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ABSTRACT

In alpine tundra the influence of snow-cover duration (SCD) and pedoclimatic con-
ditions on soil nutrient forms during the growing season has received little attention.
The hypothesis that SCD influences the soil temperature, which in turn can affect the
annual changes in topsoil nitrogen (N) and carbon (C) forms, was tested for five grow-
ing seasons at three study sites in the alpine tundra of the N'W Italian Alps. Among the
pedoclimatic conditions studied (soil temperature, soil moisture, and number of freeze/
thaw cycles), the mean soil temperature of the growing season was inversely correlated
with the SCD (p < 0.01), which ranged from 216 to 272 days. Independently from
the soil characteristics (e.g., degree of evolution), the microbial carbon (C ) of the
growing season was inversely correlated with the SCD and the mean soil temperature
of the snow-covered season, suggesting the consumption of soil resources made by the
C, .., under the snowpack. During the growing season ammonium (N-NH,"), dissolved
organic carbon (DOC), and C__  were positively correlated with soil temperature and
moisture. Path analysis shows that the interannual variability of topsoil N and C forms
was significantly controlled by the pedoclimatic conditions recorded in both the snow-
covered and the subsequent growing seasons, which in turn were influenced by SCD.
Therefore, SCD played a fundamental role in terms of pedoclimatic conditions during
the growing season, contributing to explaining the interannual variability of soil N and
C forms, and may be a key factor for predicting the nutrient cycling in alpine tundra in
the context of a changing climate.

INTRODUCTION tundra occurs across a wide range of latitudes and land-

scapes, with common properties such as a short growing

The alpine tundra is a high mountain environment  season, extended periods with air temperatures below

located above treeline and characterized by a mosaic of  freezing, and often snow-covered soils (K&rner, 2003;
wet, dry, and mesic areas (Knowles et al., 2015). Alpine ~ Edwards et al., 2007).
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The presence of long-lasting and consistent snow
cover is of paramount importance for the ecology of
much of the Earth’s surface, especially in high-altitude
regions (Jones et al., 1994). It is well known in the Alps
and in other mountain chains that snow depths equal
to or greater than 30—40 cm can insulate the soil from
the air temperature, maintaining unfrozen conditions
in the underlying soils throughout the winter (Brooks
and Williams, 1999; Zhang, 2005; Freppaz et al., 2008).
The first snow accumulation in the fall has a cooling
effect on the ground due to the high surface albedo of
the fresh snow when the solar radiation is still relative-
ly high. In the spring, the melting snow maintains soil
temperature near 0 °C until the ground is completely
snow free, at which point the high solar radiation drives
a sharp increase in soil temperature (Zhang, 2005; Oliva
et al., 2014). The topographically defined snowpack dis-
tribution produces a spatial gradient in soil properties
(Freppaz et al., 2012). Moderate snow depths during the
winter can lead to an ideal combination of moist and
relatively warm soil conditions that result in a substan-
tial increase in total soil nitrogen (IN) and total organic
carbon (C) accumulation. In these conditions free water
1s available throughout the winter, heterotrophic activity
continues, and N retention is relatively high, while very
long snow-cover duration (SCD) can cause a significant
decrease in soil microbial C (Freppaz et al., 2012). A
longer SCD could enhance subnival microbial decom-
position with a gradual decrease in substrate availability
because the majority of the C is lost through respiration
(Lipson et al., 2000).

In the alpine tundra, the N and C cycling during
the growing season can be influenced by pedoclimatic
conditions such as soil temperature and moisture (e.g.,
Lipson et al., 1999;Wu et al.,2013; Sun et al., 2013).The
duration and magnitude of snow cover during the pre-
vious winter may as well have implications on summer
processes, with effects on the vegetation growth (e.g.,
Jonas et al., 2008; Peng et al., 2010) and on the annual
ground thermal regime (e.g., Ling and Zhang, 2003;
Zhang, 2005). Although much is known in the alpine
tundra about litter decomposition, soil N cycling and
microbial communities under the snowpack and dur-
ing the snowmelting period (e.g., Brooks et al., 1995;
Brooks and Williams, 1999; Baptist et al., 2010), less is
known about the influence of the SCD on the soil N
and C forms of the subsequent growing season. Several
studies performed in other ecotones, such as the boreal
forests, demonstrated that the climatic conditions of the
preceding winter are important driving factors of the C
cycling during the growing season (e.g., Granberg et al.,
2001; Oquist and Laudon, 2008; Haei et al., 2013). Con-
sequently, not only can the pedoclimatic conditions re-

corded during the growing season (e.g., soil temperature
and moisture) strongly affect the soil nutrient cycling
(Wu et al., 2013; Sun et al., 2013), but also those of the
previous winter season (e.g., soil temperature, number
of freeze/thaw cycles).

In order to further improve the understanding of
biogeochemical cycling in seasonally snow-covered sys-
tems, it will be necessary to fill the knowledge gap be-
tween the winter processes and their influence on soil N
and C dynamics during the growing season (Brooks et
al.,2011). Aside from artificial manipulation (removal or
addition of snow), time series of soil N and C forms dur-
ing the growing season under naturally changing snow
cover and summer pedoclimatic conditions can provide
information about the influence of these environmental
factors on soil processes (Schindlbacher et al., 2014). In
the present study we investigated the interannual vari-
ability of soil N and C forms in three alpine tundra sites
during five growing seasons in response to SCD and pe-
doclimatic conditions recorded during both the former
snow-covered season and the current growing season.
As the snow cover insulates soil from low wintertime
air temperatures but cools it during the spring and early
summer, we hypothesized that (1) the duration of the
snow cover determined soil temperatures during the
growing season and consequently controlled the sum-
mer soil N and C dynamics; (2) under a longer-duration
snow cover, the prolonged temperatures close to 0 °C
could cause a decline in C availability and consequently
in the microbial biomass during the growing season.
This could be a common pattern in soils that approach
0 °C during winter and rarely freeze and that have been
less investigated in comparison to soils that reach tem-
peratures well below 0 °C during the winter months
(e.g. Miller et al., 2007). These results will increase our
understanding of soil processes in tundra areas of North
America and the European Alps (Miller et al., 2009).

MATERIALS AND METHODS

Study Area

The research area (Long Term Ecological Research
[LTER] site Angelo Mosso Scientific Institute) is locat-
ed in NW Italy, close to the Monte Rosa Massif (4634
m) (Fig. 1). The study was conducted at three high-el-
evation sites (1, 3, and 5) located in the upper part of a
glacial valley. The bedrock minerology is primarily mica
schists, with some inclusions of ophiolites and calcs-
chists. Soils are classified as Skeletic Dystric Regosol
(site 1), Skeletic Umbrisol (Arenic) (site 3), and Skeletic
Dystric Cambisol (site 5) (IUSS Working Group WRB,
2015). Soil total organic C (TOC) and N (TN) ranged
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FIGURE 1. On the left, the location of the research area (LTER site Istituto Mosso), and on the right the soil
profiles, classified according to the IUSS Working Group WRB (2015) as Skeletic Dystric Regosol (site 1), Skeletic
Umbrisol (Arenic) (site 3), and Skeletic Dystric Cambisol (site 5).

from 6.5 to 75.0 g kg! and from 0.5 to 5.1 g kg™, re-
spectively; soil pH ranged from 4.4 to 5.4 (Freppaz et al.,
2010). Site 1 was located on a flat area at an elevation of
2840 m (Table 1).Vegetation was dominated by Poa laxa,
Minuartia sedoides, Leucanthemopsis alpina, together with
other species that can tolerate long-lasting snow cover,
such as Salix herbacea and Gnaphalivm supinum. Vegeta-
tion at site 3 (elev. 2770) was dominated by the grami-
noid Carex curvula, whereas at site 5 (elev. 2525), the
dominant species were Agrostis agrostiflora, Carex sempetr-
virens, and Alchemilla pentaphyllea (Freppaz et al., 2010).
The sites are generally characterized by deep snowpacks
that limit growing season length.

Meteorological parameters have been continuously
recorded since 2005 by an Automatic Weather Station
(AWS) located at 2901 m and belonging to the Ital-
1an Army (Comando Truppe Alpine — Servizio Meteo-
mont). From 2005 to 2012, the area was characterized
by a mean annual air temperature of —2.5 °C, a cumula-
tive annual snowfall of 850 cm, and a mean annual liq-
uid precipitation of 350 mm (Table 1). The mean wind
speed of the area was about 3.4 m s™'. The snowpack
generally developed by late October—early November,
while snowmelt began once the snowpack became iso-
thermal, usually in late May to early June.

Soil Sampling and Laboratory Analysis

At each site, thermistors combined with data log-
gers (GEOTEST UTL-1) were placed at a soil depth
of 10 cm from fall 2007 until fall 2012 for the meas-
urement of hourly soil temperature (instrument
sensitivity of £ 0.1 °C). The SCD in the area was
continuously measured at the AWS, while the SCD
at each study site was calculated on the basis of the
daily soil temperature data. When the daily soil tem-
perature amplitude remained within a range of 1 °C,
the day was defined as a “snow-covered day” (Danby
and Hik, 2007). The SCD was calculated as the sum
of the snow-covered days. When the daily mean soil
temperature dropped below and rose above 0 °C, it
was considered as a freeze/thaw cycle (FTC) (Phil-
lips and Newlands, 2011). As suggested by Tierney
at al. (2001) and Neilsen et al. (2001), the inten-
sity of soil freezing was classified as “mild freezing,”
“mild/hard freezing,” or “hard freezing” when the
daily mean soil temperature ranged between 0 °C
and =5 °C, -5 °C and —13 °C, or lower than —13 °C,
respectively.

We considered the “snow-covered season” as
the time span in which the soil was covered by the
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TABLE 1

Characteristics of the study sites.

Altitude  Slope and Soil T, T, GWC SCD! FTCs MAAT' MAP:
Sites Soil (WRB?) (masl) exposure horizon (°C)" (°C)™ (%)  (days)*  (no.)* (°C) (mm)
1 Skeletic Dystric 2840 0° A -0.2 6.5 19 258 2.0 -2.5 350
Regosol
3 Skeletic Umbrisol 2770 6° SE A -0.3 7.9 33 226 2.2 -2.0 350
(Arenic)
5 Skeletic Dystric 2525 22°E A -0.3 9.2 36 227 1.6 -0.5 350
Cambisol

"WRB (World Reference Base).

T, (mean soil temperature from 2008 to 2012).

‘GWC (mean Gravimetric Water Content from 2008 to 2012).
ISCD (mean Snow Cover Duration from 2008 to 2012).
‘FTCs (mean annual Freeze/Thaw Cycles from 2008 to 2012).
‘MAAT (Mean Annual Air Temperature from 2005 to 2012).
SMAP (Mean Annual Liquid Precipitation from 2005 to 2012).
“Refers to the snow-covered season.

“Refers to the growing season.

snow, and the “snow-free season” as the period of
absence of snow on the ground. The time span be-
tween the final part of the snow-covered season and
the soil sampling performed on about 15 September
was defined as the “growing season.” This term is
conventionally defined as the period during which
the plants are photosynthetically fully active, and
it is usually shorter than the snow-free season (Sp-
ehn and Korner, 2009). The growing season starts
and ends when the weekly mean air temperature
passes through 0 °C (that coincides with a topsoil
temperature around 3 °C), even though it is well
known that defining it using only the air tempera-
ture turned out to be problematic at the alpine scale
because of the snowpack and the irregular seasonal
temperatures (Korner and Paulsen, 2004; Spehn and
Korner, 2009; Paulsen and Korner, 2014). Generally,
in the alpine, the growing season has been consid-
ered to be limited to the summer months follow-
ing snowmelt and/or soil thaw, when plant growth
reaches a maximum (~June/July—September; Miller
et al., 2009; Jaeger et al., 1999).

In order to explain the interannual variability of soil
N and C forms, SCD and pedoclimatic conditions were
considered. During the snow-covered season the pedo-
climatic conditions measured were mean soil tempera-
ture and the number of FTCs, while during the grow-
ing season mean soil temperature and moisture were
measured.

Each study site consisted of three plots, each 9 m?.
From 2008 until 2012, once a year (Makarov et al.,
2003) at the end of the growing season, three topsoil

samples (A horizon, 0-10 cm depth) were collected,
which in turn consisted of three subsamples in each
plot. Samples were homogenized by sieving at 2 mm
within 24 h of collection. At each sampling time sub-
samples were dried at 100 °C overnight in order to
obtain the gravimetric water content. An aliquot of
20 g of fresh soil was extracted with 100 mL K SO,
0.5M as described by Brooks et al. (1996), whereas
a 10 g aliquot was subjected to chloroform fumiga-
tion for 18 h before extraction with 50 mL K SO,
0.5 M. Dissolved organic carbon was determined
with 0.45 pm membrane, which filtered K,SO, ex-
tracts (extractable DOC) with a TOC analyzer (El-
ementar, Vario TOC, Hanau, Germany). Microbial
carbon (C . ) was calculated from the difference in
DOC between fumigated and nonfumigated sam-
ples corrected by a recovery factor of 0.45 (Brookes
et al., 1985). Ammonium in K SO, extracts (extract-
able N-NH,") was diftused into a H,SO, 0.01M
trap, after treatment with MgO (Bremner, 1965),
and the trapped NH," was determined colorimetri-
cally (Crooke and Simpson, 1971). Nitrate (extract-
able N-NO/) concentration in the same extracts
was determined colorimetrically as NH,* after re-
duction with Devarda’s alloy (Williams et al., 1995).
Total dissolved nitrogen (TDN) in the extracts was
determined as reported for DOC. Dissolved organic
nitrogen (extractable DON) was determined as the
difference between TDN and inorganic nitrogen
(N-NH," + N-NO,") in the extracts. Microbial ni-
trogen (N . ) was calculated from the difference in
TDN between fumigated and nonfumigated samples
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FIGURE 2. (A) Air temperature (T ) (°C) and
(B) snow depth (cm) recorded at the Automatic
Weather Station (AWS) from 1 October 2007 to
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corrected by a recovery factor of 0.54 (Brookes et
al., 1985). Total nitrogen and total carbon were de-
termined by elemental analysis (Carlo-Erba, Milano,
[taly).

Statistical Analysis

In order to test significant differences (p < 0.05)
between N and C forms in the different years (inter-
annual variability) the ANOVA test combined with
Tukey’s honest significant difference (HSD) post hoc
was applied employing R Studio software (R Devel-
opment Core Team, 2010) for statistical computing
(Schefté, 1959). Using the add-on module AMOS
(2015) for SPSS Statistics 22 (SPSS, 2015), a path
analysis was used to describe the directed depend-
encies among SCD, soil temperatures, and FTCs and
the N and C forms (Wright, 1934). The magnitude
of a path coefficient (standardized regression coef-
ficient) was used to show the strength of the partial
effect of an explanatory variable on the response
variable. Correlations between pedoclimatic con-
ditions and soil N and C forms were tested using
Pearson’s correlation test, first verifying the normal
distribution of the data (Shapiro and Wilk, 1965).
The correlation between SCD and snow depth was
performed using the nonparametric Spearman test.
All correlation tests were implemented in the soft-
ware SPSS Statistics 22 (SPSS, 2015) with a signifi-
cance level at p < 0.05.

30 September 2012 (daily mean values).

RESsuLTS

Weather Conditions during the
Experimental Period

The mean yearly air temperature (hydrological year)
recorded by the AWS (2901 m) in the experimental pe-
riod (2008-2012) was —2.4 °C, with daily values rang-
ing from a minimum of —20.4 °C (December 2010) to
a maximum of +12.3 °C (August 2012) (Fig. 2, part A).
Annual snow depth ranged from a minimum of 189 cm
in 2008 to a maximum of 560 cm in 2009 (Fig. 2, part B).
The SCD at the AWS reached the highest value in 2009
with 271 days of snow on the ground, while the mini-
mum values were measured in 2008,2011, and 2012 with
256 days of snow on the ground. Moreover, the SCD in
the experimental period was found to be positively cor-
related with the mean snow depth (r = 0.894; p < 0.05).

Pedoclimatic Conditions at Each Study Site

Soils at all study sites were essentially isothermal dur-
ing the snow-covered season at about ~0 °C, within a
range of 1 °C (Fig. 3) thanks to the presence of a con-
sistent snow cover. During the snow-covered season, the
daily soil temperature at 10 cm depth ranged between a
minimum of —6.1 °C in 2010 at site 3 and a maximum
of +2.6 °C in 2009 at the same site, while during the
growing season it reached a minimum value of +0.1 °C
in 2009 at site 1 and a maximum value of +16.2 °C in
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FIGURE 3. Soil temperatures (°C) record-
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2008 at site 5 (Table 2). The soil moisture during the
growing season showed the lowest value (17%) at site 1
in 2009 and the highest (47%) at site 5 in 2008 (Table 2).

Using the daily soil temperature amplitude values, we
found that the longest SCD was 272 days in 2009 at site 1,
while the shortest was 216 days in 2012 at site 5 (Table 2).
During the snow-covered season in 2009, only one FTC
occurred at all sites, while in 2008, three FT'Cs occurred
atsite 1 and four FTCs at sites 3 and 5. In the years 2010,
2011, and 2012, a comparable number of FTCs were re-
corded at all sites (Table 2). The intensity of soil freez-
ing was always classified as “mild freezing,” except for an
event of “mild/hard freezing” recorded at site 3 during
the snow-covered season in 2010 (6.1 °C). During the
growing season no FT'Cs were recorded in the study sites.

The mean soil temperature was positively correlated
with the SCD during the snow-covered season (r =
+0.543; p < 0.05) (Fig. 4, part A), and negatively during
the growing season (r = —0.737; p < 0.01) (Fig. 4, part B).

Interannual Variability of Soil N and C
Forms

No significant variability among sites and N and C
forms occurred during the research period, with the

ed at study sites 1, 3, and 5 from 1 October
2007 until 30 September 2012 (daily mean
values).

exception of the C__, which decreased with elevation.
However, strong and significant variations occurred
among years.

At all sites soil N-NO,~ concentrations at the end
of the growing season were significantly higher during
2009 and 2010 than in the other years (Fig. 5). Con-
centrations decreased by approximately 90% in the next
two years. No significant differences between years in
N-NH," concentrations were recorded at site 1, while
a significant interannual variability occurred at sites 3
and 5.

DON and DOC did not show any significant differ-
ences between years at site 1, while a significant inter-
annual variability was reported at sites 3 and 5 (Fig. 6),
with a common pattern. The highest DON value was
observed in 2012, which increased by approximately
85% in comparison to previous years. The maximum
value of DOC was observed in 2010 at both sites. The
minimum DON value was observed in 2011 at both
sites.

Interannual variability of N was observed only at
sites 1 and 5, whereas C . showed a significant inter-
annual variability at each study site (Fig. 7), with year-
to-year fluctuations relatively synchronous, especially at
sites 3 and 5.
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TABLE 2

Mean, minimum (min), and maximum (max) soil temperature (T ) (°C, hourly values), SCD (days), FTC (num-
ber), and mean soil moisture (%) during the experimental period (2008-2012) at sites 1, 3, and 5, considering
the hydrological year.

soil

Site Year mean min max SCD FTC Moisture
2008 -0.3 -1.0 0.3 249 3 —
2009 0.1 —0.3 1.5 272 1 —
1 2010 -0.2 —0.8 —0.1 271 3 —
2011 —0.1 —0.3 -0.1 255 1 —
2012 -0.5 -1.0 0.0 241 2 —
Mean (sd) -0.2 (0.2) -0.7 (0.4) 0.3 (0.7) 258 (14) 2.0 (1.0)
2008 —0.5 —2.1 1.0 222 4 —
2009 0.1 —0.1 2.6 246 1 —
Snow-covered season 3 2010 03 Bk 13 222 > o
2011 —0.1 -1.0 1.5 219 2 —
2012 -0.5 2.8 0.6 223 2 —
Mean (sd) -0.3 (0.3) -2.4 (2.3) 1.4 (0.8) 226 (11) 2.2 (1.1)
2008 —0.6 -1.9 0.6 219 4 —
2009 0.1 —0.3 2.4 244 1 —
2010 —0.3 —0.3 1.5 235 1 —
> 2011 —0.1 —0.3 2.4 219 1 —
2012 -0.5 —0.1 1.0 216 1 —

Mean (sd) -0.3 (0.3) -0.6 (0.7) 1.6 (0.8) 227 (12) 1.6 (1.3)

2008 6.0 0.3 14.1 — — 18.6
2009 6.1 0.1 11.9 — — 17.0
2010 6.1 0.8 12.0 — — 18.1
! 2011 7.4 0.3 12.9 — — 20.5
2012 7.1 0.6 13.5 — — 20.5
Mean (sd) 6.5 (0.7) 0.4 (0.3) 12.9 (0.9) 18.9 (1.5)
2008 8.0 1.5 15.1 — — 34.5
2009 7.7 0.6 13.5 — — 22.7
Growing scason X 2010 7.5 1.6 12.6 — — 28.4
2011 8.7 1.6 13.9 — — 39.9
2012 7.8 1.7 13.9 — — 39.9
Mean (sd) 7.9 (0.5) 1.4 (0.5) 13.8 (0.9) 33.1 (7.5)
2008 8.9 1.5 16.2 — — 46.7
2009 8.9 0.9 15.4 — — 29.7
2010 9.6 13 15.9 — — 44.2
> 2011 9.4 1.7 15.6 — — 30.8
2012 9.2 1.5 15.7 — — 30.8
Mean (sd) 9.2 (0.3) 1.4 (0.3) 15.8 (0.3) 36.4 (8.3)
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FIGURE 4. Scatterplots between
duration (SCD) and mean soil temperatures in both
(A) snow-covered (r = +0.543; p < 0.05) and (B)
growing (r = —0.737; p < 0.01) seasons considering
the three study sites for the experimental time period
2008-2012 (n = 15).

snow-cover

Influence of Pedoclimatic Conditions
and SCD on Soil N and C Forms

The soil N-NO," did not show any significant corre-
lation with the pedoclimatic conditions in both snow-
covered and growing seasons, whereas the N-NH, " was
positively correlated with the mean soil temperature (r
= +0.541; p < 0.05) and the mean soil moisture (r =
+0.556; p < 0.05) during the growing season (Table 3).

No significant correlations were observed between
DON and the pedoclimatic conditions recorded in
both snow-covered and growing seasons. DOC had no
significant correlations with the pedoclimatic condi-
tions recorded during the snow-covered season, while
during the growing season it was significantly and
positively correlated with the mean soil temperature (r
= +0.537; p < 0.05) and the mean soil moisture (r =
+0.554; p < 0.05) (Table 3).

N . showed a significant positive correlation (r =
+0.647; p < 0.05) with the number of soil FTCs re-
corded during the snow-covered season and the mean
soil moisture (r = +0.676;p < 0.01) during the growing
season (Table 3). C . was negatively correlated with
the mean soil temperature of the snow-covered season

(r=—0.646; p < 0.01) and positively correlated with the
mean soil temperature (r = +0.605; p < 0.05) and the
mean soil moisture (r = +0.644; p < 0.01) of the grow-
ing season (Table 3).

Among the N and C forms considered in this study,
only the C __was significantly correlated with the SCD
(r=-0.765; p < 0.01) (Fig. 8), whereas N-NH,*, DOC,
and N correlated with the SCD through its influence
on the mean soil temperature both during the snow-
covered and the growing seasons (Fig. 9).

DiscussioN

Pedoclimatic Conditions and SCD

Two distinct seasons characterized the pedoclimate in
the research area: (1) a snow-covered season (from about
October to June), generally characterized by quite stable
soil temperatures near 0 °C; and (2) a snow-free sea-
son (from about July to October) with more varied and
warmer soil temperatures (Fig. 3). While the insulation
of the snowpack against the cold air temperatures kept
soil temperatures close to 0 °C, there were some excep-
tions when a thinner snowpack resulted in soil freezing.
In our research area wind action can contribute to ero-
sion of considerable amounts of snow, with significant
effects on the soil temperature, as recorded at site 3 on
2 February 2010 (Table 2), when the lowest soil tem-
perature (—6.1 °C) during the experimental period was
recorded. On that day the air temperature was —15.4 °C
and wind speed was 11 m s (~40 km h™'). The whole
of February 2010 was characterized by very high and
unusual wind activity, which caused strong modifica-
tions to the snowpack in the alpine area (ARPA, 2010).

The importance of the snow thickness on insulating the
soil was also evident in that the lowest number of FTCs
were observed during the snowiest snow-covered season
in 2009 (one at each site), while the highest number was
reported in 2008 (three at site 1 and four at both sites 3 and
5) (Table 2) due to the thinner and discontinuous snow-
pack during that winter season (Fig. 2, part B). The 2009
snow-covered season was indeed characterized by an ex-
ceptional snowfall for the area, being the snowiest snow-
covered season of the past 20 years. Consequently the
mean soil temperatures recorded during the snow-covered
season of 2009 were higher than the other years (Table 2).

The last weeks of snowmelt in June or July were
characterized by a “zero-curtain” period when, after the
complete melting of the snowpack, the soil temperature
was close to 0 °C before increasing, as also observed in
the arctic mesic tundra (Outcalt et al., 1990; Buckeridge
et al., 2010). After the snowpack completely melted and
the ground was directly exposed to the atmosphere, the
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soil temperature fluctuated near and slightly above 0 °C
and then increased, but did not go below 0 °C, as report-
ed in other mesic arctic tundra soils (e.g., Buckeridge et
al., 2010), suggesting soil freezing in the growing season
was infrequent in this alpine tundra ecosystem (Fig. 3).

Even with some uncertainties, the SCD correlation
with the soil temperature gave reasonable estimates as
reported by Magnani et al. (2015). For example, in our
research site the SCD, ranging between 216 and 272 days
(Table 2), was longer compared to the SCD for the al-
pine tundra on the Niwot Ridge Saddle in the Rocky
Mountains (3500 m), where the permanence of the snow
on the ground lasted from December to May (Williams
et al., 1998). Even if we know that other factors (e.g., air
temperature) could contribute in the length of the SCD,
we could assume that years with a large snowpack depth
could be related to years with a long SCD, being that
the snow depth is a potential predictor of the SCD
(Beniston, 1997; ARPA, 2013). In our study, a positive
correlation between the SCD and the soil temperature
during the snow-covered season was observed, since a
larger snowpack caused better insulation on the ground
against the colder air temperature.

The longer the snow-covered season, the lower the
mean soil temperature during the growing season. As

significant differences be-
tween years (p < 0.05).

reported by the review of Zhang (2005), both snow
thickness and duration can affect the mean annual soil
temperature. In the arctic tundra ecosystem, Cooper
et al. (2011) and Ling and Zhang (2003) found that a
deepened snowpack or a late snowfall in the spring with
the consequence of a SCD increase had a cooling effect
on the soil thermal regime of the growing season. In
particular, Ling and Zhang (2003) observed that delay-
ing the first snow date in fall and the last snow date in
spring by 10 days, at Barrow, Alaska, resulted in a de-
crease of the maximum ground surface temperature by
up to 9 °C and a decrease of the mean annual ground
surface temperature by 0.7 °C.

Soil N and C Forms in Relation to the
Pedoclimatic Conditions and SCD

Soil N and C concentrations measured in our
study sites were comparable to those found in the
same region at lower elevation, in the subalpine for-
est belt (Viglietti et al., 2013). The mean DOC at site
5 was higher than what was reported by Freppaz et
al. (2008) for a larch forest. Relating our values with
other alpine tundra research sites, the mean N-NH_*
was below that reported by Makarov et al. (2003) in
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FIGURE 6. Mean dissolved
organic nitrogen (DON) and
dissolved organic carbon
(DOC) concentrations (mg
kg™") recorded at the three
study sites during the years
2008-2012 (n = 15). Different
letters indicate significant
differences between years
(p < 0.05). DON at site 5 in
2010 shows a missing value.

FIGURE 7. Mean soil mi-
crobial nitrogen (N _. ) and
microbial carbon (C_, )
concentrations (mg kg™)
recorded at the three study
sites during the years 2008—
2012 (n = 15). Different let-
ters indicate significant dif-
ferences between years (p <
0.05). N . at site 1 in 2010
shows a missing value.



TABLE 3

Correlation table between soil N and C forms and pedoclimatic conditions of snow-covered and growing
seasons (n = 15).

N_NOSﬂ N_NH-'lH) DONC DOCd 1\]|11i<;re (:micrf
Snow-covered Tmﬂg +0.344 —0.107 —0.526 —0.258 —0.481 —0.646*
scason FTCh -0.205 -0.153 -0.026 -0.132 +0.647" +0.181
Growing season T, ¢ +0.208 +0.541* +0.366 +0.537* +0.318 +0.605"
GWC +0.130 +0.556° +0.288 +0.554" +0.676"  +0.644"
‘N-NO, (nitrate).
bN—NH4‘ (ammonium).
‘DON (dissolved organic nitrogen).
‘DOC (dissolved organic carbon).
‘N, ., (microbial nitrogen).
‘C, ., (microbial carbon).
¢T_, (mean soil temperature).
"FTC (number of freeze/thaw cycles).
'GWC (mean soil moisture).
“Indicates significant correlation at p < 0.05.
“Indicates significant correlation at p < 0.01.
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FIGURE 8. Scatterplot between SCD and C_.~ FIGURE 9. Path coefficient diagram showing the

measured in the growing season (r = —0.765; p < 0.01)
considering all the study sites during the experimental
period (2008-2012) (n = 15).

the NW Caucasus, while the N-NO,~ had similar
values (Fig. 5). The mean DOC (from 238 to 474 mg
kg™) recorded in our research site was comparable to
that reported by Shen et al. (2015) (~400 mg kg™') in
the Qinghai-Tibetan Plateau. The mean DON (from
11.7 to 24.6 mg kg™') was on the same order of mag-
nitude as that observed by Gao et al. (2015) (13.9
mg kg™') (Fig. 6) in the Qinghai-Tibetan Plateau.The
mean N (from 52.5 to 160 mg kg™') was compa-
rable to that observed by Williams et al. (2007), but
higher than that reported by Hood et al. (2003) (from
~9 to 27 mg kg™') for the Colorado Rockies, and
the C . had values comparable or higher than other
alpine and arctic areas (Fig. 7) (e.g., Edwards and Jet-
feries, 2013; Shen et al., 2015).

responses of soil temperatures (T ), freeze/thaw
cycles (FTCs), and N and C forms to the SCD. All
path relationships shown are statistically significant (p
< 0.05). Negative effects are denoted by dotted arrows
and positive effects by solid arrows (n = 15).

To date, according to our knowledge, with the ex-
ception of works about the interannual changes in CO,
fluxes in both alpine (e.g., Saleska et al., 1999; Kato et
al., 2006) and arctic tundra (e.g., Harazono et al., 2003),
very little is known about the interannual variability of
soil N and C forms in alpine tundra soils. Edwards and
Jefferies (2013) reported significant microbial biomass
interannual differences in arctic tundra soils, demon-
strating that their dynamics were mainly regulated by
soil temperature and water. In our research area, with
the exception of N__ . all the considered soil N and C
forms showed an interannual variability at sites 3 and 5,
while at site 1 N-NH,", DON, and DOC did not show
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differences between years. N . had a different behavior
compared to the other forms, showing interannual vari-
ability at sites 1 and 5, but no differences between years
were found at site 3 (Figs. 5, 6, 7).

Independently from the different characteristics of
the three study sites (e.g., soil evolution) the N-NH_*,
DOC, and C_ _ were positively correlated with the
mean soil temperature and moisture of the growing
season (Table 3). This is consistent with soil microor-
ganisms showing a high level of sensitivity to variation
in temperature, and displaying increasing soil tempera-
tures throughout the typical ambient ranges (Schutt et
al., 2014; Bing et al., 2016). This is in accordance with
Wang et al. (2014) and Rui et al. (2011) who reported
an increase of N-NH,* and microbial biomass after soil
warming experiments in an alpine meadow. Also, Har-
rison et al. (2008) reported that soil DOC concentration
increased after a rise in temperature in the upland soils
on the Northern Pennines, which was mainly associ-
ated with solar radiation and temperature. On the other
hand, other studies in the alpine meadows reported a
low contribution of the pedoclimatic conditions on the
DOC dynamics, in favor of biotic factors (e.g., quality of
the ground and belowground biomass) (e.g., Luo et al.,
2009; Rui et al., 2011).

As the C . and N . showed a positive correla-
tion with the mean soil moisture of the growing sea-
son, the magnitude of liquid water is one of the most
important factors for the microbial biomass (Table
3). Soil moisture is commonly considered one of the
main factors regulating the microbial activity in both
the snow-covered (e.g., Larsen et al., 2002) and the
growing seasons (e.g., Lipson et al., 1999). In an alpine
ecosystem, Lipson et al. (1999) reported the minimum
level of soil microorganisms in correspondence to the
lowest level of soil moisture during the growing sea-
son, underlying the controlling action of the soil mois-
ture on soil microorganisms through a direct osmotic
effect or through a diffusive effect on the availability
of the substrate.

C_ ... was negatively correlated with the SCD during
the growing season (Fig. 8). A long SCD, in addition
to decreasing the mean soil temperature of the grow-
ing season (Fig. 4, part B), also enhances the subnivial
microbial decomposition with a gradual decrease in
substrate availability because the majority of the C is
lost through microorganism respiration (Lipson et al.,
2000), as reported also in forest sites at a lower eleva-
tion (Schindlbacher et al., 2014). A number of studies
reported a substantial decrease in soil substrate availa-
bility from early to late winter (e.g., Zimov et al., 1996;
Brooks et al., 2004). Microorganisms may remain ac-
tive throughout most of the cold season in alpine sys-

tems that have deep snow accumulation (2 m) and/or
moderate winter soil temperatures. A critical change in
the C balance occurred usually between the end of the
snow-covered season and the beginning of the grow-
ing season when C _ limitation increased as inputs
from plant litter were depleted, and the winter-adapted
microbial community ultimately succumbed to warm-
er temperatures and C starvation during spring thaw
(Lipson et al., 2000). The alpine tundra microorgan-
isms were well adapted to winter soil temperatures
near 0 °C (Brooks et al., 1996; Clein and Schimel,
1995), and they were observed to decrease before the
end of snowmelt (Brooks et al., 1998), which implies
that that C limitation could be the main mechanism
causing the late snow-covered season microorganism
decrease (Lipson et al., 2000).

In the high-altitude ecosystems, the most frequent
periods for FTCs are spring and fall, when the soil is not
covered by a consistent snowpack, but sometimes they
can occur throughout the winter. For example, they
may occur due to the erosive wind action that causes
a snow removal exposing the topsoil to the winter at-
mosphere (Hiemistra et al., 2002). During the snow-
covered period, the FTCs could damage the biological
tissue of the microorganisms, resulting in the death of
the soil microbial biomass, with the release of nutrients
(Soulides and Allison, 1961; Morley et al., 1983; Brooks,
1995) that are potentially immobilized by the surviv-
ing microorganisms (Larsen et al., 2002). At our research
site, the increased N induced by FTCs (Table 3) was
not accompanied by a proportional increase in C_ . We
believe that most released labile C was respired as CO,,
while N was immobilized by the surviving microorgan-
isms, as reported by Larsen et al. (2002) in an arctic eco-
system and by Grogan and Jonasson (2003) in a subarctic
birch forest.

In both alpine and arctic tundra the SCD has a
strong impact on the ecosystem function and struc-
ture (e.g., Fisk et al., 1998; Walker, 2000; Edwards et
al.,2007), but how and on what intensity varies among
different ecosystems is still unclear. According to the
conceptual model of Brooks and Williams (1999), our
research area could be included in a transition zone
between Zone II and Zone 11, where small changes in
SCD could have significant effects on the number of
soil FTCs and on the soil N and C dynamics. From the
results of our work it seems that, independently from
the soil characteristics (e.g., soil evolution), an increase
of the SCD in the alpine tundra (moving from Zone II
to Zone III) could reduce the mean soil temperature
during the growing season, with a concomitant de-
crease of soil N-NH_*, C_ . and DOC (Fig. 9). More-
over, it seems that an increase of the SCD could direct-
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ly influence the C_ through a potential reduction of
the soil C availability. The longer the SCD, the higher
the subnivean soil temperature, a pattern ascribable to
a greater snow depth in years with a greater SCD, even
if the main factors that could influence the SCD could
be others, like the air temperature during the spring/
summer season. The number of soil FTCs was lower
in years with a longer SCD, with a consequent reduc-
tion of the N . (Fig. 9). Therefore, in this ecosystem,
in order to fully understand the interannual variability
of the soil N and C forms during the growing season,
also requires proper consideration of the conditions of
the previous snow-covered season as a sort of memory
from the winter season.

CONCLUSIONS

The alpine tundra considered in this study was
characterized by long snow-covered seasons, with a
maximum snow depth often exceeding 300 cm. Soil
temperatures normally remained around 0 °C during
the snow-covered season, with the exception of years
characterized by a lower amount of snowfall and/or
significantly affected by wind erosion phenomena, and
consequently the subnivean pedoclimate is, in general,
favorable for microbial activity.

Because years with a longer SCD (even more than
270 days in our research site) generally correspond to
years with a greater snow depth (even more than 500
cm in our research site), the SCD was positively cor-
related with the mean soil temperature of the snow-
covered season because of the higher insulation effect
of the snowpack. Conversely, the longer the SCD, the
lower the mean soil temperature during the growing
season, with significant effects on soil N and C forms.
Independently from the characteristics of the three
study sites (e.g., soil evolution), in years with great-
er SCD the microbial biomass in the growing season
was lower as a potential consequence of the greater
consumption of soil resources under the long-lasting
snowpack. Moreover, the low soil temperature during
the growing season caused a decrease of soil DOC,
N-NH,", and microbial biomass. Conversely, lower
SCD caused an increase of the number of FTCs dur-
ing the snow-covered season, with a significant in-
crease in N during the growing season. This pattern
could be related to the N released from the lyses of the
microbial cells, which was immobilized by the surviv-
Ing microorganisms.

Our findings indicated that in this ecosystem, besides
the pedoclimatic conditions recorded during the grow-
ing season, the conditions of the previous snow-covered

season had a significant effect on the interannual vari-
ability of soil N and C forms.

A CKNOWLEDGMENTS

This study was supported by Next Data-LTER-Moun-
tain Project. Thanks to the Comando Truppe Alpine-Servizio
Meteomont for the data from the AWS at Col d’Olen and
to Monterosa 2000 and Monterosa s.p.a. (MonterosaSki) for
the logistic support. The contribution of M. Williams was
supported by the Niwot Ridge LTER program with fund-
ing from the National Science Foundation.

REFERENCES CITED

AMOS, 2015: AMOS 22 for Windows. Chicago: SPSS Inc.

ARPA, 2010: Rendiconto nivometrico 2009/2010: Agenzia
Regionale per la Protezione Ambientale, Piemonte (Italia),
<https://www.arpa.piemonte.gov.it/approfondimenti/
temi-ambientali/idrologia-e-neve/neve-e-valanghe/
relazioni-tecniche/rendiconti-nivometrici>, accessed 17
May 2016.

ARPA, 2013: La neve sulle Alpi Piemontesi. Quadro conoscitivo
aggiornato al  cinquantennio  1961-2010. Torino: ARPA
Piemonte, 100 pp.

Baptist, E, Yoccoz, N. G., and Choler, P, 2010: Direct and
indirect control by snow cover over decomposition in
alpine tundra along a snowmelt gradient. Plant Soil, 328:
397-410.

Beniston, M., 1997: Variations of snow depth and duration
in the Swiss Alps over the last 50 years: links to changes in
large-scale climatic forcings. Climatic Change, 36: 281-300.

Bing, H., Wu,Y., Zhou, J., Sun, H., Luo, ]J., Wang, J., and Yu,
D., 2016: Stoichiometric variation of carbon, nitrogen,
and phosphorus in soils and its implication for nutrient
limitation in alpine ecosystem of Eastern Tibetan Plateau.
Journal of Soils and Sediments, 16: 405—416.

Bremner, J. M., 1965: Inorganic forms of nitrogen. Agronomy,
9:1179-1237.

Brookes, P. C., Landman, A., Pruden, G., and Jenkinson, D.
S., 1985: Chloroform fumigation and the release of soil
nitrogen: a rapid direct extraction method to measure
microbial biomass nitrogen in soil. Soil Biology and
Biochemistry, 17: 837-842.

Brooks, P. B., 1995: Microbial Activity and Nitrogen Cycling
under Seasonal Snowpacks, Niwot Ridge, Colorado. PhD thesis,
University of Colorado, Boulder, 138 pp.

Brooks, P. D., and Williams, M. W, 1999: Snowpack controls
on nitrogen cycling and export in seasonally snow-covered
catchments. Hydrological Processes, 13:2177-2190.

Brooks, P. D., Williams, M. W., and Schmidt, S. K., 1995:
Snowpack controls on soil nitrogen dynamics in the
Colorado alpine. In Tonnessen, K. A., Williams, M. W., and
Tranter, M. (eds.), Biogeochemistry of Seasonally Snow-Covered
Catchments. IAHS Publication 228: 283-292.

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH / ANDREA MAGNANI ET AL. / 239

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 23 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Brooks, P. D., Williams, M. W., and Schmidt, S. K., 1996:
Microbial activity under alpine snowpacks, Niwot Ridge,
Colorado. Biogeochemistry, 32: 93—113.

Brooks, P. D., Williams, M. W., and Schmidt, S. K., 1998:
Inorganic nitrogen and microbial biomass dynamics before
and during spring snowmelt. Biogeochemistry, 43: 1-15.

Brooks, P. D., McKnight, D., and Elder, K., 2004: Carbon
limitation of soil respiration under winter snowpacks:
potential feedbacks between growing season and winter
carbon fluxes. Global Change Biology, 11: 231-238.

Brooks, P. D., Grogan, P, Templer, P. H., Groftman, P., Oquist,
M. G., and Schimel, J., 2011: Carbon and nitrogen cycling
in snow-covered environments. Geography Compass, 5: 682—
699.

Buckeridge, K. M., Cen,Y. P, Layzell, D. B., and Grogan, P,
2010: Soil biogeochemistry during the early spring in Low
Arctic mesic tundra and the impacts of deepened snow and
enhanced nitrogen availability. Biogeochemistry, 99: 127-141.

Clein, J. S., and Schimel, J. P., 1995: Microbial activity of
tundra and taiga soils at sub-zero temperatures. Soil Biology
and Biochemistry, 27: 1231-1234.

Cooper, E. J., Dullinger, S., and Semenchuk, P. R., 2011: Late
snowmelt delays plant development and results in lower
reproductive success in the High Arctic. Plant Science, 180:
157-67.

Crooke, W. M., and Simpson, W. E., 1971: Determination of
ammonium in Kjeldahl digests of crops by an automated
procedure. Journal of the Science of Food and Agriculture, 22:
9-10.

Danby, R. K., and Hik, D. S.,2007: Responses of white spruce
(Picea glauca) to experimental warming at a subarctic alpine
treeline. Global Change Biology, 13: 437-451.

Edwards, K. A., and Jefferies, L. R., 2013: Inter-annual and
seasonal dynamics of soil microbial biomass and nutrients
in wet and dry low-Arctic sedge meadows. Soil Biology and
Biochemistry, 57: 83—90.

Edwards,A. C., Scalenghe, R.., and Freppaz, M., 2007: Changes
in the seasonal snow cover of alpine regions and its effect
on soil processes: a review. Quaternary International, 162/163:
172-181.

Fisk, M. C., Schmidt, S. K., and Seastedt, T. R., 1998:
Topographic patterns of above- and belowground
production and nitrogen cycling in alpine tundra. Ecology,
79:2253-2266.

Freppaz, M., Marchelli, M., Celi, L., and Zanini, E., 2008:
Snow removal and its influence on temperature and N
dynamics in alpine soils (Vallée d’Aoste, northwest Italy).
Journal of Plant Nutrition and Soil Science, 171: 672—680.

Freppaz, M., Filippa, G., Caimi, A., Buffa, G., and Zanini, E.,
2010: Soil and plant characteristics in the alpine tundra
(NW Italy). In Gutierrez, B. (ed.), Tundras: Vegetation, Wildlife
and Climate Trends. New York: Nova Publisher, 81-110.

Freppaz, M., Williams, M. W., Seastedt, T., and Filippa, G.,
2012: Response of soil organic and inorganic nutrients in
alpine soils to a 16-years factorial snow and N-fertilization
experiment, Colorado Front Range, USA. Applied Soil
Ecology, 62: 131-141.

240 / ANDREA MAGNANI ET AL. / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

Gao,Y., Zeng, Z., Xie, Q.,and Ma, X.,2015: Release of carbon
and nitrogen from alpine soils during thawing periods
in the eastern Qinghai-Tibet Plateau. Water, Air and Soil
Pollution, 226: article 209, 9 pp.

Granberg, G., Ottosson-Lofvenius, M., Grip, H., Sundh, L.,
and Nilsson, M., 2001: Effects of climatic variability from
1980 to 1997 on simulated methane emission from a boreal
mixed mire in northern Sweden. Global Biogeochemical
Cycles, 15: 977-991.

Grogan, P, and Jonasson, S.,2003: Controls on annual nitrogen
cycling in the understory of a subarctic birch forest. Ecology,
84:202-218.

Haei, M., Oquist, M. G., Kreyling, J., Ilstedt, U., and Laudon,
H., 2013: Winter climate controls soil carbon dynamics
during summer in boreal forests. Environmental Research
Letters, 8(2): article 024017, 9 pp.

Harazono, Y., Mano, M., Miyata, A., Zulueta, R. C., and
Oechel, W, 2003: Inter-annual carbon dioxide uptake of a
wet sedge tundra ecosystem in the Arctic. Tellus, 55: 215—
231.

Harrison, A. E, Taylor, K., Scott, A., Poskitt, J., Benham, D.,
Grace,]., Chaplow,].,and R owland, P.,2008: Potential effects
of climate change on DOC release from three different soil
types on the Northern Pennines UK: examination using
field manipulation experiments. Global Change Biology, 14:
687-702.

Hiemstra, C. A., Liston, G. E., and Reiners, W. A., 2002: Snow
redistribution by wind and interactions with vegetation at
upper treeline in the Medicine Bow Mountains, Wyoming,
U.S.A. Arctic, Antarctic, and Alpine Research, 34: 262-273.

Hood, E.W., Williams, M. W., and Caine, N., 2003: Landscape
controls on organic and inorganic nitrogen leaching across
an alpine/subalpine ecotone, Green Lakes Valley, Colorado
Front Range. Ecosystems, 6: 31-45.

TUSS Working Group WRB, 2015: World Reference Base for
Soil Resources 2014, update 2015. International soil classification
system_for naming soils and creating legends for soil maps. R ome:
FAQO, 203 pp.

Jaeger, C. H, Monson, R. K., Fisk, M. C., and Schmidt, S. K.,
1999: Seasonal partitioning of nitrogen by plants and soil
microorganisms. Ecology, 80: 1883—-1891.

Jonas, T., Rixen, C., Sturm, M., and Stoeckli, V., 2008: How
alpine plant growth is linked to snow cover and climate
variability. Journal of Geophysical Research, 113(G3): doi
http://dx.doi.org/10.1029/2007]G000680.

Jones, H. G., Pomeroy, J. W., Walker, D. A.,Wharton, R.A., and
Walker, S., 1994: Snow ecology: a report on a new initiative.
Bulletin of the Ecological Society of America,75:29-31.

Kato, T., Tang, Y., Gu, S., Hirota, M., Du, M., L1, Y., and
Zhao, X., 2006: Temperature and biomass influences on
interannual changes in CO, exchange in an alpine meadow
on the Qinghai-Tibetan Plateau. Global Change Biology, 12:
1285-1298.

Knowles, J. E, Blanken, P. D., and Williams, M. W., 2015: Soil
respiration variability across a soil moisture and vegetation
community gradient within a snow-scoured alpine meadow.
Biogeochemistry, 125: 185-202.

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 23 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Korner, C., 2003: Alpine Plant Life: Functional Plant Ecology
of High Mountain Ecosystems. 2nd edition. Basel, Berlin,
Heidelberg: Springer-Verlag, 343 pp.

Korner, C., and Paulsen, J., 2004: A world-wide study of high
altitude treeline temperatures. Journal of Biogeography, 31:
713-732.

Larsen, K. S., Jonasson, S., and Michelsen, A., 2002: Repeated
freeze-thaw cycles and their effects on biological processes
in two arctic ecosystem types. Applied Soil Ecology,21: 187—
195.

Ling, E, and Zhang, T., 2003: Impact of the timing and
duration of seasonal snow cover on the active layer and
permafrost in the Alaskan Arctic. Permafrost Periglacial
Processes, 14: 141-150.

Lipson, D.A., Schmidt, S. K., and Monson, R. K., 1999: Links
between microbial population dynamics and nitrogen
availability in an alpine ecosystem. Ecology, 80: 1623—-1631.

Lipson, D.A.,Schmidt, S.K.,and Monson, R.K.,2000: Carbon
availability and temperature control the post-snowmelt
decline in alpine soil microbial biomass. Soil Biology and
Biochemistry, 32: 441-448.

Luo, C., Xu, G., Wang, Y., Wang, S., Lin, X., Hu, Y., Zhang,
Z., Chang, X., Duan, J., Su, A., and Zhao, X., 2009:
Effects of grazing and experimental warming on DOC
concentrations in the soil solution on the Qinghai—Tibet
Plateau. Soil Biology and Biochemistry, 41: 2493-2500.

Magnani, A., Godone, D.,Viglietti, D., Francione, C., Ajmone-
Marsan, E, and Freppaz, M., 2015: Inferring Snow Cover
Duration From the Measurement of Soil Temperature in the
Alpine Tundra (NW Italy, LTER site “Istituto Mosso”). Abstract
presented at: 19th Alpine Glaciology Meeting, May 7-8,
Milan.

Makarov, M. 1., Glaser, B., Zech, W., Malysheva, T. I,
Bulatnikova, I.V,, and Volkov, A.V., 2003: Nitrogen dynamics
in alpine ecosystems of the northern Caucasus. Plant and
soil, 256: 389—402.

Miller, A. E., Schimel, J. P, Sickman, J. O., Meixner, T., Doyle,
A. P, and Melack, J. M., 2007: Mineralization responses at
near-zero temperatures in three alpine soils. Biogeochemistry,
84:233-245.

Miller, A. E., Schimel, J. P, Sickman, J. O., Skeen, K.,
Meixner, T., and Melack, J. M., 2009: Seasonal variation in
nitrogen uptake and turnover in two high-elevation soils:
mineralization responses are site-dependent. Biogeochemistry,
93:253-270.

Morley, C. R., Trofymow, J. A., Coleman, D. C., and
Cambardella, C., 1983: Effects of freeze-thaw stress on
bacterial populations in soil microcosms. Microbial Ecology,
9:329-340.

Neilsen, C. B., Groftman, P. M., Hamburg, S. P, Driscoll, C. T,
Fahey, T.]., and Hardy, J. P, 2001: Freezing effects on carbon
and nitrogen cycling in northern hardwood forest soils. Soil
Science Society of America_Journal, 65: 1723-1730.

Oliva, M., Gémez Ortiz, A., Salvador, E, Salva, M., Pereira,
P, and Geraldes, M., 2014: Long-term soil temperature
dynamics in the Sierra Nevada, Spain. Geoderma, 235/236:
170-181.

Oquist, M. G., and Laudon, H., 2008: Winter soil frost
conditions in boreal forests control growing season soil
CO, concentration and its atmospheric exchange. Global
Change Biology, 14: 2839-2847.

Outcalt, S. 1., Nelson, E E., and Hinkel, K. M., 1990:The zero-
curtain effect: heat and mass-transfer across an isothermal
region in freezing soil. Water Resources Research, 26: 1509—
1516.

Paulsen, J., and Korner, C., 2014: A climate-based model to
predict potential treeline position around the globe. Alpine
Botany, 124: 1-12.

Peng, S., Piao, S., Ciais, P, Fang, J., and Wang, X., 2010:
Change in winter snow depth and its impacts on vegetation
in China. Global Change Biology, 16: 3004-3013.

Phillips,A.].,and Newlands, N. K., 2011: Spatial and temporal
variability of soil freeze-thaw cycling across southern
Alberta. Journal of Agricultural Science, 2: 392—405.

R Development Core Team, 2010: R: a Language and
Environment for Statistical Computing. Vienna, Austria: R
Foundation for Statistical Computing.

Rui,Y. C.,Wang, S. P, Xu, Z. H.,Wang,Y. E, Chen, C. R, and
Zhou, X. Q., 2011: Warming and grazing affect soil labile
carbon and nitrogen pools differently in an alpine meadow
of the Qinghai-Tibet Plateau in China. Journal of Soils and
Sediments, 11: 903-914.

Saleska, S. R., Harte, J., and Torn, M. S., 1999: The eftect
of experimental ecosystem warming on CO, fluxes in a
montane meadow. Global Change Biology, 5: 125—-141.

Schefté, H., 1959: The Analysis of Variance. New York: Wiley,
477 pp.

Schindlbacher, A., Jandl, R., and Schindlbacher, S., 2014:
Natural variations in snow cover do not affect the annual
soil CO, efflux from a mid-elevation temperate forest.
Global Change Biology, 20: 622—632.

Schutt, M., Borken, W., Spott, O., Stange E C., and Matzner,
E.,2014:Temperature sensitivity of C and N mineralization
in temperate forest soils at low temperatures. Soil Biology
and Biochemistry, 69: 320-327.

Shapiro, S. S., and Wilk, M. B., 1965: An analysis of variance
test for normality (complete samples). Biometrika, 52: 591-
611.

Shen, C.,NLY., Liang, W.,Wamg, J.,and Chu, H.,2015: Distinct
soil bacterial communities along a small-scale elevational
gradient in alpine tundra. Frontiers in Microbiology, 6: article
582, doi http://dx.doi.org/10.3389/fmicb.2015.00582.

Soulides, D. A., and Allison, E E., 1961: Effects of drying
and freezing soils on carbon dioxide production, available
mineral nutrients, aggregation, and bacterial population.
Soil Science, 91: 291-298.

Spehn, E., and Korner, C., 2009: Data Mining for Global Tiends
in Mountain Biodiversity. Boca Raton, Florida: CRC Press,
200 pp.

SPSS, 2015: SPSS 22 for Windows. Chicago: SPSS Inc.

Sun, J.,, Cheng, G. W, and Li, W. P, 2013: Meta-analysis
of relationships between pedoclimatic conditions and
aboveground biomass in the alpine grassland on the Tibetan
Plateau. Biogeosciences, 10: 1707-1715.

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH / ANDREA MAGNANI ET AL. / 241

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 23 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Tierney, G. L., Fahey, T. J., Groffman, P., Hardy, J. P, Fithgh, R.
D., and Driscoll, C. T., 2001: Soil freezing alters fine root
dynamics in a northern hardwood forest. Biogeochemistry,
56:175-190.

Viglietti, D., Freppaz, M., Filippa, G.,and Zanini, E., 2013: Soil
C and N response to changes in winter precipitation in a
subalpine forest ecosystem, NW Italy. Hydrological Processes,
28:5309-5321.

Walker, D. A., 2000: Hierarchical subdivision of arctic tundra
based on vegetation response to climate, parent material
and topography. Global Change Biology, 6: 19-34.

Wang, X., Dong, S., Gao, Q., Zhou, H., Liu, S., Su, X., and Li,
Y., 2014: Effects of short-term and long-term warming on
soil nutrients, microbial biomass and enzyme activities in
an alpine meadow on the Qinghai-Tibet Plateau of China.
Soil Biology and Biochemistry, 76: 140-142.

Williams, B. L., Shand, C. A., Hilli, M., O’Hara, C., Smith, S.,
and Young, M., E., 1995: A procedure for the simultaneous
oxidation of total soluble nitrogen and phosphorous in
extracts of fresh and fumigated soil and litters. Communications
in Soil Science and Plant Analysis, 26: 91-106.

Williams, M. W., Brooks, P. D., and Seastedt,T., 1998: Nitrogen
and carbon soil dynamics in response to climate change in a

high-elevation ecosystem in the Rocky Mountains, U.S.A.
Arctic and Alpine Research, 30: 26-30.

Williams, M. W., Knauf, M., Cory, R., Caine, N., and Liu, E,
2007: Nitrate content and potential microbial signature of
rock glacier outflow, Colorado Front Range. Earth Surface
Processes and Landforms, 32: 1032—1047.

Wright, S., 1934: The method of path coefficients. The Annals
of Mathematical Statistics, 5(3): 161-215.

Wu, J., Hong, J., Wang, X., Sun, J., Lu, X., Fan, J., and Cai,
Y., 2013: Biomass partitioning and its relationship with the
pedoclimatic conditions at the alpine steppe in northern
Tibet. Plos One, 8:12.

Zhang, T., 2005: Influence of the seasonal snow cover on the
ground thermal regime: an overview. Reviews of Geophysics,
43:1-23.

Zimov, S. A., Davidov, S. R., Semiletov, P, Voropaev, Y. V.,
Prosiannikov, S. E, Semiletov, S. R., Chapin, M. C., and
Chapin, E S., 1996: Siberian CO, efflux in winter as a
CO, source and cause of seasonality in atmospheric CO,,.
Climatic Change, 33: 111-120.

MS submitted 5 June 2016
MS accepted 15 January 2017

242 | ANDREA MAGNANI ET AL. / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 23 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



