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Natural variation in snow depth and snow melt
timing in the High Arctic have implications for
soil and plant nutrient status and vegetation
composition1

Mikel Moriana-Armendariz, Lennart Nilsen, and Elisabeth J. Cooper

Abstract: Snow cover is a key component in Arctic ecosystems and will likely be affected by
changes in winter precipitation. Increased snow depth and consequent later snowmelt leads
to greater microbial mineralization in winter, improving soil and vegetation nutrient
status. We studied areas with naturally differing snow depths and date of snowmelt in
Adventdalen, Svalbard. Soil properties, plant leaf nutrient status, and species composition
along with the normalized difference vegetation index (NDVI) were compared for three
snowmelt regimes (Early, Mid, and Late). We showed that (1) Late regimes (snow beds) had
wetter soils, higher pH, and leaves of Bistorta vivipara (L.) Delarbre and Salix polaris
Wahlenb. had higher concentration of nutrients (nitrogen and δ15N). Little to no difference
was found in soil nutrient concentrations between snowmelt regimes. (2) Late regimes had
highest NDVI values, whereas those of Early and Mid regimes were similar. (3) Vegetation
composition differed between Early and Late regimes, with Dryas octopetala L. and Luzula
arcuata subsp. confusa (Lange) characterizing the former and Equisetum arvense L. and
Eriophorum scheuchzeri Hoppe the latter. (4) Trends for plant nutrient contents were similar
to those found in a nearby snow manipulation experiment. Snow distribution and time of
snowmelt played an important role in determining regional environmental heterogeneity,
patchiness in plant community distribution, their species composition, and plant
phenology.

Key words: soil properties, plant nutrients, community composition, NDVI, Svalbard.

Résumé : La couverture neigeuse est un élément clé des écosystèmes arctiques et elle sera
probablement affectée par les changements dans les précipitations hivernales.
L’augmentation de l’épaisseur de la neige et la fonte plus tardive qui en résulte entraînent
une plus grande minéralisation microbienne en hiver, améliorant ainsi le statut nutritif
du sol et de la végétation. Les auteurs ont étudié des zones où l’épaisseur de la neige et la
date de la fonte des neiges varient naturellement à Adventdalen, au Svalbard. Les
propriétés du sol, le statut nutritif des feuilles des plantes et la composition en espèces ainsi
que les indices de végétation (NDVI) ont été comparés pour trois régimes de fonte des neiges
(précoce, moyen et tardif). Ils ont montré que (1) les régimes tardifs (lits de neige)
présentaient des sols plus humides, un pH plus élevé, et les feuilles de Bistorta vivipara (L.)
Delarbre et Salix polarisWahlenb. présentaient une concentration plus élevée de nutriments
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(azote et δ15N). Peu ou pas de différence était observée dans les concentrations de nutri-
ments du sol entre les régimes de fonte des neiges. (2) Les régimes tardifs présentaient les
valeurs NDVI les plus élevées, tandis que celles des régimes précoces et moyens étaient simi-
laires. (3) La composition de la végétation différait entre les régimes précoce et tardif, Dryas
octopetala L. et Luzula arcuata subsp. confusa (Lange) caractérisant le premier régime et
Equisetum arvense L. et Eriophorum scheuchzeri Hoppe le second. (4) Les tendances concernant
les teneurs en éléments nutritifs des plantes étaient similaires à celles observées lors d’une
expérience de manipulation de la neige menée à proximité. La distribution de la neige et le
moment de la fonte des neiges ont joué un rôle important dans la détermination de
l’hétérogénéité environnementale régionale, de la répartition inégale des communautés
végétales, de leur composition en espèces et de leur phénologie. [Traduit par la Rédaction]

Mots-clés : propriétés du sol, nutriments des plantes, composition des communautés, NDVI,
Svalbard.

Introduction

The Arctic is a system strongly bound by its abiotic conditions and, therefore, any
changes in these can have dramatic effects in the ecosystem’s properties including the veg-
etation composition. The main driver of changes in abiotic conditions is climatic change, a
global phenomenon with the strongest effects in the polar areas, owing to positive feed-
backs (Xu et al. 2013). One such positive feedback involves precipitation. Increased precipi-
tation is coupled to a decrease in sea ice throughout the year (Liu et al. 2012; Hoegh-
Guldberg et al. 2018). As more liquid water is exposed to the air, and during longer periods
of time, this is expected to increase the number of days with low precipitation throughout
the whole year, a phenomenon already apparent in some Arctic regions (Saha et al. 2006).
During the cold season, precipitation is likely to fall as snow, and can, therefore, result in
a thicker snow depth.

Snow cover creates an insulating layer that provides protection from extreme tempera-
tures, ice formation, and herbivores, and during snowmelt it supplies water to the soil
(Evans et al. 1989; Callaghan et al. 2011; Pattison and Welker 2014). Thus, changes in snow
cover may alter the abiotic component of the ecosystem: warmer soils during winter, a
greater water input at the beginning of the warm season, and a shift in the timing of the
growing season. Arctic soil microbes have high activity in cold conditions (Mikan et al.
2002), and perform most of the mineralization during the snow-covered months
(Jonasson et al. 1999; Schimel and Bennett 2004; Brooks et al. 2011). Warmer temperatures
speed up the mineralization process, as well as benefit some microorganisms over others,
which modify soil microbial composition and activity (Larsen et al. 2007; Zinger et al.
2009), with further consequences for the nutrient content of the soil (Lipson and Monson
1998; Grogan et al. 2004; Kreyling et al. 2008). Microbial activity may also be affected by soil
water content, as during snowmelt the high water input may result in lower pH (Lipson
et al. 2012), which alters both the microbial community composition (Zhang et al. 2016)
and the activity of the community (Giesler et al. 1998). Deeper snow also enhances nutrient
release from microbes during snowmelt (Buckeridge and Grogan 2010), leading to higher
soil nutrient concentrations during the growing season, especially during early summer
(Semenchuk et al. 2015; Mörsdorf et al. 2019).

Plants with overwintering roots take up the surplus of nutrients (especially N) during the
snow-melting phases and the nutrient-release pulses (Grogan et al. 2004; Kreyling et al.
2008) and are, thus, expected to show enhanced nutrient status throughout the growing
season (Walsh et al. 1997 Leffler and Welker 2013; Blok et al. 2015; Semenchuk et al. 2015;
Mörsdorf et al. 2019). Moreover, the incorporation of N compounds influences N isotope
composition in plants; the larger the abundance of N-rich organic material, the higher the
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microbial mineralization (Craine et al. 2009), which, in turn, releases 15N-enriched NH4
+

(Nadelhoffer et al. 1996; Yano et al. 2010). Even though mycorrhizal plants show discrimina-
tion in favour of the light isotope (Michelsen et al. 1996; Hobbie and Hobbie 2006), a high
availability of 15N-enriched inorganic N may still lead to high δ15N values in these species
(Leffler and Welker 2013; Blok et al. 2015; Semenchuk et al. 2015; Mörsdorf et al. 2019).
Isotope concentration in plants may, therefore, be used to infer the origin of the plants’
nutrients and the microbial processes involved.

Inter-specific variation in response to increased soil nutrients (Gasarch and Seastedt
2015), temperature-enhanced respiration (Cooper 2004; Morgner et al. 2010; Semenchuk
et al. 2016b) or spring water-logging may affect vegetation composition (Gasarch and
Seastedt 2015; Park et al. 2018; Cooper et al. 2019) through species-specific responses in
growth rates and size (Rumpf et al. 2014), and altered flowering phenology and interaction
with pollinators (Lambert et al. 2010; Gillespie et al. 2016). These effects are further influ-
enced by the late start of the growing season, which may result in reduced development
and lower reproductive success (Cooper et al. 2011; Semenchuk et al. 2016a), with repercus-
sions to the CO2 balance of the ecosystem (Aurela et al 2004) Snow depth and duration is
highly important in determining species distribution of ecosystems characterized by sea-
sonal snow cover, such as arctic tundra (Niittynen and Luoto 2018), and any changes in snow
cover are therefore likely to affect diversity (Niittynen et al. 2018). Above-ground plant pro-
ductivity and phenology can be studied using the normalized difference vegetation index
(NDVI) (Tucker 1979; Myneni et al. 1995), as it correlates with total plant cover (Jordan
1969; Laidler et al. 2008; Cooper et al. 2019) and, as such, varies throughout the growing
season (Jia et al. 2004; Gamon et al. 2013; Anderson et al. 2016). Differences in NDVI between
areas might be due to an earlier or later start of growth, and this may, in turn, indicate
vegetation responses to the snow regime.

One of the most commonmethods of studying the effect of snow on vegetation has been
experimental manipulation, such as the establishment of snow fences, which disturb wind
circulation and drive snow accumulation (Walker et al. 1999; Buckeridge and Grogan 2008;
Morgner et al. 2010; Cooper et al. 2019). However, studies within natural gradients can
inform about the range of snow depths and melting dates found in an area, and details of
the habitats contained within. In the Arctic, maximum snow depth is defined by microto-
pography, as wind redistributes snow filling up gullies and snow accumulates around
prominent objects (Liston and Sturm 1998). Moreover, melt timing is constrained by aspect
(and therefore amount of incoming radiation) and snow depth (deeper snow takes longer to
melt) as well as local air temperature and precipitation. Comparison of natural gradients
with experimental studies are helpful to show how realistic the experimental data may be
and how much it can be interpolated over a wider spatial area.

To study the role of snow depth and associated snow melt timing due to microtopo-
graphic variation only, we performed a pilot study in a relatively flat area in Adventdalen,
Svalbard with a standard aspect. We investigated soil properties, plant nutrient status,
and species presence in areas of naturally differing snow depths and date of snowmelt.
Three snowmelt regimes (Early, Mid, and Late melt) were delimited to test the following
hypotheses: (1) regimes with deeper snow and later snowmelt have (a) wetter soils,
and higher concentration of (b) soil nutrients and (c) plant nutrients in mid-summer;
(2) vegetation composition differs between snow regimes; and (3) late melting snowbeds
with deeper snow and increased nutrients have highest NDVI values in mid-summer.
Furthermore, (4) we related our data obtained in 2015 from a natural system to the response
of soil and plants in a nearby snow manipulation experiment (Mörsdorf et al. 2019),
performed during the same summer.
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Materials and Methods

Study site
The study was performed in Adventdalen, Western Spitsbergen, Svalbard, Norway

78°10′N, 16°04′E). The closest meteorological station is located at Svalbard airport, roughly
15 km away. Average temperature for the 1971–2000 period was −5.9 °C, with winter
temperature (December–January–February) of −13.9 °C and summer temperature (June–
July–August) of 4.5 °C; and the annual precipitation was 200 mm (Norwegian Center for
Climate Services 2019). Parent rocks consist of basic calcareous sand, silt, and shale origi-
nated during the Mesozoic Era (Tolgensbakk et al. 2000). Soils in Adventdalen are poorly
developed and moderately acidic (5−6.5) with a thin O-horizon (usually 2 cm, ranges from
0.2 to 6 cm) of slightly decomposed organic material and live plant roots, a dark-brown A
horizon of an average thickness of 2 cm (1−5 cm), and a B/C horizon of grey silt (Strebel et al.
2010). The concentration of soil organic carbon and total nitrogen are highest at the top and
decrease through the soil profile. Live plant roots extend to around 45 cm deep. The vegeta-
tion is classified as part of the middle Arctic tundra zone (Elvebakk 2005), with Cassiope
tetragona (L.) D.Don, and Dryas octopetala L., abundant Salix polaris Wahlenb. and Bistorta
vivipara (L.) Delarbre, Luzula arcuata subsp. confusa (Lange) and bryophytes common through-
out the area (see Cooper et al. 2019 for more details).

Data gathering
The study site covers 0.23 km2 and is relatively flat, gently sloping up towards the

steep hills to the south, and is dissected by streams with gullies 1–3 m deep (Fig. 1).
Microtopography determines snow accumulation; three snow melt regimes were

Fig. 1. Location of the study site in Adventdalen, in the Svalbard archipelago, approximately 15 km from
Longyearbyen. Distribution of the Early (triangle), Mid (circle) and Late (square) melting plots within the study
site. Note the gullies where snow accumulates and where most of the Late plots are located. A line has been
drawn to separate polygons 2 and 3. Due to the scale the line has been drawn over one of the plots, which
belongs to polygon 2.
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identified (termed “Early”, “Mid”, and “Late”) using daily monitoring photos taken in
2014 by a camera mounted on an adjacent hillside. Early (Fig. 2A): windblown ridges with
shallow snow cover in winter (approximately 7−15 cm) became snow-free by 21 May. Mid
(Fig. 2B): slightly lower areas that accumulated approximately 20–40 cm snow and
melted out by 29 May. Late: on the sides of gullies, accumulated approximately 1−2 m
snow, and became snow-free by 22 June (Fig. 2C). Nine polygons were established from
the 2014 hillside monitoring photos (three polygons within each snowmelt
regime (Fig. 1)).

Fieldwork was carried out on 15–20 July 2015. In each polygon 15 plots of 0.12 m2

(35 × 35 cm) were distributed at approximately 10 m distance (linear transects or clustered
arrangements of plots depending on topography). In all plots soil moisture was measured
at its centre using a Theta ML 2× Probe (Delta-T Devices, Cambridge, UK); and the NDVI
was recorded keeping the handheld Greenseeker sensor (Trimble AG Field Solutions,
Sunnyvale, California, USA) approximately 90 cm over the plot and parallel to the ground,
thus scanning an oval-shaped area of roughly 38 cm width. The Greenseeker sensor calcu-
lated the NDVI based on reflected red and near infra-red radiation, obtaining values
between −1 and +1. Five plots were selected randomly from each polygon for soil and
plant sampling. Soil samples were extracted using a 3 cm diameter soil corer and trans-
ported to the lab on the same day, where they were stored in a fridge at 4 °C until further
processing was conducted (a maximum delay of one week). In those same plots, leaf
material was collected for nutrient analysis, choosing six of the most commonly
occurring plant species: Alopecurus ovatus Knapp, Bistorta vivipara (L.) Delarbre, Dryas octope-
tala L., Luzula arcuata subsp. confusa Lange, Poa arctica R.Br. and Salix polaris Wahlenb.
(International Plant Names Index 2020). In the remaining 10 plots the presence/absence
of these six species and Equisetum arvense L. and Eriophorum scheuchzeri Hoppe was recorded.

Fig. 2. Photos of the study site in Adventdalen, Svalbard, taken by a camera standing on a nearby hill during 2014.
(A) On 21 May 2014 all Early plots were snow-free; (B) On 29 May 2014 the Mid plots were also snow-free; (C) On 22
June 2014 the whole study area, including the Late plots, was snow-free. In D (same photo as C) we present all
polygons together. In B the location of the temperature loggers is shown by two small ellipses marked with a W
(west location) and an E (east location).
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A summary of the number of plots used for the various analyses is included in
Supplementary Table S12.

To have a reference for how snow regimes differed in soil temperature during the cold
season, six temperatures loggers (Tinytag data loggers model TGP-4020; Gemini Data
Loggers, Chichester, UK) were located near the study area in October 2019: two in Early
snowmelt, two in Mid, and two in Late. The loggers were located within the side of the
stream gullies (see Fig. 2A), with Early at the top, Mid approximately one metre lower,
and Late at the bottom (two metres lower). The snow regimes were, thus, exposed to differ-
ent snow depths (deepest at the bottom), comparable with those found in the snow fence
experiment (Mörsdorf et al. 2019). The loggers recorded near soil-surface temperature
hourly, and were later recovered in mid-July 2020 (except one logger from the Late snow
regime, which was not found). Daily average temperatures were calculated for each snow
regime.

Nutrient analyses
From each soil sample 3 g fresh weight of soil were suspended in 30 mL of distilled water

at room temperature and then shaken for two hours. Extracts were transferred into 20 mL
plastic vials using 0.45 μm syringe filters, and frozen at −18 °C until further analysis. The
extracts were analysed for pH, as well as concentration of nitrogen from dissolved organic
nitrogen (DON), ammonium (NH4

+), and nitrate (NO3
−) using a flow injection analyser

(Fiastar 5000, FOSS Analytical, Hilleroed, Denmark). The ratio of dry weight to fresh weight
was used to standardize the values into μg nutrient per g dry weight soil.

Plant leaf samples were ground until they became a homogeneous powder. For S. polaris
this was done with a mortar and pestle, whereas for the rest of the species a grinding mill
was used (Retsch Mixer Mill, Retsch GmbH, Haan, Germany). Two mg of each sample was
then added to tin capsules and analysed for C and N concentrations, as well as δ13C and
δ15N isotope signatures, using IRMS (CE 1110 EA), which was coupled in continuous flow
mode to a Finnigan MAT Delta PLUS isotope ratio mass spectrometer (Thermo Scientific,
Bremen, Germany).

The soil and plant samples were prepared and analysed using the same method and lab
and concurrent with those from the nearby snowmanipulation experiment (Mörsdorf et al.
2019), to enable later comparison.

Statistical analyses
All analyses were performed in R (R Core Team 2019). Linear mixed effect models were

used to analyse differences in soil moisture, pH, and nutrient concentration between snow-
melt regimes, as well as for NDVI. The function lme from the nlme package (Pinheiro et al.
2019) was used for modelling: the four variables of study were fitted as dependent variables,
snowmelt regime (Early, Mid, and Late) as independent variable, and specific polygon (1 to
9) as random factor. In some cases, a weighted factor had to be applied to account for the
difference in variance between areas (heteroscedasticity). Moreover, spatial autocorrelation
was checked in all the analyses, as it could affect our results. The same procedure was used
for plant nutrient concentrations but, as plant species vary in their nutrient values and may
respond differently to variations in snow cover (Rumpf et al. 2014; Mörsdorf et al. 2019),
each species was modelled separately. Bistorta vivipara and S. polaris were common in all
snowmelt regimes, and, therefore, differences between Early, Mid, and Late could be estab-
lished. The other three species were present (in more than one plot) only in two of the
regimes: D. octopetala and L. arcuata in Early and Mid, P. arctica in Mid and Late.

2Supplementary data are available with the article at https://doi.org/10.1139/as-2020-0025.
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For the distribution of plant species, the non-metric multidimensional scaling (NMDS)
ordination method was used, which is a very flexible technique that does not assume any
special response from the data (linear, unimodal, etc). From the package vegan in R
(Oksanen et al. 2018), the formula metaMDS was used, which, in turn, is based upon the
isoMDS function. Due to the absence/presence of the data the Jaccard index was used to cre-
ate the distance matrix. The formula coerces all points into the desired number of dimen-
sions (two in this study), while keeping the order (ranks) of the distance between points
in the original space. The greatest variance is explained by the first axis, but this aspect is
not quantified as in other multidimensional techniques. The difference between the origi-
nal distances and those newly created is called stress and serves as measurement of good-
ness of fit. The model was run 1000 times from random start positions to avoid local
optima and find the global one. NMDS analysis was run considering only those plots for
which complete species data were available (30 plots per regime). Arrows were added to
the NMDS plot to represent soil moisture and NDVI: the angle of the arrows indicates the
correlation to the axes (horizontal correlated to axis 1, vertical to axis 2), and the length
the importance of the variable (longer arrows indicate more important variables).

Results

Soil characteristics
During the 2019–2020 cold season, soil temperature was higher in the Late regime than

in Mid, which, in turn, was warmer than the Early regime (Fig. 3). At the beginning of the
warm season (end of May – beginning of June) the pattern was the opposite, as areas where
the snow had melted were warmer than areas still under the snow (temperatures increased
above 0 °C first in Early, then in Mid, and finally in Late).

Average soil moisture in the Early regime was 31%, whereas in Late it was significantly
higher (moisture 65%, p = 0.024). The Mid regime had an intermediate value (48%) but did
not differ significantly from Early or Late (Fig. 4A, Supplementary Table S22). Soil pH was

Fig. 3. Daily soil temperature at each snow regime (Early, Mid, and Late) during the 2019–2020 cold season and
beginning of growing season. Average of two temperature loggers at Early, two at Mid, and one at Late.
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6.7 in Early, significantly lower than both Mid (p = 0.017) and Late (p = 0.005) regimes
(Fig. 4B, Supplementary Table S22).

Soil nutrient concentrations did not differ between snowmelt regimes (Fig. 4C, D, and E,
Supplementary Table S22). Concentration of DON was 4.5 μg/g of dry soil in Early, and insig-
nificantly lower in Mid and Late (4.1 μg/g). Nitrate showed a very similar pattern, where
Early (0.32 μg NO3

−/g) was slightly, but insignificantly, higher than Mid (0.29 μg/g) and Late
(0.28 μg/g). Ammonium concentration was 1.9 μg NH4

+/g of dry soil of both Early and Mid,
and although Late was 26% greater (2.4 μg/g) it was not significantly different (p= 0.143).

Leaf nutrient concentrations
Leaf nitrogen followed similar patterns in B. vivipara and S. polaris, with no differences

between Early and Mid and higher values in Late (Fig. 5, Supplementary Table S32).
Nitrogen in B. vivipara leaves was 17% greater in Late than Early (3.6% in respect to 3.1%,
p = 0.056), and in S. polaris 21%, (3.1% in respect to 2.6%, p = 0.042). The same pattern was
found for δ15N. B. vivipara had higher values in Late than in Early (−2.7‰ and −4.8‰ respec-
tively, p= 0.049) and so did S. polaris (–1.4‰ and –4.7‰ respectively, p = 0.042). Carbon con-
centration, C/N ratio, and δ13C did not vary between snowmelt regimes (Fig. 5,
Supplementary Table S32).

The other species (D. octopetala, L. arcuata and P. arctica) did not show differences in any of
the nutrients studied (Fig. 5, Supplementary Table S32), although only samples from two
snowmelt regimes could be used in all three cases and, therefore, Early and Late could
not be compared.

Fig. 4. (A) Estimated soil moisture and (F) NDVI for the different snowmelt regimes; as well as (B) soil pH and
(C) concentration of nitrogen from dissolved organic nitrogen (DON-N), (D) ammonium (NH4

+-N) and (E) nitrate
(NO3-N) extracted from 0–5 cm soil cores. Error bars represent 95% CI. Snowmelt regimes with the same letter do
not differ at a 5% significance level (only those cases where differences were found have been labelled with letters).
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Fig. 5. Observed values of (A) nitrogen, (B) carbon, (C) δ15N, (D) δ13C and (E) C/N ratio from leaves of Bistorta vivipara,
Dryas octopetala, Luzula arcuata, Poa arctica, and Salix polaris; for three naturally occurring snowmelt regimes sampled
on 15–20 July 2015. Error bars represent 95% CI. Snowmelt regimes with the same letter do not differ at a 5%
significance level (only those cases where differences were found have been labelled with letters).
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NDVI, soil moisture, and species distribution
The NDVI data show that Late plots were significantly greener than Early (p= 0.020) and

Mid plots (p = 0.041) at time of sampling (Fig. 4F, Supplementary Table S22). Early had an
NDVI value of 0.40, Mid of 0.43, and Late of 0.57.

The NMDS analysis had a stress of 0.063, meaning the difference between the original
distances and those newly created was very small and the NMDS accurately represented
the original distribution (Clarke and Warwick 1994). NDVI and soil moisture were clearly
correlated with the first NMDS1 axis (Fig. 6), with positive (higher) values to the right of
the figure. Early and Late regimes showed differences in their species composition, as they
were distributed along the first axis (with Late to the right), whereas Mid had an intermedi-
ate species composition. This illustrates that the Late regime had the wettest soil and the
greatest NDVI values. The second axis (NMDS2) did not seem to be related to the snowmelt
regimes.

Dryas octopetala and L. arcuata were located towards the left of the figure (Fig. 6), whereas
Equisetum arvense and Eriophorum scheuchzeri were more to the right. This suggests that D.
octopetala and L. arcuata were found more commonly in the drier, low-NDVI Early plots,
whereas Equisetum arvense and Eriophorum scheuchzeri were found in the wet, high-NDVI
Late plots.

Comparison between this gradient study and a nearby experimental study
Values for this current study (15–20 July 2015) and those reported in the experimental

study (Mörsdorf et al. 2019) for 13–14 July 2015 were compared in Fig. 7 and
Supplementary Table S42. Values were mostly within a similar range. Trends of increasing
plant leaf nutrients with increasing snow were visible in both studies. This current study,

Fig. 6. Graphical display of the non-metric multidimensional scaling (NMDS) analysis, showing the different plots
and the average values for the plant species (the midpoint of the word represents the average value of a species).
Convex hulls have been drawn for the different snow regimes. Furthermore, the correlation of soil moisture and
normalized difference vegetation index (NDVI) with the NMDS space is graphically presented by means of arrows.
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however, differs from the experimental study in that it did not show clear increases in soil
nutrients with increased snow.

Discussion

Soil characteristics
Even though the snow regimes in the current study were established according to date of

snow melt timing, they showed differences in temperature (Fig. 3) similar to those found in
the nearby snow fence experiment (Semenchuk et al. 2015; Mörsdorf et al. 2019), where a
thicker layer of snow led to warmer winter soil temperatures, and was established as one
of the drivers behind the soil and plant nutrient differences found between different snow
depth regimes.

In Arctic regions precipitation is usually low, and snowmelt is the most important input
of water for the growing season, with high moisture levels recorded during the weeks fol-
lowing snowmelt (Buckeridge and Grogan 2010; DeMarco et al. 2011; Cooper et al. 2011).
Both winter winds and topography determine snow distribution (Liston and Sturm 1998).
Our Late melting plots were located on the sides of gullies, common features in the Arctic
that efficiently carry water from the surrounding hills towards the stream channels
(Walker et al. 1989). Snow deposition and soil moisture is generally higher in these features
(Kane et al. 1991; Zhang et al. 2000). There is a thicker layer of silt and fine sand in the
depressions along the streams as fine soil is windblown from the more elevated plateaux.
This also implicates their ability to store more water and for longer periods than moraine

Fig. 7. Comparison of estimated values between the current gradient study (Grd, based on snowmelt timing) and
the experimental study by Mörsdorf et al. (2019) (Exp, based on snow depth). (A) Soil moisture is shown in % of soil
water capacity. (B) Concentrations of nitrogen in the form of dissolved organic nitrogen (DON-N), (C) ammonium
(NH4+-N) and (D) nitrate (NO3

−.N) are shown in μg N per g of dry soil. Concentrations of N in (E) Bistorta vivipara
and (F) Salix polaris leaves are shown in % of leaf dry matter. δ15N of (G) B. vivipara and (H) S. polaris leaves is shown
in ‰.
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soil or stone-rich alluvial river fans with better drainage. As expected (Hypothesis 1a), our
mid-season soil moisture values were highest in our Late regime. In the nearby snow fence
experiment (Mörsdorf et al. 2019, see Supplementary Figure S12 for relative location) soil
moisture was much higher for the enhanced snow treatments than for ambient conditions
soon after snowmelt, but these differences were no longer apparent by mid-season.
Experimentally enhanced snow treatments had soil moisture values mid-way between
those of our Mid and our Late (Fig. 7, Supplementary Table S42).

In contrast to our hypothesis (Hypothesis 1b), mid-season soil nutrients showed little
variation between regimes, with only slightly higher NH4

+ in later melting areas. This con-
trasts with those in the nearby snow accumulation experiment in the same valley. After
6 years of continuous snow depth enhancement, Semenchuk et al. (2015) found an increase
in NH4

+ and NO3
− under deep snow, and after 9 years Mörsdorf et al. (2019) showed an

increase in all three variables, DON, NH4
+, and NO3

−. Our values are very different from
those in the latter article when comparing similar snow regimes: Ambient with Early,
Medium with Mid, and Deep with Late. Our DON was between 37% and 54% lower, NH4

+

between 14% and 64% greater, and NO3
− was lower in Ambient and Medium but higher in

Deep (Fig. 7, Supplementary Table S42). A similar trend of higher soil nutrient concentration
was obtained by Schimel et al. (2004), where areas under a deeper snowpack experienced
greatly enhanced NH4

+ and NO3
− concentrations from the end of winter extending

throughout the growing season and far into September.
Our soil nutrient trends are more like those found by Buckeridge and Grogan (2008,

2010), Koller and Phoenix (2017) and Darrouzet-Nardi et al. (2019), although it is important
to note that in those studies the deeper snow increased nutrient concentration in late win-
ter. Thermal insulation due to thicker snow enhanced the decomposition of organic matter,
followed by strong microbial immobilization (Nobrega and Grogan 2007; Buckeridge and
Grogan 2008). However, microbial and plant communities took up the enhanced nutrient
influx soon after snowmelt, leaving little trace of this later in the season (Buckeridge and
Grogan 2010; Koller and Phoenix 2017).

It is, therefore, highly important to consider the seasonality of nutrient dynamics, espe-
cially when sampling is only carried out once during the summer, as in the present study.
Mörsdorf et al. (2019) showed that DON dropped immediately after snowmelt, followed by
a constant increase during the growing season; and if we equate our Early regime (melted
by 21 May) to their Ambient regime (melted by 23 May), our samples were taken two weeks
after the increase in DON began in Ambient, suggesting that our Late plots were still in the
declining phase and our Early plots in the increasing phase at this time and, thus, similar
values could be expected. The concentrations of ammonium and nitrate in the experiment
increased most strongly later in the season (from 14 July Mörsdorf et al. 2019), simultane-
ously with the dates of our sample collection, which indicates that our Early, Mid, and
Late plots were still in their low concentration states prior to the late summer increase.
Further study, considering more sampling dates during the year, would be necessary to
establish the nutrient dynamics in our study plots. Furthermore, in a study in
Adventdalen, Bardgett et al. (2007) found striking differences between dry and wet
meadow, suggesting that other factors, such as wetter soil conditions, might constrain
biological activity.

Another possible explanation of the lack of snowmelt regime on soil nutrient concentra-
tions is soil pH, as the values in Early (6.7) were greater than the highest measurements in
the experiment, both those reported by Semenchuk et al. (2015) and Mörsdorf et al. (2019)
(under than 6.5 in both cases). Additionally, both Mid and Late showed significantly higher
values (around 7.2). Areas with high water content or even flooding (as our gullies) generally
have low levels of dissolved oxygen and high pH (Lipson et al. 2012), conditions that favour
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denitrification, increasing N release in gaseous form (Grogan et al. 2004; Sharma et al.
2006). Moreover, pH also affects the microbial community (Eskelinen et al. 2009; Siciliano
et al. 2014) and it affects enzymatic reactions in the soil (Stark et al. 2014). Increased pH
has been found to reduce the potential activity of β-glucosidase, an enzyme synthesized
for cellulose degradation, in turn, reducing the decomposition of plant material and slow-
ing soil nutrient cycles (Stark et al. 2014). Close to Advent River, the plateaux and alluvial
river fan deposit overlie marine sediments. Some of the smaller rivers may erode into these
marine and highly alkaline substrates, and this should be further investigated. Future
research should help discern the relative importance of snowmelt timing and pH for soil
nutrient cycling.

Leaf nutrient concentration
Hypothesis 1c could be partly accepted, as leaf nutrients of two of the species were

affected by snowmelt regime. Leaves from S. polaris had significantly higher values of N in
Late than in Early and Mid regimes, as was the case for enhanced snow in studies by
Semenchuk et al. (2015) and Mörsdorf et al. (2019) (Fig. 7, see Supplementary Table S42).
These values were similar in Early/Ambient among the three studies (2.62% in the present
work, 2.84% and 2.70% in the experimental studies by Semenchuk et al. (2015) and
Mörsdorf et al. (2019)), although in Late/Deep they differed somewhat (3.16% to 3.87% and
3.42%, respectively), as we found a smaller difference between regimes: Late was 21% greater
than Early, whereas Deep was 36% higher than Ambient in Semenchuk et al. (2015) and 27%
in Mörsdorf et al. (2019). A trend towards increased nutrients in Late was also found in
leaves of B. vivipara. Plants growing in Late had 17% greater N concentration than those in
Early (3.66% and 3.13%, respectively), comparable with the 19% increase due to snow accu-
mulation observed by Mörsdorf et al. (2019) (from 3.50% in Ambient to 4.18% in Deep).
Insufficient sampling in this pilot study most likely contributed to lack of clear regime
differences for the other species, all of which responded to deeper experimental snow
(Mörsdorf et al. 2019).

Greater N in leaves has previously been linked to enhanced concentration of labile N in
the soil (Walsh et al. 1997; Welker et al. 2005; Semenchuk et al. 2015; Mörsdorf et al. 2019).
The latter two studies followed plant N from mid (July 20 and 14, respectively) to end
(September 14 and 2, respectively) of the growing season and discovered a clear decreasing
trend throughout the entire period.

Our leaf nutrient data do not relate to our soil N, but this could simply, and most likely,
be a matter of timing as the Late regime represents a one-month delay in the seasonal
dynamics of soil and plant nutrients compared with that of Early, and so we are likely com-
paring different phenological stages reached on the same sampling date. A thorough sam-
pling of both soils and leaves throughout the season would clarify these patterns.

Values of δ15N followed a similar pattern to those of nitrogen, with higher values in Late
in B. vivipara and S. polaris leaves, whereas the other species did not differ. We can compare
our results to those of Mörsdorf et al. (2019). In our case, B. vivipara varied between –4.8‰ in
Early and –2.7‰ in Late, whereas S. polaris varied between –4.7‰ in Early and –1.4‰ in Late.
In Mörsdorf et al. (2019) snow deposition altered δ15N in B. vivipara from 5.1‰ in Ambient to
–2.3‰ in Deep, and in S. polaris from –5.3‰ to –3.8‰. In short, both species had a larger con-
centration of 15N in enhanced snow conditions. Enhanced soil N availability has been linked
on the regional and the global scale to an increment in plant δ15N (Michelsen et al. 1998;
Craine et al. 2009). Soil nitrogen pools have different content of 15N as a result of discrimi-
nation during microbial decomposition, which leads to a higher proportion of 15N in
inorganic than in organic nitrogen compounds (Michelsen et al. 1996; Nadelhoffer et al.
1996; Yano et al. 2010). Competition between species can result, then, in different values
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of δ15N (Nadelhoffer et al. 1996). A higher availability of N compounds may reduce that
competition and even out δ15N values between species.

Our values of δ15N in B. vivipara and S. polaris have, therefore, two possible interpreta-
tions: either the availability of nitrogen compounds in the soil was higher in Late, or these
species depended more strongly on inorganic N in Late. The first interpretation links back
to our explanation in the discussion of soil characteristics: soil N may have been higher
due to the longer snow-cover period, but by the time of sampling this excess was no longer
present in the soil. The second interpretation suggests that some distinct aspect of the Late
regime leads these plants to use inorganic N: either the environmental conditions (elevated
soil moisture and pH) or biotic relations (competition for nutrients against Equisetum arvense
and (or) Eriophorum scheuchzeri). In future studies sampling soil throughout the season would
help determine whether soil nutrients vary with snowmelt date, and measuring plant bio-
mass and nutrient concentration at the different snow regimes could help link soil and
plant nutrient dynamics.

Species presence and NDVI
As hypothesized (Hypothesis 2), natural Early and Late melting areas differed in the

species present. Although a greater snow depth, warmer winter, and subsequently moister
soils may enhance growing conditions for some species (Leffler et al. 2013; Blok et al. 2015;
Addis and Bret-Harte 2019), it may also be detrimental for others, as the growing season
becomes shorter and the timing of physiological events shifts the phenology (Scott and
Rouse 1995; Walker et al. 1999; Semenchuk et al. 2016a).

Deeper snow with later melt and a shorter growing season has a strong effect on dwarf
shrubs, which decline both in vegetative and reproductive performance (Rixen et al. 2010;
Mallik et al. 2011), e.g., D. octopetala had reduced number of flowers and viable seeds under
deep winter snow with later melt-out (Cooper et al. 2011). Experimentally increased snow
reduced the cover of all live dwarf shrubs (Cooper et al. 2019). Dryas octopetala is a typical
well-drained ridge species (Rønning 1965; Koroleva 2015) and was generally not present in
our Late regime, in contrast to S. polaris (Fig. 6, Supplementary Table S52), that has been
found to tolerate very short growing seasons (Callaghan et al. 1993; Owczarek and Opala
2016), but may be sensitive to extremely waterlogged soil in early spring (Crawford 1996).
However, in this pilot study we only have presence data rather than biomass or cover, thus
limiting our understanding of species habitat preference.

The Late regime was characterized by the presence of Equisetum arvense and Eriophorum
scheuchzeri. Late plots were located on the sides of gullies, which have a higher water input
from snowmelt at the start of the growing season. This is reflected in the soil moisture con-
tent, with values twice as high in Late than in Early, and would explain the presence of
Equisetum arvense and Eriophorum scheuchzeri, as these species are commonly distributed in
many moist and wet environments, where they sometimes achieve dominance (Svalbard
Flora 2020). Furthermore, Eriophorum scheuchzeri grows mainly on calcareous ground
(Svalbard Flora 2020), where soil pH is relatively alkaline, as is the case in our study (Fig. 4B).

The mid-season NDVI values were highest in our Late regime, supporting our hypothesis 3,
and relate to higher leaf nutrient content and potentially greater growth, as well as
earlier phenological stage: plants in Late were at or close to their peak of growing season,
whereas those in Early and Mid had already passed it. This is similar to data shown by
Anderson et al. (2016) and Kankaanpää et al. (2018) where different plant communities
had their peak NDVI at different dates, partly due to differing snow depth and melt-out
dates (Walker et al. 1999). To get a deeper understanding of the effects of snowmelt on
NDVI we should further study the variation in NDVI throughout the growing season, and
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more carefully consider the links between snowmelt time, NDVI and topography
(Riihimäki et al. 2017).

Microtopography leads to variation in snow cover, snowmelt timing, species composi-
tion and phenology across the landscape. Plants of species occurring in all three snow melt
regimes experience delayed phenology in Late compared with Early and Mid. Such
differences in phenology within a small region can be important at the ecosystem level,
as it suggests that a spatial mosaic of tundra patches enter their peak growing season at dif-
ferent dates. These patches of tundra gradually become suitable for utilization by herbi-
vores, such as the Svalbard reindeer in our study site. This enables grazers to access
nutritious forage throughout a longer period, following this “greening wave”. Any major
decreases in snow cover may therefore lead to a reduction in spatial heterogeneity
(as shown by Niittynen Heikkinen and Luoto 2020), with consequences throughout the
trophic levels.

Comparison of our natural topographic gradient with the nearby snow manipulation
experiment (Cooper et al 2019; Mörsdorf et al 2019) is useful as it puts the experiment into
a realistic perspective. The comparison of studies also underlines the importance of under-
standing whole-season nutrient dynamics, rather than just getting one mid-season value.
Together, both approaches consistently demonstrate the importance of snow for species
composition, nutrient dynamics, and growth, as well as indicating the role of a spatial
mosaic of phenological development within the landscape for herbivores.

Conclusion

This pilot study demonstrated clear differences in plant species composition (presence),
soil moisture, pH, leaf nutrients and NDVI in the various snow regimes. Soil nutrient
concentrations did not differ between snowmelt regimes.

Our results showed that:

1. Late snowmelt regimes with deeper snow had wetter soils, higher pH, and the leaves of
Bistorta vivipara and Salix polaris had higher concentrations of nutrients (nitrogen and
δ15N). Higher leaf nutrient content of the most dominant plant species in Late regime could
be attributed to an earlier phenological stage than plants occurring in the Mid and Early
regimes.

2. Late snowmelt regime (snowbed) had the highest NDVI values, whereas those of Early and
Mid snowmelt regimes were similar. This is most likely due to the higher nutrient content
in leaves, leading to greater growth of the most common distributed plant species in the
Late snowmelt regime.

3. Vegetation composition differed between Early and Late snowmelt regimes, with Dryas
octopetala and Luzula arcuata characterizing the former and Equisetum arvense and
Eriophorum scheuchzeri the latter.

4. Trends of increased nutrients with increased snow and later melt-out found in this study
were similar to those observed by a nearby snow manipulation experiment carried out
the same summer.

We recommend further studies in areas of differing snowmelt across the landscape to
sample moisture, nutrients, and NDVI throughout the season and link this to detailed
studies of plant composition.

Microtopography and, thus, snow distribution and timing of snowmelt, clearly play an
important role in determining patchiness in plant community distribution, species compo-
sition and spatial and temporal mosaics of plant nutrient and developmental phenology,
thereby contributing to landscape scale environmental heterogeneity.
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