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Abstract

Aims The carbon (C), nitrogen (N) and phosphorus (P) stoichiometry (C:N:P) of soil profoundly influences the
growth, community structure, biomass C:N:P stoichiometry, and metabolism in microbes. However, the relation-
ships between soil and microbes in the C:N:P stoichiometry and their temporal dynamics during ecosystem suc-
cession are poorly understood. The aim of this study was to determine the temporal patterns of soil and microbial
C:N:P stoichiometry and their relationships during ecosystem succession.

Methods An extensive literature search was conducted and data were compiled for 19 age sequences of succes-
sional ecosystems, including 13 forest ecosystems and 6 grassland ecosystems, from 18 studies published up to
May 2016. Meta-analyses were performed to examine the sequential changes in 18 variables that were associated
with soil and microbial C, N and P contents and the stoichiometry.

Important findings (1) There was no consistent temporal pattern in soil C:N along the successional stages,
whereas the soil C:P and N:P increased with succession; the slopes of the linear relationships between soil C:N:P
stoichiometry and successional age were negatively correlated with the initial content of the soil organic C within
given chronosequence. (2) There was no consistent temporal pattern in microbial C:N:P stoichiometry along the
successional stages. (3) The fraction of microbial biomass C in soil organic C (QMBC), the fraction of microbial
biomass N in soil total N, and the fraction of microbial biomass P in soil total P all increased significantly with
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succession, in consistency with the theory of succession that ecosystem biomass per unit resource increases with
succession. (4) The gMBC decreased with increases in the values of soil C:N, C:P, or N:P, as well as the
stoichiometric imbalances in C:N, C:P, and N:P between soil and microbes (i.e., ratios of soil C:N, C:P, and N:P
to microbial biomass C:N, C:P, and N:P, respectively). The C:N, C:P, and N:P stoichiometric imbalances ex-
plained 37%-57% variations in the qMBC, about 7-17 times more than that explainable by the successional age,
illustrating the importance of soil-microbial C:N:P stoichiometry in shaping the successional dynamics in gMBC.
In summary, our study highlights the importance of the theories of ecosystem succession and stoichiometry in soil
microbial studies, and suggests that appropriately applying macro-ecological theories in microbial studies may
improve our understanding on microbial ecological processes.
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WA HLHb S — K (Sterner & Elser, 2002). 5 ith[A]
I, #%(C). &(N). BE(P)ICERHIM S IEIA T FEAEH
BRSO AN A5 B b 3 3 A 8 A L (Xu et al.,
2013). B RN N EMR B AR A &
C. N. PICmAMAMXFE MAE S, BN,
Bk, AEIR TR SR SR A AR TR
bl [z, AN ]I PR ST TR ) Y FE R E
£ 703 IR TBON P 58 70 3% 16 B AR 7™ A2 5 i) (1 4
BRI 42, 2005; A BEEASE, 2015). /A& LIEHAEY)
A ECH G L IEA N CHIL1.92% A 47 (Zhou &
Wang, 2015), HHEXAFRSC. N PIEHAHIRE
YEFAEZM . 18 AT RS FIR T 7 115
T AE A ET AR T FRAT T 3 i A W A A R AL B
FIATR (8 1E SR A1 F 4% 52, 2016).

H MRedfield (1958) & /il B 1 Wi I A= 40
HAHEERCINP (106:16:1)4H 5, &% FE I
PERT b A 25 R GRIeE 4 Bk DL A DX RUBE (1) A 4 27
THE SRR (3 A5, 2013). fESMRE -, DUE
AR . Z0R . TVEYD . R AA
FHECINPAE R BR AN X RE A SR A S &
G2 AR T A2 4k (McGroddy et al., 2004; Cleve-
land & Liptzin, 2007; Weedon et al., 2009; Tian et al.,
2010; Yuan et al., 2011; Vergutz et al., 2012; Xu et al.,
2013); 7EWF AR I, YangFlLuo (2011)fIHTF 58 %
AR AES RGH S IR R Y AL CNEZ G,
TP T IECNFER M A R G B iR rh 2
AARFFEE . IE R 25 (2015) B 78 R Bl AR M H3EC
N R BEA RRE B8, SO /N Exf+
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iR A 7 2 S () SR e o et . AR RUAE M R
C:N:PI 7 (B4 Ja) Ca T2 i 7T, LAAEBIE 98 R WGl
AW ) R CINIPAZ B R R BRI L AU 1 - I%EpH
. VX RESAEFR 7520 (Cleveland & Lip-
tzin, 2007; Li et al., 2012; Xu et al., 2013; Li et al.,
2014; Zhou & Wang, 2015). Li%(2014)% 4 & ¥4
BRARAR IR E ) A V) ENCP I £ FE % = 5 ka4
Fr s FAVEPD UL SR RN:PRILE FEAE A — 3, ke
2 G I gk ]S, 2 WA 2 1 [X g vy 443 3 X B
ZEIPRR Ao NS RGOS VIS NFR i),
1M J& 52 PRR 1] (Vitousek et al., 2010). #Rif, 2
G E B o R v AR W AR ) B CINP I I
[F] 2 2 J2& 75 AT BLAE 7= 77 70 BR 1] DL Je - 3 G A= )
AW CINIP AR 1 BLAG 3 P (1) I [H) 2 A5 4 R 38 AN
1
TIHECNPAL It BRI 2 B e A AR
Koo BERSH . A ECINP, R A
W A% 3 (Mooshammer et al., 2014; Zechmeister-
Boltenstern et al., 2015; J& IF ;& Al £ 4% %%, 2016,
2017). 40 ZhouRWang (2015) & BR, A= 44E4
B CAE LI LA HLCH BT b BB (kA
gMBC, Anderson & Domsch, 1990)Fif 1-3#C:NfF) 14
T 2 2 U8/ Fiererss:(2009) 75 48 & 0 Hr 4 BR 1 15
Tl A P TV s S N 3R B T R 0 T L £ i A L 438
C:N R i 35 m, 17 5 A AR 40 1 oK Ul B A B
EIAEYECIN (15 vs. 5, Fanin et al., 2013), £+
HECINH AL 3 BUM A VIR S5 K AR = FEBE
A AP ECINPRIR AL R AR S R G0 & AR
R IR AE ) A2 W) & CINGP LA S gMBC [ I 8] 2 25
Al e 5 L CNPIN (Al B A 2 A & A8 ) . Ak,
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Odum (1969) 1A= 45 & i B FLIR 4R th S AL B
RESCRF AR ERE A T B AR g N, R
Odum  (1969) ) A= 2 Z 4t i 5 B N 2 5 A ) i
Fi, FATHEM QMBC 23 il 35 Ik AE Ve B g R M kg
SR, A REHFAIRIE 7S RGBSR
qMBC ¥ I [R] 4% Jmy, (H 3% A — B 4518 (Insam &
Domsch, 1988; Banning et al., 2008; An et al., 2009;
Xiao et al., 2013). [FtiEidE 5 r Hr ik Z qMBCiH
Bk S5 LA AN [F i 92 H QMBC R [0 % Ja) 11 22 3 P A2
o B

AHEFLE S B S Aok B A A DA XS A
AP ECNPRRIE, DRRE LR A&
C:N:PFIgMBCTEAE S R Gu IR AL B b F2 v 1 A2 4k
0L, BB L AR ) AR ) B CINPARIQMBC ) 5
PERII T B)AS; FINHRZR SE-AEIC, N P
THEMPRIC R ik, RATEIE L AN
Q)AL T 2 0] I S AR S R G o BRI,
BT A4 R G & W T 2 NBR &, 15 T
PRI, R Ak A= MNP £ I o vk B 3k A 1 3
(2) QMBC2 BB AR 8 B BERE 3, [AfgMBC

LR ABT TR 1 R I EE A 4

Table1 Summary of the data sets compiled in this study

252 LS I 52
1 WRFBE

11 HiRWE

AW T F1SI Web of Science ¥ ¥ F# (http://
apps.webofknowledge.com) Fil H [H %1 W % 4 &
(CNKI, http://www.cnki.net/), W T H 5 [E A
ANE U A T S I R b SRR 2B R ORI S
R, FEARYE LA N ARAEXS SCHREEAT T I (D) AE
MEFEANEB B, R BN B VRN
BiT R 1E; (2) 2420 2/ D 4R 3E IR A A ) EC
N. PHHEIFHFGER . #420164E5H, 2L 1
AFRAERIBT T LA 184, JL19NEE &A1, Hbak
WEBSRFLIN, HHESRG610 (KL . FH
Originpro 7.0% %1k (digitize) 3 1 $2 B & 46 ~C = &
TR, BB SR R A SO I R RS SR . R
JRAER T ARIE T LR A R, AR R
iR E AR

AHFFC A FEARTE T R AR T I AR R - R
YIC. N, PAHRIII8/ME & T (] ZhAs . B dE:

RPN EERGHRH AERYBY B TSRS E Csoit. Nsoit  Psoit  Cmic  Nmic  Prmic
Reference Ecosystem type No. of age stages Span of successional age (a)
Anetal., 2009 B dh Grassland 8 78 v \ NA V NA
Banning et al., 2008 A Forest 7 27 3 \ NA Y J NA
R Forest 7 27 N N NA \ NA
Cao et al., 2008 FRAK Forest 4 24 x/ x/ NA W v NA
Hu et al., 2016 Pk Forest 5 13 v v NA v NA
Jiaetal., 2005 AR Forest 5 36 v \ NA V NA
Jia, 2006 Bidh Grassland 9 27 v \ V V V \
Jiang et al., 2007 it Grassland 6 24 \/ \ NA W \ NA
Jiang et al., 2009 il Grassland 6 139 \ \ NA W N NA
Liu etal., 2012 A Forest 5 39 \ \ NA W NA W
Liu et al., 2010 XM Forest 7 101 \ \ NA R \
Liuetal., 2013 bk Forest 5 56 N N N N NA
Singh et al., 2001 FRHR Forest 5 58 \ \ \ \ \
Xiao et al., 2013 il Grassland 8 30 v v NA N NA
Xue et al., 2008 Ak Forest 6 31 v v v N N N
Xue et al., 2007 Ak Forest 9 51 v v v N N
Xue et al., 2009 Eiff Grassland 11 51 J J v J
Yang et al., 2014 FRHR Forest 4 49 \ \ \ \/ \ \
Zhuetal., 2012 AR Forest 4 51 v \ NA V NA

Cooit, THEFHLC; Ngit, HIEAN; Pegit, HIAP; Conie, WAV ENEC; Npic, BEEMEMEN; Pric, WAEMAEYIEP. VR IZEE; NARRBUL.
Csil, S0il organic C; Ngii, s0il total N; P, soil total P; Cric, microbial biomass C; Nmic, microbial biomass N; Ppjc, microbial biomass P. v and NA indicate that

the target variable is available or unavailable, respectively.
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THEAWLC (Coon)s LIEAN (Neoi)s HIEAP (Psonr);
WAEDAEYEC (Cmic)s MAEDEMEN (Nmic)
VY EP (Pric); 13EC. NEL(CiNgo)s T3EC,
PLL(C:iPsoi)« 138N PLU(N:Poi); AEAYEC,
NEE(C:Nmic)~ AV REC, PH(C:Prmic)s AEY)
AWIEN. PEO(N:Prio); 38 SHUEML R AT
#7 (stoichiometry imbalances), E[/C:Neoii 5 C:Nmic:Z.
EE (C:Nimb) ~  C:Psoit 5 C:Pic Z L (C:Pimp) « N:Pgoit 55
N:PmicZ FG(N:Pimb), FH LA & 2R )4k 5 2H i 5 %
PR 222 ) 22 S, A 2T NP1 P AR 3R B
PV R B, AR A K R I (Moosha-
mmer et al., 2014); WAV EYECH LIFEANICH
4y R IR NgMBC; A A RN 5 T ANE 5
Fb R IR NQMBN; AP E P EEP o5 L3 4P E 4y
/R HGMBP.
1.2 HESH

N o Bt RS WA SR S B IR AR R B
TR AR 1L, s S50 1 Je AT B AR Sk
o BT WSO B I R A0, A Al X 4L
FEE R R AN (X + 1) (IR B RN %, XARE
T (R T e 4 3@ AR v Ak 3= 52> 4T (standard
major axis; Warton et al., 2006)%3 Mg 5 51 o - 13-
T 2R P AH 5 2 B5ORN 38 B3 ) () 2 R) 4 1 5k R IR R,
REE K TR B 1% 2 B A5 T B 13k AT T S 14
REE/N T 058 B 1% 2 B 45 15 5 10 2R A 17 8 3 ik /)
(Yang et al., 2011). 75 34N [F]35 2 5 41 (1 AH R R
&, 2% metasr i 1% 5 75 15— 30 4 Hir X L
BRI R HE AR A A95% B S X 8], -7
B R T0H95%E 5 X A AL 50, WK %S4
F AR T R R, AP ME N T 0 H95% B
5 X A A0, T3 BH 1% 2 $0 5 2 T 2 0 F2 i 2
EWN; #95%EE X HE 50, MRHZSEEA
WG PERT B BT . ARB D Y ECINP
HE LHCNPAIE EM XK R, FRfEE L HD
BB RS MY Y ECINP S I C:N: P 2R kb
R T RER I Ak SR o R SCER PR 43 Hr
T ] CNPAL T AP PE RN & 7 )
XEAE DR AR S R R . Foh MR B T A1)
SR AR TS M — BT A, BIERAT E
()2 IR R A TR AT T 1) S ol e B e T A 45
SRR . B M R 73 3 HSMATR
Version 2.0% 458 1%, HAhG 43 #r#4 HSPSS 19.0
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LR [ 185 SCHR A1 R A T B R A4
RILAEIEC, N & 53 8 I (7] 2 (R 2Rk R AR
SEEE R T0HIS%E X M50, K 1HEC,
N7 5l A Ve B g T 2 2 1 (B11A) . 5 T 88C,
N&EAFE, BETAEE T Y4 R Bon TP
B 5 5P R 2 T 2P Ok R R R 195% B 15 X ]
50, R HEPY EHAE BRI A S &
A A (EI1A).

BEABEBTHIMERE R LECNSH
B I 18] 2 Ta) 4 M 56 2R ) 2 11 95% B 15 X 8] 4,750,
T A 18 B & 41 13 CPAIN:P YA BE 25 16 5 3k A2 1T
Hom(EAB); kA= & R R L IECINI AR L 5 A
R RY BRI LA NICEHRA K, LR
SIHT L7 T HECIN S VR B N (R 2 A 2R M O R R R Bl
FAB R B R G Fed] A HLC 5 3 it
BEA%(p = 0.003; [EI2A); +IEC:P5H #r it [a] 2 A1 &
PER R PR SN B RV SV DIEAGHCE &R
A (p = 0.001; K2B).

A FTE S Y045 R R s A A Y &
C. N. PEJHE ] Z LR K R AR 1P E
KTF0H95%EF X HAEEF0, RIUMAEEY &
C. N. PBEE & S FE 1 535 18 (K 1A) . 2R, %
A T A I 45 R BoR M E AR CINP S
T I ) 22 R 2 M O R ARL R [195% B 15 X [ 3 A 77
0, TN E Y B CIN:PRE A 8 & HEFE A
PRI A1 5 (B 1B) o 20 AT - BEC:N:PRIBAE P A i
C:N:PHAH I M: & I -3 C:NFI T AE M CIN L 1 55 &
R F 518 K 10 H.95% B A5 [X 5] AN 450, 2
A YA ) B CINBE 25 3 C:N B AR AL T i i A2 4k
(E3); RAEHA BTG T Y45 R SR E A
YIEC:P. N:PHIAIHIECP. N:PZMEX RBIRK
SEHME K T0, {H95% B 15 X A4 570 (K3).
22 EEIREFREVBHTK

53 A4 19 19F164 8 B R 41 [F] i ka7 L3I
WA EC. Ny PE&E, HA 73616, 18716
M B 25T gqMBC. qMBNAIQMBPE & 04 5 5
BEREWE N, 20 BT A EE R AN 501184% .
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o #i5 A FRNRIEZERERTEE TV E Con, THEEMIC, Ny, TIEAN; Py, TIHAP; Corie, TEEMIEMEC; Niic,
A AEYIEN; Pric, MAEYIAEYIEP; C:Ngi, TIEC:N; C:Pgy, TIEC:P; N:Pyi, TIEN:P; C:Npie, TWAEMIEMECN; C:Pric,
W EPRECP; NiPric, T EMIRENP; C:Nip, C:NFLEHH B CoPiy, CPALETH AT AT N:Piy, N:PAL2E
AT, gMBC, MAEMAYECE EHEAHICH ot gMBN, MAEYAYEN S EEANE O H; gMBP, fEME =P
b HIEAEPH L.

Fig. 1 Means and 95% confidence interval of the slopes of the linear relationships between soil and microbial C, N, P concentra-
tions (A), stoichiometric ratios (B), stoichiometric imbalances (C), fraction of the elements in microbial biomass over the total
amounts in soils (D) and the successional age. The dots and error bars represent the means and 95% confidence intervals, respec-
tively; values in brackets are the numbers of age sequences. Cyy, S0il organic C; Ny, S0il total N; Py, soil total P; Cy,ic, microbial
biomass C; Ny,ic, microbial biomass N; Py,;c, microbial biomass P; C:Ng, Soil C to N ratio; C:Pg, S0il C to P ratio; N:Pg;;, soil N to P
ratio; C:Npic, microbial biomass C to N ratio; C:Ppc, microbial biomass C to P ratio; N:Ppic, microbial biomass N to P ratio; C:Njmp,
C:N stoichiometric imbalance; C:Pjn,, C:P stoichiometric imbalance; N:Pjy,, N:P stoichiometric imbalance; gMBC, fraction of mi-
crobial biomass C in soil C; gMBN, fraction of microbial biomass N in soil total N; gMBP, fraction of microbial biomass P in soil
total P.

04%. 100% (HI1C). %4 Fi A7 158 85 F 1ty s 4 S

, e 3 Tig
gMBC. gqMBN. qMBP 5 % i [A] 2 A 2 1 5% R R)

R HE R TF0HI5% EF X B AR50, —H
AR T BRI B ) A B A TP AN
AR P B3 3 52 MgMBC (R2). Ho, CiNL
C:P. NP EAPATVEARERE T qMBCAZ S PE Y
37%-57%, i i £ B [0 A f# R T qMBCAE 57 PE 1)
2%-5%, 1K 7 51 iR T qMBC AL S 1% 1) 26%—
54% (#2).

FrEA 3= 40 2 A 5 T i 45 R i 2RgqMBC
BE#E HECIN. C:P. N:PRIBINT IR/ (EI4A, 4B,
4C). HIt[FK, gMBCILBEAEC:IN. C:P. N:P{LE 1t
AN 0 S DG OC R (BI4D, 4E, 4F).

31 TIEBRAEBCEITEHREEIE
ABRGRAER R L IEC NI A1 R
DRI AS [R]85 7 80T S o AR BT 96 Hp 1 358 C N 9 8
] 2 A 26 1 o R AL AI95% B A5 X H AL 50 (K1B),
F W] L IECINTE A3 5 1 R rp A IS AR AL
# X 5YangflLuo (2011)8 & EERARMAES
RGP AEEE SRR EC. NS R
], IXuegh BB R AR I AR R IEC, N2
A o 3E— 25 AT R, HIEC NS JE B I 8] 2 (8]
AR R R R S5 M R B T A ) LA HICE
= AU (E2A). i, Spohn%s(2016)id# it 7
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B2 HEEBYIGEENCEEMLIECNP S ALK R
REEMK R,

Fig. 2 Correlations between the initial contents of soil organic
C and the slopes of linear relationships between soil C:N:P and
successional age.

BT AN RIS 20048 )35 #5 2 51 1 3ECIN:PAL
THE N 048 H R 3 B AT 404F L3R R CINR 25 19
1M A04F LUJS HEACRIFIE E o X o 45 FL 2 B I SRV %
o6 LA PLCE BARME, A2 bEH S AT+
BCNS R E G, fE0F It L C NI (8] 3h 2
i B EYIIR LA MICEH RN ARSI TT4S
R IR P B 51 3ECPAINPY I N (K1B),
X HIEPASLC, NIRFERFEE YD E1E
PR E PR N AR R I CL NAS s A 328,
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E3  ANFEEE 75 LIECN PG YA )& NP2 1 ¢
RRRNFEFI95% BEAF X (6] . Bl AR Z L5 5 R
R EANIS% E S X M. HPALTRIE S A B 7R iRiE
ARG TN CiNgit vs. CiNpie, TIECINSHIE
PIC:NIFZNE T 2R CiPeoit VS. CiPmie, TIEC:PSTMAEMICPIY
MR R, NiPgir vs. NiPpie, LIENPEHEYINPIIZ K
%o

Fig. 3 Means and 95% confidence interval of the slopes of the
linear relationships between soil C:N:P and microbial C:N:P.
The dots and error bars represent the means and 95% confi-
dence intervals, respectively; the values in brackets are the
numbers of age sequences. C:Ngj VS. C:Npic, relationship be-
tween soil C:N and microbial C:N; C:Pg vs. C:Pyic, relation-
ship between soil C:P and microbial C:P; N:Pgy vs. N:Ppic,
relationship between soil N:P and microbial N:P.

M 5 35 1= 38 C:P AITN:P ) 38 il (Vitousek et al.,
2010).
32 WMEYHREBCFEITTELR RN

TN e BE R CINCP ) A8 e, T AR ) e i
PR S A ECNPHATIER, R A=
C:N:PRfi#5 T IE BT JECNPI I Iy 20— e R
(K384 i (Mooshammer et al., 2014; J& IE & F1 F 4% 5%,
2016, 2017). AT, DAEEES AT AR IUAED)
AW ECINPAI - IECNPI IEAH G R R, T kKM
T A A ECINP R AW X 2R A0S fige R 11710 7
(Cleveland & Liptzin, 2007; Li et al., 2012; Xu et al.,
2013; Zhou & Wang, 2015). AHF 7831t 2 37 AN [
B 58 N A A s CNCP AT 3ECIN: PR A S
DAHERR S R T e, 25 3R BoR A RIE B 7 51l
A FECNSH N - HECN (7] 2t 6 KRR
(1T 35186 K T-0 H95% & 15 X B A 570 (K13), A
T P& C:INBE A 4 CN AR AT P AR AL .

5A ARG R, RERITFRERE R
HEN:PRE S A S R L I, (H R A
VA=) BN P I AN BE A A e A R 2 I (1
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F2 T SURNERRL I B B L A Z T AP PERIAN A PR A XA A A R
Table 2 Summary of the results from a general linear model showing the integrative effects of successional ages, stoichiometric imbalances and individual

sequence on microbial quotient

Pagsi! SRR Rt df F p J5 ZEfRRRE
Group Factor Sum of square Explanatory rate of variance (%)
C:N JHE B E] Successional age 18 1 28.1 <0.001 2
CINLEEHEA P C:N stoichiometric imbalance 319 1 484.8 <0.001 37
MAFF Individual sequence 46.5 17 416 <0.001 54
w7 Error 6.2 95 7
c:p TR Successional age 0.4 1 15.1 <0.001 5
C:PiLET A4 C:P stoichiometric imbalance 37 1 157.6 <0.001 57
MAFF Individual sequence 1.7 5 143 <0.001 26
w7 Error 0.8 34 12
N:P A Successional age 0.4 1 9.8 0.004 5
CINLZEHREA P C:N stoichiometric imbalance 2.7 1 73.2 <0.001 41
MARF Individual sequence 2.3 5 12.6 <0.001 35
w7 Error 1.2 34 19
) -3 )
=2 -1 0 1 2 3 -4 -3 =2 -l 0 1 2 -3 -2 -1 0 1 2
C:Ni., C:P.y NP
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Fig. 4 Relationships between microbial quotient (qMBC) and soil C:N:P and C:N:P stoichiometric imbalances. C:Ns;, soil C to N
ratio; C:Pg, soil C to P ratio; N:Pgg, soil N to P ratio; C:Njm,, C:N stoichiometric imbalance; C:P;.,, C:P stoichiometric imbalance;
N:Pimn, N:P stoichiometric imbalance. The dots in the black box are outliers.
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