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Abstract

Subalpine grasslands are highly seasonal environments and likely subject to strong
variability in nitrogen (N) dynamics. Plants and microbes typically compete for N ac-
quisition during the growing season and particularly at plant peak biomass. During
snowmelt, plants could potentially benefit from a decrease in competition by microbes
because of greater plant N uptake associated with active growth and freeze-thaw cy-
cles restricting microbial growth. In managed subalpine grasslands, we expect these
interactions to be influenced by recent changes in agricultural land-use, and associ-
ated modifications in plant and microbial communities. At a subalpine grassland site in
the Central French Alps, a pulse of '®N was added to the soil at the end of snowmelt,
allowing us to compare the dynamics of inorganic N uptake in plants and microbes
during this period with that previously reported at the peak biomass in July. In all grass-
lands, specific plant (per g of biomass) dissolved inorganic N (DIN) uptake was two
to five times greater at snow-melt than at peak biomass, whereas the specific micro-
bial DIN uptakes were similar between the two sampling dates. On an area basis,
plant communities took more DIN than microbial communities at the end of snowmelt,
and the intensity of this DIN uptake by plants differed across land use types. Conse-
quently, N partitioning after snowmelt switches in favor of plant communities allowing
them to support their growing capacities at this period of the year. Seasonal differ-
ences in microbial and plant N-related dynamics were also affected by past (terraced
vs. unterraced) rather than current (mown vs. unmown) land use. In terraced grass-
lands, microbial biomass N remained similar across seasons, whereas in unterraced
grasslands, microbial biomass N was higher and microbial C : N lower at the end of
snowmelt as compared to peak biomass. Further investigations on microbial commu-
nity composition and their organic N uptake dynamics are required to better understand
the decrease in microbial DIN uptake.
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1 Introduction

Nutrient availability and the ability to take up nitrogen (N) efficiently are critical plant fea-
tures in ecosystems (Kaye and Hart, 1997; Lipson and Nasholm, 2001; Harrison et al.,
2008). Plants preferentially absorb inorganic N, though plant organic N uptake has
also been demonstrated (Harrison et al., 2007). In contrast, soil microbes, depending
on their turn-over status, can be considered as N sinks or sources for dissolved organic
(e.g. amino acids) and inorganic N (e.g. nitrate, NO;, and ammonium, NHZ) in soils.
This means that plant N uptake must operate in a dynamic relationship with that of soil
microbes, which can both compete for and produce N forms (Schmidt et al., 2007; Van
der Heijden et al., 2008).

Such dynamics are particularly critical in cold ecosystems (e.g. tundra and alpine
meadows), which are characterized by slow N mineralization rates (Bardgett et al.,
2007). In alpine ecosystems, soil microbes are strongly influenced by environmental
conditions and particularly seasonal variability (Mancinelli, 1984). Microbial pool size
fluctuates during repeated freeze—thaw cycles (Schimel and Clein, 1996) and soil mi-
crobial activities and phylogenetic composition change significantly over such short
time scales (Baptist et al., 2008). These freeze—thaw cycles can lead to a microbial
crash, a drastic decrease in microbial biomass (Jaeger et al., 1999), or induce microbial
quiescence which is a dormant state in stressful environments (Malik and Smith, 2006).
Such seasonal variability can influence plant—-microbe relationships, affecting plant N
uptake, microbial activities, and the composition and biomass of microbial communi-
ties. It is well known that plants and microbes are competing for N acquisition mainly
during the growing season and particularly during the peak of plant productivity. For
instance, Bardgett et al. (2002) showed that, early in the growing season in May, the
dominant graminoid on a mountain plateau obtained N either from stored reserves or
from uptake through its active roots over the winter. By June, this plant switched to N
that was surplus to microbial requirements as mineralization rates increased in par-
allel with above-ground growth and soil N concentrations. At Niwot Ridge, an alpine
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environment, Jaeger et al. (1999) explained seasonal variations in microbial N immobi-
lization by freeze—thaw cycles which restricted microbial growth. Such seasonal shifts
in plant—microbe relationships are suspected to have important repercussions on nutri-
ent cycling and ecosystem functioning (Lipson and Nasholm, 2001). As yet, evidence
for this dynamics is largely limited to alpine and high-latitude ecosystems; however
it could occur in a broader array of cold ecosystems, including subalpine grasslands
where climatic conditions are slightly more favorable for plant growth with a longer
growing season and higher mean temperatures, but more freeze—thaw events (Sac-
cone et al., 2013).

In subalpine grasslands, like in many terrestrial ecosystems (Kaye and Hart, 1997),
N is the most limiting nutrient to the net primary productivity, and therefore also limits
other trophic levels. N inputs are low (from N fixation, snow or atmospheric depositions)
when human activities are absent or limited (Clément et al., 2012). This limitation might
be reinforced in subalpine grasslands since the mineralization rate of soil organic mat-
ter is severely constrained by climatic conditions (Saccone et al., 2013). In managed
grasslands, interactions among plants and microbes, and their implications for nutrient
cycling are also influenced by current and past human activities (Steenwerth et al.,
2000; Robson et al., 2007; Strickland et al., 2010). In European mountains, including
the French Alps, agricultural management has often converted naturally forested land-
scapes to terraced crops and semi-natural grasslands (Girel et al., 2010). Today, land-
scapes include a diversity of grassland communities whose botanical and functional
composition depend on past (terraced vs. unterraced) and current (manuring, mowing)
land use (Quétier et al., 2007a). Since the 1950s, decreased management intensity
has strongly affected ecosystem functioning by changing plant-community functional
composition towards more conservative nutrient use strategies, particularly tussock
grasses (Quétier et al., 2007a), thereby impacting ecosystem services such as grass-
land agronomic and cultural values (Lavorel et al., 2011; Schirpke et al., 2012). These
functional changes also include decreased N availability and net N mineralization (Rob-
son et al., 2007), with a parallel decrease in microbial activities, and an increase in soil
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C : N ratio and fungal: bacteria ratio (Zeller et al., 2000; Robson et al., 2007). Such
a decrease in soil N availability could interfere with seasonal patterns of interactions
between plant and microbial communities for the acquisition of this limiting resource.

Our study was conducted in the Lautaret Pass area (Central French Alps) where
previous studies have shown that traditional grassland management including mowing
and manuring increased plant-available N and soil N pools during the growing sea-
son (June—August) (Robson et al., 2007). A previous isotopic pool-dilution experiment
during peak biomass and flowering (July 2005) suggested that in more intensively-
managed grasslands plants exerted a greater control over N cycling than microorgan-
isms, and that a greater N uptake by plants and microbes stimulated soil N availability,
allowing nutrients to be more readily returned to the soil (Robson et al., 2010). Yet,
the literature on N cycling in mountain ecosystems describes the snowmelt period as
a “key moment” for the overall yearly N budget and in the partitioning of N resources
between plants and microbes (Jaeger et al., 1999; Bardgett et al., 2005). Therefore,
the main objective of our study was to determine whether the dynamics of N uptake
between plants and microbes at the end of snowmelt was comparable with that re-
ported at peak biomass by Robson et al. (2010). We hypothesized that seasonal N
partitioning was due to a decrease in microbial activities (e.g. N uptake) at the end of
snowmelt which allowed plants to fulfill most of their N needs in the meantime, and thus
changed the dynamics of N fluxes. To determine whether this seasonal N partitioning
occurred and differed across land use types, we quantified the N pools and fluxes for
microbial, plants and soil compartments with PN labeling just after snowmelt. We an-
ticipated higher rates of N uptake by plants in comparison to microbes, and a change
in the N dynamics when compared to the summer (Robson et al., 2010). We also ex-
pected that more intensively managed plant communities dominated by fast-growing
species would benefit from microbial quiescence (Malik and Smith, 2006) to take up
more N than at peak biomass, whereas less intensively managed communities domi-
nated by slow-growing, conservative plant species would maintain the same N uptake
rate throughout the growing season.
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2 Materials and methods

The field site is located in the Central French Alps between the village of Villar d’Aréne
and the Lautaret Pass (45°02' N. 6°20' E. 1650-2000 ma.s.l.). The climate is subalpine
with a strong continental influence. The annual precipitation in 2010 was 954 mm. Win-
ters are cold and snowy with a mean temperature of —6.5°C in February, whereas
summers are dry with a mean temperature of 13.9°C in July. The growing season
begins during snowmelt usually in early May and continues until late September.

We studied twelve grasslands, representing four combinations of past (terraced vs.
unterraced) and present (mown vs. unmown) land uses (Quétier et al., 2007a) (three
replicates for each combination). Two types of grasslands were on terraced slopes, (i)
one was mown for hay in early July (Mown Terraced, MT), (ii) and the second was never
mown but lightly grazed in early July (Unmown Terraced, UT). Unterraced grasslands
were either still currently mown in early August (Mown Unterraced, MU) or only very
lightly grazed during the seasonal migration of livestock to summer pastures (Unmown
Unterraced, UU). Their abiotic characteristics and plant communities are described
in detail in Quétier et al. (2007b), and management has been stable at least since
measurements began in 2003. The same grassland fields were studied using exactly
the same isotope labeling protocol during summer 2005 (Robson et al., 2010).

We made a pool dilution experiment by inoculating all fields with N in order to un-
derstand N competition at the end of the snowmelt period on 17th and 18th May 2010.
The soil was inoculated with a solution of ammonium nitrate (NHZ NO;) 98 % dual-
labeled with "°N to allow a homogenous supply (monitoring) of N between soil, plants
and microbes. A concentration of either 1.2 (MT and UT field types) or 0.89m_2 (MU
and UU field types) of °N (6.42 ugNg'1 soil for each fields) was chosen, equivalent
of ca. 10 % of the maximum NHZ NO, pool (0-10cm) at the site. 100 mL of labeled
15NHZ 15NO\,; solution was injected across three 40 x 20cm areas within each of the
12 fields. A 4 mL volume was injected into the soil at 0-5cm depth, spaced 2 cm apart
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over the delimited area. An alloy nail slightly wider than the syringe needle was used
to make a conduit for the needle to enter the soil.

Plant biomass and soil cores were sampled prior to inoculation to obtain zero-time-
control "°N natural abundance measurements. Following inoculation, a time course
of °N remaining in the NHZ/NO; pools was obtained from samples taken after 48 h

and 1 week. A sample of aboveground biomass was harvested from 200 cm? of each
inoculated area (three subplots) in all 12 fields, allowing a border to avoid any edge
effect. Two soil cores of 4.5 cm diameter were removed and fresh weight obtained from
all three subplots, in the same place as the biomass harvest. One core was used for
soil analyses and the other one for root analyses.

Cores for root analyses were carefully dissolved in tepid water and roots were sepa-
rated by floatation, weighed fresh, then dried (70 °C, 72 h) and reweighed. Root cores
were weighed before root separation to allow calculation of root density.

Cores for soil analyses were kept on ice in the field and maintained at 4°C upon
return to the laboratory (within 2 h). Soil was passed through a 5.6 mm sieve to remove
roots and stones, to avoid any nitrogen mineralization flush by soil microbes when
a mesh of 2mm is used (Jones and Willet, 2006), and to determine soil density. Two
10 g samples of fresh, sieved soil were subsampled, one for K,SO, (0.5 M) extraction of
mineral N, and the other one for chloroform fumigation and subsequent K,SO, (0.5 M)
extraction to quantify microbial N. Chloroform fumigation was performed for 7 days
(Brookes et al., 1985). Subsamples of 10 g of sieved soil were shaken mechanically
in 50 mL of K,S0,4(0.5 M) for 1 h at 250 rpm. NHZ and NO, were each removed from
the K,SO, solution using acid-trap diffusion extraction (Stark and Hart, 1996), and
prepared for mass spectrometry to determine N and "N concentrations of these two
N forms. Soil microbial N concentrations were calculated as the sum of NH; and NO;
from unfumigated soil subtracted from total mineral N from the fumigated soil (NO,
plus NHZ). The "N and >N contents were estimated for all samples using a direct-
combustion mass spectrometer (IRMS, Isoprime, Elementar). A subsample of K,SO,
soil extracts were analysed by colorimetry (Fiastar 5012 Flow Injection Analyser, Foss
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Tecator AB, Sweden, following Bowman, Bahnj and Damm (2003), to provide estimates
of NHZ and NO; concentrations for the mass spectrometry samples.

Aboveground biomass was dried at 65°C and weighed to calculate the relative
growth rate (RGR) at the community level between each sampling date, and a sub-
sample of green leaf material from non-senescent leaves was removed and ground for
BN analysis by mass spectrometry.

Data analysis

All biochemical analyses were performed on pooled samples from three subplots in
each field, and replicated across three fields for each land use.

The estimation of the daily PN uptake rate from the soil pool by each compartment
(plants and microbes) was calculated using the relative proportion of the added °N
remaining in the soil and in the other compartments over the period from incubation
until each sampling date, following the equation described in Stark (2000):

(MAB = (PBt-IBt)/((IAy- (1 — e = k))/k) (1)

where k =In(lAy/IAt)/t. MAB is the total amount of nutrient (added plus natural iso-
topes) that flowed from the source pool (A) to the sink pool (B) during the incubation;
PBt is the concentration of B (sink pool) at the end of incubation; IBt the relative amount
of isotope, in excess, that is found in pool B at the end of the incubation; IA, is the
relative amount, in excess, that is present in the source pool at the beginning of the
incubation; At is the relative amount of isotope, in excess, that is present in the source
pool at the end of the incubation; and ¢ is the length of the incubation time.

Gross N production and consumption rates for NHZ and NO; were calculated using
the isotope dilution equations from Kirkham and Bartholomew (1954, in Stark, 2000):

Gross production rate (GPR) = [(~, — Pt)/t]-[log(/y/It)/log(P,/Pt)]
Gross consumption rate (GCR) = GPR - [(Pt- F,)/t]
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where £, and Pt are the nutrient concentrations at the beginning and at the end of the
incubation respectively; /, and It are the relative amounts, in excess, that are present
in the nutrient pool at the beginning and at the end of the incubation (atom % excess)
respectively; and ¢ is the length of the incubation time.

To minimize errors during calculation of N fluxes, we used the 48 h sampling time,
assuming that labeled N added to the soil could cycle quickly between microbial and
plant N pools. This duration was also chosen in July 2005 to calculate N fluxes and will
therefore allow a comparison between the two dates for our experiments. This com-
parison should be considered with care since inter-annual variability probably added to
seasonal variability. The mean monthly temperature for the site at peak biomass was
11.6°C (£4.4°C) in July 2005 and 13.9°C (£4.8°C) in July 2010. The mean monthly
temperatures at snowmelt, i.e. April 2005 and May 2010, were 1.2°C (+3.1°C) and
1.9°C (+£3.2°C) respectively. Therefore, we argue that, even though both sampling
sessions did not occur within the same year, they were contrasted enough (i.e. the end
of the snow melt in May 2010 vs. the peak of above-ground biomass in July 2005)
to be considered as different seasons and to produce drastically different ecosystem
functioning and N cycling. Furthermore, there were no extreme climatic events over the
intervening period, and both 2005 and 2010 can be considered as within the range of
average climate conditions.

In all grasslands studied at the end of snowmelt, the effects of past (terraced vs.
unterraced) and current (mown vs. unmown) land use on biomass, N concentration
and N flux in each compartment were tested using a two-way ANOVA. A Tukey’s
Studentized Range (HSD — honest significant differences) test was used to examine
a posteriori differences among land use means. Using the raw dataset from Robson
et al. (2010), the effect of time (end of snowmelt vs. peak biomass), past and cur-
rent land-use were tested with a three-way ANOVA. Finally, to investigate seasonal
variations, a Kruskall-Wallis test of pair-wise comparisons across land use types was
used to test whether there was evidence for seasonal variations between May and July.
Where necessary, data were transformed to better comply with the criteria of normality
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(SAS Institute, Cary NC).

3 Results
3.1 Nitrogen dynamics after snowmelt
3.1.1 Plant biomass and growth

At the beginning of the growing season, while above-ground biomass was the greatest
in the unterraced grasslands, plant RGR over one week was greater for terraced grass-
lands indicating higher biomass production (Table 1). In contrast, there were no effects
of current management (mowing) (Table 1). Root density was influenced by past land
use and by the interaction of past and current land use since root density was greater in
unterraced than in terraced grasslands, and greater in mown than in unmown terraces
(Table 1) (see also Supplement).

3.1.2 Soil, microbial and plant N pools

Soil N-NO; concentration differed according to land use and the differences were con-
sistent whether expressed per soil mass or per soil area (Table 1). Soil N-NO; con-
centration was higher in terraced than in unterraced grasslands, and highest in the UT
fields among the terraced grasslands (Table 1). Soil N-NHZ concentration was only in-
fluenced by the interaction of past and current land use since UU fields had the highest
soil N-NH;r concentrations, and MU fields the lowest (Table 1). Past and current land
use had an effect on soil N-NH;/N-NOj ratio, with a greater prevalence of N-NH; in
unterraced than in terraced grasslands; the ratio was smaller in unmown fields in both
cases (Table 1). Land use had no effect on microbial biomass N (MBN) but there were
significant differences for the microbial C : N ratio, with greater values in terraced than
in unterraced grasslands (Table 1).
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Total above-ground N concentration per g of biomass did not vary with land use.
Because of higher plant biomass (per area), the above-ground N concentration varied
between terraced and unterraced grassland (Table 1), and was higher in the UU fields
than MT fields (Table 1). Root N concentration did not change with land use on a field
area basis (Table 1). Conversely, root N concentration (per g of biomass) was greater
in the terraces than in unterraced grasslands (Table 1) (see also Supplement).

3.1.3 Plant and microbial N uptake

Specific root N uptake differed between land uses with a greater uptake in terraced than
in unterraced grasslands, and a differential effect of mowing dependent on past land
use (Table 1). Specific root N uptake was greater in UT fields, intermediate in mown
fields, and lower in UU fields. Aboveground N translocation (by area) was influenced by
past land use and was higher in terraced than in the unterraced grasslands (Table 1),
and per g of above-ground biomass differed for UU fields compared to the rest of the
fields (Table 1). Specific (per g of biomass) and gross (per area) microbial N uptakes
did not differ across land uses (Table 1).

Consumption rates of N-NO; both per g of soil or per area never differed among land
use types, while the N-NH:{ consumption was affected by past land use with higher
rates in the terraced than unterraced grasslands (Table 1) (see also Supplement).

3.2 Seasonal effect on N dynamics

We acknowledge that inter-annual variability probably added to seasonal variability in
our comparison. Nevertheless, both sampling sessions were contrasted enough (i.e.
the end of the snow melt in May 2010 vs. the peak of above-ground biomass in July
2005) to be considered as different seasons and to observe drastically different ecosys-
tem functioning and N cycling. This comparison offers an opportunity to unravel the
temporal variability in the resource (N) competition between plant and microbes in sub-
alpine grasslands.
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3.2.1 Variation in N pools

Inorganic N availability in soil varied between the peak biomass (July 2005) and the
beginning of the growing season which begun at the end of snowmelt (May 2010). We
observed large differences in soil N-NO; concentration which was always greater at
peak biomass than at the end of snowmelt (Table 2; Fig. 1a). Variation in soil N-NHZ
concentration showed a different pattern with much smaller but significant differences
between the two dates (Table 2). Past and current land uses also influenced soil N-NH:{
concentration with lower values in unterraced than in terraced grasslands (F = 21.57;
p < 0.001); while no difference between the two sampling dates was observed in MT
fields (Fig. 1b and Table 2).

There were large differences in soil N-NO; consumption rate between the two sam-
pling dates, with higher values in May for all fields (F = 72.15; p < 0.001), even if a past
land use effect was observed with no difference in UT fields (Fig. 1c and Table 2). The
consumption rates of N-NHZ followed a different pattern depending on past land use
(F =12.69; p < 0.05): they were larger in May 2010 only for MT fields; whereas they
were higher in July 2005 for UM fields (Fig. 1d and Table 2).

Other soil parameters (e.g. pH, soil C/N ratio and bulk density — data not shown)
did not differ much across the two sampling dates. Only soil total N concentration was
lower in May 2010 for all grasslands due to concomitant decreases of N-NO; and N-
NHZ concentrations in soil and a greater consumption rate of these both N forms than
in July 2005.

Microbial biomass N differed between the two sampling dates depending on past
land-use (F = 17.29; p < 0.001). In the terraces, microbial N pools were not different
between the two sampling dates, whereas MBN strongly decreased in July for unter-
raced grasslands (Fig. 2a and Table 2). This effect of sampling date was reflected in mi-
crobial C : N ratio (F = 61.15; p < 0.001) with no variations in the terraced grasslands,
while C : N ratio was twice as high in July 2005 than in May 2010 for both unterraced
grasslands (Fig. 2b and Table 2).
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There was no difference in above-ground plant N per g of biomass between the
two sampling dates (Table 2), whatever the land-use. A slight effect of sampling date
was observed in root N concentrations per g of biomass (F = 5.05; p < 0.05) since
N concentrations were higher at the end of snowmelt than at peak biomass only in
terraced grasslands (F = 5.86; p < 0.05). However, when expressed per area, a strong
effect of sampling date was observed in aboveground N contents and root N contents
(Fig. 2c, d and Table 2).

3.2.2 Variations in daily N uptake

In all grasslands, shoot N translocation differed between May 2010 and July 2005
(F =106.58; p < 0.05). Shoot N translocation was higher at the end of snowmelt in
all grasslands even if rates differed between land-uses (Fig. 3a and Table 2). A greater
biomass at peak biomass in July partially compensated for the stronger N transloca-
tion per g of shoot in May, resulting in similar N translocation per area between May
and July (Table 2). Root N uptake per g of biomass varied between the two sampling
dates (F =51.74; p <0.001) and showed different effects depending on land-uses
(F =12.72; p <0.01). Root N uptake was higher at peak biomass in all unterraced
grasslands (F = 10.16; p < 0.01) and MT fields, however no difference was apparent
in UT fields (Fig. 3b and Table 2). When expressed on a field area basis, root N uptake
was greater in July 2005 only in unterraced grasslands (F = 17.65; p < 0.001; Table 2).
When shoot and root N uptakes were taken together, overall plant N uptake rate per
g of biomass differed between the two sampling dates (F = 46.68; p < 0.001) and be-
tween the land-uses. Plant N uptake was higher in May 2010 than in July 2005 in all
terraced grasslands (F = 9.33; p < 0.01) and in the mown terraced grasslands (Fig. 3c
and Table 2). A contrasting pattern was evident per area as there were some interac-
tions between land-use and plant N uptake (F = 5.45; p < 0.05), which was higher in
July 2005 in all unterraced grasslands (F =20.16; p < 0.001). In the terraced grass-
lands, plant N uptake did not differ in MT fields between the two sampling dates, but it
was higher in UT fields at the end of snowmelt (Fig. 3d and Table 2).
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Specific microbial N uptake (per g of microbial biomass) showed no significant vari-
ations between the two sampling dates (Fig. 4a and Table 2), but these results confirm
that the existing differences in microbial N uptake between terraced and unterraced
grasslands at peak biomass had disappeared by the end of snowmelt (F = 10.85;
p < 0.01). Gross microbial N uptake (per area) followed a different pattern between
the two sampling dates (F = 120.32; p < 0.001), it strongly decreased at the end of
snowmelt in all grasslands with most contrasting differences in terraced rather than in
unterraced grasslands (Fig. 4b and Table 2).

Finally, we observed a switch in the importance of microbial and plant N uptake,
since, on an area basis, plants were the strongest sink for inorganic N at the end of
the snowmelt (F = 11.01; p < 0.01) whereas microbes dominated N uptake at peak
biomass (Fig. 4c, d). However, these patterns were also influenced by land-uses, and
in different ways at the two sampling dates. At peak biomass (i.e., July 2005; Fig. 4d),
microbes dominated daily N uptake in terraced grasslands but not in unterraced grass-
lands (F = 45.16; p < 0.001). Whereas, no clear pattern was observed at the end of
snowmelt (i.e., May 2010; Fig. 4c), even if plant and microbial N uptake showed some
variations with land-use: plants took up more inorganic N than microbes in the UT and
MU fields, whereas no differences in N uptake were observed in two others grasslands
(F =7.43; p < 0.05).

4 Discussion

Our results revealed that inorganic N uptake patterns for plant and microbial communi-
ties in subalpine grasslands differed markedly between the end of snowmelt and those
previously documented at peak vegetation (Robson et al., 2010). No difference in spe-
cific microbial N uptake (per g of microbial biomass) was apparent between the two
sampling dates, though gross microbial uptake (per area) was much lower in May 2010
than in July 2005 in all grasslands studied. The contrasting plant communities did not
benefit in the same way from this microbial quiescence. In line with our expectations,
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plant communities on terraced grasslands took up more inorganic N at the end of
snowmelt than at peak biomass, whereas plant communities in unterraced grasslands
maintained similar inorganic N uptake rates between the two sampling dates (Fig. 5).

4.1 N pools variations across season and land-uses

Nutrient availability and the ability to take up inorganic N efficiently are critical plant
features in arctic and alpine ecosystems characterized by slow N mineralization rates
(Bardgett et al., 2007). After a long period of snow cover and low temperatures, ris-
ing daily temperatures allow snowmelt that increases soil moisture and consequently
nutrient availability (Brooks et al., 1998; Clément et al., 2012; Saccone et al., 2013).
Nevertheless, in our study, soil N-NO; and N-NH:{ pools at the end of snowmelt were
much lower than at peak biomass, and this decrease of soil DIN was much larger in
unterraced than in terraced grasslands. Although some studies in cold ecosystems
have reported a similar reduction in inorganic N pools during or at the end of snowmelt
(Brooks et al., 1996; Edwards et al., 2006), these results contradict other studies show-
ing that spring is often characterized by the release of soil inorganic N (Bardgett et al.,
2002; Edwards et al., 2006), or by the absence of seasonal cycles in N contents (Bard-
gett et al., 2007; Werdin-Pfisterer et al., 2009). Our results support the hypotheses
that inorganic or organic N released by microbial biomass was, either, immediately re-
immobilized by microbial communities, as consistent with a microbial turnover greater
than the mineralization rate (Brooks et al., 1996; Fisk et al., 1998; Schmidt et al., 2004);
or that the different N forms (dissolved inorganic nitrogen, DIN and dissolved organic
nitrogen DON) released could have been taken up by plants (Fig. 5), denitrified or
leached during snowmelt (Schmidt et al., 2007). The evidence for this is two-fold. Firstly,
we only recovered 60 to 78 % of the total '®N one week after the labelling. A substantial
loss of inorganic N by leaching could reduce the DIN pool at the end of snowmelt com-
pared to peak biomass, or N could be incorporated into soil organic matter via abiotic
processes involving the fixation of NH:,rr (Johnson et al., 2000). Secondly, the high N-
NO; consumption rate in all grasslands, and of N-NHZ in the terraces, confirmed that
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DIN had been taken up. Because gross microbial N uptake was more limited at the end
of snowmelt than at peak biomass, absorption and retention by plant communities of
the DIN released by microbial communities is a more likely explanation (Brooks et al.,
1998; Jaeger et al., 1999; Bilbrough et al., 2000; Miller et al., 2009).

4.2 \Variations in plant N uptake between snowmelt and peak biomass

In all grasslands, above-ground N concentrations did not vary between snowmelt and
peak biomass but root N concentrations were higher at the end of snowmelt than at
peak biomass (Jaeger and Manson, 1992; Bardgett et al., 2002). This suggests that
greater root N concentrations in May 2010 may be related either to stored N allowing
initial growth and re-allocation to shoots, or to N taken up by roots becoming active be-
fore snowmelt (Henry and Jefferies, 2002; Miller et al., 2009). This latter possibility was
consistent with our results showing high N uptake by roots followed by fast and active
N translocation towards the aboveground parts at the onset of growth after snowmelt.
In fact, we observed active total (root + shoot) inorganic N acquisition by plant commu-
nities in all grasslands at the end of snowmelt. Even if root N uptake was weaker than
at peak biomass, shoot N translocation was at least double that of summer. In other
words, after snowmelt, roots were taking up inorganic 15N, but it did not accumulate
in the root system as it was immediately transported into the aerial parts of the plants
(Fig. 5). These trends for subalpine grasslands are consistent with numerous studies
in other cold ecosystems (Jaeger et al., 1999; Bilbrough et al., 2000; Bardgett et al.,
2002; Miller et al., 2009). Plant N uptake was also impacted by past land use (terraced
vs. unterraced), since plant communities did not benefit in the same way from inorganic
N available in the different grasslands. Plant communities on terraced grasslands took
up more DIN at the end of snowmelt than at peak biomass, whereas plant commu-
nities in unterraced grasslands maintained similar or slightly higher DIN uptake rates
at peak biomass. We hypothesize that these differences were linked to differences in
RGR between contrasting plant communities present in terraced and unterraced grass-
lands, since specific plant N uptake (per g biomass) in May 2010 increased when RGR
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increased. These results suggest that the increase in DIN uptake at the beginning of
the season could allow plant species to ensure biomass production even within a short
growing season. As such, the results contrast with other studies of alpine or arctic
meadows which report that N taken up during spring was not translocated to shoots,
but remained in the roots (Edwards and Jefferies, 2010; Jaeger and Monson, 1992).
Another explanation could be linked to the ability of species to express different uptake
patterns depending on N forms availability (Stahl et al., 2011; Grassein et al., 2013 ).
This is illustrated by soil N-NO, decreasing more in unterraced than in terraced grass-
lands, and modifying the proportion of the different DIN forms available in soil by an
increase of soil N-NH,/N-NOj ratio.

4.3 Microbial N uptake during the growing season

The higher N uptake rates by overall (shoot + root) plant communities contrasted with
microbial communities. In fact, we report a lower gross microbial N uptake rate in all
grasslands at the end of the snowmelt in comparison to that at peak biomass. Yet, MBN
remained similar in terraced grasslands for both sampling dates while, conversely, in
unterraced grasslands MBN was smaller at peak biomass than at snowmelt. A similar
contrast was evident for the microbial C/N ratio which was greater at peak biomass
than at snowmelt only in unterraced fields.

Such an absence of changes across seasons in microbial N pools in terraced grass-
lands, concurs with one study in a mountain grassland (Bardgett et al., 2007), but
contrasts with several other studies in cold ecosystems which described a decrease
in microbial N contents and a release of available N at the end of snowmelt, reflect-
ing a microbial crash in response to repeated freeze—thaw cycles (Brooks et al., 1998;
Jaeger et al., 1999; Lipson et al., 1999; Bardgett et al., 2002; Edwards et al., 2006).
This lack of seasonal variability could suggest that these microbial communities are
adapted and resistant to freeze—thaw events (Lipson and Monson, 1998), which would
limit the microbial crash to a microbial quiescence (Schimel et al., 2007). Consequently,
a steady state level of N in microbial biomass could result from N immobilization during
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winter or, alternatively, an immediate re-immobilization of released N could occur if
microbial turnover was greater than the mineralization rate (Fisk et al., 1998). These
hypotheses would explain the consistent MBN between snowmelt and peak biomass
in spite of a lower gross microbial uptake of '®N tracer in our study. Conversely, to our
knowledge, this is the first report of an increase in the microbial N pool at the end of
snowmelt, as we observed in unterraced grasslands. These differences between the
two sampling dates suggest a change in microbial communities, a hypothesis sup-
ported by the coupling of an increasing MBN with a decrease of microbial C : N ratio at
the end of the snowmelt. A possible explanation for this is the development of microbial
communities with proteolytic abilities allowing them to grow on protein released after
the winter microbial community crash (Lipson et al., 1999). These proteolytic commu-
nities are characterized by a low C : N ratio and fueled by proteins, which may explain
the weak inorganic N microbial uptake at the end of snowmelt in unterraced grasslands
(Fig. 5). The differences in soil pH among land uses also support this suggestion since,
in contrast to the terraces, unterraced grasslands had an acidic soil, which has been
shown to stimulate extracellular protease activity (Henry and Jefferies, 2002).

The consistent level or the increase of MBN in terraced and unterraced grasslands
respectively, coupled with the fact that microbial communities were less able to take
up inorganic N at the end of snowmelt than at peak biomass, suggested that another
N source was available for soil microorganisms. We hypothesize that microbes mainly
incorporated DON coming from the turn-over of those winter microbial communities
not adapted to freeze—thaw cycles (Bardgett et al., 2007; Schmidt et al., 2007). This
occurred at the end of the snowmelt in unterraced grasslands where low DIN pools
associated with reduced rates of gross microbial inorganic N uptake could not explain
the increase of MBN and concomitant decrease of microbial C : N ratio. Consequently,
in unterraced grasslands, DON could represent the main N source for plants and mi-
crobes (Harrison et al., 2007), and explain the reduced N-NHZ concentrations and
consumption rates at the end of snowmelt. A decrease of net N mineralization rates in
unterraced grasslands has already been related to a decline in ammonification rates
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due to low soil temperatures (Robson et al., 2007), confirming that N-NHZ production
can be limited at this time of the year.

Our results highlighted large differences on inorganic N dynamics at two critical times
of the growing season. Smaller DIN pools were measured after snowmelt compared to
peak biomass, and these were explained by differing plant and microbial N dynamics.
In all grasslands, there was a large decrease in microbial DIN uptake at the end of
snowmelt, whereas, in the same time, plant communities were assimilating more DIN.
This N uptake dynamics was the opposite of that observed at peak biomass by Rob-
son et al. (2010). In addition to this N partitioning on these two contrasted sampling
dates, the responses of the plant and microbial communities, differed greatly according
to the past land use at the site. While no seasonal variations in MBN were observed
on terraces, a large increase occurred in unterraced grasslands and was accompanied
by a decrease in the microbial C : N ratio. Based on these results, we suggest that pro-
teolytic microbial communities developed in unterraced grasslands where they could
assimilate DON from the crash of winter microbial communities rather than inorganic
N (Lipson et al., 1999). Benefiting from changes in microbial DIN uptake, plant com-
munities on terraced grasslands maximized their growing capacities as they were able
to efficiently assimilate DIN released by the turn-over of winter microbial communities.
On the other hand, in unterraced grasslands, plant communities showed weaker spe-
cific N uptake capacities even though they maintained slow and steady growth rates to
reach a larger peak biomass. Thus, in the absence of any large sinks for inorganic N in
microbial communities at the end of snow melt as during winter, plant communities are
therefore likely to represent a large sink for inorganic N at the beginning of the grow-
ing season in subalpine grasslands. Further investigations into microbial community
composition and their N uptake dynamics through phospholipid fatty acid analysis and
isotopic labeling of organic nitrogen, respectively, are required to better understand
the decrease in microbial DIN uptake. These additional experiments would test our
hypothesis that changes in the soil microbial community structure of these subalpine
grasslands occur in the response to land use and seasonal changes.
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Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/10/8887/2013/
bgd-10-8887-2013-supplement.pdf.
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Table 1. Effect of past (terraced vs. unterraced) and current (mown vs. unmown) land uses
on plant biomass, N pools and fluxes of soil, plant and microbial communities at the end
of snowmelt in May 2010. Values are results of ANOVAs (F) and significance ("™ p < 0.001,

" p <0.01," p < 0.05, ns: not significant).

Past land-use

Current land-use

Past x current

F p F p F p

(a) Soil N pools

N-NO; (ugNg™" soil) 3270 810 * 390 ns

N-NO; (mgNm™area) 3470 920 490 ns

N-NH; (ugN g™ soil) 1.00 ns 072 ns 6.93 °

N-NH; (mgNm™area) 017 ns 028 ns 6.53

N-NH;/N-NOj ratio 43.63 ™ 10.37 022 ns
(b) Microbial N pools

Microbial biomass N (ugN g'1 soil) 050 ns 0.02 ns 157 ns

Microbial biomass N (gNm~area) 0.01 ns 0.07 ns 193 ns

Microbial C/N 7824 ™ 171 ns 595 °
(c) Plant N pools

Above-ground plant (mgNg~" biomass) 180 ns 0.87 ns 023 ns

Above-ground plant (gNm~2 area) 2221 311 ns 127 ns

Root (mgNg ™' biomass) 2095 * 024 ns 1.81 ns

Root (gNm~2area) 097 ns 379 ns 0.88 ns
(d) Plant biomass

Above-ground plant biomass (g m~2 area) 1142 130 ns 0.15 ns

Relative growth rate (mg g’1 d’1) 1391 ° 238 ns 4715 ns

Root density (gm™2 area) 53.68 065 ns 11.47
(e) Soil N flux

Gross N-NO; consumption rate (MgNg ™" soil - day™") 060 ns 072 ns 135 ns

Gross N-NO, consumption rate (mgN m~2day™") 124 ns 0.41 ns 148 ns

Gross N-NH; consumption rate (ugNg™" soil - day™") 999 042 ns 1.1 ns

Gross N-NH; consumption rate (mgN m~2 day™") 1218 0.15 ns 1.02 ns
(f) Microbial N uptake

Specific N uptake rate per g soil (lgNg~ ' biomass - day™") 1.04 ns 0.02 ns 0.73 ns

Gross N uptake rate per field area (mgNm'2 area) 1.05 ns 202 ns 277 ns
(g) Plant N translocation to above-ground biomass

Specific N uptake rate (ngNg ™' biomass - day™") 112  ns 0.011 ns 11.98 ™

N uptake rate per field area (mgNm™2 day‘1) 6.04 125 ns 123 ns
(h) Plant root N uptake

Specific N uptake rate (ngNg~"' biomass - day™") 7.08 ° 055 ns 2343

N uptake rate per field area (N m~2day™") 484 ns 0.07 ns 436 ns
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Table 2. Effect of sampling “time” (end of snowmelt 2010 vs. peak biomass 2005), and interac-

tion with past (terraced vs. unterraced) and current (mown vs. unmown) land uses on N pools
and fluxes of soil, plant and microbial communities. Values are results of ANOVAs (F) and
significance (™ p < 0.001, ™ p < 0.01, " p < 0.05, ns: not significant).

Jaded uoissnosiq

Inorganic nitrogen
dynamics in
subalpine grasslands

Past Current Past x current Time Past x Time Current x time Past x current x time )
p F P F P F P F P F P F P o
(a) Soil N pools 2 N. Legay et al.
N-NO; (ugNg™" soil) 12839 290 ns 0.33 ns 1576 012 ns 827 077 ns %
N-NH; (ugNg™" soil) 1095 052 ns 748 ° 622 2157 ™ 0.16 ns 5.1 . o
Microbial biomass N 16.08 0.61 ns 052 ns 5.85 : 1729 ™ 0.09 ns 364 ns S
(gNm2area)
Microbial C/N 0.64 ns 0.83 ns 14 ns 61.15 " 1751 ™ 0.15 ns 0.01 ns 0
Above-ground plant 1.67 ns 275 ns 0.59 ns 0.01 ns 135 ns 0.01 ns 0.01 ns %
(mgNg~" biomass) o)
Above-ground plant (gNm2area)  34.82 ns 142 ns 172 ns 2487 003 ns 321 ns 0.01 ns i
Root (mgNg ™" biomass) 35.08 019 ns 126 ns 5.05 " 586 021 ns 177 ns
Root (gNm~2area) 4.83 " 475 * 2.14 ns 1418 * 019 ns 1.66 ns 0.05 ns —
(b) Soil inorganic N fluxes - -
Gross N-NO; consumption rate 1074 3.67 ns 1.31 ns 7215 639 0.05 ns 131 ns g
(ugNg~"soil - day™") Z
Gross N-NH; consumption rate 1893 ™ 577 ° 0.08 ns 0.38 ns 1269 21 ns 332 ns c
(ugNg™" soil - day™") 8
Microbial specific N uptake rate 28.01 ™ 0.01 ns 0.32 ns 0.7 ns 10.85 0.02 ns 077 ns =
Microbial N uptake rate per field 3451 7 091 ns 129 ns 120.62 ™ 1796 ™ 1.03 ns 1.08 ns
area (ngNm2area) g
Above-ground specific N uptake 0.27 ns 4.02 ns 786 106.58 ™ 6.01 ° 1.16 ns 584 ° = - -
rate D
(mgNg~" biomass - day™") =
Above-ground uptake rate per field  3.05 ns 05 ns 1.18 ns 0.64 ns 4.5 ns 1.03 ns 154 ns
Root specific N uptake 0.05 ns 3.03 ns 3.31 ns 51.74 ™ 10.16 6.61 1272 7
rate (mgNg" biomass - day")
Root N uptake rate per field 1.48 ns 284 ns 091 ns 39.46 17.65 ™ 229 ns 771 9 ﬁ
area (GNm~2day™") )
Total plant specific N uptake rate 0.19 ns 578 * 861 46.68 933 7 223 ns 125 7 2
(mgNg~" biomass - day™") 7]
Total plant N uptake rate per field 0.26 ns 057 ns 455 3.64 ns 20.16 912 545 ° (28 g
area (GNm~2day™") o
o}
> (s
QO
o
()
=

(8)
@

o
2
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Fig. 1. Differences in soil inorganic nitrogen (N) pools and fluxes between the end of snowmelt
and the peak biomass in subalpine agricultural grasslands with distinct land-uses. (a) Soil N-
NO; and (b) N-NHZ available at the beginning of both experiments is calculated from N concen-
tration for each g of soil. (¢) Soil N-NO; and (d) N-NHI flux per day using the N pool dilutions
for 48 h after inoculation from the isotope dilution equations of Kirkham and Bartholomew. Data
from four 200 cm? areas per fields were amalgamated to give mean values of three fields per
land use +SE. Statistical analysis were done separately for each land use and stars represent
significant differences (" < 0.05; ™ < 0.01 and ™ < 0.001).
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Fig. 2. Differences in soil microbial and plant nitrogen (N) pools between the end of snowmelt
and the peak biomass in each subalpine agricultural grasslands with distinct land-uses. (a)
Microbial N pool and (b) microbial C: N ratio at the beginning of both experiments is calcu-
lated from the microbial N concentration x biomass per m~2. (c) Above-ground N and (d) root
N pools at the beginning of the both experiments are calculated from leaf or root N concen-
tration x biomass per m™2. Data from four 200 cm? areas per fields were amalgamated to give
mean values of three fields per land use +SE. Statistical analysis were done separately for
each land use and stars represent significant differences (" < 0.05; ™ < 0.01 and ™ < 0.001).
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Fig. 3. Differences in plant nitrogen (N) fluxes between the end of snowmelt and the peak
biomass in subalpine agricultural grasslands with distinct land-uses. The flux of nitrogen (N)
into (a) above-ground plant tissue, (b) below-ground plant tissue are expressed on a per g-
biomass basis. The flux of N into the entire plant per day (c) is expressed on a per g-biomass
basis and (d) on a per-area basis. Uptake of N is calculated from the '®N concentration and
the soil "*N: "°N ratio. Data from four 200 cm? areas per fields were amalgamated to give mean
values of three fields per land use +SE. Statistical analysis were done separately for each land
use and stars represent significant differences (* < 0.05; ™ < 0.01 and "™ < 0.001).
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Fig. 4. Differences in soil microbial and plant nitrogen (N) fluxes between the end of snowmelt
and the peak biomass in subalpine agricultural grasslands with distinct land-uses. The flux of
nitrogen (N) into microbial biomass per day is expressed (a) on per g-biomass basis and (b) on
per-area basis. The flux of nitrogen (N) into plants (black bars) and microbes (grey bars) are
given for (¢) May 2010 and (d) July 2005. Uptake of N is calculated from the '®N concentration
and the soil "*N': °N ratio. Data from four 200 cm? areas per fields were amalgamated to give
mean values of three fields per land use +SE. Statistical analysis were done separately for
each land use and stars represent significant differences (" < 0.05; ™ < 0.01 and ™ < 0.001).
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Fig. 5. Schematic diagram showing trends in nitrogen (N) pools and fluxes in the two grass-
lands, terraced and unterraced, for the different phases of the growing season. Diagram based
on the results of this paper and on the literature for soil microbial community changes. The veg-
etation box size is proportional to plant biomass and arrow size is proportional to the N fluxes
inferred or measured. Legend: DIN: Dissolved Inorganic Nitrogen; DON: Dissolved Organic Ni-
trogen. Data sources: 1: this paper; 2: Robson et al. (2010); 3: Bardgett et al. (2005); 4: Grigulis
et al. (2013); 5: Schmidt and Lipson (2004); 6: Lipson et al. (1999); 7: Saccone et al. (2013); 8:

Lipson and Monson (1998).
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