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Abstract. Subalpine grasslands are highly seasonal environin terraced grasslands, microbial biomass N remained similar
ments and likely subject to strong variability in nitrogen (N) across seasons, whereas in unterraced grasslands, microbial
dynamics. Plants and microbes typically compete for N ac-biomass N was higher and microbial C: N lower at the end
quisition during the growing season and particularly at plantof snowmelt as compared to peak biomass. Further investiga-
peak biomass. During snowmelt, plants could potentiallytions on microbial community composition and their organic
benefit from a decrease in competition by microbes, leadN uptake dynamics are required to better understand the de-
ing to greater plant N uptake associated with active growthcrease in microbial DIN uptake.

and freeze-thaw cycles restricting microbial growth. In man-

aged subalpine grasslands, we expect these interactions to

be influenced by recent changes in agricultural land use, and

associated modifications in plant and microbial communi-1 Introduction

ties. At several subalpine grasslands in the French Alps, we

added pulses of°N to the soil at the end of snowmelt, al- Nutrient availability and the ability to take up nitrogen (N)
lowing us to compare the dynamics of inorganic N uptakeéefficiently are critical plant features in ecosystems (Kaye and
in plants and microbes during this period with that previ- Hart, 1997; Lipson and Nasholm 2001; Harrison et al., 2008).
ously reported at the peak biomass in July. In all grasslands?lants preferentially absorb inorganic N, though plant or-
while specific shoot N translocation (per g of biomass) of ganic N uptake has also been demonstrated (Harrison et al.,
dissolved inorganic nitrogen (DIN) was two to five times 2007). In contrast, soil microbes, depending on their turn-
greater at snowmelt than at peak biomass, Speciﬁc microbia®ver status, can be considered as N sinks or sources for dis-
DIN uptakes were similar between the two sampling datessolved organic (e.g. amino acids) and inorganic N (e.g. ni-
On an area basis, plant communities took more DIN thantrate (NG;) and ammonium (Ng1)) in soils. This means that
microbial communities at the end of snowmelt when above-plant N uptake must operate in a dynamic relationship with
ground plant biomasses were at least two times lower than dhat of soil microbes, which can both compete for and pro-
peak biomass. Consequently, inorganic N partitioning afterduce N forms (Schmidt et al., 2007; Van der Heijden et al.,
snowmelt switches in favor of plant communities, allowing 2008).

them to support their growing capacities at this period of the Such dynamics are particularly critical in cold ecosys-
year. Seasonal differences in microbial and plant inorganidems (e.g. tundra and alpine meadows), which are char-
N-related dynamics were also affected by past (terraced vsacterized by slow N mineralization rates (Bardgett et al.,

unterraced) rather than current (mown vs. unmown) land use2007). In alpine ecosystems, soil microbes are strongly influ-
enced by environmental conditions and particularly seasonal
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variability (Mancinelli, 1984). Microbial pool size fluctu- botanical and functional composition depend on past (ter-
ates during repeated freeze-thaw cycles (Schimel and Cleirraced vs. unterraced) and current (manuring, mowing) land
1996) and soil microbial activities and phylogenetic compo- use (Quétier et al., 2007a). Since the 1950s, decreased man-
sition change significantly over such short timescales (Bap-agement intensity has strongly affected ecosystem function-
tist et al., 2008) that can impact ecosystem processes sudhg by changing plant-community functional composition to-
as litter decomposition (Zhu et al., 2013). These freeze-thawvards more conservative nutrient use strategies, particularly
cycles, as well as decreases of soluble organic nutrient cortussock grasses (Quétier et al., 2007a), thereby impacting
centrations, are known to be main factors leading to a micro-ecosystem services such as grassland agronomic and cul-
bial crash, a drastic decrease in microbial biomass (Jaeger étral values (Lavorel et al., 2011; Schirpke et al., 2012).
al., 1999; Jefferies et al., 2010; Edwards and Jefferies, 2013These functional changes also include decreased N availabil-
Zhu et al., 2013), or induce microbial quiescence, which isity and net N mineralization (Robson et al., 2007), with a
a dormant state in stressful environments (Malik and Smith,parallel decrease in microbial activities, and an increase in
2006). Such seasonal variability can influence plant—microbesoil C: N ratio and fungal:bacteria ratio (Zeller et al., 2000;
relationships, affecting plant N uptake, microbial activities, Robson et al., 2007). Such a decrease in soil N availability
and the composition and biomass of microbial communitiescould interfere with seasonal patterns of interactions between
(Jaeger et al., 1999; Jefferies et al., 2010; Larsen et al., 2012jplant and microbial communities for the acquisition of this
It is well known that plants and microbes compete for N ac- limiting resource.
quisition mainly during the growing season and particularly  Our study was conducted in the Lautaret Pass area (Central
during the peak of plant productivity. For instance, Bard- French Alps) where previous studies have shown that tradi-
gett et al. (2002) showed that, early in the growing seasortional grassland management including mowing and manur-
in May, the dominant graminoid on a mountain plateau ob-ing increased plant-available N and soil N pools during the
tained N either from stored reserves or from uptake throughgrowing season (June—August) (Robson et al., 2007). A pre-
its active roots over the winter. By June, this plant switchedvious isotopic pool-dilution experiment during peak biomass
to N that was surplus to microbial requirements as mineral-and flowering (July 2005) observed in more intensively man-
ization rates increased in parallel with aboveground growthaged grasslands that plants exerted a greater control over N
and soil N concentrations. At Niwot Ridge, an alpine envi- cycling than microorganisms, and that a greater N uptake
ronment, Jaeger et al. (1999) explained seasonal variationgy plants and microbes stimulated soil N availability, allow-
in microbial N immobilization by freeze-thaw cycles which ing nutrients to be more readily returned to the soil (Rob-
restricted microbial growth. Such seasonal shifts in plant-son et al., 2010). Yet, the literature on N cycling in moun-
microbe relationships are suspected to have important repetain ecosystems describes the snowmelt period as a “key mo-
cussions on nutrient cycling and ecosystem functioning (Lip-ment” for the overall yearly N budget and in the partitioning
son and Nasholm, 2001). As yet, evidence for these dynamef N resources between plants and microbes (Jaeger et al.,
ics is largely limited to alpine and high-latitude ecosystems;1999; Bardgett et al., 2005). Therefore, the objectives of our
however it could occur in a broader array of cold ecosystemsstudy were (i) to determine whether plant and microbes dif-
including subalpine grasslands where climatic conditions ardered in their N uptake at the end of snowmelt and at peak
slightly more favorable for plant growth with a longer grow- biomass (Robson et al., 2010); (ii) how management can act
ing season and higher mean temperatures, but more freezen N uptake of plants and microbes; and (iiij) how manage-
thaw events (Saccone et al., 2013). ment and temporal variability mediated N partitioning be-
In subalpine grasslands, like in many terrestrial ecosystween plant and microbial communities in link with N cy-
tems (Kaye and Hart, 1997), N is the most limiting nutri- cling. We hypothesized that seasonal N partitioning was due
ent to the net primary productivity, and therefore also limitsto a decrease in microbial activities (e.g. N uptake) at the
other trophic levels. N inputs are low (from N fixation, snow end of snowmelt which allowed plants to fulfill most of their
or atmospheric depositions) when human activities are abN needs in the meantime, and thus changed the dynamics
sent or limited (Clément et al., 2012). This limitation might of N fluxes. To determine whether this seasonal N partition-
be reinforced in subalpine grasslands since the mineralizaing occurred and differed across land use types, we quan-
tion rate of soil organic matter is severely constrained by cli-tified the N pools and fluxes for microbial, plants and soil
matic conditions (Saccone et al., 2013). In managed grasssompartments witA°N labeling just after snowmelt. We an-
lands, interactions among plants and microbes, and their imticipated higher rates of N uptake by plants in comparison
plications for nutrient cycling are also influenced by currentto microbes, and a change in the N dynamics when com-
and past human activities (Steenwerth et al., 2000; Robsopared to the summer (Robson et al., 2010). We also expected
et al., 2007; Strickland et al., 2010). In European mountainsthat more intensively managed plant communities dominated
including the French Alps, agricultural management has of-by fast-growing species would benefit from microbial quies-
ten converted naturally forested landscapes to terraced cropence (Malik and Smith, 2006) to take up more N than at
and semi-natural grasslands (Girel et al., 2010). Today, landpeak biomass, whereas less intensively managed communi-
scapes include a diversity of grassland communities whosd¢ies dominated by slow-growing, conservative plant species
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would maintain the same N uptake rate throughout the growfirmed that sampling occurred during the late thaw period as
ing season. described by Edwards and Jefferies (2013).The soil was in-
oculated with a solution of ammonium nitrate (IJHNO3)
98 % dual-labeled witd°N to allow a homogenous supply
2 Materials and methods (monitoring) of N between soil, plants and microbes. A con-
centration of either 1.2 (MT and UT field types) or 0.8 g#n
The field site is located in the central French Alps between(MU and UU field types) of®N (6.42 pg N g soil for each
the village of Villar d’Aréne and the Lautaret Pass{@8 N;  fields) was chosen, equivalent of ca. 10 % of the maximum
6°20 E; 1650-2000ma.s.l.). The climate is subalpine with NH; NO; pool (0-10cm) at the site. A total of 100 mL
a strong continental influence. The annual precipitation ingf IabeledlSNHI 15NO§ solution was injected across three
2010 was 954 mm and mean annual precipitation since 20040 x 20 cm areas within each of the 12 fields. A 4 mL volume
is 956 mm. Based on temperature records from 2004-201Gas injected into the soil at 0-5 cm depth, spaced 2 cm apart
winters are cold and snowy with a mean temperature ofpyer the delimited area. An alloy nail slightly wider than the
—6.5°C in February, whereas summers are dry with a meansyringe needle was used to make a conduit for the needle to
temperature of 13.9C in July. The growing season begins enter the soil.
during snowmelt, usually in early May, and continues until  pjant biomass and soil cores were sampled prior to in-
late September. oculation to obtain zero-time-contrtN natural abundance
We studied twelve grasslands, representing four combimeasurements. Following inoculation, a time cours&>bf
nations of past (terraced vs. unterraced) and present (MOWfemaining in the NH/NO; pools was obtained from sam-
vs. unmown) land uses (Quétier et al., 2007a) (three repliples taken after 48 h and 1 week. These time periods were
cates for each combination). Two types of grasslands werghosen based on actual in situ soil inorganic N pools and
on terraced slopes, the first was mown for hay in early Julytyrn-over rates measured for the same subalpine grasslands
(mown terraced, MT), and the second was never mown bugt regular intervals from 2004-2005 (Robson et al., 2007),
lightly grazed in early July (unmown terraced, UT). Unter- jncluding overwinter measurements (Clement et al., 2012). A
raced grasslands were either still currently mown in earlysample of aboveground biomass was harvested from 280 cm
August (mown unterraced, MU) or only very lightly grazed of each inoculated area (three subplots) in all 12 fields, allow-
during the seasonal migration of livestock to summer pas-ng a border to avoid any edge effect. Two soil cores of 4.5 cm
tures (unmown unterraced, UU). Their abiotic characteris-diameter were removed and fresh weight obtained from all
tics and plant communities are described in detail in Quétier¢hree subplots, in the same place as the biomass harvest. One
Thébault and Lavorel (2007b), and management has beegore was used for soil analyses and the other one for root
stable at least since measurements began in 2003. Brieflynalyses.
the dominant vegetation on the two terraced grasslands con- Cores for root analyses were carefully dissolved in tepid
sists in a mixture of species with exploitative traits (high spe-water and roots were separated by floatation, weighed fresh,
cific leaf area, leaf nitrogen concentration and relative growththen dried (70C, 72h) and reweighed. Root cores were
rate) such a®actylis glomerataBromus erectusBriza me-  \eighed before root separation to allow calculation of root
dia or Sesleria caerulaThe plant communities of the two density.
unterraced grasslands are dominated by plant species with Cores for soil analyses were kept on ice in the field and
conservative traits (low specific leaf area, relative growth ratemajintained at 4C upon return to the laboratory (within 2 h).
and high leaf dry matter content), namé#gstuca panicu-  Sojl was passed through a 5.6 mm sieve to remove roots and
lata, Meum athamanticupFestuca rubreor Carex semper-  stones, to avoid any nitrogen mineralization flush by soil
virens microbes when a mesh of 2mm is used (Jones and Wil-
The same grassland fields were studied using exactly thgst, 2006), and to determine soil density. Two 10g sam-
same isotope labeling protocol during summer 2005 (Robsomles of fresh, sieved soil were subsampled, one foB®;
etal., 2010). (0.5 M) extraction of mineral N, and the other one for chlo-
We made a pool dilution experiment by inoculating all roform fumigation and subsequent®80s (0.5M) extrac-
fields with 15N in order to understand N Competition at the tion to quantify microbial N. Chloroform fumigation was
end of the snowmelt period on 17th and 18th May 2010.performed for 7 days (Brookes et al., 1985). Subsamples
The period matches the end of snowmelt since all grasslandgf 10 g of sieved soil were shaken mechanically in 50 mL
were still snow covered the week preceding the labeling (perof K,S0O, (0.5M) for 1 h at 250 rpm. Nﬁq and NG, were
sonal observations). Moreover, the starting day of the expergach removed from the 460, solution using acid-trap dif-
iment, soils were snow free and waterlogged with soil wa-fysion extraction (Stark and Hart, 1996), and prepared for
ter contents ranging from 0.39 to 0.56 g of water pe! g mass spectrometry to determiH\ andSN concentrations
of soil, values already observed at this same period in othepf these two N forms. Soil microbial N concentrations were

studies at these sites (Robson et al., 2007; Clement et alga|culated as the difference of total N between unfumigated
2012). Together, these measurements and observations con-
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and fumigated soil samples. TA&\ and°N contents were It are the relative amounts, in excess, that are present in the
estimated for all samples using a direct-combustion masswtrient pool at the beginning and at the end of the incubation
spectrometer (IRMS, Isoprime, Elementar). A subsample of(at. % excess), respectively; and t is the length of the incuba-
K2SOs soil extracts were analysed by colorimetry (Fiastar tion time.
5012 Flow Injection Analyser, Foss Tecator AB, Sweden, To minimize errors during calculation of N fluxes, we used
following Bowman; Bahnj and Damm, 2003), to provide es- the 48 h sampling time, assuming that labeled N added to
timates of Nl—j{ and NG; concentrations for the mass spec- the soil could cycle quickly between microbial and plant N
trometry samples. pools. This duration was also chosen in July 2005 to calculate
Aboveground biomass was dried at®5and weighed to N fluxes and will therefore allow a comparison with our re-
calculate the relative growth rate (RGR) at the communitysults. This comparison should be considered with care since
level between each sampling date, and a subsample of greamicrobial recycling of'°>N could potentially occur within
leaf material from non-senescent leaves was removed and8h and led to underestimations of gross cycling rates and

ground for'>N analysis by mass spectrometry. microbial N biomasses which, in addition to inter-annual
variability, probably added to seasonal variability. Neverthe-
Data analyses less, an incubation time of 48h usually prevents the signifi-

. . cant recycling of isotope into the source pool (Stark, 2000),
All biochemical analyses were performed on pooled samples, aqgition to the fact that at our site, microbial activities

from three subplots in each field, and replicated across threg e |ow notably during the winter period (Robson et al.

fields for each land use. . 2007; Clement et al., 2012). The mean monthly tempera-
The estimation of the daily°N uptake rate from the soil ture for the site at peak biomass was 1°06(x4.4°C) in

pool by each compartment (plants and microbes) was calquu|y 2005 and 13.9C (+4.8°C) in July 2010. The mean

lated using the relative proportion of the addé remain- monthly temperatures at snowmelt, i.e. April 2005 and May
ing in the_ solil an_d in th_e other compartments over_the P€-2010, were 1.2C (+3.1°C) and 1.9C (+3.2°C), respec-
riod frpm mcub_atlon_untll each sampling date, following the tively. Therefore, we argue that, even though both sampling
equation described in Stark (2000): sessions did not occur within the same year, they were con-
trasted enough (i.e. the end of the snowmelt in May 2010 vs.
Mpg = (Pat* Iet) / ((Ipo * (1 — —e — k) / k) the peak of gbo(veground biomass in July 2005) '2:) be con-
, Wherek = In (Ino/Iat)/t. Mag is the total amount of nu-  sidered as different seasons and to produce drastically differ-
trient (added plus natural isotopes) that flowed from pool Aent ecosystem functioning and N cycling. Furthermore, there
(source) to pool B (sink) during the incubation period (e.g. were no extreme climatic events over the intervening period,
mg N kg1 soil); Pg; is the size of the sink pool (B) at the and both 2005 and 2010 can be considered within the range
end of incubation; 3, the relative amount of isotope, in ex- Of average climate conditions.
cess of background, that is found in pool B (sink) at the end In all grasslands studied at the end of snowmelt, the ef-
of the incubation;Iag is the relative amount, in excess of fects of past (terraced vs. unterraced) and current (mown
background, that is present in the source pool A at the beginvs. unmown) land use on biomass, N concentration and
ning of the incubationja; is the relative amount of isotope, N flux in each compartment were tested using a two-way
in excess, that is present in the source pool at the end of thANOVA. A Tukey’s studentized range (HSD - Honest Sig-
incubation; and t is the length of the incubation time (seenificant Differences) test was used to examine a posteri-
Stark 2000 for details). ori differences among land use means. Using the raw data
This method was used to calculate plant and microbial Nset from Robson et al. (2010), the effect of time (end of
uptake rates which both represented a sink po&tiffor the snowmelt vs. peak biomass), past and current land use were
source pool of N, namely sdiPN pool. They were expressed tested with a three-way ANOVA. Finally, to investigate sea-
in function of plant or microbial biomasses, named thereaftersonal variations, a Kruskall-Wallis test of pair-wise com-
“specific’ N uptake rate, or expressed per field area, namegarisons across land use types was used to test whether
thereafter “gross” N uptake rate specifically for microbes. there was evidence for seasonal variations between May and
Gross N production and consumption rates for;{]\l&hd July. Where necessary, data were transformed to better com-
NO; were calculated using the isotope dilution equationsPly With the criteria of normality and homoscedasticity re-

from Kirkham and Bartholomew (1954; in Stark, 2000): quired for analyses. All analyses were performed in JMP 7.0
(SAS Institute, Cary, NC).
Gross production rate (GPR) | (Pp— P,)/t]

X |09(10/1r)/|09(P0/Pz)]
Gross consumption rate (GCR)GPR— [(P; — Po)/t]

, where Py and P; are the nutrient concentrations at the be-
ginning and at the end of the incubation, respectiv&yand
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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 solil,

7635

plant and microbial communities at the end of snowmelt in May 2010. Values are results of ANGYAsd significance*(* p < 0.001,

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

Past land use Current land use Pasurrent
F p F p F p
(a) Soil N pools
N-NO3 (HgN gL soil) 32.70 *** 8.10 * 390 ns
N-NOg (mgNm2area) 34.70 *** 9.20 * 490 ns
N-NH (ugNg‘l soil) 1.00 ns 0.72 ns 6.93 *
N-NH; (mgNm2area) 0.17 ns 0.28 ns 6.53 *
N-NH%/N-NOE ratio 43.63 *** 10.37 * 022 ns
(b) Microbial N pools
Microbial biomass N (ug Ngl soil) 0.50 ns 0.02 ns 1.57 ns
Microbial biomass N (gNmZ2area) 0.01 ns 0.07 ns 1.93 ns
Microbial C/N 78.24 ** 1.71 ns 595 *
(c) Plant N pools
Aboveground plant (mgNg!biomass) 180 ns 0.87 ns 0.23 ns
Aboveground plant (gNm?area) 2221 ** 3.11 ns 1.27 ns
Root (mgNg 1 biomass) 20.95 ** 024 ns 181 ns
Root (gNnT2area) 0.97 ns 3.79 ns 0.88 ns
(d) Plant biomass
Aboveground plant biomass (gtharea) 11.42 ** 1.30 ns 0.15 ns
Relative growth rate (mggtd—1) 13.91 * 238 ns 4715 ns
Root density (grm2area) 53.68 *** 0.65 ns 11.47 **
(e) Soil N flux
Gross N-NG consumption rate (Mg N soil - day™1) 0.60 ns 0.72 ns 1.35 ns
Gross N-NQ' consumption rate (mg Nﬁ?dayfl) 1.24 ns 0.41 ns 1.48 ns
Gross N-NH consumption rate (g Nt soil - day~1) 9.99 * 0.42 ns 11 ns
Gross N-NH} consumption rate (mgNmfday 1) 12.18 * 0.15 ns 1.02 ns
(f) Microbial N uptake
Specific N uptake rate per g soil (ug NYbiomass day1) 1.04 ns 0.02 ns 0.73 ns
Gross N uptake rate per field area (mg N?rarea) 1.05 ns 2.02 ns 2.77 ns
(g) Plant N translocation to aboveground biomass
Specific N uptake rate (mgN¢ biomass day™1) 112 ns 0.011 ns 11.98 **
N uptake rate per field area (mg I\Tn’*ldayfl) 6.04 * 1.25 ns 1.23 ns
(h) Plant root N uptake
Specific N uptake rate (mgN¢ biomass day™1) 7.08 * 055 ns 23.43 **
N uptake rate per field area (g l\rr%dayfl) 4.84 ns 0.07 ns 4.36 ns

3 Results
3.1 Nitrogen dynamics after snowmelt

3.1.1 Plant biomass and growth

than in terraced grasslands, and greater in mown than in un-
mown terraces (Table 1, Supplement C1).

3.1.2 Soil, microbial and plant N pools

Soil N-NOj concentration differed according to land use
and the differences were consistent whether expressed per

At the beginning of the growing season, while abovegroundsoil mass or per soil area (Table 1, Supplement C1). Soil
biomass was the greatest in the unterraced grasslands (SuN—NO; concentration was higher in terraced than in un-
plement C1), plant RGR over one week was greater for terterraced grasslands, and highest in the UT fields among the
raced grasslands, indicating higher biomass production (Taterraced grasslands (Table 1, Supplement C1). Soil I\[{—NH
ble 1). In contrast, there were no effects of current manageeoncentration was only influenced by the interaction of past
ment (mown vs. unmown — Table 1). Root biomass was in-and current land use since UU fields had the highest soil
fluenced by past land use and by the interaction of past anN-NHI concentrations, and MU fields the lowest (Table 1,
current land use since root biomass was greater in unterrace8upplement C1). Past and current land use had an effect on

www.biogeosciences.net/10/7631/2013/
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soil N—NHj,rr IN-NOj7 ratio, with a greater prevalence of N- 3.1.5 Variation in N pools
NHjlr in unterraced than in terraced grasslands; the ratio was
smaller in unmown fields in both cases (Table 1, Supple-Inorganic N availability in soil was extremely different be-
ment C1). Land use had no effect on microbial biomass Ntween the peak biomass (July 2005, Robson et al., 2010) and
(MBN) but there were significant differences for the micro- the beginning of the growing season which begun at the end
bial C: N ratio, with greater values in terraced than in unter-of snowmelt (May 2010, this study) suggesting some sea-
raced grasslands (Table 1, Supplement C1). sonal variations. We observed large changes in soil N-NO
Total aboveground N concentration per g of biomass didconcentration, which was always greater at peak biomass
not vary with land use (Table 1). Because of higher plantthan at the end of snowmelt (Table 2; Fig. 1a). Variation in
biomass (per area), the aboveground N concentration varsoil N—NHI concentration showed a different pattern with
ied between terraced and unterraced grassland (Table 1), aduch smaller but significant differences between the two
was higher in the UU fields than MT and UT fields (Sup- dates (Fig. 1b, Table 2). Past and current land uses also in-
plement C1). Root N concentration did not change withfluenced soil N-NH concentration with lower values at the
land use on a field area basis (Table 1, Supplement C1)end of snowmelt in unterraced than in terraced grasslands
Conversely, root N concentration (per g of biomass) was(F = 2157; p < 0.001, Table 2); while no difference be-
greater in the terraces than in unterraced grasslands (Table tween the two sampling dates was observed in MT fields

Supplement C1). (Fig. 1b).
There were large differences in soil N-ly@onsumption
3.1.3 Plant and microbial N uptake rate between the two sampling dates, with higher values in

May for all fields (F = 72.15; p < 0.001, Table 2), even if a
Specific root N uptake differed between land uses with apast land use effect was observed with no difference in UT
greater uptake in terraced than in unterraced grasslands (Sufe|ds (Fig. 1c). The consumption rates of N-§iHollowed
plement C2), and a differential effect of mowing dependenty gifferent pattern depending on past land uBe<(12.69;
on past land use (Table 1). Specific root N uptake was greatef, - .05, Table 2): they were larger in May 2010 only for
in UT fields, intermediate in mown fields, and lower in UU MT fields; whereas they were higher in July 2005 for UM
fields (Supplement C2). Shoot N translocation (by area) wasie|ds (Fig. 1d).
influenced by past land use and was higher in terraced thanin other soil parameters (e.g. pH, soil C/N ratio and bulk
the unterraced grasslands (Table 1, Supplement C2), and Spgensity - data not shown) did not differ much across the two
cific shoot N translocation (per g of aboveground biomass)sampling dates. Only soil total N concentration was lower in
differed for UU fields compared to the rest of the fields (Ta- may 2010 for all grasslands due to concomitant decreases
ble 1, Supplement C2). Specific (per g of biomass) and grosgf N-NO; and N-NH/ concentrations in soil and a greater
(per area) microbial N uptakes did not differ across land usegonsumption rate of these both N forms than in July 2005
(Table 1, Supplement C2). (Fig. 1).

Consumption rates of N-NDboth per g of soil or per Microbial biomass N differed between the two sampling
area never differed among land use types, while the N-qates depending on past land uge=£17.29; p < 0.001,
NHj consumption was affected by past land use with higherraple 2). In the terraces, MBN were not different between
rates in the terraced than unterraced grasslands (Table pe two sampling dates, whereas MBN strongly decreased in
Supplement C2). July for unterraced grasslands (Fig. 2a). This effect of sam-
pling date was reflected in microbial C: N ratif & 61.15;

p < 0.001, Table 2) with no variation in the terraced grass-
@nds, while C: N ratio was twice as high in July 2005 com-

3.1.4 Seasonal contrasts on N dynamics

The conceptual comparison of our results measured at th .
end of the snowmelt in May 2010 with data obtained at thepaer to May 2019 for both pnterraced grasslands (Fig. 2b).
peak of aboveground biomass in July 2005 offers an oppor-b. There \S/ats no d![f:]ertence n a?oveogljr?undTpLa;ntzN pehr ? of
tunity to unravel the temporal variability in the resource (N) lomass between e two sampling da es (Table 2), wha ever
competition between plant and microbes in subalpine grasst-he land use. A SI'_ght effect of Sf“‘mp"”g date was observed in
lands. However, one should keep in mind that other source or?tlr\]lconcefr]].trﬁtlons; Tﬁrg Otjb'?ma‘%(: 5}?5’7 = 0.t05), d
of variations such as inter-annual variability, biotic and abj- Which were figher at the end of snowmet only In terrace

otic interactions could participate to the observed diﬁerenCesgrea:sizgdSalcs:osﬁgee;:flf)eztoc;?Ss)ér:s% Zviigtvevr\]/s;seéggit\slzg in
besi lity. To limit thi iabilit h - ' ;
esides seasonality. To limit this variability as much as pos boveground and root N contents (Fig. 2c, d and Table 2).

sible, all selected grasslands were chosen in close vicinit)?1
within the same sub-watershed, with similar parent material,3 16 Variati in dailv N uptak
as well as comparable climatic conditions and N deposition~" arations in daily N uptake

rates (Clement et al., 2012). . . -
( ) In all grasslands, shoot N translocation differed significantly

between May 2010 and July 2005 & 10658; p < 0.05,
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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 usda) Soil N-NO; and (b) N-NHjlr available at the beginning of both experiments is calculated from N
concentration for each g of sofkc) Soil N-NO; and(d) N-NHjlr flux per day using thé®N pool dilutions for 48 h after inoculation from

the isotope dilution equations of Kirkham and Bartholomew. Data from four 26eceas per fields were amalgamated to give mean values

of three fields per land useSE. Statistical analyses were done separately for each land use and stars represent significant differences (*
< 0.05; ** < 0.01 and *** < 0.001).

Table 2). Specific shoot N translocation was 2-5 times higheand in the mown unterraced grassland (Fig. 3c). A contrast-
at the end of snowmelt in all grasslands even if rates dif-ing pattern was evident per area as there were some interac-
fered between land uses (Fig. 3a). However, the 1.7 to 3.1tions between land use and plant N uptake (in g Nuir;

fold increase in aboveground biomasses measured in July = 5.45; p < 0.05, Table 2), which was higher in July 2005

at peak biomass partially compensated for this higher Nin all unterraced grasslands (Fig. 3d). In the terraced grass-
translocation per g of shoot in May (Table 2, Robson etlands, plant N uptake per area did not differ in MT fields be-
al., 2010), resulting in similar shoot N translocation rate pertween the two sampling dates, but it was higher in UT fields
area between May and July (Table 2). Specific root N uptakeat the end of snowmelt (Fig. 3d).

(per g of biomass) varied between the two sampling dates Specific microbial N uptake (per g of microbial biomass)
(F =5174; p < 0.001, Table 2) and showed different effects showed no significant variations between the two sampling
depending on land use#' (= 12.72; p < 0.01). This uptake dates (Fig. 4a, Table 2), but these results showed that the ex-
was higher at peak biomass in all unterraced grasslands aridting differences in microbial N uptake between terraced and
MT fields, however no difference was apparent in UT fields unterraced grasslands at peak biomass (Robson et al., 2010)
(Fig. 3b). When expressed on a field area basis, root N updisappeared by the end of snowmelt (Fig. 4a). Gross micro-
take was greater in July 2005 only in unterraced grasslandbial N uptake (per area) revealed a different pattern between
(F =17.65; p <0.001; Table 2). When shoot and root N the two sampling dated(= 120.32; p < 0.001, Table 2) as
uptakes were taken together, overall specific plant N uptaket strongly decreased at the end of snowmelt in all grasslands
rate (per g of biomass) differed between the two samplingwith most contrasting differences in terraced rather than in
dates ¢ = 46.68; p < 0.001, Table 2) and between the land unterraced grasslands (Fig. 4b).

uses. Specific plant N uptake was higher in May 2010 than Finally, we observed a switch in the importance of micro-
in July 2005 in all terraced grasslands £ 9.33; p < 0.01) bial and plant N uptake, since, on an area basis, plants were

www.biogeosciences.net/10/7631/2013/ Biogeosciences, 10, 7&3B-2013
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Table 2. Effect of sampling “time” (end of snowmelt 2010 vs. peak biomass 2005), and interaction 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 (
and significance®* p < 0.001,** p < 0.01,* p < 0.05, ns: not significant).

Past Current Past current Time Past Time Currentx time Pastx currentx time

F P F P F P F P F P F P F P
(a) Soil N pools
N-NO3 (ugNgLsoil) 128.39 *** 290 ns 0.33 ns 157.6 *** 0.12 ns 8.27 * 0.77 ns
N-NH; (ugNg~1soil) 10.95 ** 052 ns 7.48 * 622  *k* 21.57 0.16 ns 51 *
Microbial biomass N 16.08 ** 0.61 ns 0.52 ns 585 * 17.29 *** 0.09 ns 3.64 ns
(gNm2area)
Microbial C/N 0.64 ns 0.83 ns 14 ns 61.15 *** 17.51 0.15 ns 0.01 ns
Aboveground plant 1.67 ns 275 ns 059 ns 0.01 ns 1.35 ns 0.01 ns 0.01 ns
(mgNglbiomass)
Aboveground plant (gNm2area) 34.82 ns 142 ns 1.72 ns 24.87*** 0.03 ns 321 ns 0.01 ns
Root (mgNg ! biomass) 35.08 0.19 ns 126 ns 505 * 586 * 0.21 ns 1.77 ns
Root (gNnT2area) 483 % 475 * 214 ns 14.18 ** 0.19 ns 1.66 ns 0.05 ns
(b) Soil inorganic N fluxes
Gross N-NG' consumption rate 10.74 ** 3.67 ns 131 ns 72.15 *** 6.39 * 0.05 ns 1.31 ns
(ugNgLsoil - day™1)
Gross N-NI—]{ consumption rate 18.93 577 * 0.08 ns 0.38 ns 12.69 ** 2.1 ns 3.32 ns
(ugNg1soil - day1)
Microbial specific N uptake rate 28.01  *** 0.01 ns 032 ns 0.7 ns 10.85** 0.02 ns 0.77 ns
per (ugNg!biomass day1)
Microbial N uptake rate per field 3451 091 ns 129 ns 120.62 *** 17.96  ** 1.03 ns 1.08 ns
area (mgNm2area)
Aboveground specific N uptake rate 0.27 ns 4.02 ns 7.86 * 106.58 *** 6.01 * 1.16 ns 584 *
(mgNg1biomass day 1)
Aboveground uptake rate per field 3.05 ns 0.5 ns 1.18 ns 0.64 ns 4.5 ns 1.03 ns 1.54 ns
area (mgNm2day 1)
Root specific N uptake 0.05 ns 3.03 ns 331 ns 51.74 *** 10.16 ** 6.61 * 12,72 **
rate (mgN g 1 biomass day~1)
Root N uptake rate per field 1.48 ns 2.84 ns 0.91 ns 39.46 *** 17.65 *** 229 ns 771 ¢
area (gNnT2day™1)
Total plant specific N uptake rate 0.19 ns 578 * 8.61 ** 46.68 9.33 ** 223 ns 125 **
(mgNglbiomass day1)
Total plant N uptake rate per field 0.26 ns 057 ns 4.55 * 3.64 ns 20.16 *** 9.12 ** 545 *
area (N 2day™1)

generally the strongest sink for inorganic N at the end of thein the same way from this microbial quiescence. In line with
snowmelt (Fig. 4c) whereas microbes dominated N uptake abur expectations, the most intensively managed plant com-
peak biomass (Fig. 4d). However, these patterns were alsmunities (terraced grasslands and mown unterraced grass-
influenced by land uses, and in different ways at the twolands) took up more inorganic N at the end of snowmelt than
sampling dates. At peak biomass (i.e., July 2005; Fig. 4d)at peak biomass, whereas plant communities in unmown un-
microbes dominated daily N uptake in terraced grasslandserraced grasslands maintained similar inorganic N uptake
but not in unterraced grasslands £ 45.16; p < 0.001). At  rates between the two sampling dates (Fig. 3c).
the end of snowmelt (i.e., May 2010; Fig. 4c), no clear pat-
tern was observed: plants took up more inorganic N than mi4.1 N pools variations across season and land uses
crobes in the UT and MU fields, whereas no difference was
observed in the two others grasslanfis{ 7.43; p < 0.05).  Nutrient availability and the ability to take up inorganic N ef-
ficiently are critical plant features in arctic and alpine ecosys-
tems characterized by slow N mineralization rates (Bardgett
4 Discussion et al., 2007). After a long period of snow cover and low tem-
peratures, rising daily temperatures allow snowmelt that in-
Our results revealed that inorganic N uptake patterns forcreases soil moisture and consequently nutrient availability
plant and microbial communities in subalpine grasslands dif{Brooks et al., 1998; Clément et al., 2012; Saccone et al.,
fered markedly between the end of snowmelt and those previ2013). In our study, soil N-N© and N-NI—[{ pools at the
ously documented at peak vegetation (Robson et al., 2010knd of snowmelt were much lower than at peak biomass, and
No difference in specific microbial N uptake (per g of mi- this difference in soil DIN was much larger in unterraced
crobial biomass) was apparent between the two samplinghan in terraced grasslands (Fig. 1). Although some studies
dates (Fig. 4a), though gross microbial uptake (per area) was cold ecosystems have reported a similar reduction in in-
much lower in May 2010 than in July 2005 in all grasslands organic N pools during or at the end of snowmelt (Brooks
(Fig. 4b). The contrasting plant communities did not benefitet al., 1996; Edwards et al., 2006), these results contradict
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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 usé®. Microbial N pool and(b) microbial C: N ratio at the beginning of both experiments is
calculated from the microbial N concentratierbiomass per m2. (c) Aboveground N andd) root N pools at the beginning of the both
experiments are calculated from leaf or root N concentratibiomass per mZ. Data from four 200 crhareas per fields were amalgamated

to give mean values of three fields per land use +SE. Statistical analyses were done separately for each land use and stars represent significe
differences (*< 0.05; ** < 0.01 and *** < 0.001).

other studies showing that spring is often characterized bygross microbial N uptake was 4-9 times lower at the end of
the release of soil inorganic N (Bardgett et al., 2002, 2005),snowmelt than at peak biomass (Fig. 4b), absorption and re-
or by the absence of seasonal cycles in N contents (Bardtention by plant communities of the DIN released by micro-
gett et al., 2007; Werdin-Pfisterer et al., 2009). Our resultsbial communities is a more likely explanation (Brooks et al.,
support the hypotheses that dissolved inorganic (DIN) or or-1998; Jaeger et al., 1999; Bilbrough et al., 2000; Miller et al.,
ganic nitrogen (DON) released by microbial biomass was,2009).

either, immediately re-immobilized by microbial communi-

ties, as consistent with a microbial turnover greater than thet.2 Variations in plant N uptake between snowmelt and
mineralization rate (Brooks et al., 1996; Fisk et al., 1998; peak biomass

Schmidt et al., 2004); or that these different N forms could ) )
have been taken up by plants (Fig. 5), denitrified or leachedn Unmown grasslands, aboveground N concentrations did
during snowmelt (Schmidt et al., 2007). The evidence for thisNOt vary between snowmelt and peak biomass but were
is two-fold. Firstly, we recovered 60—78 % of the tof&N higher in mown gra_sslands at peak blomass (Fig. 2¢) whereas
one week after the labelling (similar recovery rate in 2005).7°0t N concentrations were usually higher at the end of
A substantial loss of N© by leaching could reduce the DIN snowmelt than at peak biomass (Fig. 2d; Jaeger and Manson,
pool at the end of snowmelt compared to peak biomass, 0_;L992; Bardgett et al., 2002). Grt_eater root N concentrat!ons
inorganic N could be incorporated into soil organic matter " May 2010 may be related either to stored N allowing

via abiotic processes involving the fixation of [jHJohnson initial growth and re-allocation to shoots, or to N taken up
et al., 2000). Secondly, the high mean N-N@onsumption by roots becoming active before snowmelt (Henry and Jef-

rate in all grasslands, and of N-IﬂHin mown grasslands, feries, 2002; Miller et al., 2009). This latter possibility was

' . consistent with our results (Fig. 3b) showing high N up-
confirmed that DIN had been taken up (Fig. 1¢, d). Becausetake by roots together with fast and active N translocation

www.biogeosciences.net/10/7631/2013/ Biogeosciences, 10, 7&3B-2013
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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 fluxes of nitrogen (N) irf&) aboveground plant tissugg) belowground plant tissue are expressed on a per-g-
biomass basis. The flux of N into the entire plant per @ys expressed on a per-g-biomass basis(@hdn a per-area basis. Uptake of N is
calculated from thé®N concentration and the sdifN : 1°N ratio. Data from four 200 chareas per fields were amalgamated to give mean

values of three fields per land usSE. Statistical analyses were done separately for each land use and stars represent significant differences

(* <0.05; ** < 0.01 and *** < 0.001).

towards the aboveground parts at the onset of growth afteto ensure biomass production even within a short growing
snowmelt. In fact, we observed active total (reahoot) season. As such, our results contrast with other studies in
inorganic N acquisition by plant communities in all grass- alpine or arctic meadows which report that N taken up dur-
lands at the end of snowmelt (Fig. 3c). Even if root N up- ing spring was not translocated to shoots, but remained in
take was weaker than at peak biomass (Fig. 3b), shoot Nhe roots (Edwards and Jefferies, 2010; Jaeger and Monson,
translocation was at least double that of summer (Fig. 3a)1992). Another explanation could be linked to the ability
In other words, after snowmelt, roots were taking up inor- of species to express different uptake patterns depending on
ganic °N, but this N did not accumulate in the root sys- N forms availability (Stahl et al., 2011). This is illustrated
tem as it was immediately transported into the aerial partsby soil N-NQ; decreasing more in unterraced than in ter-
of the plants (Fig. 5). These trends for subalpine grasslandsaced grasslands (Fig. 1a), and modifying the proportion of
are consistent with numerous studies in other cold ecosysthe different DIN forms available in soil through an increase
tems (Jaeger et al., 1999, Bilbrough et al., 2000; Bardgett eof soil N-NHj{/N—NOg ratio (Supplement C1, Robson et
al., 2002; Miller et al., 2009). Plant N uptake was also im- al., 2010). Therefore, in these subalpine grasslands, clear
pacted by past land use (terraced vs. unterraced), since pladifferences characterized vegetation between the two sam-
communities in different grasslands differed in their uptake pling dates. Plant communities switched from reduced plant
of available inorganic N. We hypothesize that these differ-biomass, high DIN uptake and high N concentration in plant
ences were linked to differences in RGR between contrastingissues at the end of snowmelt to high plant biomass with low
plant communities present in terraced and unterraced gras®IN uptake and low N concentration in plant tissues and at
lands (Supplement C1), since specific plant N uptake (per gpeak biomass when plant growth was finished.

biomass) in May 2010 increased with plants RGR (Fig. 3c,

Supplement C1). These results suggest that higher DIN up-

take at the beginning of the season could allow plant species

Biogeosciences, 10, 7631645 2013 www.biogeosciences.net/10/7631/2013/
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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 exgesse@er-g-biomass basis afin)

on per-area basis. The fluxes of nitrogen (N) into plants (black bars) and microbes (grey bars) are ¢ojevidpr2010 andd) July 2005.

Uptake of N is calculated from tHeN concentration and the sdifN : 12N ratio. Data from four 200 chareas per fields were amalgamated

to give mean values of three fields per land #&E. Statistical analyses were done separately for each land use and stars represent significant
differences (*< 0.05; ** < 0.01 and *** < 0.001).

4.3 Microbial N uptake during the growing season that these microbial communities are adapted and resistant to
freeze-thaw events (Lipson and Monson, 1998), which would
The higher N uptake rates by overall (shoet root) limit the microbial crash to a microbial quiescence (Schimel

plant communities contrasted with microbial communities et al., 2007). Consequently, a steady-state level of N in mi-
(Fig. 4). In fact, we report a lower gross microbial N uptake crobial biomass could result from N immobilization during
rate in all grasslands at the end of the snowmelt in comparwinter or, alternatively, an immediate re-immobilization of
ison to that at peak biomass (Fig. 4b). Yet, MBN remainedreleased N could occur if microbial turnover was greater than
similar in terraced grasslands for both sampling dates whilethe mineralization rate (Fisk et al., 1998). These hypothe-
conversely, in unterraced grasslands MBN was smaller ates would explain the consistent MBN between snowmelt
peak biomass than at snowmelt (Fig. 2a). A similar contrastand peak biomass in spite of a lower gross microbial up-
was evident for the microbial C/N ratio which was greater take of 1°N tracer in the terraced grasslands of our study.
at peak biomass than at snowmelt only in unterraced field€onversely, to our knowledge, this is the first report of an
(Fig. 2b). increase in the microbial N pool at the end of snowmelt, as

Such steady microbial N pools across seasons in terracede observed in unterraced grasslands. Here, these differences
grasslands, concurs with one study in a mountain grasslanetween the two sampling dates suggest a change in micro-
(Bardgett et al., 2007), but contrasts with several other studbial communities, a hypothesis supported by the coupling of
ies in cold ecosystems which described a decrease in mian increasing MBN with a decrease of microbial C: N ratio
crobial N contents and a release of available N at the endht the end of the snowmelt (Fig. 2a, b). A possible expla-
of snowmelt, reflecting a microbial crash in response to re-nation for this is the development of microbial communities
peated freeze-thaw cycles (Brooks et al., 1998; Jaeger et alwith proteolytic abilities, allowing them to grow on protein
1999; Lipson et al., 1999; Bardgett et al., 2002; Edwardsreleased after the winter microbial community crash (Lipson
et al., 2006). This lack of seasonal variability could suggest

www.biogeosciences.net/10/7631/2013/ Biogeosciences, 10, 7&3B-2013
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Fig. 5. Schematic diagram showing trends in nitrogen (N) pools and fluxes in the two grasslands, 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
vegetation 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 nitrogen. 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).

et al., 1999). According to the literature, these proteolytic where low DIN pools (Fig. 1) associated with reduced rates
communities are characterized by a low C: N ratio and fu-of gross microbial inorganic N uptake (Fig. 4b) could not
eled by proteins, which may explain the weaker inorganic Nexplain the increase of MBN (Fig. 2a) and concomitant de-
microbial uptake at the end of snowmelt in unterraced grasserease of microbial C : N ratio (Fig. 2b). Consequently, in un-
lands (Figs. 4b and 5). The differences in soil pH among landterraced grasslands, DON could represent the main N source
uses also support this suggestion since, in contrast to the tefer microbes (Harrison et al., 2007), and maybe for plants,
races, unterraced grasslands had an acidic soil (Robson et adnd it could explain the reduced N-Iﬂ“l—toncentrations and
2010), which has been shown to stimulate extracellular pro-consumption rates measured at the end of snowmelt. Finally,
tease activity (Henry and Jefferies, 2002). a decrease of net N mineralization rates in unterraced grass-
The consistent level or the increase of MBN in terracedlands has already been related to a decline in ammonification
and unterraced grasslands, respectively, coupled with the facates due to low soil temperatures (Robson et al., 2007), con-
that microbial communities were less able to take up inor-firming that N-NI—[{ production can be limited at this time of
ganic N at the end of snowmelt than at peak biomass, sugthe year.
gested that another N source was available for soil microor- Our results highlighted large differences on inorganic N
ganisms. We hypothesize that microbes mainly incorporatediynamics at two critical times of the growing season. Higher
DON coming from the turn-over of those winter microbial consumption rates of DIN, notably NOQ were measured at
communities impacted by freeze-thaw cycles (Bardgett ethe end of shnowmelt compared to peak biomass, and these
al., 2007; Schmidt et al., 2007). This concurs with data ob-were explained by differing plant and microbial N uptakes. In
tained at the end of the snowmelt in unterraced grasslandall grasslands, at the end of snowmelt soil DIN consumption
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