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Soil C and N response to changes in winter precipitation in a subalpine forest
ecosystem, NW Italy

Davide Viglietti, Michele Freppaz, Gianluca Filipgagrmanno Zanini

Abstract

Among the potential effects of climate change obafpine forest ecosystems during the winter
season, the shift of the snowline toward highetuglé and the increase in frequency of rain events
on the snowpack are of particular interest. Herepresent the results of a 2 year field experiment
conducted in a forest standafix decidua) in NW ltaly at 2020 m a.s.l. From 2009 to 2011 we
monitored soil physical characteristics (tempekatand moisture), and soil and soil solution
chemistry (C and N forms and their changes in tiaseaffected by late snowpack accumulation and
rain on snow events. Late snowpack accumulatioerchéhed a stronger effect on soil thermal and
moisture regimes than rain on snow events. Alsbc@mistry was significantly affected by late
snowfall simulation. Although microbial carbon anitfogen were not influenced by soil freezing,
the soil contents of more labile soil carbon anglogen forms (DOC and DON) and inorganic
nitrogen increased when the soil froze. Variationthe soil solution were shifted with respect to
those observed in soil, with an increase in DON IdAMO; concentrations occurring during spring
and summer. This study highlights the potential d$sl in subalpine soils under changing

environmental conditions driven by a changing ctena
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1. Introduction

In temperate mountain regions climate change ise®gd to determine milder winter temperatures
and a more unstable snow cover with later snow raa@tion and anticipated snowmelt (IPCC,
2007). In areas where snowfall is the current namarming is also expected to lead to an increase
in precipitation in the form of rain, with more frgent episodes of rain on snow events (ROS) and
potential consequences on snow physical and checheaacteristics (Yet al., 2008; Cassoset

al., 2010).

The seasonal snow cover is an important ecolodabr in mountain forested ecosystems. The
depth and duration of snow cover regulates soiptrature with stable values close to 0°C when

the snow depth is enough to ensure thermal insulatEdwardset al., 2007). In turn, soil
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temperature and soil moisture are perhaps the faeiars that indirectly control microbial activity
during the cold season (Larsenal., 2002). Hence, biological processes such as ssgimation,
N>O production and nitrogen (N) mineralization in thimter period substantially contribute to the
annual nutrient balance (Grogeanal., 2004; Monsoret al., 2006) and microbial activity in snow-
covered soils may play a key role in carbon (C) Hnoycling before plants become active (Brooks
etal., 1997).

Less snow cover may consequently lead to lowertewiperatures and an increase in frequency and
intensity of freeze/thaw cycles. The effect of feithaw cycles on soil processes is well discussed
but the reported results fail to give unambiguoesponses. Several effects are reported: (a) an
increase in fine root mortality (Tierneyal., 2001); (b) a change in soil structure, such asegate
disruption (Kveerng and @ygarden, 2006); (c) anugrice on microbial activity (Grogeet al.,
2004); (d) nutrients loss (Matzner and Borken, 3008 particular, even if the microbial
community of alpine soils is generally charactetibg high resistance to cold temperatures (Lipson
et al., 2000), some laboratory studies have shown afgignt effect of freeze/thaw cycles on the
microbial population (Walkeet al., 2006). A commonly reported soil response to Beegze/thaw
cycles is an increase in C, N, and phosphorousc@Agentrations in soil solution, potentially
resulting in enhanced nutrient loss, soil solutamidification, and a depletion in base cations
(Mitchell et al., 1996). For example, in a snow manipulation expent conducted in Canada
Boutin and Robitaille (1995) found elevated concatidns of nitrate (N@) and ammonium (N})

in the soil solution after soil freezing, with psak NG;” occurring between July and September.
The effects of ROS on soil properties (e.g. thesiids reduction of thermal insulation due to the
increase in snow density) have been marginallyidensd. In particular, the potential influence of
ROS on N cycling, and specifically on the annuarganic N export, was scarcely investigated.
Eimerset al. (2007), for example, found that ROS events acaalifdar up to 40% of annual NO
export and up to 90% of winter NGexport from a catchment in south-central Ontdnoa study
conducted in Canada, Cassaral. (2010) found that ROS events contributed betwéeard 19%

to the annual N@ export. The authors evidenced that the greategpoption of NQ export
occurred during the spring season (43-80%), butewnvas the second most important period for
NOj loss accounting for between 17 and 39% of the alnflux. These few findings provide
evidence of the potential N losses related to R@haghlight the need for further research on this
topic.

Beside the important effect on soil thermal prapsrtsnow also accumulates significant amounts
of particulates and solutes from atmospheric dejposiwhich can be rapidly released during spring

melt (ionic pulse). In a study on the chemical eltaristics of the snow cover in North-western
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ltaly, Filippaet al. (2010) found that NI and NQ contribute to about 40% of the ionic balance,
delivering up to 2-4 kg haof N over a few weeks during spring melt. Lessvsremver may
therefore determine not only a change in biogeoatenprocesses due to a reduced thermal
insulation, but also a variation in the ionic inpaitsoil with potential effects on the pool of glan
available nutrients that is generally rather lovidrest soils.
The effects of temperature variations on soil psses have been widely discussed and
demonstrated with laboratory experiments, althoddferent results were often reported due to
methodological differences (Henry, 2007). Moreovke, importance of these processes in complex
systems such as those represented in subalping resystems is far less documented. The few
studies carried out in the Alps (e.g. Freppial., 2008) therefore justify the need for furtherdiel
studies in these patrticular forest ecosystems.
Based on these considerations, we carried out @aRfjeld-scale experimental manipulation in a
larch subalpine forest in which changes in wintexcppitation regimes (late snowfall and rain on
snow events) were simulated to:

1. determine their effect on snow physical properdied inorganic nitrogen storage;

2. evaluate the influence of such changes on soil éeatpre and water content;

3. determine their influence on carbon and nitrogemadyics in soil and soil solution.

- To address these three objectives, we evaluatefdi@ving hypotheses:The thinner
snowpack induced by the simulation of late snowfatiuld lower the soil temperature and
soil water content during snowmelt and could redheginorganic nitrogen input to the soil;

- The increase of snow density induced by the sinaadf ROS events could increase the
thermal conductivity of the snow cover and the swdter content during snowmelt and
determine a winter leaching of inorganic nitrogemisfrom the snowpack;

- The induced changing in soil temperature and wetertent could affect the C and N

dynamics of soil and soil solution.

2. Materials and methods

2.1 The study area and the experimental design

This study was conducted in a larch stabarik decidua) located at 2030 m a.s.l. in the Western
Italian Alps (Piedmont, ltaly, 44°56'26"52 N06°485'T6 E, Fig.1) between October 2009 and
August 2011. The climate of the area is continenith a mean annual air temperature of +2 °C
and a mean annual precipitation of 850 mm (inclgdive snow water equivalent), with a minimum

during summer. About 70% of annual precipitatioreigresented by snowfall.
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The study site is located on a gentle slope (<Bf)aoWirmian moraine. The substratum is
characterized by a mixed lithology with some inmuas of white dolomite and rhyolite. A single
soil profile was dug in a representative area agsyiithat bulk soil characteristics (reported in
Tab.1a) were not different across the treated platsording to the Soil Survey Staff (2010) the
soil is classified as Typic Humudept, sandy-ské&letaixed, frigid, and as Cambic umbrisol
(skeletic) (IUSS Working Group, 2006). The pH isdemtely acidic and the soil organic matter
(SOM) and total nitrogen (TN) decreased from th€8% and 0.4%, respectively) to the B horizon
(2% and 0.1%, respectively).

Three squared plots (2x2 m) were equipped with-bfgers to measure soil temperature and
moisture, as detailed below:

1) an undisturbed plot (U) where the snowpack wasuledtisturbed;

2) a snow removal plot (S) where snow was removedhdl end of January to simulate a
winter with late snowpack accumulation. We manuediynpacted 5 cm of snow from early-
winter snowfall to protect plot installations argktforest floor from shovel damage (Hardy
et al., 2001);

3) an irrigated snow plot (I) where 3 ROS events waneulated in January by drizzling the
snow at each event with 10 mm of liquid water hgvinchemical composition similar to
rain water sampled at the study site in fall (0208 0.08 mg N T of NO; and NH",
respectively).

Baseline conditions of soil chemistry (referredtmvember 2009) at the different plots are reported
in Tab.1b.

Three randomized repetitions for each treatmeneveguipped, at 20 cm depth, with two suction
lysimeters in order to sample the soil solutiondiidnally, a repetition for each snow treatment
was used to collect soil samples, snow samples fandhe physical characterization of the
snowpack.

In this paper we discuss the data obtained froh209 to summer 2010 (referred to as 2010) and
from fall 2010 till summer 2011 (referred to as 2P1The seasonal patterns were evaluated

considering the meteorological seasons: DJF (Wint&AM (spring); JJA (summer); SON (fall).

2.2 Sampling and analysis
Soil samples were collected monthly between Octdi#9 and August 2011, while the soil

solution was sampled biweekly. Snow characterimatiod sampling were conducted monthly until

the snowpack melted entirely.
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2.2.1 Soil

Soil samples were monthly collected in triplicateni the A horizon (0-10 cm depth) in all plots
between October 2009 and August 2011. Samples heen@genized by sieving at 2 mm within 24
hours from collection. In addition, at each sanplime soil volume samples (100 toores) were
also taken for bulk density and soil water congterminations. An aliquot of 20 g of fresh soll
was extracted with 100 mLJ&O, 0.5 M as described by Brooksal. (1996), while a 10 g aliquot
was subjected to chloroform fumigation for 18 hdoegore extraction with 50 mL450,0.5 M.
Dissolved organic carbon in 0.4Bn membrane filtered $SO, extracts (extractable DOC) was
determined with a TOC-Analyser (Elementar, VarioQ,Hanau Germany). The microbial carbon
(Cmic) was calculated from the difference in DOC betw&enigated and non-fumigated samples
corrected by a recovery factor of 0.45 (Brooletsal., 1985). Ammonium in KSO, extracts
(extractable N-NH') was diffused into a }$0, 0.01 M trap, after treatment with MgO (Bremner,
1965), and the trapped NHwas determined with a colorimetric reaction (Creand Simpson,
1971). Nitrate (extractable N-NO concentration in the same extracts was determined
colorimetrically as N after reduction with Devarda Alloy (Williane al., 1995).

Total dissolved nitrogen (TDN) of extracts was d&ieed as reported for DOC. Dissolved organic
nitrogen (extractable DON) of the extracts was mheteed as difference between TDN and
inorganic nitrogen (N-N& + N-NOs). The microbial nitrogen (. was calculated from the
difference in TDN between fumigated and non-funegasamples corrected by a recovery factor of
0.54 (Brooket al., 1985).

Total Nitrogen (TN) and Total Carbon (TC) were detmed elemental analysis (Carlo-Erba,
Milano, Italy).

2.2.2 Show

Snowpack physical characteristics were describedth@ field according to the standard
international method (Fier&t al., 2009). In order to determine the amount of digswlinorganic
nitrogen (DIN) in snowpack, snow sampling was earout in 2010 at fixed increments of 10 cm
and samples were analysed for N-N®I-NH;" with a Dionex 500 in conductivity mode after 0.20
um filtration as described by Filippat al. (2010). N loads (kg i of each ionic species in the
snowpack were calculated from concentrations, stemsity (kg/ni) and layer thickness (m).

The snow water equivalent (SWE) was calculatechasydepthx(snow density/water density) and
was expressed in mm. The snow thermal conductwisg calculated according the equation
suggested by Yen (1981).
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2.2.3 Soil solution

The suction lysimeters (Eijkelkamp Equipment, 15 iomength, 6 cm in diameter, ceramic cup
pore size of 0.4m) were installed in duplicate in each of the 9tpIl(8 for each treatment) at a
soil depth of 20 cm to collect biweekly the soilgmn from the A horizon. At each sampling date
the volume of soil solution collected was measusad the samples were immediately frozen (-
20°C) until chemical analyses. Samples were andligethe inorganic nitrogen forms (N-NON-
NH,") with Dionex 500 used in conductivity mode afte2@um filtration. Total dissolved nitrogen
(TDN) and Total Organic Carbon (TOC) were deterrdimath TOC-Analyser (Elementar Vario
TOC, Hanau Germany). Dissolved organic nitrogen K\p@as calculated as difference between
TDN and inorganic nitrogen (N-NA+ N-NOs). pH was determined using a pHmeter lon 83 lon
Meter Copenhagen.

2.2.4 Ancillary measurements

Air temperature, precipitation and snow depth wezeorded hourly by means of an automatic
meteorological station located in an open areaideithie forest (2200 m asl) about 2 km from the
study site. The data quality of ultrasound nivometas automatically checked by software that
removed variations correlated with air temperat@@l temperature (15 cm depth) was measured
with an accuracy of £0.1°C by means of temperasemsors (PT100) connected to a central data
logger (QuadrTD). Soil temperature data were alseduto calculate the number of soil
freeze/thaws episodes, as the number of timesatye miean soil temperature dropped below 0°C
and rose again above freezing, as suggested HipPlaihd Newlands (2011).

The intensity of soil freezing was classified asiltifreezing”, “mild/hard freezing” or “hard
freezing” when soil temperature was between 0 &%€,--5 and -13°C or lower than -13°C,
respectively, as suggested by Tiereegl., 2001 and Neilsest al., 2001. Moreover, we calculated
the cooling rate (°C/day) as difference betweenlydanean soil temperatures in periods
characterized by a continuous decrease of soil ¢eatyre.

Volumetric soil moisture (at 15 cm depth) was meadilby sensors (EC-5-10M) connected to a
data logger (SMR-110) with accuracy of +0.3% VWGtified from -40°C and +50°C. Sensors

acquired data every 15 minutes.

2.2.5 Satistical analysis

R software for statistical computing was used flbrstatistical analyses (R Development Core
Team, 2010).
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Soil temperature and moisture data from differesatinents were analysed by one way analysis of
variance. Treatment effects and seasonal changsslathemical concentrations were assessed by
two way permutation analysis of variance (with ratgion) with sampling date and treatment as
factors.

Soil solution data were analysed by two way regkateasures, permutation analysis of variance
with soil moisture as a co-variate. The use of pegation ANOVA is particularly suitable for
datasets with relatively few replicates and providbust tests with respect to violated classical
ANOVA assumption (omoschedasticy and normality).shtistical analyses were performed using
the ImPerm package (Wheeler, 2010) for data arsalydie Tukey Honest Significant Difference
(HSD) method which controls for the Type | erraeracross multiple comparisons, was used when
appropriate.

Statistics considered post treatment data in wib@di0 (half January and February), while winter

2011 was entirely considered because it could feetald by the previous year of treatment.

3. Results

3.1 Meteorological patterns

In 2010 snowpack accumulation began in early Deegnalnd disappeared by the end of May,
whereas in 2011 earlier snowfalls occurred andstimvpack continuously covered the area from
the beginning of November till the middle of Ap(iFig.2). Cumulative snowfall accumulation
(calculated as the sum of daily snowfalls measimgdhe automatic meteorological station) was
much higher during 2010 (6.13 m) than 2011 (4.61Maximum snow depth was recorded in mid
March during both winters, with 2010 showing a Islig higher maximum snow depth (170 cm),
compared to 2011 (160 cm).

In both winters, comparison of site-specific, mdlyumeasured snow depths with data from the
automatic meteorological station (open area) ewddédrthat snow depth was about 1.8 times lower
in the forest site with respect to the open area.

Mean air temperature during winter and spring 2@¥9°C and +0.1°C, respectively) was
remarkably lower than corresponding values in 2013.5°C and +2.9°C, respectively).
Surprisingly, minimum air temperature during botinters was recorded on the "L®ecember
with values of -15.6°C and -13.6°C during winted@@&nd 2011, respectively.

Summer 2010 was characterized by lower precipitatil56 mm) with respect to amounts
recorded during summer 2011 (357 mm), as well & fda the last 30 years, (240 mm; historical
dataset 1981-2011).
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3.2 Show physical and chemical characteristics

During 2010 a maximum snow depth of 109 cm in theldis was recorded on th& March (Tab.

2). The addition of liquid water (I plots) deterrath a reduction in snow depth (-6 cm) and an
increase in snow density (+13 kg)mvhen compared to U plots. During 2011, the maximanow
depth recorded in the study site was about 2 tiloe®r than 2010 in all treatments and was
recorded at the end of March (Tab. 2).

The SWE in S plots was significantly lower with pest to U and | plots during winter (6 and 2.5
times lower in 2010 and 2011, respectively) andngp(about 3 times in both winters). The
addition of liquid water determined a greater rdituncin snow depth (-11 cm) in 2011 than 2010.
Irrigation also induced a greater increase in sdewsity in the second year than in 2010, with a
difference of 21 kg/mbetween | and U plots. Moreover, according to theation suggested by
Yen (1981), the irrigation treatment determinedttelincrease of thermal conductivity in both the
years (about 0.006 WHK™).

In both U and S plots, N-NQOwas the main contributor to DIN in the snowpackwitean seasonal
contributions equal to 58 and 52% of the totalpeesively. In contrast, N-N© represented only
the 34% of the DIN in the | plots. N-NQoad was higher in U plots (0.45 kgHahan S (0.28 kg
ha') and | (0.23 kg h4) plots. Moreover, the seasonal loads of N N&mounted to 0.46 kg Ha
0.31 kg h&'and 0.25 kg Hain I, U and S plots, respectively.

3.3 Soil temperature and moisture

During the second half of December 2010 when theysarea was still snow free, a first soll

freezing was recorded in all plots with a minimuail $emperature of -0.3°C and a rate of cooling
of -0.2 °C d" (Fig.3). Conversely, during the second year, ree/thaw cycles were observed in U
and | plots (Fig.3). When the snow depth in thdséspexceeded 30 cm an effective soil insulation
from air temperature was observed in both yearsis€guently, throughout the winter season
constant soil temperature was recorded (+0.5°Cabout 4 months, from the beginning of January
till the end of April in 2010, and till the middtg April in 2011.

During both spring seasons soil warming began aftdeast ten consecutive days with positive
mean daily air temperature and snow depths less3@a&m (Fig.3b and Fig.3c).

Soil temperature was affected by snow removal ith lyears. Mild/hard freezing was observed in
2010, with minimum values recorded at the begin@nd middle of February (-7.6°C and -5.5°C,

respectively). In 2011 minimum temperatures (-4 fere recorded at the end of January.

Accordingly, S plots were characterized by a lowesan temperature in 2010 than in 2011.
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Moreover, the number of freeze/thaw cycles wasérigh 2011 (5 cycles from #3November till
22""March) than 2010 (3 cycles from"1®ecember till 31 March). The maximum cooling rate in
the S plot was observed towards the middle of J32@10 when soil temperatures decreased by -
0.34°C/day for 16 consecutive days, while during fecond year the maximum cooling rate (-
1.02°C/day, for 4 consecutive days) was observéigea¢nd of December.

The largest discrepancy between soil water cordetween | and U plots was observed during the
first year (Fig.4), from the beginning of Januahythe end of March. During this period | plotscha

a significantly higher soil moisture content (+8%4jh respect to U plots. From September 2010 to
May 2011 soil moisture in | and U plots showedrailsir pattern, while in summer 2011 soil in U
plots were generally wetter than in | plots. Geltgr& plots were consistently drier with respext t
U plots from January 2010 till the middle of Mar2@10 (-5%) and from November 2010 till the

end of the monitoring period (-8%).
3.4 Carbon and nitrogen formsin soil and soil solution

3.4.1 Seasonal pattern in soil and soil solutiony

During 2010 no distinguishable seasonal chang€&,ig and Ny were observed in U and | plots,
while S plots showed a decrease from winter to samamd from winter to spring, respectively.
During 2011 the concentration of,fg reached a minimum in summer in all the plots. Mueg in
2011 the N did not change over the seasons in | plots wiite rhaximum was measured in
winter and spring in U and S plots, respectively.

During 2010 the extractable DOC concentration iplats did not show any seasonal pattern while
it decreased from winter to spring in S plots aogerfrom winter to summer in | plots. In the same
year the extractable DON concentration declinedhfwinter to summer in Sand U plots. During
2011 the extractable DOC in S plots was slightlyhler during summer than the other seasons. In
the same year the extractable DON significantlyrei@ged from fall to winter in U and S plots,
while a slight increase was observed in | plotsrduspring.

During 2010 both extractable N-NHand N-NQ concentrations did not show any seasonal
patternin U and S plots while the | ones showedharease of extractable N-NHrom spring to
summer and of N-N© from winter to spring.During 2011 a common patteras observed for
extractable N-NH and N-NQ concentrations, with an overall increase duringter and spring
and a decrease in summer.

DOC in soil solution showed a seasonal pattern onB011 with a common increase from spring
to summer, while DON showed a seasonality in Igbhiring the first year with an increase from
spring to summer. No distinguishable seasonal aofsoil solution N-Ni were observed in U

9
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and S plots in both years. while in the | plotsezrdase from winter to spring 2010 and slightly
higher concentrations in fall and spring 2011 waloserved. The concentration of N-N@ soill
solution changed across the seasons only in 201land | plots when an increase in winter and

spring was followed by significant summer decrease.

3.4.2 Treatment effect on soil and soil solution chemistry

In 2010, an influence of treatment on,Cwas observed during winter with highest contents
observed in S plots, intermediate values in U pdois lowest values in | plots, while in summer the
concentrations were higher in | plots than S orlassummer 2011, a significantly higher
concentration of i was measured in | plots compared to U plots, wiSleplots showed
intermediate values.

During 2010, the treatments effect op;,{\concentration was similar to those recorded fpg.GA
treatment effect was also observed during 2011otsshowed the highest concentrations gf:N

in fall and summer, moreover in spring 2011 thedstwalues were observed in U plots.
Compared to U plots, snow removal resulted in highiater soil extractable DOC concentrations
in both years (Fig.5) and this difference was atsaintained in spring 2010. Moreover,
concentrations of soil extractable DOC in summet12@ere considerably higher in S plots. The
rain on snow treatment influenced soil extractdd@C resulting in an slightly increase in summer
2010 and a decrease in summer 2011 respect totkl fimilarly, in winter 2010 soil extractable
DON concentrations were slightly higher in S platsen compared to U plots.

Snow removal also resulted in the highest extraetllbNH," concentrations in winter 2010, while
in winter 2011 the highest values were observed piots. Moreover, during summer 2010 the
extractable N-Ni concentrations were higher in | plots with respectS and U plots. During
2010, the effect of treatments on soil extractaRO;” was observed in winter and spring whith
maximum concentrations in S plots. During 2011, ahty differences induced by treatment were
observed in spring, when soil extractable NgN®as higher in U with respect to S plots, and
summer when the concentrations were higher in & phan U ones.

Compared to extractable forms, the chemical charnatics of the soil solution were much less
affected by the different treatments (Fig.6). Tidymbserved differences were relative to NNO
S plots had higher concentrations than U plotsndusummer in both years, and spring 2011.

4 Discussion

4.1 Meteorological pattern and snow characteristics

During the period considered in this research, #hedy site was influenced by different

meteorological conditions. In particular the fiyglar was characterized by later snow accumulation,

10
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lower air temperatures in winter and spring, laeow melt and a drier summer than the second
year.

The snow depth measured in the field was consitierver than values recorded by the
automatic weather station outside the forest stasgecially during the second year. We can
assume that the milder winter could have incredkedsublimation rate of snow intercepted by
trees as reported by Montesial. (2004). Particularly, in our study, 35% and 65%ha snowfall
was intercepted by tree crowns in 2010 and 20Epeively. These values are in accordance with
those reported by Hedstrom and Pomeroy (1998).semed in other studies (e.g. Esseryl.,
2003) the sublimation of intercepted snow constgd significant component of the overall water
balance in many seasonally snow-covered conifeiarests.

Snow manipulations determined significant effeatstloe physical characteristics of snow cover.
The simulation of late snow fall accumulation regldicnow depth (about 50% with respect to the
untreated plots over both years) and resulted iardgicipated snowmelt. Moreover, the simulation
of rain on snow events (ROS) resulted in a decreaseow depth, an increase in snow density and
the formation of ice layers within the snowpackeBvuf with minor intensity, the effect of ROS
could be compared with snow compaction observeskimuns. For example, Rixest al. (2008)
found an increase in snow density equal to 60 Kgdue to artificial compaction of natural snow
when compared to an undisturbed snowpack. We obddhe maximum effect of ROS on snow
physical parameters during the second year, wilinenease in snow density equal to 24 kg amd

a reduction in snow depth of 9%.

DIN contents in the snowpack of untreated (0.76h&4 and treated plots (0.70 and 0.53 in the |
and S plots, respectively) were comparable to wateported by Hiltborunneat al. (2005) for the
Central Alps at 2500 m a.s.l., and by Filipgiaal. (2010) for the NW sector of the Aosta Valley.
To evaluate the contribution of inorganic N stockethe snowpack and subsequent release into the
soil, a comparison was carried out between the mmeddoads and soil N mineralization rates. In
the undisturbed soil we observed a winter mineasibn rate (difference between the sum of soil N-
NH," and N-NQ in February and December) equal to 12 kg N lraaccordance with other
studies in forest areas (e.g. Freppiaa., 2008). Based on these findings we can assumeltiniaity

the spring snowmelt, the undisturbed snow covetrimried to about 7% of the over winter soil N
mineralization. These results are comparable tsetheeported by Filippat al. (2010). The
contribution of the snowpack affected by ROS evevds similar to that recorded in the U plots,
while in the S plots the contribution decrease&%® due to a reduced snow depth with respect to
the other plots. We did not observe differencesnorganic nitrogen forms stored in U and |

snowpack, because the induced increase of N-N&bk compensated by a release of NsN@he
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concentration of N-N@ after ROS events was 1.8 times lower than in thenodwpack). Our
observations were in accordance with Eimeral e2007) who showeda high winter nitrate export

in south-central Ontario after 44 mm of rain onwno

4.2 Soil physical properties

The simulation of late snow accumulation determiaextrong influence on the soil thermal regime.
In particular, during the first year, snow remoxkegulted in significantly lower soil temperatures a
observed in high elevation ecosystems of Coloradp. Brookst al., 1995). Moreover, during the
second year, the simulation of a late snowpack raatation determined a decrease in soill
temperature comparable to other snow manipulatiodiess carried out in broadleaves forest
ecosystems (Groffmast al., 2001) and in a subalpine larch stand (Frepgaal., 2008). The
association of late snowpack accumulation with laiww temperatures, as observed in 2010,
determined a lower frequency of soil freeze/thasley than milder winters such as 2011. This was
because in the former the soil remained constanilg/hard frozen. During milder winters, as in
2011, the soil with a thin snow cover was subjettehore frequent freeze/thaw cycles.

In our study a snow depth of 30 cm seemed suffidierinsulate soil temperature to both low air
temperatures in winter and rising air temperatimesarly spring. Similar thresholds were reported
by other authors (Brooks and Williams, 1999; Frepgtal., 2008).

Although the ROS events did not determine any &ffea the soil thermal regime (A horizon), we
observed a decrease in soil/lsnow temperature dubketoncrease in snow density. Our results
suggest that an increase in snow density of 4%rmeted a small effect on the thermal
conductivity of snow, lower than recorded undereasir snowpack (Rixeat al. 2008). From our
results a direct cause-effect response of the R@8t& on soil moisture was less evident than that
reported by Perking and Jones (2008) in a forebtin in Oregon. In particular, they found a
significant increase in soil moisture on near-sgtd soil immediately after a ROS event. This
difference could be attributed to the differentwnmater content when the ROS events occurred. In
our site the input of liquid water occurred durimopter, when the snowpack usually had low liquid
water content and could absorb precipitation inpith slow percolation rates (Campbetl al.,
2005). Moreover, due to low air temperature thaitigvater froze with formation of ice layers. In
particular during the first winter, characterizedlbwer air temperature than 2011, the water added
was stored in the snowpack and was released mdimiyg the spring snowmelt. Conversely
during 2011, warmer than the previous year, themnatided was gradually released during winter

and early spring.
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Recent works showed that also snow removal couleraiéne remarkable effects not only on the
soil temperature regime, but also on soil moisttd@dyet al. (2001), for example, found that the

snow removal determined a decrease of soil moigé#¥r%) during the spring season, while no
differences were found during summer. Conversely, results showed that soil moisture in the
shovelled plots was significantly lower than valuesorded in the other treatments not only during
the spring, but also during the summer season.sigreficantly lower SWE in the shovelled plots

with respect to the undisturbed and irrigated pthisng winter and spring could explain the lower

water content recorded in this plot also duringghmmer season.

4.3 Soil and soil solution C and N dynamics

The concentrations of soilfe, Nmic, extractable DOC and DON were slightly higher ttiaa
values found under a subalpine Larch stand (Frepipaz, 2008), but were in the range of values
reported for forest floor and mineral soil horiz@s) in a northern hardwood forest (Groffmetn
al., 2011). Measured soil inorganic N concentratiomsenslightly lower than those reported for a
grazed subalpine larch forest (Frepphaal., 2008). As reported in several other studies caricg
forest soils, we found that ammonium was the predam inorganic N form (Malagolet al.,
2000).

Some studies demonstrated that maximum values afbial carbon biomass may occur during
summer (Zhong and Makeschin, 2006) or spring (Hazinet al., 1995) resulting in a significant
immobilization of nutrients from the decomposingelis by the microbial biomass. On the other
hand, other studies have reported different findiogsthe seasonal dynamics of soil microbial
biomass with higher microbial biomass in winterhwmiespect to the other seasons (Broetkal .,
1998; Lipsoret al., 2000; Edwardst al., 2006).

We hypothesized that the strong influence of latewsall on soil temperature could affect the
microbial biomass and/or the more labile C and MiIgan particular with a reduction in.fe and
Nmic and an increase of extractable DOC and DON in ioeedled plot, due to microbial cell lysis
and cytoplasm release (Morleyal., 1983). We also expected that the effect coulchbee evident

in winter when freeze/thaw cycles could potenti&ily the microbes, but also relevant in spring
and summer when the necromass could be minerabyethe surviving microbial biomass. In
particular the soil biomass response could depenthe intensity or frequency of the freeze/thaw
cycles. Grogaret al. (2004), for example, found that multiple freezafthcycles resulted in a
significant decrease in microbial biomass C andraesponding increase in extractable DOC with
respect to a single cycle.

Under natural conditions (U) we observed a decreabeth G,ic and Ny from winter to summer

in the second year, characterized by a higher meantemperature and earlier snowpack
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accumulation than 2010. This decline in biomass tmayaccompanied by broad changes in the
microbial community composition, as has been shawAlpine sites where fungi are typically
more dominant in winter and bacteria are more adtivsummer (Lipsost al., 2002; Schadt al .,
2003).

Independently from the intensity of induced sa@ezing (mild or mild/hard freezing) nfe and Nhic

in soil subjected to late snowpack accumulatiopl@®s) did not decrease in winter, suggesting that
the biomass was well adapted to cold temperatwebserved in other studies (Lipsaral., 2000
and Edwardt al., 2006), and can tolerate moderate freeze/thawesyas reported by Freppetz

al. (2007).

Under natural conditions a decrease in extractalldl was observed from winter to summer in the
first year and from fall to winter in the secondgyelhe same trend was observed in soils under late
snowpack accumulation suggesting that microbes wetehe main source of DON in this site.
Mild/hard freezing induced by late snowpack acclwatioh caused an increase in extractable DOC
in both the winters, probably caused by the physisauption of the litter layer and a consequent
leaching phenomenon from the organic horizons (Snuw®ret al., 2001; Grogaret al., 2004;
Kalbitz et al., 2000). This was

in accordance with previous studies, both in takl f(Groffmanet al., 2011) and in the laboratory
(Vestgarden and Austnes, 2009).

The DOC and DON concentrations in the soil soluseemed not to be affected by snow removal
and this was not in accordancewith other studias riported DOC losses (e.g. Haeal., 2012)
probably related to the mortality of fine rootsaasesult of freezing, possibly leading to the re¢ea
of nutrients from belowground organic matter (Tegyet al., 2001; Giesleet al., 2007).

ROS events resulted in an increase in sgil. during summer of both years, especially in the
second one, with respect to undisturbed soils.oAlifn for the first year this could probably be a
result of the slightly greater volumetric water temt, during the second year water content was
comparable to natural soil. The effect of ROS ewveom the soil extractable DON was not
significant, whereas the concentration of soil @stiable DOC exceeded slightly the concentrations
observed in undisturbed soil during spring and semg910, when different precipitation events
had been recorded. However the increase of sorh&sble DOC did not correspond to any
increase of DOC in soil solution. On the contragme studies showed that rewetting dry soil often
caused a flush of DOC suggesting that microorganisegained activity upon rewetting
(Franzluebberst al., 1994). In a laboratory study with spruce foreslt Borizons, Hentschetdt al.

(2007) attributed the increase in DOC concentratiarsoil solution not only to microbial turnover,
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but also to physical-chemical processes followimgingg and rewetting cycles, such as those
involved in the release of previously encapsulatenic matter.

Under natural conditions, we did not observe ardeasonal pattern in N-NQconcentrations both

in soil and in soil solution during the first yea@n the contrary during the second vyear,
characterized by less snow cover and mild wintemdd@mns, an overall increase of N-NO
concentrations during winter and a subsequent dsersn the summer season were observed both
in soil and soil solution. These results were igoadance with Hart and Firestone (1991) who
found that net N mineralization in the forest flowais higher during winter than summer due to the
higher N immobilization processes and plant upiakée latter.

The late snowpack accumulation determined a stirmrgase in soil inorganic nitrogen forms only
in 2010, when a soil mild/hard freezing was recdrde particular, in the shovelled plots soil
extractable N-Ni" and N-NQ were negatively correlated with the mean monthlitemperature
during the winter period (respectively r=-0.4690@ and r=-0.501, p<0.01). These results were
in accordance with other studies carried out iegbecosystems (Calleseinal., 2007; Freppagt

al., 2007; Groffmaret al., 2011), that attribute the increase in soil inaiganitrogen to the release
of previously non-available inorganic nitrogen framganic or inorganic colloids by the disruptive
action of freeze/thaw cycles (Hinman, 1970; Frepghzal., 2008). Soil solution N-N©
concentration seemed to be more susceptible tetbeelled treatment than N-NHorobably due

to its higher mobility compared to ammonium. Intmadar, in the shovelled plots we found the
highest N-N@Q concentrations in the soil solution only during summer seasons. Also Hentschel
et al. (2009) did not observe any effect on the inorgariogen concentration in the soil solution
shortly after soil thawing. They explained the hgincentrations in summer and autumn as result
of less immobilization by growing heterotrophic moicrganism and enhanced net nitrification in
the snow removal plots. As reported above, we cowidexclude that the damage of fine roots
caused by soil freezing, and consequent decreasmis uptake could also be responsible for the
increase in inorganic N concentrations as a regudhow removal, as suggested by Tiereegl.
(2001).

The ROS events seemed to affect only the soil etdiode N-NH' but not the N-N@ probably
because mostly of the inorganic nitrogen appliedtha irrigation solution was N-NA. In
particular, during the warmer winter 2011 we obedran increase of extractable N-Nidue to
episodic snowmelt events. This was in accordanteWiilliams et al. (1996) who found, that
ammonium was released unaltered from the snowpadknas rapidly immobilized in underlying

soils with no evidence of subsequent nitrificati@uring 2010 a signal of N-NHincrease was
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observed in summer, probably because the addedl ligater reached the soil only during the
spring snowmelt.

ROS events did not have any effect on both soilsmildsolution N-N@ concentrations. Although
the studies on the effect of ROS events on saiitewi chemistry were almost absent, Eimetral.
(2007) reported that the nitrate concentratiorstrieam water rapidly increased after a natural ROS
event. These authors suggested that N-N® rain or snowmelt was transported rather

conservatively into the stream channel with adiititeraction with catchment soil or biota.

4 Conclusions

In this study we reported results from a 2 yealdfexperiment conducted in a subalpine forest,
where we tested the effects of a change in wintegipitation regimes (late snowpack accumulation
and rain on snow events) on a forest soil ecosydt@mthis reason, we contemporary examined the
soil physical characteristics (temperature and tam@$ and soil and soil solution (C and N forms)
in order to identify potential soil responses tthange in winter precipitation regime.

We observed that:

a) Late snowpack accumulation caused a stronger affesbil temperature and moisture than
winters characterized by rain on snow events;

b) Soil freezing, induced by the snow removal or “nally” occurring mainly in the early
winter, did not have any significant effect on timicrobial biomass suggesting a great
adaptation of these microbial communities to lownperatures. Since the microbial
biomass seemed to be cold-adapted, the increasaliextractable DOC could be due to
litter decomposition;

c) Late snowpack accumulation, especially if concomitavith cold periods, caused a
significant increase in soil extractable N-WNHind N-NQ  concentrations during winter,
suggesting a release of previously non-availaleganic nitrogen from soil aggregates by
the disruptive action of freeze/thaw cycles;

d) Late snowpack accumulation caused a significameas® in soil solution N-Ngduring the

summer seasons suggesting a possible reductidanhyptake caused by root damage.
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Tab. 1 Bulk soil chemical and physical propertiesasured at the study site (a) and soil extractable

carbon and nitrogen forms (mg Rgmeasured in the different plots in November 2()9

a)
Horizon | Depth pH TN TC C/N Clay Silt Sand CEC
cm % % % % %  Cmolkg™
A 1-19 58 042 593 14 6.0 259 681 35.20
BW 19-36 5.8 0.12 250 20 7.3 247 68 25.19
BC 36-51 59 010 123 12 6.1 19.2 747 19.23
b)
U I S
min max mean| min max meanlmin max mean
Cmic 598 1729 1200|459 1849 1127|535 1840 1282
Nmic 71 188 132 87 183 14% 11809 158
DOC |183 299 250| 256 655 331| 254 259 257
DON |90 94 9.2] 94 26.914.2|7.7 13.6 10.9
N-NH4+ 54 8.7 86| 87 15.811.1]18.0 9.1 9.0
N-NO3z |43 45 44| 45 72 5% 72 79 75
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Tab.2. Mean values of snow parameters measurdeifidld during winter and spring 2009-2010
and 2010-2011: undisturbed (V); irrigated (I); skled (S). Modal values are shown for categorical

variables marked with an asterisk (*).

2009-2010 2010-2011
Parameter U I S U | S
Maximum snow depth (cm) 109 103 46 57 46 20
*Grain type in basal layer RC MF¢:MFq MF, DHq, FC, MF,
*Dominant grain FGMFsMFy.  FC;MF MF, DHgp IFc; MFye  MF¢;MFc
Maximum grain size (mm) 2 3 2 3 3 2
Hand hardness Index 3 4 2 2 3 2
Snow/soil surface 0,17 -0.24 112 -0,40 0,72 -0,43
temperature (°C)
Date of isothermal condition April 2 April 12" April 12" | March 31" March 11" March 31"
Snow density(kg/f) 299 312 276 307 331 310
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819 Figurecaptions

820 Fig.1 Localization of the study site
821

822

823

§ VALLEE D' AOSTE %
W Parco Nasi
aﬁ‘?-ﬁ:;,?m

e

Pon
Carirre

Tl ]

R\ ;}-"qmué,f an
A OM BRRD | A
“Lemgllingr —f

frreraay i
S o e
5t w4 N B
b i o L T "
ey : M AR
Scala 1: 1800 000 = # Jimperia
“O5n Romo. LI GUYURE

1 2 MM MONACGE
, Vortimiglia
824 _ AL 7ORUEES  Langtuting Est 1 da Grosnwich 3

826

827

828

829

830

831

832

833

834

835



836 Fig.2 Precipitation (mm, light grey bars), and snow defittm, black line) measured by the
837 automatic weather station, 2200 m asl (ARPA Piemp@ind snow depth measured manually in the
838 U plots of study site (cm, black points).
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851 Fig.3 Air (light grey line) and soil temperature undke tdifferent snow treatments (black line for
852 U, grey line for I, and black dotted line for Spin November ¥, 2009 to August 3i 2011 (a).
853 Details of soil temperature under different snoeatments and snow depth measured in U plot

854  during first winter and spring seasons in 2010 201 are reported in b) and c), respectively.
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867 Fig.4 Volumetric soil moisture content under the diffdrenow treatments (black line for U, grey

868 line for | and black dotted line for S) from Noveentt™, 2009 to August 31, 2011.
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882 Fig.5 Soil C and N forms measured over two years of toong (n=9 for each treatment, except
883 winter 2010 with n=6). Upper-case letters represggnificant differences between seasons for
884 each treatment (p<0.05); lower-case letters desigieificant differences between treatments for
885 each season (p<0.05). Letters are not reported diffenences are not significant (p>0.05).
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901

Fig.6 Soil solution C and N forms measured in the twargeof monitoring (n=36 for treatment,
except winter 2010 with n=24). Upper-case lettemasent significant differences between seasons
for each treatment (p<0.05); lower-case letteroterignificant differences between treatments for

each season (p<0.05). Letters are not reported diffenences are not significant (p >0.05).
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