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Abstract Atmospheric nitrogen (N) deposition

increasingly impacts remote ecosystems. At high

altitudes, snow is a key carrier of water and nutrients

from the atmosphere to the soil. Medium-sized subal-

pine grassland terraces are characteristic of agricul-

tural landscapes in the French Alps and influence

spatial and temporal snow pack variables. At the

Lautaret Pass, we investigated snow and soil charac-

teristics along mesotopographic gradients across the

terraces before and during snowmelt. Total N concen-

trations in the snowpack did not vary spatially and were

dominated by organic N forms either brought by dry

deposition trapped by the snow, or due to snow-

microbial immobilization and turnover. As expected,

snowpack depth, total N deposited with snow and

snowmelt followed the terrace toposequence; more

snow-N accumulated towards the bank over longer

periods. However, direct effects of snow-N on soil-N

cycling seem unlikely since the amount of nitrogen

released into the soil from the snowpack was very small

relative to soil-N pools and N mineralization rates.

Nevertheless, some snow-N reached the soil at thaw

where it underwent biotic and abiotic processes. In situ

soil-N mineralization rates did not vary along the

terrace toposequence but soil-N cycling was indirectly

affected by the snowpack. Indeed, N mineralization

responded to the snowmelt dynamic via induced

temporal changes in soil characteristics (i.e. moisture

and T�) which cascaded down to affect N-related

microbial activities and soil pH. Soil-NH4 and DON

accumulated towards the bank during snowmelt while

soil-NO3 followed a pulse-release pattern. At the end

of the snowmelt season, organic substrate limitation

might be accountable for the decrease in N mineral-

ization in general, and in NH4
? production in partic-

ular. Possibly, during snowmelt, other biotic or abiotic

processes (nitrification, denitrification, plant uptake,

leaching) were involved in the transformation and

transfer of snow and soil-N pools. Finally, subalpine

soils at the Lautaret Pass during snowmelt experienced

strong biotic and abiotic changes and switched

between a source and a sink of N.
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Introduction

Over the last 50 years anthropogenic activities (agri-

culture, industry, transportation, and urbanization)

have doubled nitrogen (N) inputs into terrestrial

ecosystems around the world (Matson et al. 2002;

Vitousek et al. 1997). Long-term records from alpine

glaciers reveal substantial increases in ammonium

(NH4
?) and nitrate (NO3

-) over the last century

(Preunkert et al. 2000; Schwikowski 1997). In northern

Europe, monitoring during the last few decades shows

current atmospheric N deposition to range between 5

and 60 kg N ha-1 year-1 (Aber et al. 2003; Rogora

et al. 2006; Singh and Tripathi 2000). For 2050, it is

projected that global food demand and N-fertilizer use

will again double, leading to N deposition about three

times higher than it is today (Tilman et al. 2001).

Consequently, even fairly remote ecosystems such as

mountainous watersheds may be susceptible to con-

tamination by atmospheric N deposition in highly

mobile dry (dust) and wet (snow, rain, fog) forms

(Eugster et al. 1998; Fenn et al. 2003; Mayewski and

Legrand 1990; Nanus et al. 2003; Nickus et al. 1997).

At high elevations snow can be a key carrier of

nutrients from the atmosphere to the soil (Kuhn et al.

1998). Impurities contained in the falling snow result

from nucleation nuclei, gaseous components such as

HNO3 dissolved in the ice (Domine and Rauzy 2004),

semi-volatile organic components adsorbed at the

surface of ice crystals (Domine et al. 2007), and

aerosols captured during precipitation (Franz and

Eisenreich 1998). However these vectors are usually

exceeded by the dry deposition of aerosols carried on

the wind and trapped inside the porous structure of

the snowpack (Cunningham and Waddington 1993;

Domine et al. 2004; Harder et al. 2000). As a result,

snowpacks can retain particulates and solutes from

atmospheric deposition that are released as an ionic

pulse at snowmelt (Williams and Melack 1991b).

Although snowpack nutrient accumulation is some-

times negligible relative to soil nutrient status, as for

low arctic birch hummock tundra (Buckeridge and

Grogan 2010), it has been rarely investigated in the

subalpine snowpack. This seasonal release of melt

water and nutrients at thaw together with drastic soil

temperature changes may still influence the nutrient

budget of underlying soils and adjacent headwater

streams in subalpine and alpine zones (Brooks and

Williams 1999; Buckeridge and Grogan 2010;

Edwards et al. 2007; Litaor et al. 2005; Rixen et al.

2008; Williams et al. 2009).

Remote subalpine ecosystems are usually charac-

terized by nutrient-poor soils (Körner 2004; Seastedt

et al. 2004). Hence any atmospheric N deposition can

substantially increase bioavailable N contents, and

change the rates of soil-N mineralization, nitrifica-

tion, and ammonification (Hagedorn et al. 2003;

Marshall et al. 2008). It may also enhance N losses

through N2O production from soils and snowpacks

(Filippa et al. 2009; Meng et al. 2005). Changes in N

cycling rates affect ecosystem processes and have

consequences for the functional characteristics of

subalpine plant communities, such as alteration of

root dynamics, compositional changes, and loss of

plant diversity (Bassirirad 2000; Jones et al. 2003;

Majdi and Andersson 2005; Pennings et al. 2005;

Singh and Tripathi 2000).

In the subalpine surroundings of the Lautaret Pass

(1,800–2,000 m.a.s.l., Hautes-Alpes, France), nutrient

and energy cycling is under the combined influence of

climatic conditions (a prolonged cold winter under

snow followed by a snowmelt period and a short plant

growing season), agricultural practices (mowing,

grazing, organic fertilization), and agriculturally mod-

ified topography (terraces). The subalpine climate and

the traditional agricultural practices have maintained

oligotrophic soils and favoured rich plant diversity

(Körner 2004; Robson et al. 2007).

The agricultural landscape of this region comprises

mid-sized terraces (500–1,000 m2) creating ‘‘stair-

way’’ mesotopographic gradients (Girel et al. 2010),

that potentially influence the range and patterns of key

snowpack and ecosystem variables (Litaor et al. 2001).

Differential exposure to the wind and solar radiation

causes a thick snow layer to accumulate against the

bank which gradually decreases towards the slope

(Fig. 1). This gradient of snow thickness is paralleled

by a kinetic gradient of snowmelt, allowing snow to be

retained longer against the bank. The extent to which

these patterns influence nutrient dynamics at a terrace

scale, and their sensitivity to gradients of atmospheric

N deposition across the snowpack, are key factors for

our understanding of the role of snowmelt dynamics in

this subalpine ecosystem as in alpine and arctic

tundra and boreal forests (Baptist et al. 2010b; Brooks

and Williams 1999; Buckeridge and Grogan 2010;

Williams and Melack 1991b). Furthermore, the snow-

melt season is considered as a ‘‘hot moment’’ when
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nutrient availability in soils peaks (Robson et al. 2007),

with a pivotal effect on the plant and microbial

community composition (Bardgett et al. 2005; Robson

et al. 2010). Current hypotheses describe this event

through a sequence of important changes in the

pedosphere which control the nutrient dynamics

between soil, vegetation and soil water (Brooks et al.

1998; Buckeridge et al. 2010; Fisk and Schmidt 1996;

Jaeger et al. 1999; Lipson et al. 1999; Zeller et al.

2001). Above the Lautaret Pass, in natural hollows

where snowbeds persist later into spring, delayed

snowmelt affects local N dynamics and promotes

particular alpine plant and microbial communities

suited to these conditions (Baptist et al. 2010a, b;

Zinger et al. 2009). Likewise on subalpine terraces, a

deep snow pack could produce more stable conditions

leading to larger wintertime soil microbial biomass,

which begins to turnover during snow melt, causing

higher soil-N concentrations (Buckeridge and Grogan

2010). Whereas, a reduced or absent snowpack may

initiate colder wintertime soils with higher nitrate

levels due to physical disruption (Groffman et al.

2001), but also earlier and warmer conditions at

snowmelt could lead to more rapid loss through

denitrification (Brooks et al. 1996, 1997; Filippa

et al. 2009; Williams et al. 1998). Yet, it has also been

reported that a scarcity of inorganic N under a reduced

snowpack in arctic tundra might limit denitrification

(Buckeridge et al. 2010). These various findings

demonstrate the capacity of snowmelt dynamics to

influence N cycling and provide the context for

investigating ‘‘snowmelt’’ effects on N dynamics

along the above-mentioned mesotopographic gradient

in subalpine terraces.

Focusing on the terrace scale, which has not been

investigated before in the literature on snow-related N

dynamics, we hypothesized that (1) spatial and

temporal gradients of snow depth and snow melt

dynamics influenced soil conditions creating gradients

of temperature, moisture and mineralization (Fig. 1),

and (Fig. 2) snow depth and snow melt affect soil-N

cycling both directly (through snow-N deposition) and

indirectly (though changes in soil conditions).

To test these hypotheses, N dynamics was studied

during the snowmelt period in three subalpine

terraces located in the grasslands on the south-facing

slope beneath the Lautaret Pass. We focused on the

amount and the form of N trapped by and released

from the snow as well as on the composition of soil-N

pools and the rates of N processes before, during and

after snowmelt.

Materials and methods

Study site

The research site is located on the south-easterly

aspect of the upper Romanche Valley in the central

French Alps (45.04�N 6.34�E, 1,820–1,880 m a.s.l.)

between the village of Villar d’Arêne and the

Lautaret Pass. The climate is subalpine with strong

continental influences. Mean temperatures range

between -7.4�C (February) and 19.5�C (July) and

mean annual precipitation is 956 mm. The original

subalpine forest had been converted to agricultural

use prior to the construction of terraces, from the

fourteenth century onwards (Quétier et al. 2007). This

process involved ploughing, which brought underly-

ing limestone to the surface. The landscape is

dominated by these ancient terraces which were

previously arable fields (50 years ago) but are

now grazed or mown annually for hay at the end

of summer. The most-used terraced fields are

also fertilised with manure during May, (app.

8 kg N ha-1 year-1). The reversion to grassland has

resulted in plant communities of high conservation

value, and it is thought that the particular mowing

and grazing regimes practiced today maintain the

diversity and structure of the plant community

(Quétier et al. 2007). These fields are characterized

by low water availability due to high stoniness (Gross

et al. 2008; Robson et al. 2007). The dominant

vegetation on mown terraces consists in a mixture of

Bromus erectus, Sesleria caerulea and Onobrychis

montana. When manuring occurs on terraced grass-

lands tall fast-growing vegetation develops with

Dactylis glomerata, Trisetum flavescens, Heracleum

sphondylum, Gentiana lutea and Agrostis capillaris.

The terraces have 30–50 cm deep brown soils with a

sandy-loam texture (30% clay, 50% silt, 20% sand,

9 \ C/N \ 17, 38 \ field capacity (%) \ 45,

0.65 \ bulk density (g cm-3) \ 1.24) at neutral to

basic pH values (6.8 \ pH \ 8.2) due to calcareous

stones ([2-cm) well distributed along the profile

(Robson et al. 2007). Parent material consists in a

mixture of colluviums dominated by calshists with

eolian material.

Biogeochemistry

123



Snow and soil sampling was performed along nine

toposequences distributed on three terraces with

similar gentle slope (Fig. 1). Prior to sampling, each

toposequence was divided into three stations corre-

sponding to the front of the terrace (front), in middle

of the gradient (intermediate) and at the base of the

terrace bank (bank). All 27 stations were equipped

with 2.50-m long sticks to allow for snow depth

measurements.

Snow and soil survey

Snow depth was measured at each station on seven

dates spanning between February 2nd and April 19th

2006. Clean acid-washed PVC pipes were used to

take three snow cores (d. 12.5-cm, 50-cm long, 6-l)

along the vertical snow profile at each station three

times during snowmelt (March 29th, April 8th and

17th) and when snow was present (n = 61). The PVC

pipe length was reduced when snow depth was less

than 50-cm. Snow samples of each core were placed

in pre-cleaned (acid washed and rinsed with ultra

pure water) 250-ml polyethylene flasks, transported

in a cool box, and stored at -20�C until nitrogen

analysis (n = 70). Snow density was measured along

each snow profile using 100 ml (or 35-ml when snow

depth was low) stainless steel cylinders and a

precision scale (±0.01-g) allowing for calculation

of snow accumulated per surface area.

At each station, two soil cores were sampled at two

depths (0–5 and 5–10-cm), using a 3.5-cm diameter

corer, four times during snowmelt: April 11th (T0),

April 19th (T1), May 05th (T2) and May 22nd (T3).

The first soil core was divided in two sub-samples. One

sub-sample was placed in 100-ml KCl 2 M immedi-

ately in the field in order to stop nitrogen transforma-

tion (Jones and Willett 2006), and transported to the

laboratory where soil extraction was completed (see

‘‘Nitrogen analysis’’ section). Soil extracts were stored

at –20�C until chemical analysis. The second fresh soil

sub-sample allowed determination of loss on ignition

of soil organic matter (SOM) at 550�C, gravimetric soil

water content at 105�C, and soil pH in water (Robert-

son et al. 1999). Net mineralization, nitrification and

ammonification rates were measured on the second soil

core using the buried bag technique. Net N mineral-

ization (NM), net N nitrification (NN) and net N

ammonification (NA) were sequentially evaluated for

the 0–5 and 5–10-cm soil layers. Net nitrogen miner-

alization was calculated from measured changes in the

mineral-N content of largely undisturbed soil isolated

inside polyethylene bags allowing air to pass through

Fig. 1 Diagram of the

experimental set-up

showing the expected

gradients
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Fig. 2 a Time sequence of hourly mean soil temperatures at

the front and the bank stations averaged from the triplicated

subalpine terraces. White arrows represent soil samplings:

April 11th (T0), April 19th (T1), May 05th (T2), and May 22nd

(T3). Black arrows represent snow samplings (March 29th,

April 8th and 17th). Dashed lines delimit time periods used for

Wilcoxon non-parametric t tests: ***p \ 0.001; NS not

significant). The insert graph shows averaged daily differences

between maximum and minimum temperatures for each station

during the snow melt period. b Time sequence of snow depths

(mean ± SE, n = 9) measured on seven occasions between

February and April for each station. Differences in snow depth

between stations on each date were tested with the Mann–

Whitney rank sum test. Different letters indicate significant

differences at p \ 0.05. c Quantities (mean ± SE, n = 27,) of

dissolved organic N (DON), N-NH4
?, and N-NO3

- measured

in the snow pack for each station. Snow chemistry, densities

and depths were used to calculate quantities per surface area.

For each N species, differences between stations (mean ± SE,

n = 9) in N amounts (upper case letters) and in N

concentrations (lower case letters) were tested with the

Mann–Whitney rank sum test. Different letters indicate

significant differences at p \ 0.05
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but preventing leaching (Pastor et al. 1987). Following

field incubation, nitrogen content of the bags (T1, T2,

T3) was compared to the soil nitrogen content at the

beginning of the incubation period (T0, T1, T2,

respectively). Net nitrification was estimated from

measured changes in NO3-N content in the same

incubated soil samples, and, likewise, net ammonifi-

cation was estimated from measured changes in

N-NH4
?.

Soil temperature (top 10-cm) was monitored

hourly in the front (9 probes) and the bank (9 probes)

stations using Hobo U12 loggers (Onset Corp.,

Bourne, MA).

Nitrogen analysis

Soil sub-samples were extracted for NO3
- and NH4

?

by shaking for 1 h in KCl 2 M at 20�C, and filtered

through Whatman #42 paper. Extracts were analyzed

for NO3
- and NH4

? using standardized protocols on

a Flow Solution IV colorimetric chain (OI-Analytical

Corp., TX, USA). Total dissolved nitrogen (TDN)

was determined on extracted sub-samples after per-

sulfate digestion (Cabrera and Beare 1993). Dis-

solved organic nitrogen (DON) was then calculated

as the difference between TDN and the sum of

inorganic nitrogen forms. Snow samples were melted

and immediately analyzed for NO3
-, NH4

?, TDN,

and DON using the above mentioned methods. The

melted samples were not filtered, to preserve the large

spectrum of the N fractions contained in the snow and

to avoid contamination from air contact or the

filtration process. Therefore only the supernatant part

of each sample was used for analysis to limit

problems with solid particles. Finally, using snow

depth, snow density and snow N concentration

results, quantities in kg N ha-1 of N deposited were

calculated.

Statistical analysis

Differences between soil temperatures at the ‘‘front’’

and ‘‘bank’’ were tested with a Wilcoxon non-

parametric t test for pair-wise independent samples.

Differences between stations, depths and sampling

times for snow N contents and soil-N pools and fluxes

were tested using non-parametric analyses of variance

(ANOVA). Specifically, to test for inter-depth differ-

ences at the three stations for each sampling day, data

from the three terraces were pooled by station (n = 9),

and a non-parametric ANOVA [Mann–Whitney sum

test (thereafter MW)] equivalent to a one-way

ANOVA based on sum of ranks was used.

To test interstation and inter-sampling time differ-

ences, a Kruskal–Wallis test (thereafter KW) data

was used (H is the value of the KW test). Finally,

non-parametric Spearman correlation test was used to

calculate R values with their p levels and identify

relationships between measured variables. For each

terrace and each station twelve soil temperature

variables were computed by calculating daily (aver-

aged for T0, T1, T2 and T3), weekly (averaged for

the last 7 days before sampling time) and monthly

(averaged for the last 30 days before sampling time)

means, minimums, maximums and absolute differ-

ences between maximum and minimum. These data

were used to test for correlations with other variables.

All statistical tests were done using Statistica 8.0

software (StatSoft France).

Results

Soil temperature

Five temporal phases during the winter and spring were

delimited from soil temperature data on the bank and

front of the terraces (Fig. 2a). First, soil temperature

was close to 0�C on the bank while it fluctuated around

negative values on the front, illustrating a classic

process of early winter where snow is blown into drifts

at the back of the terrace (i.e. the bank) where it

accumulates. The second phase stretched from Febru-

ary 15th to April 6th when snow covered the whole

terrace and soil temperatures at both the front and the

bank were stable and similar. Between the 6th and 15th

April, soil temperature started to fluctuate daily at the

front as snow was melting, while the bank remained

under snow with an average soil temperature of

-0.8�C. During the fourth phase, from April 15th to

27th, snow melt occurred on the bank with daily

fluctuations of soil temperature. During this time

period, the front soil was warmer and experienced

larger diurnal temperature changes (insert graph in

Fig. 2a). Finally, between April 27th and May 22nd

both stations were snow free and, although their soil

temperatures followed the same trends, they remained

significantly different with globally warmer soils for
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the front (mean = ?9.6�C) than for the bank

(mean = ?9.1�C).

Nitrogen pools in snow

Snow depth surveys between February and April

confirmed that the snow pack was significantly

thicker towards the bank until April 10th (Fig. 2b).

During the whole season snow depths ranged from 0

to 77-cm for the front and from 0 to 200-cm for the

bank. Snow densities ranged from 0.22 to 0.42-

g.cm-3 (mean = 0.33-g.cm-3 ± 0.13) depending on

the snowpack depth and the sampling time. The front

was rarely covered by more than 30–40-cm of snow

whereas the bank was commonly covered by snow of

this depth or more.

Overall, nitrogen in snow samples was split into

dissolved organic forms (ca. 41.9%), NO3
- (ca.

30.8%), and NH4
? (ca. 27.3%). Snow N concentra-

tions were not significantly related to position on the

terrace and did not show temporal variations: [N-

NO3
-] ranged from 0.02 to 0.19-mg l-1, [N-NH4

?]

from 0.02 to 0.09-mg l-1, and [organic-N] from 0.00

to 2.35-mg l-1. Yet, once transformed into deposited

quantities, total snow N-NO3
-, N-NH4

? and N-DON

significantly increased towards the bank (Fig. 2c).

Proportions of the organic and inorganic N in the

snowpack changed along the toposequences: N-NO3
-

and N-NH4
? made up approximately 42% of the total

snow N for the front and approximately 66% for the

intermediate and the bank stations. In contrast, DON

represented around 33% of the total snow N for the

intermediate and the bank, and 58% for the front

station.

Soil characteristics

Soil characteristics and microbial processes involved

in the nitrogen cycle were compared at each depth

and station along the toposequence for the four

sampling times (Fig. 3). Soil pH did not significantly

differ between depths except at the intermediate

station in T2 and T3. For the 0–5-cm soil layer of the

intermediate and the bank, pH significantly dropped

between T1 and T2 (i.e. after snow melt, Figs. 2a, 3).

Soil OM contents were significantly and consistently

higher in the upper soil layer than in the lower one,

and did not change during the survey. Depth

differences in soil moisture were only significant

for T0 and T1, and decreased at both depths between

T1 (mean 0.7-g.g-1 ± 0.3, which corresponds to soil

saturation measured in a parallel study) and T2 after

snow melt (mean 0.4-g.g-1 ± 0.1, which is close to

field capacity). Finally, soil pH, OM content and

moisture did not show statistically significant trends

along the toposequences from the bank to the front

for any of the sampling times or depths.

Soil extractable N was dominated by dissolved

organic forms which ranged from 46 to 94% of total

dissolved N, while N-NH4
?and N-NO3

- ranged

respectively from 6 to 54% and from 0 to 28% of

total dissolved N (Fig. 4). Other studies have also

reported N-NH4
? to be the predominant form of

inorganic nitrogen in the soil during the snowmelt

period (Mullen et al. 1998), as it can be effectively

retained within the uppermost centimetres of the soil

in situations when N-NO3
- is leached (Hagedorn

et al. 2001) or denitrified (Brooks et al. 1996). Across

0–10-cm soil depth, patterns of soil-N-NH4
?and

N-DON contents increased from the front towards

the bank (Fig. 4), with significant differences

between stations for N-NH4
? (T0), and DON con-

tents (T0 and T2). The front had significantly lower

N-NH4
? (T0) and N-DON (T0 and T2) than the bank

while soil-N-NO3
- was not clearly distributed along

the toposequences. However, within each station,

temporal patterns were significant for most soil-N

forms. Mean soil N-NH4
? and N-DON doubled

between T0 and T2 and then dropped at T3, though

temporal DON variations were not significant for the

bank station. Finally, soil-N-NO3
- peaked twice in

the front and the bank stations at T1 and T3.

Although snow and soil-N quantities were two

orders of magnitude apart, we examined the relation-

ships between snowpack N and soil-N pools during

snowmelt by taking two consecutive spring samples

of snow and soil at each station; April 8th and 17th

for the snowpack and April 11th and 19th for the soil

(Fig. 5). Focusing on the bank and the front stations

and on a specific daily basis, significant Spearman

correlations were almost absent between soils N

pools (kg�ha-1) and the corresponding snow pack N

quantities (kg�ha-1). When snow-N pools were aver-

aged by date and tested against soil-N pools measured

at each sampling time and station (Table 1), there

were significant relationships between mean inor-

ganic snow-N pools (i.e., NO3 and NH4) and soil-N

Biogeochemistry

123



pools up to and including May 22nd, but spatial or

temporal patterns remained unclear.

Soil nitrogen mineralization

There was no difference between soil depths in net N

transformation rates (i.e. NM, NN, and NA), apart

from at the intermediate station on T2 and T3 (KW

test, p \ 0.05). An inter-station difference was found

only for the top soil on T3 (KW test, p \ 0.05).

However, the time of sampling during the

experimental period significantly affected the rates

of the soil-N processes. Regardless of soil depth and

station, N mineralization rates decreased during the

survey from T0–T1 to T2–T3. Mean net N mineral-

ization (NM) was initially positive at all stations and

became negative between T2 and T3. Mean net N

nitrification (NN), i.e. the production of N-NO3
-, was

positive between T0 and T1 in all stations, weakly

negative between T1 and T2 and positive again

afterwards. Finally mean net N ammonification (NA),

i.e. the production of N-NH4
?, was positive between

Fig. 3 Mean values

(n = 9; ±SE) of soil pH,

soil organic matter content

and soil moisture at two

depths (0- to 5-cm, 5- to

10-cm) and four sampling

times: April 11th (T0),

April 19th (T1), May 05th

(T2), and May 22nd (T3).

Different letters above the

bars show significant

differences (p \ 0.05)

between depths using a

Mann–Whitney U test.

Asterisks above graph show

the significance of inter

sampling time differences

using a Kruskal–Wallis Test

(***p \ 0.001;**p \ 0.01;

*p \ 0.05)
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T1 and T2 for all stations, and became negative later

on, similar to the drop in NM.

Cumulative mineralization, nitrification and

ammonification rates were calculated for the whole

period of 46 days between T0 and T3 (Table 2).

Cumulative net N mineralisation rates were at the

lower end of values reported for soils from other

subalpine meadows surveyed between May and

October using the resin core method (Zeller et al.

2000). Cumulative NM rates differed between sta-

tions only for the top soil layer (KW, p \ 0.05), and

this was mainly due to the intermediate station which

had much lower mineralisation rates (negative values

at 0–5-cm) than the front or the bank stations. When

Fig. 4 Soil-N-NH4
?,

N-NO3
-, and dissolved

organic-N contents

(mean ± SE, n = 18) for

each station and the four

sampling times: April 11th

(T0), April 19th (T1), May

05th (T2), and May 22nd

(T3). The data from the two

depths were pooled by

station. Intersampling time

differences (significant at

p \ 0.05) for each N forms

and station were tested and

results (F and p values) are

inserted in each graph.

Asterisks above bars give

p levels of inter-station

differences based on a

Mann–Whitney test

(*p \ 0.05)
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tested pair-wise, no inter-station differences in cumu-

lative net N mineralisation rates were evident

between the front and the bank.

Discussion

Limited atmospheric N deposition occurred

with snow

Total N deposited with snow followed the mesotopog-

raphy of the terraces with twice as much snow-N

accumulation towards the bank than at the front

(Fig. 2b, c). We observed a shift favouring the relative

dominance of dissolved organic-N forms in the snow-

pack towards the front area. Snow-N inputs were

relatively low (*0.2–0.3-kg N ha-1) when compared

with other alpine and subalpine sites worldwide

(Aber et al. 2003; Sievering et al. 1996; Williams

et al. 2009), though they remained close to values from

the Swiss Alps (Hiltbrunner et al. 2005; Nickus et al.

1998). In fact, we measured 0.2–0.3-kg N ha-1 in the

snow between February and April which, therefore,

represented just a small portion of the total annual N

deposition (dry and wet) which is reported to range

between approximately 12 and 22 kg N ha-1 year-1

at the regional scale (Hiltbrunner et al. 2005).

Turning to concentrations of N within the snow-

pack, these did not vary among terraces showing that

snow quality was homogeneous across the site within

a set altitudinal range (*1,800-m.a.s.l.). Snow inor-

ganic N concentrations in the area of the Lautaret

Pass during winter 2006 were consistent with other

studies (Edwards et al. 2007; Hiltbrunner et al. 2005;

Kuhn 2001; Nickus et al. 1998; Williams et al. 2009).

They probably originated from local pasture

Fig. 5 Mean N stocks (kg�ha-1, n = 9, standard errors are not

reported) measured simultaneously in the snowpack and the

soil layers along the terrace toposequence (bank and front

stations) at two different times during snowmelt. N is variable

for snow data depending on the actual presence of snow. When

significant, asterisks give the p level (***p \ 0.001;

*p \ 0.05) of the non-parametric Spearman correlations

(R values not shown) between snow-N pools from April 8th

and 17th and soil-N pools from April 11th and 19th

respectively
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fertilisation (NH4
?) and transportation (NO3

-) (Fenn

et al. 2003; Williams and Melack 1991a), though

dominant weather patterns at our site suggest that

deposited N might also originate from atmospheric

pollution from Grenoble or the Pôvalley (Schmitt et al.

2005). Relative to inorganic N, snow organic-N

concentrations at the Lautaret Pass were much higher

than typically found in the literature and represented

about 40% of the snow pack N; with the absence of

filtration probably contributing to this high proportion.

Melted snow samples were not filtered prior analyses to

limit contamination. Thus they integrated both wet and

dry N depositions. The latter would include dust and

organic matter particles, which can be an important

component of N deposition, as reported in Colorado

where dry deposition contributed 25–33% of total N

deposition (Burns 2004). In subarctic and arctic

snowpacks, dry deposition forms include organic-

nitrate and other organic-acids (Franz and Eisenreich

1998; Taillandier et al. 2006; Wadham et al. 2006).

This concurs with organic N forms dominating the

N pool deposited with snow at our site.

We acknowledge that possible abiotic transforma-

tions of inorganic N within the snowpack such as

Table 1 Non-parametric Spearman correlations (R values are

given with p level: *** p \ 0.001, ** p \ 0.01, * p \ 0.05,

NS non significant) between mean snow-N pools calculated for

the entire period and soil-N pools measured at different times

(April 11th and 19th, and May 5th and 22nd) during snowmelt

and at two locations along the toposequences (n = 9)

Snow Soil

Bank Front

N-NO3 N-NH4 N-DON N-NO3 N-NH4 N-DON

0–5 cm 5–10 cm 0–5 cm 5–10 cm 0–5 cm 5–10 cm 0–5 cm 5–10 cm 0–5 cm 5–10 cm 0–5 cm 5–10 cm

N-NO3

(kg/ha)

11-Apr 0.84** NS NS NS NS NS NS NS 0.70* 0.75* NS 0.87**

19-Apr NS 0.85** NS 0.83** NS 0.68* NS NS NS NS NS NS

5-May NS 0.92*** NS NS NS NS 0.91*** NS NS NS NS NS

22-May 0.88** NS NS NS NS 0.75* NS NS NS NS NS NS

N-NH4 11-Apr NS NS NS 0.67* NS NS NS NS NS NS 0.78** 0.72*

kg/ha 19-Apr NS NS NS NS NS NS NS NS NS NS NS NS

5-May NS 0.70* NS NS NS NS 0.75* NS NS 0.77* NS 0.77*

22-May NS NS NS NS NS 0.85** NS NS NS NS NS NS

N-DON 11-Apr NS NS NS NS NS NS NS NS NS NS NS NS

kg/ha 19-Apr NS NS NS NS NS NS NS NS NS NS NS NS

5-May NS NS NS NS NS NS NS NS NS NS NS NS

22-May NS NS NS NS NS NS NS NS NS NS NS NS

Table 2 Cumulative net mineralisation (NM), nitrification (NN) and ammonification (NA) rates for each station and by depth

individually or averaged (mean and standard errors, n = 9) between April 11th and May 22nd 2006 (i.e., 46 days)

Front Intermediate Bank

0–5 cm 5–10 cm 0–5 cm 5–10 cm 0–5 cm 5–10 cm

CumNM (lg N g-146 d-1) 9.3 ± 3.3 a 11.1 ± 6.7 a -2.0 ± 1.7 b 1.5 ± 1.6 a 9.9 ± 4.4 a 9.8 ± 3.7 a

CumNN (lg N g-146 d-1) 3.9 ± 1.9 a 3.2 ± 1.8 a 0.3 ± 0.4 a 0.7 ± 0.6 a 5.6 ± 1.8 a 4.5 ± 2.5 a

CumNA (lg N g-146 d-1) 5.4 ± 3.3 a 7.9 ± 5.8 a -2.4 ± 1.6 a 0.8 ± 1.3 a 4.3 ± 3.9 a 5.3 ± 1.9 a

CumNM (lg N g-1 46 d-1) 10.2 ± 3.7 a -0.2 ± 1.2 b 9.8 ± 2.8 a

CumNN (lg N g-146 d-1) 3.5 ± 1.3 a 0.5 ± 0.1 b 5.0 ± 1.6 a

CumNA (lg N g-146 d-1) 6.7 ± 3.3 a -0.8 ± 1.1 b 4.8 ± 2.1 a

Inter-station differences were tested using non parametric ANOVA (Mann–Whitney sum test). Different letters indicate significant

differences at p \ 0.05
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NH4
? volatilization, nitrification or photochemical

reactions were not investigated here and, therefore,

cannot be ruled out to explain the N trends along the

toposequence. Yet, at Niwot Ridge, Colorado, Wil-

liams et al. (1996) traced isotopically labelled

inorganic N in a seasonal snowpack and found no

evidence of such transformations. Other changes

within the snow pack could also explain the shift

favouring the relative dominance of organic-N forms

in the snow towards the front of the terraces

(Amoroso et al. 2010). It is possible that snow

porosity and structure differed between the front of

the terraces where snow was more often disturbed by

the wind than at the back and had difficulty accumu-

lating. As a result, the proportion of dry deposition of

aerosols carried by the wind and trapped inside the

front snowpack could be higher because of a more

porous and disturbed snow mantle when compared

with the bank’s snowpack (Cunningham and Wadd-

ington 1993; Domine et al. 2004; Harder et al. 2000).

Further investigations of the physical properties and

dynamics of the subalpine snowpack are necessary

before conclusions can be drawn about these internal

abiotic processes. Another possible explanation for

the high concentration of organic N forms in the

snowpack proposes that water percolation and

increasing heat due to solar radiation during snow

melt stimulates microbial activities in snowpacks

(Jones and Pomeroy 1999). In which case, resulting

increases in N immobilization and turnover by snow-

microbial communities could have been responsible

for the concomitant spatial decreases in snow-NO3
-

and NH4
? and increase in snow organic-N at the

terrace front. A spatial and temporal survey of the

snow microbial communities would be needed to

confirm this hypothesis.

Snow N inputs versus soil-N pools: does it

matter?

Direct effects of N deposited with snow on soil-N

cycling must be extremely limited as total N brought

by the seasonal snowpack was negligible relative to

subalpine soil-N stocks (mean *200-kg N ha-1 ±

10 SE, n = 216) and plant available soil-N (mean

*47-kg N ha-1 ± 5) measured for the same terraces

in a previous study (Robson et al. 2010). When

considering their relative contribution to each

soil-N pool, snow-N deposition was almost always

negligible. Organic N in the snow pack represented

0.1% of the soil DON pool, while NO3
- and NH4

? in

the snow pack represented 3 and 0.2% of soil-NO3
-

and NH4
? pools respectively. Although such a small

accumulation of N in the snowpack has been found

elsewhere (Buckeridge and Grogan 2010), the rela-

tively small snow pack during the winter 2005–2006

leading to a lower than usual snow accumulation on

the terraces could partially explain why the contri-

bution of the snowpack-N to soil-N cycling was

small.

In our study, the decoupling between snow and

soil-NO3
- pools during snowmelt was mainly due to

the pool-size differences but snow-N was still eluted

to the top soils. Fine-scale investigation of the spatial

and temporal dynamics failed to reveal a clear

relationship between that N held in the snowpack

and soil-N pools, suggesting that any patterns that did

exist were complex and varied along the soil profile

or the toposequence (Table 1; Fig. 5). Based on the

literature, we suggest that snow-N was either eluted

and directly transported by runoff on frozen soils,

preferentially in the front area and before snowmelt

(Sickman et al. 2003), or incorporated into the soil-N

pools, predominantly towards the bank and during

snowmelt. The latter suggestion is in line with results

from the Soddie site, Colorado, where inorganic N

released from the snowpack infiltrated the underlying

substrate where it underwent biogeochemical trans-

formation (Williams et al. 2009). This is also likely to

occur at our site with subalpines soils assimilat-

ing inorganic N released from the seasonal snowpack

via microbial mineralization or immobilization, or

abiotic adsorption on SOM (Baptist et al. 2008;

Lipson et al. 1999; Williams et al. 1996). The newly

formed organic N can also be released as DON from

subsequent microbial cells lyses as discussed in the

next section. Additionally, Piatek et al. (2005) used

isotopic approaches to show that snow-NO3
- was not

directly responsible for the soil-NO3
- flush in surface

waters during early spring snowmelt discharge, but

that this NO3
- flush actually originated mainly from

the nitrification of NH4
? (Spoelstra et al. 2001).

Similarly, we found significant mean cumulative

nitrification rates in the studied subalpine terraces

producing pulse-releases of soil-NO3
- (and joined

protons), which was flushed at thaw and lost as

leachate or denitrified in saturated soils. Denitrifica-

tion (i.e. microbial nitrate reduction into N2 or N2O)
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is a very likely sink for snow and soil-NO3
-, because

of anaerobic conditions resulting from excess soil

water inputs during snow melt (Brooks et al. 1997;

Brooks et al. 1996; Filippa et al. 2009; Williams et al.

1998).

Soil parameters respond to snowmelt dynamics

Soil-N cycling was strongly affected by snowmelt via

its impact on soil biotic and abiotic parameters. As

anticipated, the snowpack distribution and the snow-

melt dynamic on the terraces were paralleled by a

spatial and temporal evolution of soil parameters

(except for SOM). Soil temperature at the front

started to fluctuate 10 days earlier than at the bank

coinciding with an average snowpack depth below

30-cm; a snow-depth threshold suggested sufficient to

decouple soil temperature from air temperature

(Cline 1995). This trend was later confirmed for the

bank where daily variations of soil temperatures also

started once mean snow depth had fallen below

30–40 cm. Finally, as snow was melting, daily

variations in soil temperatures increased, together

with subsequent changes in soil moisture and pH.

Before snow melt (T0), soil moisture was higher

for the top soils and towards the bank where the

snowpack was thicker, favouring anaerobic microbial

activities such as denitrification. Additionally, snow

accumulation at the bank implied that more snow

water reached the soil and that daily variations in soil

temperatures were buffered for longer than at the

front or the intermediate stations. During snow melt,

soil moisture initially remained close to saturation

between T0 and T1, and then dropped rapidly as

terraces became snow-free. However, we did not

capture an earlier decrease in soil moisture at the

front station as expected from soil temperature

monitoring. A plausible explanation is that front soil

moisture had already dropped prior to T0 or, more

likely, that the amount of accumulated heat due to

daily variations of soil temperatures was constrained

below a threshold value that limited water evapora-

tion before T2 (Rixen et al. 2008). In fact, soil

moisture at all stations dropped by ca. 50% after T1,

which was timed after only a few days of diurnal

fluctuations in soil temperature. The speed of water

loss reflects the importance of evapo-transpiration as

a direct consequence of the soil’s exposure to solar

radiation in the absence of snow. This was confirmed

at both depths by significant negative correlations

(-0.3 \ Spearman R \ -0.8, p \ 0.001) between

the 12 computed soil temperature variables (mean,

min, max, max–min; calculated for the soil sampling

day or averaged for the 7 and 30 days before

sampling) and mean soil moistures measured for

each date and station (data not shown).

Similarly, soil pH was significantly correlated to

all soil temperature variables at the intermediate

and bank stations (-0.3 \ Spearman R \ -0.5,

p \ 0.02), and to soil moisture at all stations

(Spearman R = -0.18, p \ 0.007). We suggest that

snowmelt and subsequent snow water influenced soil

temperature and moisture, creating the conditions for

a flush of elements, such as organic acids released

from the DON-rich snowpack, from soil organic

matter mineralization and from microbial turnover.

This flush acidified the soil solution at least tempo-

rarily, as reported by others (Brooks et al. 1999; Hood

et al. 2003; Williams et al. 1994). Furthermore, soil

moisture and temperature changes during and after

snow melt favoured some soil microbial activities

(i.e. nitrification, see next section) which produced

protons and decreased soil pH (Fitzhugh et al. 2003).

Melt water can become enriched with acidic solutes,

and lower the pH of soil and surface waters during

the early spring (Helliwell et al. 1998). As such, the

amount of snow accumulated on subalpine terraces

and the speed at which it melted influenced soil

physical, chemical and biological conditions which

cascade down to the N cycling and the soil solution

pH (Rixen et al. 2008). Yet, different N forms behave

distinctly under these early spring conditions.

Soil-N pools and processes during snowmelt

When terraces were snow-covered and during snow-

melt (i.e., from T0 to T2), plant uptake was at a

minimum and rapid soil-NO3
- loss occurred (as

illustrated by its sharp spatial and temporal fluctua-

tions). This implies nitrate pulse releases from over-

winter mineralization and subsequent flushes during

snowmelt through leaching or denitrification

(Edwards et al. 2007; Hagedorn et al. 2001; Vitousek

and Melillo 1979; Williams et al. 1995). In contrast,

soil-NH4
? and DON tended to accumulate towards

the bank and during snowmelt until May 5th. Deeper

snowpacks towards the bank for longer periods could

have locally extended steadier soil conditions until
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snowmelt (T1), delaying the microbial turnover. Yet,

N mineralisation rates measured between T0 and T1

did not differ between the bank and the front areas,

even though soil diurnal temperature changes

occurred 10 days earlier at the front. Therefore,

higher soil-NH4
? and DON accumulations towards

the bank observed on T0 were likely to result from

other processes such as NH4
? production from

dissimilative nitrate reduction (Stanford et al. 1975),

or DON release from an overall higher microbial

biomass turnover.

Nevertheless, N mineralisation was measured at all

sites before and during snow melt, implying that

snow and soil organic N could be taken up or

mineralised by soil microorganisms into NH4
?,

which was further nitrified into NO3
-, or retained

by the cation exchange complex made of clay

minerals and organic matter (Baptist et al. 2008;

Hagedorn et al. 2001). The drop in soil pH supports

this suggestion. Additionally, highly dynamic edaph-

oclimatic changes occurred during snowmelt (pH,

moisture, temperature) and could be responsible for

soil microbial turnover releasing DON into the soil

solution. Although not measured here, increasing

labile C limitation to microbial growth and activity,

together with osmotic and redox stresses, at thaw

could also be involved in the death, lyses and release

of microbial cells contents (Schimel et al. 2007).

Soil-N processes and snow-N

Soil-N processes showed weak spatial patterns but

strong temporal variations during our survey. In

alpine grasslands, Brooks et al. (1995, 1998)

described a positive relationship between snow depth

and N processes (e.g. NO3
- production). Here,

subalpine soil net N mineralization rates did not

display strong spatial trends along the mesotopo-

graphic terraced gradients; therefore they were

weakly influenced by the local snow depth differ-

ences and homogeneous subalpine soil conditions

prevailed at this scale for microbial-mediated N

processes. This assertion was supported by soil pH,

moisture and OM contents which likewise did not

vary between stations. Only the intermediate station

differed, giving mean negative cumulative mineral-

ization and ammonification rates (i.e. CumNNM and

CumNNA, Table 2) as if soil-NH4
? was locally

depleted, but this trend was actually related to

negative rates at the end of the survey (i.e. between

May 5th and 22nd) when snow melt was almost

over (Fig. 6). This decrease in mineralization rates at

the end of the snow melt season also occurred for

the bank and the front but was particularly acute for

the intermediate station and, when integrated over the

whole study period, resulted in negative cumulative

rates for that station. To conclude, significant trends

in N processes along the terrace topography were

absent during our study and over the time resolution

we used here. However, it does not mean that the

mesotopography and its corresponding snowpack

distribution would not influence soil-N cycling over

a longer time scale: years or decades.

Most importantly, soil-N mineralization rates were

extremely sensitive across the entire terrace to

snowmelt dynamics and to the direct and indirect

effects of snowmelt on soils over time (Rixen et al.

2008). Overall, the soil-N processes that we moni-

tored, and which are linked to microbial activities,

decreased after the onset of snowmelt, as found for

alpine ecosystems (Baptist et al. 2008; Brooks et al.

1996, 1998). The decrease in net N mineralization

during snowmelt was mainly attributable to a decline

in ammonification since nitrification remained stable.

In other words, over the snow melt period, soil-NH4
?

release was reduced while soil-NO3
- production was

steady, even though the latter primarily depends on

the former. This implies either an increasing shortage

in labile-DON for mineralisers or reduced mineral-

ization capacity of the soil microbes during snow

melt. Soil-DON contents dropped by approximately

50% between May 5th and May 22nd and indeed

corresponded with the reduction in N ammonification

rates over the same period. Thus, we suspect organic

substrate limitation to be responsible for the decrease

in N mineralization in general, and in NH4
? produc-

tion in particular at the end of the snowmelt season.

Although not directly evaluated, vegetation

uptake probably became increasingly dominant and

influenced soil-N depletion at the end of May

(Bardgett et al. 2005). Early N uptake by plants and

algae at the end of snow melt could impact soil-N

pools and in situ N mineralization rates. Preferential

microbial NH4 uptake/immobilization might also

account for NH4 depletion as found in a parallel

study on the same subalpine terraces (Robson et al.

2010) and in alpine soils (Fisk and Schmidt 1995;

Fisk et al. 1998). Finally, NH4
? depletion could also
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originate from either adsorption onto negatively

charged surfaces of clay minerals and organic

matter, or volatilization. NH3 volatilization is only

possible if soils are basic (Bouwman et al. 2005;

Smith et al. 1983) as found at the beginning of the

snowmelt season, but cold temperatures and high

Fig. 6 Evolution of soil net

N mineralization (NM),

nitrification (NN) and

ammonification (NA) rates

(mean ± SE; n = 9) during

the experiment for the each

station and at two soil

depths (0- to 5-cm, 5- to

10-cm). Values given for T1

(April 19th), T2 (May 5th)

and T3 (May 22nd)

integrate the elapsed time

between that sampling day

(Tn) and the previous

sampling day (Tn-1); see

the ‘‘Materials and

methods’’ section for details
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soil Ca2? contents (data not shown) probably

limited this process here.

Conclusions

We characterized the snow accumulation gradient on

subalpine terraces at the Lautaret Pass which fol-

lowed their mesotopography with snow accumulating

towards the bank. This was paralleled by gradients of

inorganic and organic N deposition contained in the

snow pack, brought by either direct transportation or

capture. The total input of N contained in the snow

was negligible when compared to the soil-N status

whatever the N species considered, and relationships

between the snowpack and the soil-N pools were

spatially and temporally limited. We suggest that

during snow melt snow-N was eluted to the soil

where it was either flushed with runoff on frozen

soils, or incorporated into the soil water where it

could be transformed by biotic or abiotic processes.

Soil-N mineralization rates and N pools did not differ

significantly along the terrace topography during our

survey, except for N-NH4
? and DON when snowmelt

had started at the front but not yet at the bank.

Actually, N mineralisation rates were much more

responsive across the terraces to snowmelt dynamics

and to the direct and indirect effects of snowmelt on

soils over time. At thaw, soils experienced drastic

changes in temperature and moisture, which are

proximal controls of soil-N cycling. As a result, soil

N-NH4
? and DON tended to accumulate during

snowmelt while NO3
- had pulse-release behaviour.

Meanwhile, N ammonification rates decreased during

snowmelt, probably because of an increasing short-

age of DON, suggesting that labile organic com-

pounds became limiting. This slowing down of the N

cycling after snowmelt might also result from (1) the

concurrent drop in soil pH partially resulting from

nitrification, and (2) the microbial turnover partially

due to limitation in organic resources.

Finally, subalpine soils during snowmelt switched

from a source to a sink of N (Heuer et al. 1999).

Future investigations, including isotopic tracing,

microbial investigations, in situ denitrification mon-

itoring, and the evaluation of runoff and leaching

rates will help to clarify the potential influence of

subalpine watersheds on water and nutrients cycling

and how global changes (snow fall rates, snow melt

dynamics, snow mantle structure…) may alter their

functioning.
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