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Abstract

Aims Plant biomass reflects the primary productivity of community vegetation, and is the main resource of car-
bon input in the terrestrial ecosystem. It is usually limited by nitrogen (N) and phosphorus (P) availability in the
soil. Alpine grassland around Qinghai Lake Basin has experienced extensive land-use changes due to the cultiva-
tion of native grassland and vegetation recovery on cropped land. In this experiment, two grassland types were
chosen, natural alpine grassland (NG) and its adjacent restored grassland (RG), to determine the responses of plant
community biomass to N and P additions with different land-use.

Methods NH;NO3and Ca(H,PO,),-H,O were added in a completely randomized block design, with medium
levels of 10 g N-m™2 and 5 g P-m™. Soil NO5™-N and available P contents, and the plant community biomass were
measured in the two grasslands. Two-way ANOVA was used to determine the effects of nutrient additions on all
measured indicators, and regression analysis was used to analyze the correlations between plant biomass and soil
NO5™-N and available P contents.

Important findings Results showed: (1) N and P additions both increased grass biomass in the NG, and signifi-
cantly elevated the total aboveground biomass, with the promoting effect of N addition higher than that of P addi-
tion; N addition significantly increased both grass and forb biomass in the RG, and markedly promoted the total
aboveground biomass, while P addition had no effects on the functional groups and total aboveground biomass (p
> 0.05). (2) N and P additions both had no effects on the belowground and total biomass in the NG, whereas N
addition significantly increased the total biomass by 34% in the RG, which suggested that the effect of N
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limitation on the vegetation primary productivity was stronger in the RG at present stage. (3) The aboveground
biomass in the NG increased with soil NO3™-N content (p < 0.05), and the above- and below-ground as well as the
total biomass were all positively correlated with soil NO3 -N content in the RG (p < 0.01). These results indicated
that the plant growth in alpine grassland around Qinghai Lake Basin was prone to N limitation, and the effect of P
limitation changed with land-use. Soil available N might be the key limiting factor for vegetation restoration and
reconstruction in the RG. The “Grain for Green” project (the land-use policy) and atmospheric N deposition are
benefiting both plant growth and C accumulation in the alpine grassland ecosystem around Qinghai Lake Basin.

Key words alpine grassland; plant community biomass; nitrogen addition; phosphorus addition; restored grass-
land; Qinghai Lake Basin
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L E RN X A B CP B AR E IR ZE, n = 6)

£ (Stipa purpurea). -# K (Poa pratensis). #% &
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7RIm, Ny PIEE I AR 423804 (1990) 7E iZ b [X £ 4F
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g-m2a?, LLCa(H,PO.),-H,0TE RN, HEAN kb 76
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FEHF AL miIZEm X . 20124E6 A, FR U INRTLE
PR RE R P 22 v X A HLZE U6 A, HXO0-10. 10-20
F120-30 cmff) 1% %-345(3.5 cmE 2 L4Y), % #
ANFEHE IR AR BN I, 1R S AE(RL).

F 75 ek SR AR AR KK AR, RAIF R
UF, FRT IS IERLE MY E KA BAI6 A F A
(BTG T, FEKER M, EYEKKE 1T
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Table 1 Chemical and physical properties of the soil around Qinghai Lake Basin (mean + SE, n = 6)

IR bR pH BE TITAH BB £ g7
Soil depth (cm) Grassland type Bulk density Soil organic carbon Total nitrogen Total phosphorus
@m?) (@kg™) (@kg™) (9kg™)
0-10 NG 8.02+0.03 0.73+0.02 54.84 +1.52 5.76 £ 0.09 0.74 +£0.02
RG 8.34+0.01 0.75+0.02 31.74 £ 0.95 2.94 +0.06 0.80 +£0.02
10-20 NG 8.33+0.03 0.80+0.05 41.04+1.19 4.27+0.15 0.71+0.01
RG 8.51+0.02 0.85+0.05 26.23 +£0.61 2.82+0.07 0.61+0.02
20-30 NG 8.42 £0.02 0.85+0.03 29.44+154 3.06 £0.13 0.62+0.04
RG 8.65 +0.02 1.07+0.04 24.21+159 2.18+£0.08 0.63+0.03

NG, KIRELH; RG, BHFE .
NG, natural grassland; RG, restored grassland.
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Fig. 1 Effects of nitrogen and phosphorus additions on the contents of soil NO3;-N (A, C) and available phosphorus (B, D) in the
natural alpine grassland (NG) and restored grassland (RG) (mean + SE). ***, p < 0.001.
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Fig. 2 Effects of nitrogen and phosphorus additions on aboveground biomass of grass and forb in the natural grassland (A) and re-
stored grassland (B) (mean + SE). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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=2 A BRI A i (g-m 2 a ) RIS [R] T R AL A1) () R 6 L DRT 3K 7 22 40 A
Table 2 Two-way ANOVA of the effects of nitrogen and phosphorous additions on plant community biomass and percentage contribution of different func-

tional groups

i A ZEIN N addition AN P addition R HAER N x P interaction
Grassland type
F p F p F p
REAY)E Grass biomass NG 25.350 <0.001 9.036 0.007 0.168 0.686
RG 81.215 <0.001 0.044 0.836 0.149 0.704
RETH 5 L Grass percentage NG 3.080 0.095 2.339 0.142 0.001 0.978
RG 1.098 0.307 0.665 0.424 0.999 0.329
FRE/ L5 Forb biomass NG 0.196 0.663 0.215 0.648 0.007 0.934
RG 4.908 0.039 2.072 0.165 2.792 0.110
4K E 43 E Forb percentage NG 3.080 0.095 2.339 0.142 0.001 0.978
RG 1.098 0.307 0.665 0.424 0.999 0.329
i AR Aboveground biomass NG 28.837 <0.001 7.113 0.015 0.685 0.418
RG 174.985 <0.001 0.089 0.769 0.002 0.969
Hi N A% Belowground biomass NG 0.636 0.435 0.526 0.477 0.205 0.655
RG 1.282 0.271 0.000 0.989 0.031 0.862
B4 Total biomass NG 1117 0.303 0.725 0.404 0.241 0.629
RG 14.692 <0.01 0.004 0.953 0.038 0.847
NG, KRt RG, IEHHKE H,
NG, natural grassland; RG, restored grassland.
350
§ \ $:' ® 1600r g 3 % Control n
£ 280f + = = B 505 i Nitrogen addition
PpC F1200F
B2 ~s10t ”'
REe T g €
H =29 o0 L
T2 E 40} B 800
- ?F-’D i § #
2 70+ S 400
< [aa]
o EEsm A B 4% I 0
Nitrogen addition Control Phosphorus addition AGB B

E3 N, PASIIRT RARFEHHE_b A= Pt (A) NS X 18 Ak 52 B i b 2F 4 5 (AGB) FHLELAE W i (TB) (B) 1 52 (P 3B 4

WZE)e *,p <0.05; **, p<0.01; *** p<0.001,

Fig. 3 Effects of nitrogen and phosphorus additions on aboveground biomass in the natural grassland (A), and effects of nitrogen
addition on aboveground biomass (AGB) and total biomass (TB) (B) in the restored grassland (mean + SE). *, p < 0.05; **, p < 0.01;

***p <0.001.

(LeBauer & Treseder, 2008; Xia & Wan, 2008; Bassin
et al., 2012; Borer et al., 2014b; Fay et al., 2015; Xu
et al.,, 2015; Yu et al., 2015); [FIH, PR HI/EF7E
Wi AR 2 2R G0 R R R A AE R, POV IR AT
E IR BT A= 1 (Elser et al., 2007; Fay et
al., 2015). 775 i i S i FE M X, A g AENA
PR S ERFE, B TRIE. HIEMAEYES)
559 AN IR A B 5 SR A | 29, TR
TR0 0B B, AN Re i 2 A AR AR K R R
(Jiang et al., 2013). W FHIL T, F=I N0 A Rt
B LS RGN E TR IR, BT Rhous BR ) B P
SOAFIRE, XY AE KA IR R ER, AR
=5 A P ) (Best & Jacobs, 2001; Fay et al., 2015;
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Li et al., 2015; Wang et al., 2015).

Awtgir, REPHIIERE 7 RIRF M F AN
REAYERIEINER2), HIHAEHEERRT NRE
BEAEFH(B2A, EIBA). A TR K E Tt PUSINY
TERAEZ, RN, PRIAZHAEHIRARHE (P >
0.05), TN IS 18 2 X T v iy b AR 4 3 2 ) 2
Re A& R R F 3 2 (p < 0.01) . X it B
AT W50 X NS noxs st b AR R R R R T
P, B A NI, b IX i FEHL R 57 R
B A NPR ] . X AT B AE B DL 44 iR DR B 1)
(D) EARRET, NEARHAES RFER EEERE L
i AR RN [ 5E, & T A8 AE il
Ty P R JE AT B RAGAE AN AR
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Fig. 4 Comparisons of grass biomass (A), forb biomass (B), aboveground biomass (C), belowground biomass (D) and total biomass
(C, D) between natural grassland (NG) and restored grassland (RG) under control and N addition treatments (mean + SE). *, p < 0.05;
** p<0.01; *** p<0.001.
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#41(0dum & Barrett, 2005). B &1 # A AH  BIFRHI(Yuan & Chen, 2009; Vitousek et al., 2010). [#l
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FENAEY N, TIENG b FE A 1 1 e 1)
T RBUBNE R0 (Quo)VE I, P Ak I FEE USSP Iz K
FNI b FE(van Heerwaarden et al., 2003). [Xliit,
o FE b DX N AT A3 A EE PR 5 52 IR IR A 0
(Fay et al., 2015). (3) PHIVTZ LALLM FIA HLEE 1
E LR RFFEAB LN, Z8 IR E, BN
st N, AR R R BTEA PARTE R T35 Pl PRI
PR WA X A B /K B8 /NE370 mm), 3K &
HEAK, PRI H 2B, AREEA I p1S 2
FEAHMM . (4)R¥ELiebigi N T EH, HEWAEK
TR T AR RGP B RGeS
FH, AP EXTNG PG o B E TN
BEL ] ok 2% BT B 0, A2 5 LA 1 AR S TR 1 R )
7K A3 AR AT e 2 B o 5 v o e R B R R A A
H—EERT(Yang et al., 2009). X 51 ALEZ
X AR FE A5 R — B, HENCR & TP, TP
SO0 B Bk S AR V) B VR AR A R R
We, JRESATREA AN (DART T, BB R i
0-20 cm 1= 3 NOs-N 7 & £ % I8 4b 2 24 7.25
mg-kg™, B BAR T RAREHA16.75 mg-kg™ (p <
0.001); 1y 1B Ak B2 i bih o 200 ol 5 R AE X AR 3 T
N12.58 mg-kg™, B T R AR B ki
(p < 0.01). RARFHIF B PHHE, T3k 4y
TE BN, AN it A S i it 4 - 3 R i e R AN
G A R S S I R A
BRG RS, TP I 2, K5k (Wei
etal., 2009). [Klitk, JRAFH NG B S
T8I T T B Al (RP R AR B k), 1 ) 1 FH P& &4
ey AR BRI AR S R G A 5 32 B W] A N R A
PAS I XS 3B BT 52 e 1t FR) 8L AP0 A s A ) 52 i S X
Fo (IBHIO0F ST, W S HAEIIRY B R A1)
BIRRE BT RAREH(E4D), IRAANKIE, Xt
Tyt - [ 5E PTG 2 WSO PR, BRI AN BB PIS
TR R B e N o R AHIF T 4 SR R, PSS
T R b DX IR B A )R VR A = B i A
RN, Ny PIREAS HAER, N R il 12 X HE 4
A IR FE IR, AR RS R T K
(RIFRI NN, 5 BUHER . 78 HhER 1T 352 3 I N 5 1%
Hiy DX A A A PR G &, e 9 AE AR R AL,
v 5 12— D A 7 S
3.2 AREIIhEEEEIH EAEMIEIING PARINAYME R
ANF D RERFRE PG A R 7% 20 I SR ms, eAT]
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FHRE: AT HFIH DORIR B ATIR B S S U R A M B . B INA AR 1023

XSRS 0 B B A AT A AR AE B R 22 R, AT
R A SO BEANS IR, REIR LT b S )
Fh 5 R85 Je 5 FAm AR 2 o) B A ELAE A B R
MR, BHEEmBETRE. 285~k
1k (Roscher et al., 2008; Zhang et al., 2016). £ N5
R AT B — RPN IS 45 SRR B, NS s
EHRRAR T HEIAS RERYIM L E R, RE DY
FAES AL A VERRAS, R AR RG A € P (Bai
et al., 2010; Zhang et al., 2014, 2016). [F]i}, Bai%
(2010) 7 PN 52 vy B i K 1 77 43 s ke 25 SR 32 .
BE & NS IR RGN, RIRFH —F A R b A=
ViESE N, HARThRe Y ) ARV R RS, R
MRS ARG, RREEYERFEIK. Gaoss
(2012) T 7T A B 7K 2 B 1) v 300 E A s s 2 7
MIORBRE DR -, H SRR OL T NES IO & 400 0 A X A2
YR TEREM; 1 Chen % (2011) 0F 78 & BNV I
HPOR B — AR Y B AR YR R,
DA B EAYE R RERW . AP, N
WIN3F G, RAFEHALRHH K E S f s
EBTRNRBMN, 5 ERERAAEER, Xofe2
FHAS A B R . AN RNV I &2 55 R 35 5 1R 1

e FE R AR AR — AL T HEVE I B R, M
MR R, MARBEEK, XK T80 MG S 1) 56 4+
VR P T A AL, BRARREIING PFRF
R Ny PUSINGEAR T REVE 750 IR, fE5E 5
th AT B AT R R BB A 200 T 53 TS At PR
oo v, AR S2 BB IR, AR KR FE ST
FRFMY) — AT HEE T =, EREVE BT & A
BUN, FEBHESE ST ARMAL. REN PEIN
BN T IR IR, (Hl TAT#E BRI AR
A AT 57 53V 000 4] i 7 B SRk B O, AR B 22 R0l
FEANTOTUR, HRIH B BR T IR S IR A B A A2
HEE I (Hautier et al., 2009; Borer et al., 2014a). %
Ab, RN FEHUAE ) B T e 55 B v, A OR FEAE ) ()
FIAE FHSE B, DR EENR D03 2 255 5o A SR R
Vg, HB T READERKIER, 1505885
ECAI A BRI Ea 35 (3 2); AR BHI B B i M iV
NG PR, BARNSINAE 38 0 R AR W Y (R ) 4
[ENE ) PSS A (EDIN Gl NS i | WS
TRAEYE . AN, AR U BOH S, LI
K2 K T8 BIIR, AL Mk, AR TR K
ENTCEMGLR, BN EEAEY L 3 %55

FE, HIEFNG ERIELEZ . BH0FEE, E
HhEARE — E AR bl REENR S 2R, (H+
IR 218, NTEAETS RS AV it 2
N2 Bz DRI 1) BR 1], A S Bt AE I B AN
Fr MR AR T R AR FHh (WR 18 15 55, 2014) [Al i,
AR B VK A2 A A ORE NS o P g 12 B R e B R
PR R, R BN G SRR A W b g rhv]
I N B 5 0 3G i 2 2 19 n(p < 0.01, &16), AT
fEEATH LL A B WAL
33 BHEEMEXIN, PRMANLL

AW T g H R, NS NE 2 50 7 R A
FAEYE@P < 0.001), X 51F 205045 F (LeBauer
& Treseder, 2008; Bai et al., 2010; Lee et al., 2010;
Chen et al., 2011; Gao et al., 2011; Fay et al., 2015; Li
et al., 2015; Wang et al., 2015)—%{ . Bai%%(2010)7E N
5 B NS DA a5 SRR B, R Bt A
R NS T 1 i S 9 5 vy T R PR Ak
1M Gao % (2011) FFIIF 72 2 B BR i1l B2 I (7K 43°) (e A B 2
i v 25 5 P AR OO St 3t B VR 2 A R 0 16
135%, Ik T 540 5 M Bb B v ) 2 A R 1 i)
218%. TEAHBFFTH, NUSIIXIRHHKE Fkhth 15
WA 77 7 B R F (174%) & T K AR B (54%),
L5 Gao %5 (2011) (1B 7T 25 A AH AL AL, BPBEE oK
PRI PR 2R 22, NS ISR AL Bl 55 F kb By 5
KEJAEF=ERE. [FIR, AWFFEAHPESININ R e &
RERFHL P H A& (p < 0.05). [FIH#H, KRR
IR AP A E S AR E A SN E 2 (p
= 0.091, KI5B), M5 AREAEYERZEIEML(p <
0.05, KI5D). XUt BHRSAFLHI M b A= 47 & i in 3=
FUEH TN PUSINE AR B A & 1) R NE E R 0 o

Lt EAEY)ERIN PR I0— 0 1E i B A [,
N AV ESXIN PES IR SAEAN R A S RGEH
ZRBOR . AHFRINE T us g hn 7 g
IR TR 7, 2R R A=) & 4K (Gundersen et al.,
1998; Nadelhoffer, 2000); .G #ff 7t &K AR & £ 4 &
S NR ANV A Wi S (Henry et al., 2006; Gao et al.,
2011); [AIEF, AR IINE NG AR R AEY) =
Hn(Majdi & Andersson, 2005). AHF7H, N. P
TRX PR B g 3 R A= I TE B R, (E IR B
SHEM P T AEYES FIENOy-NS =2 & IEAH
K(p < 0.01, Kl6D). HrTaer A &: (1)HiLiebig
BNAFEBEEA, EMAEKZRTAS RS &
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ZIREII R F o AR L3R8T, BRI B IR
=, NJCE RS PRIl A K o ] 7 K
SREL b BEAAN S AN By, (RARHIT FE M X A ) A
KARIRZN PHESL PR AR R AP % NAs i 1)
i N R F7EN PR IR ZE SR G, 215 X AZhR
T HAh 1) A& T, WK 4y K 7 (Chapin &
Matson, 2011; Gao et al., 2011). (2)HE4EHEY) 31
i, FRAISINE S T I e R SR, A
FE) 22 18] R b 350 23 0P 02 8 905 04 5 4 i Ak Dy b |
#43%F 60 35 4+ (Newman, 1973; Weiner, 1990). 7%
SN ISR 1 e 5 2 GG =) B 21 e
Ry, i AR EERIN. ()FR I H
N A P RS B kT X A A A R B R )
b R AR BT (Gao et al., 2011; #BRER
&, 2014). AL RER, BHKE S AR
V)R AENTS NG B 3G 0 & (174%) = T R 98 B b
(54%). FL, ZAE W) E AR iR
bb e it i, IR B R B Y 3 R AR A 6 NS N
R R SR . RARE A X R, RER AR
Gk tEA E BOIATERE S, NIRBI RIS, 1Y —&
SNGTE L AT BB 30 DU s R
IR, R30S £ 7= 71 (Hautier et al., 2009). iE
PF I A2 B b A T B 0 T B T B, NFR I 2 A I
TR 2B KOG, AP AR s s s 3R
N ZIANRR, B A VLR A B fE, (2
BT LA AINT R IR R, A E R
A XENTR N SR E 5k . (4)ABFFH, H A
YVEEERRZELRM T EMRENR, WM
HE VAR RN 2 4F 1R 4 R BT 4 A 7= )1 (BNPP), 2%
N P# IR )53 4 72 A2 520 (Chen et al., 2011;
Gao et al., 2011), N P¥s i BNPP ) 5 e ik 75 £
— BRI 7T, DS HERA T4 B PPN P IN
XoF AT VT M X FE R M R AR A R
KA NAR R R, HIRRAEYE HSE
VI 1¥190%, XN E AN, S8R
B (5R2); TRHE AL AL T3 75 2 B
B, BAEYEENTING BE R n(E3B). B EL,
BHFEARTE —EREE FGE Tz X 1S
WD T AR (L et al., 2016), {EYK 5 B () Hy
bR AEYEIZ LT ORI O AL EE R,
4C, 4D); NSNS, PP B AR B b b AR 2%
FARZE, FIERNRE S B E . R
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R A ST FE RS RGPk, TR AR Bk
FF B kb2 hn s -+ 32N LK (Vitousek et al,
1997). BHE, HEBERKE et HIRE IS,
I TR A WG IR A AR S R G WA IEAS T 1)V
[ i NS N N 1 0 B =% 1 D LAY e e M ke
gy, AR B ) el S S TR B K B (Gibson et
al., 2000; Zhou et al., 2011), ERHE) A Rk 1
BHE T, RS O S B TR A R 8, R PR D
NG B R, Hh BTV S fe o 3R
HAWEYIRAENTTER, B ZRHED 5 AR AR 5
Al LA B 4 22 AR Rk B s = 1 H 1) (Carlsson &
Huss-Danell, 2003; Gruber & Galloway, 2008). X it
YT IRAH K, AT LA Y 5 N B [ A AE R )
GRHEY, WTEZH X RIRFLH T A K A B TS
A5 5 NP IR AR 4 (= B il ) A ] N ) S
TELYDAR S AR AR, (i M P A % 1) 3 e R FEE R A
B8BTS I 7 )5 B, ) R B2 O R R ) B v 45 1
AR AR 5 INYTRE A )T 18 A 5 A b
ARV, BB E SR KA ECHE 77 .

4 L5

SFEMIN. P IIAEG S5 K] (1) N PR nss
A N OR AR B OR BE A W, (R PR 3E A H
(76%) i T NI BE/E 1 (95%); N+ PG A S A
Ve E R R ER N, (e T R R AR
(55 B o JE RIS 5 b R R e S 1) A )
SENTR IS — B I B, 3 e A5 b - A= 4
TN, PUSIIN AR DhRe A ) At b A=)
BHTERE W, Ui IR X 5 R R R )
A A BN PR BRI, 17 PR BR A 0 B
HRFE 7 2 e AR R VA 8 B B B A [RI T AR A o
(2) N. PESINATRAR Bt AR AR AE Y
T0 5 35 MR NS DDA A 52 R b S A ) B 35 8
34%, Ui LEILIY BB BF KSR B A I R AR 7 )
ZNFIRFVE I RE . (3) R AR F AR IR TE
AR ER EIERNO; NS E R N g, iR
B B (03 b N R R A ey S 1
NO3-N & & 2 3 IEAH G, i B 1B Bk 52 55 i 6 NS
T S B s AR, 3 A R R N R T R
PR S AR A b AL A SR R 0 R ) OB R 1

ZE PR, NS 5 e R PR 5 I 1 [X ey 8
JEAE B AR A 1 S BRI R 7, IR B il AN 4Bk AR AL
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