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Abstract. Widespread nitrogen (N) enrichment resulting term N additions exert no significant effect on £€missions
from anthropogenic activities has led to great changes in carin alpine grassland.

bon exchange between the terrestrial biosphere and the atmo-

sphere. Grassland is one of the most sensitive ecosystems to

N deposition. However, the effect of N deposition on ecosys-

tem respirationRe) in grasslands has been conducted mainlyl Introduction

in temperate grasslands, which are limited largely by water

availability, with few studies focused on alpine grasslandsWidespread nitrogen (N) enrichment resulting from anthro-
that are primarily constrained by low temperatures. Failure toP0genic activities such as N deposition and fertilization has
assess the magnitude of the responskginutside the grow- ~ greatly changed ecosystem processes, structure, and func-
ing season (NGS) in previous studies also limits our underdioning (Vitousek et al., 1997; Galloway et al., 2004; Liu
standing of carbon exchange under N deposition conditionsét al., 2013). Ecosystem respiratioRef is an important

To address these knowledge gaps we used a combination §ource of carbon emissions in terrestrial ecosystems and it
static closed chambers and gas chromatography in an alpin@lays an important role in global carbon cycling (Raich and
grassland from 2010 to 2011 to test the effects of N appli-Schlesinger, 1992; Schlesinger and Andrews, 2000). Nitro-
cation on ecosystem respiratioRd) both inside and outside gen fertilization will stimulate plant growth (Hooper and
the growing season. There was no significant change in COJohnson, 1999; LeBauer and Treseder, 2008; Xia and Wan,
emissions under N applicatioRe outside the growing sea- 2008) and accelerate the decomposition of light soil carbon
son was at least equiva|ent to 9.4 % of the {dxes dur- (Neff et al., 2002) and this will also facilitate carbon ex-
ing the growing season (GS). AnnuB} was calculated to  change between the terrestrial biosphere and the atmosphere.
be 279.0-403.9 g C@'n—2 yr_l in Bayinbu]uk a|pine grass- It is assumed that N-induced variation in tR@rate will pro-
lands. In addition, our results indicate that soil temperatureduce a large impact on global carbon cycling and redistribu-
was the dominant abiotic factor regulating variatiorginin ~ tion (Luo and Weng, 2011). However, the response patterns

the cold and arid environment. Our results suggest that shortof Re and its underlying mechanisms to N deposition vary
considerably among ecosystems, and some knowledge gaps
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remain in our understanding of the soil respiration responsdands in central Asia to answer the following two questions.
under N deposition conditions. Firstly, how doesRe in alpine grasslands in central Asia re-

In particular, some observations in tropical and temper-spond to elevated N deposition both within and outside the
ate ecosystems have revealed stimulatioRgénd its major  growing season? Secondly, what is the major mechanism reg-
component (i.e., soil respiration) by N deposition through in- ulating the response pattern and magnitud&Rgin alpine
creased plant biomass (Cleveland and Townsend, 2006; Fargyasslands in central Asia?
et al., 2012; Tu et al., 2013). Other studies in tropical and
temperate ecosystems have indicated that N deposition re- _
duced soil respiration because fine root biomass and soil mi¢ Materials and methods
crobial activity were .depressed by excgsswe N fert|I|zat|on.2. 1 Study sites
(Bowden et al., 2004; Burton et al., 2004; Olsson et al., 2005;

Mo et al., 2008) or had no significant effect on soil respiration 1,4 study was conducted at the Bayinbuluk Grasslands

despite N fertilization altering microbial community compo- Ecosystem Research Station, Chinese Academy of Sciences
sition (Allison et aI.., 2008). Thesg contrasting response pat(42053.1/ N, 83°42.5 E). Bayinbuluk alpine grassland is lo-
terns and mechanisms among different ecosystems suggesieq in the southern Tianshan mountains, Xinjiang Uygur
that the response pattern and magnitud&ofo N fertiliza- A ,tonomous Region, central Asia and covers a total area of
tion is texture-.dependent and further studies in other ecosysépproximately 23000 kA1 The grassland is at a mean alti-
tems are required. , tude of 2500 ma.s.|. Local meteorological data (1980-1999)
Grasslands are one of the largest biomes on earth andyq 4 mean annual precipitation of 265.7 mm with 78.1 %
their response magnitude &, to N addition will exert a occurring during the growing season (May to September)
great influence on global carbon exchange between the tetz4 the mean annual temperature-i4.8°C, with the low-

restrial biosphere and the atmosphere. However, the effeGtsi mean monthly temperature in Januar@7.4°C) and the
of N deposition on carbon flux in grasslands has been exhighest in July (11.2C).

amined mainly in temperate grasslands with few studies on 'riye N fertilizer treatment sites were established. The

alpine grasslands. Xia et al. (2009) and Niu et al. (2010) re— o4 belongs to a cold and dry grassland type and the

ported that N addition significantly increased net ecosysternamine grassland is dominated ISfipa purpurea The five
CO; exchange during the growing season in temperate grassy fertilizer treatment sites were N(OkgNhalyr1),
land and the response magnitude was regulated by annual NlO (10kgNhalyr1), Ng (30kgNhalyr ), Neo
addition. Alpine grasslands may respond to N addition (un-(go kgNhalyr1), and Niso (150kgNhalyr1). Each
like temperate grasslands) because the environmental factofs.5iment comprised four blocks (eact 8 m with an 1 m-
and soil conditions differ markedly between the two types of i qe buffer zone) and the N addition experiments were con-
ecosystem. For example, plant growth is limited mainly by 4, teq using ammonium nitrate (NNOg) applied in late
water and N availability in temperate grasslands (Knapp €l 4y and June each year from 2009 to 2011. All the N fertil-

al., 1993; Briggs and Knapp, 1995; Paruelo et al., 1999; Ba 4tion sites have been ungrazed since 2005.
et al., 2004) but plant growth is constrained primarily by low

temperatures in alpine grasslands (Ma et al., 2012; Merbol® 2 Measurement methods
etal., 2012). In addition, the soil organic matter content in the
surface soil (0—20 cm) of alpine grasslands is higher than inCO, fluxes were measured using a static closed chamber
temperate grasslands (Ni, 2002; Budge et al., 2011; Shi et almethod (opaque, static, manual stainless steel chambers,
2012). Moreover, most studies of the effects of N fertilization each 50« 50 x 10 cm). The external surface of each cham-
on Re have been conducted during the growing season wheiber was covered with white plastic foam to minimize any im-
N-induced changes in biotic factors (i.e., community struc-pact of direct radiative heating during sampling. Each cham-
ture, microbial composition and plant growth strategy) andber was placed on a collar (5050 x 10 cm) with a groove
abiotic factors (i.e., soil water content and soil temperature)to prevent leakage during gas sampling. Each site had four
together determine the response pattern and magnitulg of replicate chambers. Gas samples were taken from inside the
(Xu and Wan, 2008; Xia et al., 2009; Chen et al., 2011). Out-chambers 0, 15 and 30 min after chamber closure using a
side the growing season the influence of biotic factor&gn 60 ml plastic syringe and transferred immediately to a pre-
is minor and abiotic factors play a dominant role in regulating evacuated 50 ml air bag (Hede Inc., Dalian, Liaoning, China).
Re (Wang et al., 2011). Failure to assess itqgesponse pat- CO» fluxes of Re were sampled during the same time period
tern and magnitude outside the growing season will lead tq(12:00-14:00, GMF 8) from May 2010 to September 2011
underestimates of annual carbon emissions from the terregno sampling in January and February 2011 because of the
trial biosphere and also limit our understanding of the mech-low mean temperatures ef33.3 and-23.0°C, respectively)
anism of theRe response under N deposition conditions. and four times per month during the growing season (10 May
To address these uncertainties and knowledge gaps we 8 October, about 152 days), and twice per month outside
conducted a 2-year N addition experiment in alpine grassthe growing season (9 October to 9 May, about 213 days) at
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the five sites. C@samples, which were stored in separate air
bags, were analyzed by gas chromatography (Agilent 4890D, ** 7 @ g (@) PO = —e— Y\,

. . — L P=0.601 = —0— N,
Agilent Technologies, Wilmington, DE) within 1 week. Cal- 200 —_ N,
culation of CQ fluxes followed the description of Zhang et -~ —_. | R j

—8— Ny
al. (2005)- NE 200 P=0.461

Aboveground net primary biomass (ANPP) values of the 2 PR — A

NGS C

=

different treatments were obtained in July 2010 and 2011 o+ 100 -
(1 x 1 m plots andz = 3 for each treatment). Soil samples

2010 2011

were collected from each site £ 5) to determine soil or- 91
ganic matter (SOM) and total nitrogen content (TN) to a - —
depth of 30cm. Air temperature and soil temperature at R R R NN NN RO RTINS

10 cm depth and soil water content at 10 cm depth were mon-
itored by an Auto Weather Station (Campbell Scientific, Lo- Fig. 1. CO, fluxes of ecosystem respirationRd) at sites
gan, UT) adjacent to plots around the whole experiment (sitedo (ungrazed since 2005), Jy (10kgNhalyr—1), Ngg

No, N10, N3g, Ngg and Nisp). (30Nkghalyr=1), Ngo (90Nkghalyr=l) and N
(150N kghalyr—1) within and outside the growing season
2.3 Calculations and statistical analysis using the static closed chamber method. White and black horizontal

bars represent within (GS, 2010 and 2011) and outside (NGS) the
Statistical analysis was carried out using SPSS 13.0 for Wingrowing season, respectively.
dows (SPSS Inc., Chicago, IL) and SigmaPlot (SigmaPlot

for Windows, Version 10, SyStat Software Inc., San Jose, )
CA). Two-way ANOVA was used to examine the effects of and 0.965, respectively). When RMANOVA was used to ex-

N, year and their interaction on ANPP, SOM and TN us- amine each year separately, both N anet Month had no

ing N and year as fixed factors. We also used repeated meg_ignificant effect onRe fluxes (all » > 0.05) but significant
sures analysis of variance (RMANOVA) to examine interan- seasonal patterns were obse_rved in both yefrs 0.001).
nual variation in CQ fluxes with combined N fertilization Re fluxes reached their mammg;n values of 194.1, 222.1,
as treatment. Monthly mean G@luxes in each plot were 2616, 274.2 and 266.6 mg“r%h at No, Nio, N3o, Noo
calculated by averaging all measurements during the sam@nd Niso in June 201.13 respectively (Fig. 1a). Similarly, the
month. If significant interactive effects between N and yearRe fluxes reached minimum values of 2.0 (March 2011), 3.1
were detected (i.eP < 0.05 for year effects), RMANOVA (November 2010), 2.0 (November 2010), 2.8 (March 2011)

1
was used again to examine treatment effects on MBes and 2.5 (March 2011) mgnt h™* at No, N1o, Nao, Neo and

within each year. Between-subject effects were examined abl1sounder N addition, respectively (Fig. 1a). When monthly
N and within-subject effects were time of month and its inter- meanRe fluxes were reclassified into growing season (GS)
action, with N linear and non-linear curve fitting performed and outside growing season (NGS), N fertilization stil had

using SigmaPlot software to examine the relationships beM© significant effect omke fluxes in GS (2010 and 2011) and

tween CQ fluxes and the environmental factors. NGS (P_ - 0'60.1’ .0'559’ 0.461, respectively) (Fig. 1b). The
ranges inke emissions in GS (2010 and 2011) and NGS were

255.9-307.7, 294.7-372.7 and 23.1-34.8 ¢ mespectively

3 Results (Fig. 1b).
3.1 Responses of community productivity and soil 3.3 Varying CO emissions in NGS and GS under N
properties to N addition addition

Results from two-way ANOVA show that N and Nyear Under N addition conditionsRe increased from 255.9 to
interaction had no significant influence on ANPP, SOM or 358.4gnT? in GS and increased from 23.1 to 34.8g#n
TN in the topsoil (0-30 cm) but these variables differed sig-I" NGS. In NGS, Re increased by 20.1-51.0% under the
nificantly between years (alP < 0.01) (Table 1). Average four dlfferent Ie_vels of N.adqmon and the_lpcrement in NGS
ANPP, SOM and TN in 2011 were 217.7g# 84.0gkg?  Wwas twice the increase iRe in GS. In addition, th_aRe val-
and 6.0 g kg, which were 2.0, 1.5 and 1.2 times higher than Ues of the five sites (¥ N1o, N3o, Ngo and Niso) in NGS

that in 2010, respectively. were equivalent to 8.4, 9.1, 9.8, 9.2 and 10.5% of the, CO
fluxes in GS, respectively. Moreover, a low level of N addi-
3.2 CO, fluxes under different N addition rates tion (10 kg N hatyr=1) did not promoteRe in GS or NGS.

Re from NGS was increased by 51.0 % by the high level of
Results from RMANOVA show that significant interannual N addition (150 kg N hal yr—1). These results indicate that
variation in R fluxes was detectedP(=0.001) but N and  more studies are required on g@missions from NGS under
N x year had no significant effect oRe fluxes (P = 0.792 elevated N deposition or N application.
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Table 1. Effects of nitrogen (N), year (Y) and their interaction on aboveground net primary productivity (ANPP), soil organic matter (SOM)
and total nitrogen (TN) in topsoil (0—30 cm) (Me&rSD).

Year (Y) Nitrogen (N) ANPP (gm2) SOM (gkgl) TN (gkg1)

2010 No 94.7+13.7 56.+2.4 5.1+£0.2
N1o 99.44+10.0 60.5- 3.5 5.1+ 0.2
N3 112.4+11.2 64.2+1.2 5.6+0.1
Ngo 123.7+13.8 54.9+3.6 4.7+£0.4
N1s0 123.3£8.5 53.7+3.4 47+£0.4
2011 No 175.5+33.7 85.0£7.9 6.5+ 1.0
N1o 226.2+56.5 86.9+5.7 5.9+ 0.7
NEY) 253.4+57.1 81.9+5.0 5.7£0.2
Noo 205.6+31.2 82.1+11.3 6.1+1.0
N1s0 228.0+50.1 84.3:10.2 6.0+ 0.9
ANOVA (P value)
N 0.605 0.891 0.944
Y <0.0001 <0.0001 0.012
N xY 0.834 0.871 0.775
600
500 S f?«,g o @ o o (©
8
400 4 CX
300 §

Re (mg m?hT)

40 -20 0 20 -10 -5 0 5 10 15 0 5 10 15 20 25 30

Air temperature (C ) Soil temperature ( C ) Soil water content (%)

Fig. 2. Relationships between GGOluxes (Re) and air temperatur@), soil temperature at 10 cm dep() and soil water content at 10 cm
depth(c). Green, dark red and dark blue lines represent the best fitted relationship bé&yeaah biotic factors over the whole year, outside
the growing season (NGS) and within the growing season (GS), respectively.

3.4 Correlations between ecosystem respiration and 4 Discussion
abiotic factors

4.1 Response of ANPP and soil properties to N addition
Generally, Re increased exponentially with increasing air
temperature and soil temperature and linearly with soil mois-Our experiment at Bayinbuluk alpine grasslands shows that
ture (all P < 0.001) (Fig. 2). Air temperature, soil tempera- N fertilization did not significantly increase ANPP in two
ture and soil water content explained 40 %, 56 % and 23 % okonsecutive treatment years (2010-2011), which was incon-
the totalRe variation, respectively. When data were separatedsistent with the increased response patterns found in sub-
into NGS and GS groupsRe in NGS and GS increased lin- alpine grasslands in the European central Alps (Bassin et
early with increasing air temperature and exponentially withal., 2012), an alpine meadow in Colorado (Bowman et al.,
soil temperature, but onlRe in NGS was related exponen- 2006) and the Tibetan Plateau (Song et al., 2012). Given
tially with soil water content (Fig. 2). Indeed, soil tempera- that the form of fertilizer N was similar among these studies
ture was the dominant abiotic factor regulatiRg in GNS ~ (NH4NO3) and the highest N application rate in our study
and GS as it independently explained 80 % and 32 % of thg150 kg N ha'yr—') was three times or twice as high as that
total variation inRe, while air temperature was the next im- in other ecosystems (50, 60 and 75 kg Nhgr—1 in the cen-
portant factor (explaining 70% and 19 % of total variation tral Alps, Colorado and Tibetan Plateau, respectively), the
in Re). Soil water content was important only in NGS and absence of a significant effect of N fertilization on ANPP in
contributed 50 % of the total variation Re. our study suggests that plant growth in Bayinbuluk may con-

strained by other potential factors (i.e., climatic conditions

Biogeosciences, 11, 1751457, 2014 www.biogeosciences.net/11/1751/2014/
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and plant growth strategy). Firstly, previous meta-analysisfound in European grasslands (1800-6000 g @02 yr—1)
has shown that the percentage change in plant biomass undésilmanov et al., 2007).
N addition conditions was positively correlated with mean We could not determine the monthRe values in January
annual precipitation (MAP) (Xia and Wan, 2008). MAP in and February because of the very low temperatures but a pre-
our study (256.7 mm) was lower than on the Tibetan Plateawious study demonstrated that wintBg in grasslands was
(560 mm) (Song et al., 2012), in Colorado (900 mm) (Bow- controlled mainly by air and soil temperatures (Wang et al.,
man et al., 2006) or in the central Alps (1000 mm) (Bassin et2011). Given that air temperatures in January and February
al., 2012), suggesting that the absence of a significant effeatvere extremely low (mean monthly air temperatures were
of N fertilization on ANPP in our study was partly due to —33.3°C and—23.0°C, respectively), we assume that the
low MAP. Secondly, the plant community in our study was missingRe values in our study were correspondingly low rel-
dominated by a perennial grass (i8tipa purpurepand the  ative to the whole annuate. Even so, our results show that
growth and leaf gas exchange of perennial grass has beerarbon fluxes outside the growing reason were equivalent to
reported to be conservative because the soil water deficit imt least 9.4 % of that during the growing season, suggesting
the dry meadow was aggravated by N addition (Bowman ethat annual carbon exchange between soil and atmosphere
al., 1995). If this response pattern occurs widely in all alpinewas underestimated if only the growing season was taken
grasslands, we can attribute the absence of a significant reéato consideration.
sponse of ANPP partly to the conservative growth strategy
of the dominant grass species to N fertilization. 4.3 Mechanism regulation carbon fluxes in alpine

Our results also show that N fertilization had no signifi- grasslands
cant effect on top SOM or TN in both treatment years and
this is consistent with results from temperate grasslands ifour study indicates that soil and air temperatures were the
northern China (Li et al., 2013) but contrary to results from dominant abiotic factors regulating variation in NGS, GS
alpine meadows in Colorado (Freppaz et al., 2012). The dif-and over the whole year and this is in agreement with stud-
ferent response patterns of SOM and TN may be explainedes from global and regional databases (Bond-Lamberty and
in terms of the period over which N applications have beenThomson, 2010; Wang et al., 2011). It is believed that mi-
made. The short periods of N fertilizer addition in our study crobial activity in soil cohorts and mitochondrial electron
(3years) and in temperate grassland in north China (4 yeardyansport in plants increase with increasing temperature over
(Li et al., 2013) were short relative to the studies on alpinea given temperature range (Atkin et al., 2000; Mikan et al.,
meadow in Colorado (16 years) (Freppaz et al., 2012). The2002), which in turn results in a positive feedback on soil and
increased SOM and TN in the Colorado dry meadow may re-ecosystem respiration. Indeed, we found that the contribution
sult from the long-term accumulation of litter inputs and N of soil temperature to ecosystem respiration was more impor-

mineralization. tant than air temperature (i.eR? explained by soil temper-
ature was 12-16 % higher than by air temperature). More-
4.2 Effects of N fertilizer application on CO» fluxes over, air temperatures in GS and NGS were linearly corre-

lated with Re but soil temperature was exponentially corre-
Previous studies showed that N fertilization significantly lated with Re.
changedR. in GS as the plant community and soil proper- We also found no significant correlation between soil wa-
ties were altered under N fertilization conditions. However, ter content aniRe in GS despite the apparent linear and ex-
our results show that the N had no significant effectsRgn  ponential correlations between the whole year and NGS. We
but a clear seasonal response pattern was detected in eagisumed that in the cold grasslands of central Asia soil wa-
year, which was consistent with recent studies conducted irier content was not the primary abiotic factor limiting plant
an Alaskan boreal forest (Allison et al., 2008) and in a Ti- growth and soil microbial activity. A tight correlation be-
betan Plateau alpine meadow (Jiang et al., 2013). One pogween temperature arl, suggests that carbon flux in GS in
sible explanation for this pattern was thR¢ was closely  this cold grassland was mainly determined by temperature.
related with ANPP and SOM, which also did not respond
to N fertilization in our study. The range of seasonal maxi-
mum Re in our study (194.1-266.6 mgTh~1in June)was 5 Conclusions
similar to that in the Tibetan Plateau alpine meadow (about
129.6-259.2mgmth~1) (Kato et al., 2006; Jiang et al., Our experiment in central Asia indicates that short-term N
2013) but the seasonal minimuRg range in our study (2.0— fertilization did not increase aboveground net primary pro-
2.8mgm2h~1in March) was higher than that in Tibetan ductivity or alter soil organic matter or total N content.
Plateau alpine meadow (about 1.8 mg#h~1) (Kato etal.,  Ecosystem respiration also showed no significant response
2006; Jiang et al., 2013). Based on monthly mé&arflux, to N fertilization and ecosystem respiration outside the grow-
we calculated the annu&k in Bayinbuluk alpine grasslands ing season was equivalent to at least 9.4 % of the @®es
to be about 279.0-403.9g G 2yr—1, a lower value than  during the growing season. Moreover, annual ecosystem
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respiration emissions were 279.0-403.9@D2yr 1 in  Chen, B., Coops, N. C., Black, T. A., Jassal, R. S., Chen, J. M., and
the Bayinbuluk alpine grasslands. Generally, soil temper- Johnson, M.: Modeling to discern nitrogen fertilization impacts
ature was the primary limiting abiotic factor regulating on carbon sequestration in a Pacific Northwest Douglas fir forest

1460, 2011.

Cleveland, C. C. and Townsend, A. R.: Nutrient additions to a trop-
ical rain forest drive substantial soil carbon dioxide losses to the
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