0.47 ± 
0.02 

0.36 ± 
0.01 

Snow regime       
Ambient → Deep -0.05 ± 

0.01 *** 
-10.31 
± 2.76 
*** 

-0.04 ± 
0.01 
*** 

-0.02 ± 
0.00 
*** 

-0.1 ± 
0.01 *** 

-0.04 ± 
0.01 *** 

Year       
2015 → 2020 0.10 ± 

0.01 *** 
19.76 ± 
2.07 
*** 

0.06 ± 
0.01 
*** 

0.03 ± 
0.00 
*** 

0.06 ± 
0.02 ** 

 

2015 → 2021 0.07 ± 
0.01 *** 

16.24 ± 
2.03 
*** 

0.05 ± 
0.01 
*** 

0.02 ± 
0.00 
*** 

-0.05 ± 
0.02 * 

 

 
Vegetation type 

      

Heath → Meadow 0.01 ± 
0.01 

-1.14 ± 
2.54 

0.00 ± 
0.01 

0.00 ± 
0.00 

0.03 ± 
0.03 

0.02 ± 
0.01 ** 

Snow regime X vegetation type       
Ambient/Heath → 
Deep/Meadow 

0.02 ± 
0.01 * 

6.06 ± 
2.00 ** 

0.02 ± 
0.01 * 

0.01 ± 
0.00 * 

 
 

 
Year X vegetation type 

      

2015/Heath → 2020/Meadow 
    

-0.04 ± 
0.03 

 

2015/Heath → 2021/Meadow 
    

0.03 ± 
0.03 

 

 
Snow regime X year 

      

Ambient/2015 → Deep/2020 -0.01 ± 
0.02 

-1.99 ± 
3.01 

0 ± 0.01 0 ± 
0.01 

 
 

Ambient/2015 → Deep/2021 0.01 ± 
0.02 

2.7 ± 
2.95 

0.01 ± 
0.01 

0 ± 
0.01 
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3.4 GCC and NDVI relationships with plant cover 

Most ground cover categories showed significant correlations with VIs (GCC, GS-NDVI and 

MAPIR-NDVI; Table 10). Live Bistorta did not show significant correlations with GCC, nor 

did bryophytes in Heath. Lichen cover did not show significant correlations with any of the 

three VIs.  

Linear relationships between plant cover and VIs (GCC, GS-NDVI and MAPIR-NDVI) 

generally remained similar in slope direction for all VIs across snow regimes, years, and 

vegetation types. However, slope direction sometimes varied between vegetation types or 

snow regimes for live vascular plants and live Cassiope (Figure 9-11). In most plant groups, 

the magnitude (i.e., slope) of responses was not the same between years, nor between 

vegetation types (Figure 9-11), as indicated by the significant interactions between ‘Ground 

cover category’ and ‘Year’ and/or ‘Vegetation type’ (Table 10). Green Chromatic Coordinate 

showed different response magnitudes between Heath and Meadow for 8 out of 13 ground 

cover categories. Furthermore, response magnitudes varied between snow regimes for the 

plant categories live Dryas, live Cassiope, and dead shrubs. For GS-NDVI, the magnitude of 

responses varied between Heath and Meadow in 5 out of 13 plant groups but remained similar 

between years, with exceptions in total live plants, live vascular plants, and dead vascular 

plants. The relationships between GS-NDVI and plant cover also varied between snow 

regimes in the categories live Dryas and live shrubs. Further, relationships with MAPIR-

NDVI were different in Deep and Ambient snow regimes for total live plants, dead vascular 

plants, and live Bistorta. Plant cover and MAPIR-NDVI showed the same relationship 

between Heath and Meadow in ground cover categories. 
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Figure 11. Linear regressions for ground cover categories with MAPIR-NDVI in 2021 and two snow regimes 
(Deep and Ambient) in Heath and Meadow vegetation types, respectively. All shown ground cover categories 
have significant relationships with MAPIR-NDVI according to ANOVA (p < 0.05; Table 10). Ground over 
categories which did not have significant relationships with MAPIR-NDVI are excluded. The categories 
‘Cassiope’, ‘Dryas’, and ‘Salix’ refer to live plant material only. 
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4 Discussion 

4.1 Summary of results 

This study demonstrates clear changes in plant community composition after 15 years of 

experimentally deepened snow in Adventdalen, Svalbard (Figure 6-7; Table 7). Live cover of 

the shrubs Cassiope, Dryas, and Salix declined in Deep snow while bryophytes increased. 

Deep snow had more dead vascular plant material, and this was especially from dead shrubs 

in Heath. However, dead shrub cover declined between 2015-2021. The overall effect of 

deepened snow did not appear to get larger with time but generally remained similar in 2015, 

2020 and 2021. Heath and Meadow vegetation types responded to deepened snow in a similar 

manner, but community changes were more pronounced in Heath.  

The RGB-based VIs (ExG, 2G_RBi, GI, and GCC) as well as image based and non-image 

based NDVI (MAPIR-NDVI and GS-NDVI) all showed similar patterns across snow regimes 

and years (Figure 8, Table 9). Deep plots had lower VI values than Ambient plots, possibly 

reflecting the differences in plant community composition described for the two snow 

regimes. Vegetation indices generally remained similar between vegetation types but Deep 

snow affected Heath more negatively than Meadow. This is concurrent with the larger 

community changes also seen in Heath vegetation. Vegetation indices varied among years and 

were generally lowest in 2015 while differences between 2020 and 2021 were only observed 

in GS-NDVI.  

Relationships between VIs (GCC, GS-NDVI, and MAPIR-NDVI) and cover of individual 

plant species/functional groups varied in magnitude and sometimes direction between 

vegetation types, years and/or snow regimes for most plant species and functional groups. 

However, directions of these relationships were generally similar between years, snow 

regimes, and vegetation types.  

4.2 Plant community 

The changes in plant community documented here after 15 years did not show very different 

trends from the changes documented after 9 years by Cooper et al. (2019) within the same 

experiment. This indicates that some of the vegetation changes described here likely 

happened before 2015, and that the effect of deepened snow generally did not get larger with 

time. Since 2015, total live plant cover has increased in Deep snow while dead vascular plant 
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cover (mostly from dead shrubs) has decreased (Figure 7; Table 7). The latter trend suggests 

that shrub die-back most likely happened sometime before 2015, due to the installation of the 

snow fences, and since then, dead plant material has been disappearing from the plots. 

Distance-based redundancy analysis revealed general differences in community composition 

between snow regimes and years. The arrangement of the three years on the CAP2 axis 

(Figure 6) indicates a temporal development in the plant community between 2015-2021 with 

changes happening independently of snow regimes, especially in Salix and bryophytes. This 

was supported by GLMMs which further documented general decreases in live graminoids in 

Meadow vegetation (Figure 7, Table 7). However, differences between snow regimes were 

more pronounced, showing that snow depth is an important driver of plant community change 

in the study system. The dbRDA did not indicate any significant differences in plant 

communities between Heath and Meadow vegetation types but this result was contrasted 

when modelling plant cover for each species separately using GLMMs (Figure 7, Table 7). 

Here, 10 of the 13 plant categories showed differences in ground cover between vegetation 

types when interactions were included in the models. The three categories which never 

differed between Heath and Meadow vegetation types were: live Cassiope, live Salix, and 

‘Soil & biocrust’.  

A general trend was seen where bryophyte cover showed a steady increase in both snow 

regimes between 2015-2021. However, the increase was greatest in Deep snow, and 

especially in Meadow where bryophyte cover had increased about three-fold since 2015 

(Figure 7). In 2021, bryophyte cover was more than twice as extensive in Deep than Ambient 

in the Meadow habitat. Hence, bryophytes was the only plant group which saw significantly 

larger changes in Meadow than Heath under Deep snow (see term ‘Snow regime × Vegetation 

type’; Table 7). In fact, the opposite trend (i.e., larger changes in Heath) was observed in 

several plant categories (total live plants, dead vascular plants, dead shrubs, live shrubs, live 

graminoids and live Dryas) where the interaction terms ‘Snow regime × Vegetation type’ 

were significant (Table 7). This is contrasting to the findings of Mörsdorf & Cooper (2021) 

which concluded that changes were greatest in Meadow when combined with experimental 

summer warming. These results indicate that Heath vegetation may be more vulnerable to 

changes under altered snow conditions compared to Meadow vegetation. Anyhow, this study 

did document a decrease in live vascular plants in Meadow (mostly from live graminoids) 

between 2015-2021 (Figure 7), but this reflected a general trend which happened in both 
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Ambient and Deep plots. A likely explanation for the decrease in live graminoids could be 

intensified grazing pressure from a growing Svalbard reindeer (Rangifer tarandus 

platyrhynchus) population in the study area (see www.mosj.no). Fertilisation by addition of 

reindeer faeces simultaneously across the study site could also be partly responsible for the 

general increase in live Salix in both Ambient and Deep snow described here (Figure 7; Table 

7; see van der Wal & Brooker, 2004), although this explanation is not comprehensive. It is 

possible that the marked increase in bryophyte cover in Meadow vegetation over the study 

period may be due to increasing summer rainfall but unfortunately, summer precipitation data 

was not available for all study years (seklima.met.no) and hence, this relationship could not 

be explored further. Increasing bryophyte cover may also be an effect of lower competition 

from the described decrease in vascular plants, as has also been suggested by Mörsdorf & 

Cooper (2021). Such a negative relationship between bryophytes and vascular plants is well-

established in the Arctic (Cornelissen et al., 2001; Elmendorf et al., 2012; Martin et al., 2017), 

as well as in Norwegian alpine tundra (Klanderud & Totland, 2005), where bryophytes appear 

to be at a competitive disadvantage to vascular plants. Wahren et al. (2005) found a similar 

increase in bryophyte cover in highly increased snow depth (deepened by ~3 m) at a moist 

tussock tundra site in Toolik Lake, Alaska, USA. This was combined with a decrease in 

evergreen shrubs but an increase in deciduous shrubs. However, within their study site, 

bryophytes generally decreased while shrubs increased in most levels of deepened snow. At a 

dry tundra site, bryophyte cover was found to decrease consistently in all deepened snow 

regimes while shrubs increased (Wahren et al., 2005). Christiansen et al. (2018) found that 

evergreen shrubs increased in deepened snow at a mesic tundra site in Daring Lake, Canada. 

Similarly, for graminoids, contrasting findings have been reported with increases in Abisko, 

sub-Arctic Sweden (Johansson et al., 2013), and decreases in Toolik Lake (Leffler et al., 

2016). This diversity of responses demonstrates that when comparing the effects of deepened 

snow, one must consider both the level of snow-increase as well as the initial composition of 

the plant community which is under effect.  

Our study site in Adventdalen, Svalbard, is the only site, except Toolik Lake, where 

increasing bryophyte and decreasing shrub- and graminoid cover has been documented due to 

a deepened snow regime. This study further documents an increase in the common forb 

Bistorta although this result should be interpreted with some caution as variation in 

abundance between snow regimes was small. However, Mörsdorf & Cooper (2021) also 

http://www.mosj.no/
https://seklima.met.no/
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documented an increase in Bistorta in Deep snow when combined with summer warming in 

our study site using data from 2017, supporting this result. Further, Bistorta is often 

associated with snow-bed communities, and increased forb abundance in Deep snow has been 

observed in several alpine snow manipulation sites (Mark et al., 2015; Wipf & Rixen, 2010). 

The contrasting findings from this and other studies in the Arctic confirm that community 

composition responses to climate are highly heterogenous, site-dependent and vegetation 

type-specific (Bjorkman et al., 2018; Elmendorf et al., 2012; Niittynen et al., 2020; Rixen et 

al., 2022). It is clear that any response is dependent on the initial state of the plant community 

(Epstein et al., 2000; Mörsdorf & Cooper, 2021; Wipf & Rixen, 2010) as well as the level of 

snow increase (Rixen et al., 2022). In this study, however, responses to deepened snow 

mainly differed in magnitude but not direction between Heath and Meadow vegetation types, 

albeit with an exception in live graminoids which decreased under deepened snow only in 

Meadow. It has been suggested that plant functional groups may mask species-specific 

responses to snow regimes in shrubs (Saccone et al., 2017) but this does not appear to be the 

case in our study site as all three shrub species (Cassiope, Dryas, and Salix) showed very 

similar responses (Figure 7; Table 7).  

Several abiotic factors have been identified which play important roles in determining plant 

community composition responses to climate, including soil moisture (Bjorkman et al., 2018; 

Elmendorf et al., 2012; Kemppinen et al., 2019) and nutrient availability (Mörsdorf et al., 

2019; Semenchuk et al., 2015), both of which are altered in Deep snow (Morgner et al., 2010; 

Schimel et al., 2004). Mörsdorf & Cooper (2021) suggested that increased soil moisture soon 

after snowmelt may be driving shrub die-back due to waterlogging with associated anoxia. 

Furthermore, shrub growth and reproduction may be especially negatively impacted by the 

shortened growing season which result from delayed spring-time snow melt as well as by 

lower summer soil temperatures in Deep plots (Cooper et al., 2011). Shrub and graminoid 

dieback create space which bryophytes and other snow bed plants, such as anoxia-adapted 

forbs, i.e., Bistorta, can colonise (Crawford et al., 1994), presumably under reduced 

competition (Wijk, 1986). The elevated nutrient availability under deepened snow can 

enhance both bryophyte (Sjögersten et al., 2010) and forb growth, especially in Bistorta 

(Mörsdorf et al., 2019). Furthermore, the parasitic fungi Exobasidium hypogenum Nannf. is 

known to increase under deepened snow (Moriana-Armendariz et al., 2021), and this may 

have negative impacts on the common shrub Cassiope at our study site. 
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Plant cover data for this study was obtained by visual ground cover estimates. Here, plant 

cover is assessed in a subjective estimate by the field worker, and data reliability is therefore 

dependent on the field worker having a certain level of training in this technique. The method 

is widely used due to its efficiency which enables biologists to survey many plots in a short 

amount of time. However, the obtained data is not strictly objective, and should therefore be 

interpreted with some caution. Here, the researcher must assess whether observed differences 

in cover represent real changes, or if they could be caused by observer-bias, or simply be 

artefacts of inaccuracy (especially for small percent-wise differences; Vittoz & Guisan, 2007). 

An alternative method to visual cover estimation is the point intercept-method, which 

provides a more objective measure of plant cover. However, this method is time-consuming 

compared to visual estimation, and would not have been feasible in the case of this study 

which included 127 vegetation plots. Vittoz & Guisan (2007) compared the two methods and 

argued that visual estimation is the most appropriate method when working in a setting with 

high replication due to a trade-off between efficiency and data quality. They further showed 

that estimate accuracy could be improved when observers worked together in pairs, as was 

generally done in this study. Similar results have been reported from our study site using both 

visual cover estimates (Cooper et al., 2019) and point intercepts (Mörsdorf & Cooper, 2021), 

suggesting that the current vegetation change can indeed be reliably observed by visual cover 

estimates within the study site.  

4.3 Vegetation indices 

An interesting finding from this study was that most of the tested RGB-based VIs had very 

good correlations with the imaging MAPIR-NDVI in our plots (Table 5). Thus, indicating that 

both GCC, 2G_RBi, GI, ExG and ExGR could potentially be used as substitutes for NDVI in 

the vegetation types investigated in this study (Cassiope Heath and mesic meadow) but with 

ExGR being inferior to the other indices (R2 = 0.77). A similar, good correlation between 

ExG and NDVI has also been documented in Toolik Lake, Alaska  (Beamish et al., 2016; note 

ExG is referred to as ‘GEI’ here), underlining the potential usefulness of ExG as a monitoring 

tool in Arctic tundra. Of the tested RGB-based VIs, only GRVI had a poor correlation with 

NDVI (R2 = 0.23) even though GRVI has previously showed strong correlations with GS-

NDVI in a phenology study in Advendalen, Svalbard (Anderson et al., 2016, 2017). An 

inspection of the equations given in Table 3 reveals that 2G_RBi, GI and ExG are calculated 

from rather similar equations, where GI and ExG are in fact normalised measures of 2G_RBi, 
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calculated in two different ways. Because of this relatedness of the VIs, it is not surprising 

that these show the similar patterns documented in this study. However, it is noteworthy that 

2G_RBi, GI and ExG show the same general trends as GCC and NDVI across years and snow 

regimes (Table 9; Figure 8). GS-NDVI had poor correlation with MAPIR-NDVI (R2 = 0.39; 

Table 5) and showed much larger variance than MAPIR-NDVI (evident from greater standard 

errors; Figure 8). Differences between the two NDVI measures can most likely be ascribed to 

the less standardised use of the GreenSeeker sensor in the field (not mounted on camera frame 

at fixed height and angle like the MAPIR camera), as well as the smaller ground area 

measured by the GreenSeeker (30 x 30 cm) which meant that the GreenSeeker was in fact 

only recording NDVI for a sub-area of each plot.  

All tested VIs showed lower values in Deep snow than in Ambient, and generally reflected the 

same pattern in Heath and Meadow vegetation types. GS-NDVI was the only index which 

showed lower values in 2021 compared to 2015, which was the lowest year in all RGB-based 

VIs (ExG, 2G_RBi, GI and GCC; Figure 8). However, this same year-to-year pattern was 

revealed when comparing maximum seasonal NDVI values in the same years from a nearby 

PhenoCam study (Figure 11; described in Parmentier et al., 2021). This suggests that the 

observed GS-NDVI values are representative for the study area, and highlights differences 

between RGB-based VIs and NDVI. Only MAPIR-NDVI was able to detect general 

differences between vegetation types, with Meadow being higher than Heath (Table 9). This 

confirms that the conventional NDVI is indeed very useful in near-remote sensing of 

vegetation as the near-infrared band is highly sensitive to vegetation. Unfortunately, MAPIR-

NDVI was only available in 2021 and therefore the performance of this NDVI measure could 

not be compared over several years. I suggest future studies should include an imaging NDVI 

sensor to test whether this improves the ability to detect vegetation changes over time 

compared to non-imaging NDVI sensors (such as the GreenSeeker). MAPIR-NDVI was 

consistently lower than GS-NDVI in the same plots. Presumably, this represents a calibration 

issue with the MAPIR images, which should be calibrated according to the incident sun/shade 

conditions at the time of photographing. In this study, all MAPIR RGN images were 

calibrated with a standard calibration option in the MCC software, imitating a clear, sunny 

day. This standard calibration may not be the most appropriate option as most days are cloudy 

in Adventdalen. For future use of the MAPIR camera, I advise the use of a MAPIR Camera 

Reflectance Calibration Ground Target Package, a calibration plate which can be 
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photographed, e.g., on each field day, to calibrate images more accurately to the incident light 

conditions. However, standardisation was achieved in this study by manually shading each 

plot while the photograph was taken, such that all photographs were taken in similar light 

conditions. Therefore, the used MAPIR-NDVI values are deemed reliable.  

In this study, RGB-based VIs and NDVI generally revealed the same trends even though 

year-to-year comparisons could not be made for MAPIR-NDVI, and GS-NDVI differed 

slightly from the RGB-based VIs between years (Figure 8; Table 9). RGB-based VIs and 

NDVI rely on different parts of the electromagnetic spectrum to measure variation related to 

vegetation, although both include a measure of visible red reflectance (Table 4). While RGB-

based VIs primarily rely on visible green reflectance, NDVI relies on NIR to measure 

vegetation (Xue & Su, 2017). These different parts of the electromagnetic spectrum inherently 

reflect different properties in the objects with which they interact. Here, NIR is known to have 

high reflectance by chlorophyll (Zarco-Tejada et al., 2012) while visible green reflectance is 

associated more generally with green vegetation (Xiaoqin et al., 2015). Despite the 

fundamental differences in RGB-based VIs and NDVI, this study shows that both can yield 

similar results in vegetation monitoring in the high Arctic, in concordance with current 

knowledge (Beamish et al., 2018; Tømmervik et al., 2014). It should be noted that the 

MAPIR camera and the GreenSeeker sensor represent two conceptually different types of 

sensors i.e., a passive, imaging sensor (MAPIR) and an active, non-imaging sensor 

(GreenSeeker). While passive sensors measure reflectance of ambient radiation, an active 

sensor emits radiation and subsequently measures the reflection of this radiation. The 

fundamentally different physical properties of these sensors may also contribute to the 

differences in recorded MAPIR- and GS-NDVI. It may be argued that, even though they are 

both measures of NDVI, MAPIR- and GS-NDVI could be considered separate, distinctly 

different VIs due to the inherent differences in how the two sensors measure reflectance. 

Further studies on near-remote sensing of vegetation composition may benefit from the use 

hyperspectral cameras in place of RGB and NIR based cameras/sensors due to the great 

number of available spectral bands in hyperspectral images. This wealth of spectral bands 

may be used to create more advanced VIs which could be more sensitive to community 

composition and vegetation change. However, hyperspectral cameras are expensive and not as 

widely available as RGB/RGN cameras and NDVI sensors. 
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A possible confounding factor in this study is the use of different RGB cameras in each year 

(even though this is merely what can be expected in any long-term experiment or monitoring 

programme). In this study, there is no way of separating any effects caused by the different 

cameras from the effects of the vegetation composition on VIs. Automatic camera settings 

were used including shutter speed, aperture, and ISO. As VIs are fractions of reflectance, 

these settings, which inherently differ between images, still should not significantly impact 

the VI values. However, white-balance may influence RGB-based VIs (Richardson, 2019), 

and this, unfortunately, could be a potential source of error as automatic white-balance 

settings were used in image collection, and no white-balance calibration target was used. 

Even though image data was collected with different cameras and with automatic white-

balance, the tested RGB-based VIs still revealed general patterns which were similar between 

years. Here, Deep plots were less green than Ambient with the largest negative effect of Deep 

snow on VIs in Heath vegetation. This pattern corresponded with the observation that 

community changes due to deepened snow were greatest in Heath vegetation, suggesting that 

the VIs are indeed responding to these changes. This suggests that, despite the use of different 

cameras, RGB-based VIs can be used to detect differences in vegetation over several years.   

However, to what extent the observed differences in VIs should be ascribed directly to real 

changes in plant community composition should be considered with caution. It has been 

demonstrated that Deep snow affects plant phenology at our study site, including green-up 

timing (Semenchuk et al., 2016). This is very important to consider when interpreting the 

lower VI values in Deep snow. Presumably, phenology is partly responsible for these 

differences with Ambient vegetation being closer to peak-growth, and thus greener, than Deep 

vegetation at the time of data collection. Indeed, RGB-based VIs have often been used to 

monitor vegetation phenology in the Arctic, including in Svalbard (Anderson et al., 2016, 

2017; Parmentier et al., 2021) and Alaska (Beamish et al., 2016, 2018). Hence, it is expected 

that phenological differences between snow regimes contributed to the higher VI values in 

Ambient than Deep described here. Further, NDVI is known to be confounded by moisture 

(Engstrom et al., 2008). Bryophyte NDVI is especially affected by moisture (May et al., 2018; 

Valøen, 2019), with high moisture content leading to increased NDVI due to lower reflection 

of red wavelengths. There is good reason to suspect that such a relationship exists between 

moisture and RGB-based VIs too, as these indices also include red wavelengths (see Table 4). 

Since Deep plots are moister than Ambient plots at our study site (Morgner et al., 2010), 
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bryophyte contribution to VI values is expected to be more positive in Deep snow than in 

Ambient. However, even though moisture does correlate with NDVI at our study site, 

moisture alone does not appear to explain the variation in peak-growth season NDVI between 

snow regimes (unpublished data, Elisabeth Cooper).  

Unpublished data from a nearby PhenoCam study in Adventdalen, described in Parmentier et 

al. (2021) and Anderson et al. (2016, 2017), shows that seasonal maximum NDVI value 

varies between years in a permanent vegetation plot in Cassiope heath near our snow fences 

(Figure 11). The pattern observed in seasonal maximum NDVI values here (2020 higher than 

2015 which is higher than 2021) is confirmed by another long-term seasonal NDVI study in 

Adventdalen (unpublished data, Stein Rune Karlsen). These year-to-year fluctuations appear 

to be driven by variations in summer temperature, time of snowmelt and summer precipitation 

which affect green-up and peak-growth timing. This complicates the interpretation of VIs 

captured at only one time in the growing season like in this study, and it underlines the 

importance of accounting for these fluctuations in order to meaningfully interpret VI data 

when describing vegetation change through several years. 

 

Figure 12. Seasonal NDVI in 2015, 2020 and 2021 at a permanent plot near snow fences A1 and A3 
from a phenocam study described in Parmentier et al. (2021). Unpublished data, gathered by Lennart 
Nilsen. 
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4.4 Vegetation indices as a monitoring tool for community 
composition 

The inconsistency of responses in VIs, especially GCC, among vegetation types and years to 

the cover plant species/functional groups presents major challenges in meaningfully using 

GCC and NDVI as measures of plant community composition over time and space. In this 

analysis, NDVI performed more consistently than GCC across years. GS-NDVI relationships 

with plant cover were generally more consistent between study years but still differed in 

magnitude and sometimes even direction for the major functional groups; total live plants, 

live vascular plants, and bryophytes (Figure 9-11; Table 10). There was also considerable 

variation in GS-NDVI responses between Heath and Meadow vegetation types in live 

vascular plants, live shrubs, live Salix, bryophytes, and soil & biocrust. The inconsistent 

manner in which VIs relate to plant cover over time and space likely renders the use of plot-

level GCC or NDVI values quite insufficient for describing ground cover, even for wide 

functional groups such as total live plants, dead vascular plants, bryophytes, and soil/biocrust. 

MAPIR-NDVI was the most promising VI measure with no significant variation in response 

magnitudes between vegetation types in any plant groups, and only between Deep and 

Ambient snow regimes in a few plant groups (Figure 11; Table 10). However, the sample size 

was much smaller for MAPIR-NDVI as it was only collected in 2021, and therefore this result 

should be interpreted with caution. Additionally, there is no way of testing its performance 

over several years. I advise that this NDVI measure should be investigated further in future 

studies 

It is hypothesised that the different relationships between VIs and plant cover among years, 

snow regimes, and possibly also vegetation types, could be partly caused by phenological 

differences in these at the times of data collection (Semenchuk et al., 2016). Ideally, ground 

cover estimates and image data collection should take place exactly at the time of peak-

growth each year. However, since snowmelt timing, summer temperatures, and precipitation 

vary between years this can be difficult to achieve in practise due to logistical issues with 

field work in a remote location. Thus, the collected VI data only provides a snapshot of the 

plant community structure at a very restricted period of the growing season, which can be 

highly affected by differences in phenological progression between years.  
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Graminoid cover has been demonstrated to contribute significantly to NDVI and ExG in 

Arctic tundra (Beamish et al., 2016; note ExG is referred to as ‘GEI’ here) but phenological 

stage will inherently affect VIs as graminoid green-up and growth happens rapidly with large 

changes over a short time. Beamish et al. (2016) also showed that both evergreen and 

deciduous shrubs can significantly contribute to NDVI and ExG. In Adventdalen, the very 

common evergreen shrub Cassiope produces dense stands of white flowers (see Figure 5). If 

VI data is captured at the time of flowering, these white flower stands would be expected to 

significantly lower plot VI values. This mechanism could perhaps explain the observed 

pattern where Cassiope is positively correlated with GS-NDVI and GCC in Deep Heath but 

negatively in Ambient Heath (Figure 9-10). It is known that flowering phenology is delayed in 

the Deep snow regime (Semenchuk et al., 2016) which means that Cassiope could potentially 

be flowering in Ambient but not Deep at the time of data collection. While this would not 

influence plant cover estimates it would affect the plot VI values, and thus lead to different 

relationships between the two in Ambient and Deep snow regimes. Also, as live Cassiope is a 

rather brown in colour, even in mid-growing season, high Cassiope cover would be expected 

to negatively affect VIs for the categories ‘live shrubs’ and ‘live vascular plants’, where the 

other included plants are greener in mid-summer, especially the shrub Salix. This shows that 

using plant functional groups may not always be appropriate in the study of VIs, as some 

species-specific responses can be lost. As bryophyte NDVI is affected by moisture (May et 

al., 2018; Valøen, 2019), it is hypothesised that annual precipitation patterns or fine-scale 

moisture regimes could perhaps explain the ambiguous relationships between VIs and 

bryophytes between Heath and Meadow vegetation (Figure 9-11). It has also been noted that 

bryophyte NDVI signal can sometimes be masked by vascular plants (May & Beamish, 

2015). Therefore, the relationship between bryophyte cover and NDVI could potentially vary 

with vascular plant cover, making interpretation increasingly difficult.  

The points discussed here indicate that ‘snapshot’ measurements of peak-growth season VIs 

are hardly useful if they are not interpreted in the context of annual variations in maximum VI 

values (Figure 12) and if phenological stage of the vegetation is not accounted for. This 

renders near-remotely sensed VIs somewhat easier to interpret in the study of seasonal 

dynamics rather than year-to-year community changes captured at one time during the year. It 

remains unresolved how near-remotely sensed VIs can be used to describe changes in 

vegetation composition in the future. Detailed accounts of phenological stage and maximum 
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seasonal NDVI may aid interpretation of VIs in this regard. For further studies, hyperspectral 

cameras will likely provide much greater detail. 

4.5 Conclusions 

In brief, this study demonstrates clear changes in plant community composition under 

experimentally deepened snow in Adventdalen, Svalbard, Norway. The changes included 

decreased shrub- and graminoid cover and simultaneously increased cover of bryophytes and 

the common forb Bistorta in Deep snow. Graminoid cover only decreased in Meadow, 

however, community changes were generally more pronounced in the Heath vegetation, and 

this was the case in all three study years. This suggests that Heath vegetation may be more 

vulnerable to changes in snow depth compared to Meadow vegetation. No evidence was 

found that the effect of deepened snow got larger with time between 2015-2021 as the effect 

of Deep snow was similar in all years for most plant groups. However, dead plant material 

decreased in Deep snow over time which was contrary to expectations. This was ascribed to 

shrub die-back which happened before 2015, especially in Heath, after which dead plant 

material has been disappearing from the plots. As a general trend across the study area, 

bryophytes and Salix increased in both Ambient and Deep snow regimes but bryophyte 

increase was much greater in Deep snow. Live graminoids decreased in both snow regimes, 

but only in the Meadow vegetation type, and more so in Deep than Ambient.  

To my knowledge, this is the first study to relate vegetation change to near-remotely sensed 

VIs over several years, let alone to do it in an experimentally deepened snow regime. The 

tested VIs included four RGB-based VIs (ExG, GI, GCC, and 2G_RBi), as well as the image 

based MAPIR-NDVI, and the actively sensed, non-image based GS-NDVI. These VIs were 

able to detect differences between plots in Ambient and Deep snow regimes, possibly 

reflecting differences in plant community composition, with smaller VI values in Deep plots, 

especially in the Heath vegetation type. However, the detected differences may, at least in 

part, relate to phenological progression which also differ between snow regimes. Vegetation 

index values increased from 2015 to 2020-2021 (which were similar) but these differences 

could not be directly related to plant community changes. Green Chromatic Coordinate as 

well as GS- and MAPIR-NDVI correlated with cover of most plant groups, but these 

relationships differed in magnitude and sometimes even direction between vegetation types, 

years, and snow regimes. This ambiguity makes it challenging to establish any direct 
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inference between VIs and ground cover of individual plant species/functional group in this 

study.  

Thus, unresolved challenges remain when it comes to using VIs to make inferences about 

vegetation change in Arctic tundra. It is thought that annual variations in maximum VI values 

(likely due to variations in temperature and precipitation) are partly responsible for the 

unclear relationships described here. I suggest that future studies should investigate the 

relationship between VIs and plant cover in a context of annual variations in maximum VI 

values and also include measures of phenological progression. This may render near-remotely 

sensed VIs useful for monitoring of vegetation change in the future.  
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Supplementary material 

             

Table S1. Forward model selection for constraining model in distance-based redundancy analysis (dbRDA) on 
plant community response to Snow regime (Ambient/Deep) and Year (2015, 2020, 2021). An Akaike Information 
Criteria (AIC)-like criteria based on chi-squares, adjusted R2 and p-values are given for each added model term 
based on permutation tests (999 permutations). The model with the lowest AIC is the most parsimonious model 
‘Snow regime’ and ‘Year’ are treated as constraining variables while ‘Fence’ and Dominant Evergreen Shrub 

(‘DES’) are treated as conditioning variables. Interactions between variables are indicated with ‘X’.             

Reference model Added term AIC R2 (adjusted) p-value 

     

[species x cover] ~ 1     

 + Snow regime 1181.2 0.142 0.001 

 + Year 1207.0 0.0304 0.001 

 + cond(Fence + DES) 1147.4 0.000  

     

[species x cover] ~ Snow regime  1181.2 0.142  

 + Year 1176.5 0.174 0.001 

 + cond(Fence + DES) 1100.0 0.163  

     

[species x cover] ~ Snow regime + 

Year 

 1176.5 0.199  

 + Snow regime × year 1177.8 0.179 0.149 

 + cond(Fence + DES) 1090.8 0.190  

Figure S1. Soil collapse after possible melt-out of an ice lens behind snow fence C7. Agnes 
Nielsen preparing to survey a vegetation plot. Photograph taken in July 2021 by myself. 

 

Figure 13. Soil collapse after possible melt-out of an ice lens behind snow fence C7. Agnes 
Nielsen preparing to survey a vegetation plot. Photograph taken in July 2021 by myself. 
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Table S2. Plots used in 2015, 2020, and 2021 listed by plot IDs. In 2015, 39 plots were used while the same 123 
plots were used in 2020 and 2021. Prefixes including capital letters A-D and number 1-12 refer to snow fence 
locations where letters indicate which block a fence belongs to, and numbers give each fence a unique ID. Letters 
‘N’ and ‘H’ refer to ‘Ambient’ and ‘Deep’ snow, respectively. Suffixes including capital letters ‘D’ or ‘C’ and a 
number between 1-3 refer to ‘Dominant Evergreen Shrub (DES)’ where D: Dryas and C: Cassiope. Numbers 1-3 
give each plot a unique ID. 

 

2015  2020 2020 
continued 

2020 
continued 

 2021 2021 
continued 

20201 
continued 

A1NC3  A1NC1 B5ND3 C9HC1  A1NC1 B5ND3 C9HC1 
A1ND3  A1NC2 B5HC1 C9HC2  A1NC2 B5HC1 C9HC2 
A1HC1  A1NC3 B5HC2 C9HC3  A1NC3 B5HC2 C9HC3 
A1HD1  A1ND1 B5HC3 C9HD1  A1ND1 B5HC3 C9HD1 
A3NC1  A1ND2 B5HD1 C9HD2  A1ND2 B5HD1 C9HD2 
A3ND1  A1ND3 B5HD2 C9HD3  A1ND3 B5HD2 C9HD3 
A3HC1  A1HC1 B5HD3 D10NC1  A1HC1 B5HD3 D10NC1 
A3HD2  A1HC2 B6NC1 D10NC2  A1HC2 B6NC1 D10NC2 
B4NC1  A1HC3 B6NC2 D10NC3  A1HC3 B6NC2 D10NC3 
B4ND1  A1HD1 B6NC3 D10ND1  A1HD1 B6NC3 D10ND1 
B4HC3  A1HD2 B6ND1 D10ND2  A1HD2 B6ND1 D10ND2 
B5NC3  A1HD3 B6ND2 D10ND3  A1HD3 B6ND2 D10ND3 
B5ND2  A3NC1 B6ND3 D10HC1  A3NC1 B6ND3 D10HC1 
B5HC1  A3NC2 B6HC1 D10HC2  A3NC2 B6HC1 D10HC2 
B5HD1  A3NC3 B6HC2 D10HC3  A3NC3 B6HC2 D10HC3 
B6NC3  A3ND1 B6HC3 D10HD2  A3ND1 B6HC3 D10HD2 
B6ND2  A3ND2 B6HD1 D10HD3  A3ND2 B6HD1 D10HD3 
B6HC1  A3ND3 B6HD2 D11NC1  A3ND3 B6HD2 D11NC1 
B6HD3  A3HC1 B6HD3 D11NC2  A3HC1 B6HD3 D11NC2 
C8NC3  A3HC2 C7NC1 D11NC3  A3HC2 C7NC1 D11NC3 
C8ND1  A3HC3 C7NC2 D11ND1  A3HC3 C7NC2 D11ND1 
C8HD1  A3HD1 C7NC3 D11ND2  A3HD1 C7NC3 D11ND2 
C9NC2  A3HD2 C7ND1 D11ND3  A3HD2 C7ND1 D11ND3 
C9ND2  A3HD3 C7ND2 D11HC1  A3HD3 C7ND2 D11HC1 
C9HC1  B4NC1 C7ND3 D11HC2  B4NC1 C7ND3 D11HC2 
C9HD1  B4NC2 C7HD1 D11HC3  B4NC2 C7HD1 D11HC3 
D10NC1  B4NC3 C8NC1 D11HD1  B4NC3 C8NC1 D11HD1 
D10ND1  B4ND1 C8NC2 D11HD2  B4ND1 C8NC2 D11HD2 
D10HC2  B4ND2 C8NC3 D11HD3  B4ND2 C8NC3 D11HD3 
D10HD1  B4ND3 C8ND1 D12NC1  B4ND3 C8ND1 D12NC1 
D11NC1  B4HC1 C8ND2 D12NC2  B4HC1 C8ND2 D12NC2 
D11ND1  B4HC2 C8ND3 D12NC3  B4HC2 C8ND3 D12NC3 
D11HC1  B4HC3 C8HD1 D12ND1  B4HC3 C8HD1 D12ND1 
D11HD1  B4HD1 C8HD2 D12ND2  B4HD1 C8HD2 D12ND2 
D12NC1  B4HD2 C8HD3 D12ND3  B4HD2 C8HD3 D12ND3 
D12ND3  B4HD3 C9NC1 D12HC1  B4HD3 C9NC1 D12HC1 
D12HC2  B5NC1 C9NC2 D12HC2  B5NC1 C9NC2 D12HC2 
D12HD2  B5NC2 C9NC3 D12HC3  B5NC2 C9NC3 D12HC3 

  B5NC3 C9ND1 D12HD1  B5NC3 C9ND1 D12HD1 

  B5ND1 C9ND2 D12HD2  B5ND1 C9ND2 D12HD2 

  B5ND2 C9ND3 D12HD3  B5ND2 C9ND3 D12HD3 



 

 

 


