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Abstract

Aims  Soil microorganisms in forest ecosystems play vital roles in regulating above- and belowground
ecosystem processes and functions such as soil nutrient cycling, litter decomposition, net ecosystem productivity,
and ecosystem succession. We aim to investigate broad-scale seasonal patterns of soil microbial biomass carbon
(C), nitrogen (N) and phosphorus (P) stoichiometry.

Methods By synthesizing 164 samples of soil microbial biomass C, N and P content derived from the published
literature, we investigated global seasonal patterns of soil microbial C, N, P content and their ratios across three
vegetation types of global forests.

Important findings Soil microbial biomass C, N and P content in temperate and subtropical forests were lower
in summer and higher in winter. Soil microbial biomass C, N and P content in tropical forests were lower than
those in temperate and subtropical forests in four seasons. Soil microbial biomass C and N content in tropical
forests were relatively the lowest in autumn, and soil microbial biomass P content was relatively constant in all
seasons. The soil microbial biomass C:N of temperate forest was significantly higher than that of other two forest
types in spring, and that of tropical forest was significantly higher than that of other two forest types in autumn.
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Soil microbial biomass N:P and C:P in temperate forests remained relatively constant in four seasons, while those
in tropical forests were higher than those in other three seasons in summer. The soil microbial biomass C content,
N content, N:P and C:P of broad-leaved trees were significantly higher than those of conifers in four seasons,
while the soil microbial biomass P content of conifers was significantly higher than that of broad-leaved trees in
four seasons. There was no significant difference in soil microbial biomass C:N between broad-leaved and
coniferous trees in both spring and winter, but the soil microbial biomass C:N of coniferous trees was significantly
higher than that of broad-leaved trees in summer and autumn. For the change of soil microbial biomass, season is
not but forest type is the main significant factor, suggesting that the seasonal fluctuation of soil microbial biomass
changes with the inherent periodic change of trees. Asynchronous nutrient uptake by plants and soil

microorganisms is a trade-off mechanism between nutrient retention and ecological function maintenance.
Key words microbial biomass carbon; microbial biomass nitrogen; microbial biomass phosphorus; forest soil;

seasonal dynamics; stoichiometric ratio
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Z(E): Py Y AR KR AEC IR T
Pt IR AR B, T BRI L
TR S AN F7 o R A v H R R
Y FEIE IR R P E IR UR, EAIN g
E IR B T 554 55 R (Singh et al., 1989; Harte
& Kinzig, 1993; Kaye & Hart, 1997; Terrer et al.,
2018). IXMHE A TR BB B2 0% B B -
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AR TR &
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Providing for plant uptake)
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FIEH BB Soil organic carbon
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(B ESF T
Outcompeting plant uptake)

B Fh A RS YA SRR YR S A HORIR RIS . — T A R VE O LSRR A A KR S SRR,
I L SRE Y o R P A R L B A KA, e R BRI AER . 55—J5, R RCR R 20 Z I, &
I B XA R R B4 H Zak%5(2000).

Fig. 1 A conceptual model illustrating the links between plant and soil microbial activity in terrestrial ecosystems. On one hand,
plants and microbes are mutualistic, since plant residues constitute the main substrate for microbial biomass that in turn produces
inorganic nitrogen used by plants. On the other hand, their interaction is in competition for soil nutrients, N in particular. The com-
petitive interaction is regulated by the relative distribution of roots and microbes in the soil, but it also depends on the pathway fol-
lowed by the mineralized N. Redraw based on Zak et al. (2000).
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CEHE NEE.NP.CPHHEMARES RS, H
CNEHAMRMAES RGE A REZ5H(p > 0.05).
TR T AR CRLAE A AR AR I AE M AR 2P
HLHAMSRMAES RS m, HN:P. C:PHLH AR
22 FERFEBHFRTIEHEMENESIFNERFH
xEH

AR LIERAE) AP EC, N, PEE
5MAT. MAP. pHff. SOC&&E. TN EMTPH
EIA TR (ER2): W T HrE SRR AL A
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Table 1 Soil microbial biomass carbon (C), nitrogen (N), phosphorus (P) content, C:N, N:P, C:P for each forest type across global forest ecosystems

FRIIEHL Forest type

EY M Microbial biomass (ug-g™')

WAEY EY)E EUAE Microbial biomass ratio

C N P C:N N:P C:P
i 2A Overall 629477 (80) 98+ 81 (66) 32£26(34)  6.9°£2.5(65) 54+82(33) 26.4+25.0(34)
HE A EFH AR Temperate conifer forest 570+ 307 (14) 76" +49 (13) 76+ 41 (5) 7.9+ 2.4 (13) 13£00(4) 13.1£9.9(5)
W7 RE AR Temperate broad-leaved forest 795%+£551 (12)  94°+ 57 (11) 54(1) 7.4°+1.9(10) 1.3(1) 8.6 (1)
W H#GTEFH AR Subtropical conifer forest 347°+£125(5)  35°+9(3) na 8.3 +2.6 (3) na na
VAT R AR Subtropical broad-leaved forest  971%+ 650 (17) 186"+ 94 (11) 2811 (7) 5.8+ 1.7 (11) 9.1+3.5(7) 53.4£222(7)
AR Tropical forest 454°+£303 (32) 82°+78(28) 22+10(21)  6.5°+£2.7(28) 52+9.7(21) 21.5+228(21)

BUERITBHEARMERE, 185 P REAL, ARK/NS PRSI EA BEEER(p<0.05). na, TR

Values are mean + standard deviations of four seasons. Sample numbers are shown in parentheses. Different lowercase letters indicate significant differences

among forest types at p < 0.05. na, not available.

R SARMNRB LI EMEBR(C) BN BHP) & B SIS

Table 2 Correlation coefficients for the relationship between microbial biomass carbon (C), nitrogen (N), and phosphorus (P) content with environmental

variables on different forest types

AR Forest type

EPSI MAT  4FREKE MAP pH

+IEEAHB SOC HEEEE TN LA TP

TR

T

T

T

WAEMEMEC  Fire KA Overall —0.247 0.037 —0.117" 0.671 0.582 0.461
Microbial R AR PN —0.165 0.361" -0.561"" 0.858"" 0.838"" -0.105
biomass C Temperate conifer forest

IR R AR ~0.084 0.116 0.138 0.704™" 0.696" 0.437"

Temperate broad-leaved forest

Y HGHA 0.087 0.231 -0.327" 0.303" 0.173 0.003

Subtropical conifer forest

G A i bk -0.208 0.249" 0.285" 0.614™ 0.640"" 0.505"

Subtropical broad-leaved forest

A AR Tropical -0.172 0.289" -0.350" 0.549™" 0.609™" 0.625™"
WAEYEYEN g2 Overall -0.226™ 0.085 —0.047 0.535™" 0.588™" 0346
Microbial TR —0.248 0.246 —0.285 0.638™" 0717 —0.424
biomass N Temperate conifer forest

T R AR 0.039 0.059 0.355™" 0.481"" 0.597"" 0.428"

Temperate broad-leaved forest

TP IS £ bR 0.180 0.517" —0.498" 0.037 -0.007 ~0.340

Subtropical conifer forest

G HH i bk ~0.419™ 0.217 0.123 0.672"" 0.676"" 0.201

Subtropical broad-leaved forest

PAHIARA Tropical forest -0.262" 0.205 -0.339" 0.610"™" 0.691" 0.633""
WAMAEYEP i Overall —0.555"" -0.323" 0.363"" 0.215" 0.263" 0.474™
Microbial NG N 0.891" -0.147 0.351 0.943" 0.918" -0.839
biomass P Temperate conifer forest

IR R AR 0.434" —0.434 0.375 0.591" 0.776"" 0.638"

Temperate broad-leaved forest

P Pt -k 0.154 0.287 0.442 0.806 0.867 -0.331

Subtropical conifer forest

P A N 0.311 0.284 0.348 0.599" 0.643" 0.542

Subtropical broad-leaved forest

TR Tropical forest -0.082 0.024 -0.397" 0.245 0.303 0.347

*** p<0.001; **, p<0.01; *, p<0.05. MAP, mean annual air precipitation; MAT, mean annual air temperature; SOC, soil organic carbon; TN, soil total nitro-
gen; TP, soil total phosphorus.
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Fig. 2 Seasonal dynamic changes in soil microbial biomass C, N, P content and their ratios in three climatic forest types including
temperate forests, subtropical forests and tropical forests (mean + SD). The asterisk designates statistical differences (p < 0.05).
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Fig. 3 Comparisons of soil microbial biomass and their ratios in three climatic forest types including temperate forests, subtropical
forests and tropical forests (mean + 3D). Statistical differences are denoted by different lowercase letters (p < 0.05).
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Fig. 4 Box-Whisker plots showing the differences in soil microbial biomass between coniferous and broadleaf forests at four major
seasons of spring, summer, autumn and winter (mean + SD). Statistical differences are denoted by different lowercase letters (p < 0.05).
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R3 FWHARMEBIUA T 75 72 73 Brovd 35 A= 22 W i e S LA R 22 LR

Table3 Two-way ANOVA analysis on the integrative effects of seasons and forest types on soil microbial biomass and their ratios

KiF Source WAEMEYECE & A ENE & A Y EPE &
Microbial biomass C content Microbial biomass N content Microbial biomass P content
df. MS F df. MS F df. MS F
AR Forest type 2 1135927.6  4.04 2 90 638.4 1341 2 207564 5232
Z=7 Season 3 172792.3 0.62 3 3484.8 0.52 3 1142.8 2.88"
LAY x Z75 Forest type x Season 6 123876.6  0.44 6 2794.1 0.41 6 535.8 1.35
%7 Residual 264 281 003.8 216 6761.1 105 396.7
HKIE Source WA A ECN AP A Py NP WA A ECP
Microbial biomass C:N Microbial biomass N:P Microbial biomass C:P
df. MS F df. MS F df. MS F
AR Forest type 2 93.1 7.76™ 2 430.5 718" 2 11 677.1 6.20"
Z=45 Season 3 17.9 1.49 3 6.8 0.11 3 245.8 0.13
PRI x ZEHY Forest type x Season 6 34.7 2.89 6 20.3 0.34 6 649.4 0.35
% Z Residual 211 12.0 97 60.0 101 1884.1

df, HHE; MS, B2 F, HZEE., ** p<0.001;** p<0.01;* p<0.05. ZI: FFE, EFE, KT, &F. B BHHAK, TR

AR

d.f., degree of freedom; MS mean squares; F, variance ratio. ***, p < 0.001; ** p <0.01; *, p<0.05. Season: spring, summer, autumn and winter. Forest types:

temperate, subtropical and tropical forest.

To MR TIRRUAEY AR A HNER
JE FAZE AR o
3 itig

AT TR I I A Y A Y E R B S
IR R X E TR TE S URMOR I AE KT A G, 1R
T AR AR HGHT BRAK 1 L 3 A W 2 1 21 AR L ps
JR A R IR AR KRR R mKCE, Tk A
W NAE KR R IX 5 H At — g Ay AR AR
L4 H (Brookes et al., 1990; Lipson et al., 1999; +
[E 5, 2008; XA E AL 5, 2010; FHBL%,
2017)—5. ATREMIMEREN: MKEREFIEDHA
NAZELIRAERIE T FE AR . RELX
FRIRRM, (T REHEE S N LIRS AR
e LI AE I E KN E S . AN, HTAEK
i, AR YA SS, H YRR T T e
HRAK, ERIRAEE ML 2 Nt Re4E R B s 1
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Y ES . ESRNA SRS, REE
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mann, 1976; Singh et al., 1989; Groffman et al., 1993;
Zak et al., 1993; Kaiser et al., 2014).

Ty ARAMIE Py SRR I L 1) R 3 i A M A
Wy A v BAR A Ry AT gk — 0 BR A 9 Z= s 1) AR
BRTEE., SR FELREZ. b
IK A S S A0 S R AE AR N AR A . IR
AW B A 4 2208 B B K AH (Brooks et al., 1998,
Lipson et al., 1999, 2000, 2002; Schmidt & Lipson,
2004), & TAEAT, HRE MR R EDEAERS
7 o 1 I L & LA 5 2R B (Brooks et al., 1996;
Lipson et al., 2002). 3Kz~ T35 4 V) Bhm ik
AR B RVE T ARG R & 5N, T ARk,
P AR R 2 O BT - 1R Ve R AR AERK R, 4
M EAY)E AT B R ARRR K I fize, A 2 At
Y v LR gy, BV 2 AT AR SE T IRAE
PR NB 8 . TR R T R B T 2 B
TR AR JEE TR 2T 4 2 R ] I 1P ik £ 4 22 1 B T (Lipson
et al., 2000), AIM-FEUE = B HIERMED L .
H—JiE, AFELBAEY T REFTHRE, SR
FRRBAR, T 51 A T W R Atk W Y 3 I 3 P R
i (Scott-Denton €t al., 2006). TIEAF 3k H TR
AT TR T8 ) FRE B Dk 2 T L 2 3 R B R 8
B, TERE AR IR AT AR g B AR A M v Jo UK s i) — b
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R, B7 bR B 2 H AR )44 4% (Scott-Denton et
al., 2006). [ith, 358 A (0 ATV I B A A ZR I
I, B R AETE LR 550 6 6 A Pe i 7 SR B AR 1 B
oo SRk, We&/ AR, BT R R
BRE IR, AHT] R 2> ZLARRE A7) A0 - S5 0 AR ) 2 B v
B0 ERR AT IREUE . T R IERE M A B R
ZEIR B e/ ME, TIATRER T 7 E Zxf LR
O3 B KB T SR PR ) T A S A Mk 3R o B R
(Harte & Kinzig, 1993; Kaye & Hart, 1997; Barbhuiya
et al., 2004), LIEGFAEY) ST RN FR 5 BN
A FHEELEMAYEC, N, PEERIK.

Py AR LI AE D A R A m B T
WA R A RAR R . R LIERE D)
BECHMNG BEEKEG R T B, MLt
WY EPE &R A IS W RERIERE
Py £ E MK, AR Z WA E R, W AR
EJUF A /T, e, 4. B SR
B, i IR FAE T RR (5% 00 1 AR AS AR SR
IR A BB AR Y T B EE
(15750 B R ANt 77 )2 (Singh et al ., 1989). 4 FF(fik
JE BRI )R I, AEIAEX ANIEER, A BEA R
W U 9%, 3K A o R AR W 2B R A X
T 2Ry 2= (i R R IS SR, 3R P R T
BRI, SRR IERE Y A R A B
fi(Singh et al., 1989). LUHZIR T AR #4 AR bk
KeUt, PR ELL T AR, RIREA S
BA), M 2R LIRS Ay IR RE 2
] 597 S0 4 RN, S B0 ARAR I 3B AR
Wy A A B AL T U T AR AR s AR AR, JF HLIY
ZHEAEN A VR AP K, ST A
o JIAR, BF MR FE AR A A B
A FE S 3, ABAE VYR B T — 5, W RE R
BT AR VA 2 S A R E R T IR AR
JRRAE, XY TARME R, 5 5 ST AR TR I
R, RS T L, IR E
BN S LA R AT R APIR DL R R
XEFFHITES S FEIR A DL AR BT
AR, R LIRMAEY EEED A KF4ERERIK
K-, T AE R R 2= 4 457 7E B0 7K P (Kaiser et al.,
2011), FATBRK S5

IR EY AV ECN I T 3 B A4
B I L (Fauci & Dick, 1994). 3t v&:
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AP AR I AR IR Y AE Y EN:P
C:PAEE 2= T HABIANZEY, Rl #4s Fopk &=
B JMKHAX A, 2 — N ZPRHMNAESRSR
(Li et al., 2014), fEXE 2=, W THEY)PHERE LKA
KR FN AR AE AP PR SR I N, 1 Lk
TR A YA T PR A, R LS A P T R
Ik Ef L3 R .
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