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Abstract: Biological soil crusts ( biocrusts) are ubiquitous living surface covers in arid and semi-arid regions. The
succession of biocrusts exerts significant influence on soil nutrient cycles owing to their functions of carbon and nitrogen
fixation. Therefore, soil ecological stoichiometry characteristics are likely to be affected by the succession of biocrusts. To
explore the effects of hiocrusts on the contents of organic carbon (C), total nitrogen (N) , total phosphorus (P) , and their
stoichiometric characteristics, biocrusts in six successional stages, totaling 59 sites, were chosen from the hilly Loess
Plateau region. Biocrusts and subsoils (0—2 c¢m, 2—5 cm, and 5—10 ¢m) were sampled at each site. The contents of C,
N, and P were analyzed and their ratios were calculated. The results showed that biocrusts significantly affected the contents
of C, N, and P, and their ratios, which resulted in differences between biocrusts and the soils beneath them. Further, the

differences increased with the succession of the biocrusts. The contents of C, N, and P significantly increased in the
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biocrust layers, which were significantly higher than that of the subsoils (0—10 c¢m). The contents of C, N, and P in
biocrusts increased by 161%, 127%, and 9%, respectively, in the later successional stage compared with that in the
earlier stage. The ratios of C/N, C/P, and N/P in biocrusts were all significantly higher than in the soils beneath them
(0—10 cm). Variances of C/N were lower than that of C/P and N/P, with a range from 10.0 to 11.8. The C/P and N/P
ratios in the later successional stage of biocrusts were 2.4 and 2.1 times as high as that in the earlier successional stage,
respectively. The slope aspect was the major influencing factor for the ecological stoichiometry characteristics of biocrusts.
The ratios of C/N, C/P, and N/P were positively correlated with moss biomass and negatively correlated with soil bulk
density. The recovery of topsoil nutrients was improved owing to the succession of biocrusts and the improvement of recovery
appeared to be limited to a maximum depth of 2 ¢m under the biocrusts. Owing to the significant influences of biocrust
succession on soil nutrients and their stoichiometric characteristics, and the differences between biocrusts and their subsoil ,
biocrusts play a crucial role for ecological restoration in arid and semi-arid regions. The results reveal the contribution of
biocrusts to nutrient cycles from the perspective of soil stoichiometric characteristics and the study provides scientific basis to

the ecological restoration and management in arid and semi-arid regions.

Key Words: moss; cyanobacteria; carbon; nitrogen; phosphorus; ecological restoration; arid-and semi-arid regions
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Table 1 Characteristics of the sampling sites grouped by successional stages ( mean+SD)

i . e HAEYA , MBS B A
A E R FEHIER BRI R n %% ek AW e R nee
. . Cyanobacterial . } Bulk density
Biomass Number of Moss biomass/ K Vegetation Biocrust .
classes sites (g/dm?) biomass/ cover/ % cover/ % of biocrusts/
(mg/g) (g/em?)
1 4 = 3.67+1.10 40.0+13.5 89.0+8.9 1.29+0.02
2 9 1.71£0.05 5.68+1.10 57.3+£19.6 86.0+3.0 1.16+0.06
3 17 2.91£0.12 8.20+1.93 50.6+17.6 90.7+3.1 1.10+0.03
4 13 3.31+0.05 7.46£2.77 70.0+5.0 81.7+9.3 1.11+0.03
5 9 4.31+0.12 8.29+2.13 54.5+20.5 80.5+0.7 1.13+0.05
6 4 8.84+0.27 — 58.8+8.5 73.8+£5.0 1.12+0.02
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A Chla HIERHSE o S (mg/g) ;o Ml E,q 01 2 BOUR PR LT T3 1K 665 nm F1 750 nm Ab A1
TCAE 3 Ages 1 Aso 23 B A HEBUR R AL S T3 K 665 nm 1 750 nm AL FIMEGAE ; V I AEBORAIRFR (mL) s M Jg K¢
i (g) .

FHEFE KRB FEEC(NRD) 17 ASE R R X BRSO - 4 € NP i MR T A AR 2 AR )
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Fig.1 Influences of biocrust succession on the contents of organic C, total N and P
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Table 2 Effects of biocrust succession, soil depth and their interaction on the contents of organic C, total N and P
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AR+ BRI 2.481 0.001 0.173
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P +2RE 62.590 0.000 0.482 0.714
AW x R 1.519 0.091 0.113
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Fig.2 Effects of biocrust succession on soil C/N, C/P and N/P
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Table 3 Effects of biocrust succession, soil depth and their interactions on soil C/N, C/P and N/P

F&HE Ttem K2 Factor F P 1 n? Partial n° R?

C/N A e R 5.030 0.000 0.130 0.468
TRERE 32.066 0.000 0.323
Y TR 1.490 0.101 0.111

c/P A= W45 B R 12.748 0.000 0.275 0.828
T RIREE 201.287 0.000 0.749
Wi x 1R 2.687 0.001 0.184

N/P AP Es BT 16.850 0.000 0.334 0.796
TRERE 152.951 0.000 0.694
Wyt x A R 1.468 0.109 0.110
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31 WS EEEX LI C N P Ea AHAE R . _ _ _
e o stoichiometry characteristics and biocrust, topographic and soil
FEAIE ) 5 M)
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i BRI S R B (B4 P AN (AP ) BEAE A= W4 B AR 2 L5 1 ka4 | SR AR AR W45 B Y
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PRI 5 EELS B C N P AL AR Lo i TR R4 B, X S AR TR 45 R — 2, Ul JCi8 2 () g
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Soil bulk density
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HR LR e b AT S b M A LS5 i, Figd Effects of biocrusts on the recovery of soil nutrients
BF T X RE R TS )2 TR ERE

WG K R B E RN (3R 1), [l 3L BB R 1™ S 2 e A i M 2 3 v B 50 B A A 45 B v
Boxf A s R R R

R4 TRMBREME R TENFITERHE

Table 4 Soil ecological stoichiometry characteristics of biocrusts in different areas

o P — p o
R IE T R 79.5 WA 6.9 9.7 1.4 [25]
Gurbantunggut desert wELE I 8.7 18.1 2.1

s A LY 186 gk 115 12.7 1.1 [18]
Tengger desert wELE J 13.2 26.0 2.0

Eﬁ I;L:'lffy - 364 #ELE 10.1 37.3 3.8 [26]
ELEDH 400 BhLE B 9.4 10.0 1.1 [27]
Mu Us sandy land fE 4 10.9 24.4 2.2

L REREX 500 PG5 10.0 10.1 1.0 AHIFFE
Hilly loess plateau region #EZY 11.8 24.3 2.1

AL R ET AL C M4 N EFEAERZSREIEM, &R THTZE 0—10 cm 13, L2 FHE
WSS BRI (E 1) MAWE B P g E A ML C Fds N /N, e 3R R
WEHITEMR (1) o AW B R IER I N H A BAE X 3 C NP & B 152 0 L[R]3 A= )
g5 R R L T A B R EHOR TR TR R C N SRR T AESS R B L L2
W BRI ZERER (F 2 f3) %t PAYSEmREFANE /N X T AES 458 P & i EEBOR T LR A |
WSS XA HL C R4 N AR HJRIREE A2 EcA B, AT LR 0—2 em HHEA ML C Fle N &, Xl
AES[E C FMIE N AR RA E, 13 C N P f2a it B Reik i 45 5 [RIREIE B AR W 25 K2 i 7 i B
HEYERIZSH TR TR EREER, D E S AW R s B R (K 2) , EWd ke +
HEURE K HAE B AR A A2 E T RAE A i U B A 45 B2 C N P AR PRI R 2R B 2 57
L T AW A R S AR H AR B ) C/P B N/P TR I 2 5 T2 H R 2 SRRk (% 3) . Ik,
WA AR T R T R X A MR A g, S T 2 R i 225 S A Rk i AR AR IR
3.2 WS RO R T R X A TR I AR

3 C N P b2t bR e N C NP IR R EAR AR, & 3 C NP P AFRAAE 1 —
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HEESH WA LAER C N P & ILVEFH R AR R 84525, 13 O/N J& L3RR I URIE bR,
M - HL C AT N BOOERR Y, — ok, 138 /N S PR E R LR AT R A Y4
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AR, (E AR AR B A K, AW 4G R R I 3 C/P 2908 10. 1, 5 TR) DX AR AR R D IX 3T (5. 5—
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[F] X SRARARIX (12.6) 21 Ui BB A W45 B AR RR BRSSP A MR RRA , e 0T e & S 44
FH o 4 B RS T G P ORZERRAE KDY (B AT RS & B AR 4k i v] D i ) L 4 45 A R A 2 (0 7
B PP XA RE S A Wk e R | KR pH AR R R AR M4 R 1 Al DA 1 R R B A
AP TFEM LR,

THER N P YA KO HNT FEF LR MAES RGP RE LRI TR, —H 2R EAH
BRIAHEAE T, BRI N/P VR R R GE N P F2 0 BRI — N 8bn ., AR5 R, A4l i g ad b N/
P WM, BEE TSI (4 FRE)N/P BTRE,, @& IR R th RIFEAEAE C/P F N/P BlAE 4
TR TT 0B N B RA 3 Ak K2 N/P(1.0—2.1) 38 5 T ) AR AKX 0—10 em +3E(1.07) 2,
(AR U0 B I 5 2 A 235 Bz 1) R R (R HE RS | 76 A IR R I E 46 e 3T se 2532 8 P i RR .t TAEY
S5 e [ E C RN B IRYE , 2 e E R IG5 N/P F5 S — B F 5%, S U0 [R5 T RE AR R A 45 e 2 5
JE BRI A4 A 0 5 97 43 0 2 1) HLAR LR A P I, X AR 45 I N T IR B A — 2 T8 S R 3L,

3.3 WSS R ET R T R X A SR E iR

TR T S X R SR R A A R, S RGNS . RS B A T R S AR R B R S AR
T L 15 AR Dl R I, 2 W% B 7 5 bR 8, W9k 70% L BT ek R R X A K AR B RS
B R EENNER . 38 AR 2 R X A R A IR IR s & B, A A B R T AR b
R LTI (E 4) X S5 S AR E A BT HE C N P 37400 BRI HAE Y4
TR AR IA TR A, 25 2 TBUR A PTIKE  IRE R AR T AW 2 X 5 & SEAE Y R 52 407 491
ISR SR T R, Z SR ZESRARL S TR KRR C M N AR R B RIIIR AT 2
R RS REHIWE . (AW S5 B0 WK A 232 EERA R, AT DR E R 2
em HIEMVKEE (K 4) o BEZE BT RIE K A= 45 fe e 2R B RE R A 238, BAZEAS [ A S X5 ) 72
RS — BB — 5, (AAEYEE e 1)k B R AR S Ae e b3 BN 3R 0y e M SR IR BT E I 412
WS REMRE o Hit, HAEA T2 TR X EE R, B AIE % X R R R T R X A S E
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LEG RS e HE ¢ NP S B AR AR R AE G R T LU B, i T A s B VR, IR A
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e AR S AT R RS W, LA K U 4 B A= ) 4 By 7 55 ) 3 TR Bk — RS, A, o Ak AR R AR AR
FRIBIF S 1] BESEAR 2R A W 45 B %o bR A 2018 B 52 1 (1) — A W] BRI iB A2

4 INEK
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(1) B =25 B, AR W02 B2 R C NP 3 R S5, R S 0 T 161% ,127%
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(4) LW B g R 2 IR MR SR Bl 2R 2 em £JR

(5) 38 i x4 Bz A A2 E TR RR AR A B 5T n] BERE RS 48 7 T 5 T S X AR W 45 B Xt 3R 0 34
AR TTRR , 0 A KO A BB A Hl

22 3L HR ( References)

] Zhang L X, Bai Y F, Han X G. Application of N: P stoichiometry to ecology studies. Acta Botanica Sinica, 2003, 45(9) : 1009-1018.
] WEE, BRA SR AR RO IRR. MRS EMR, 2005, 29(6) : 1007-1019.
[ 3] Michaels A F. The ratios of life. Science, 2003, 300(5621) : 906-907.
] g, TotE ABRERABTR NS RHE. 42352440, 2008, 28(8) : 3937-3947.
] Zhao Y G, Xu M X, Belnap J. Potential nitrogen fixation activity of different aged biological soil crusts from rehabilitated grasslands of the hilly
Loess Plateau, China. Journal of Arid Environments, 2010, 74(10) : 1186-1191.
[ 6] Belnap J. Nitrogen fixation in biological soil crusts from southeast Utah, USA. Biology and Fertility of Soils, 2002, 35(2) : 128-135.
[ 7] Belnap J. Biological soil crusts in deserts; a short review of their role in soil fertility, stabilization, and water relations. Algological Studies, 2003,
109(109) : 113-126.
[ 8] Belnap J, Miller D M, Bedford D R, Phillips S L. Pedological and geological relationships with soil lichen and moss distribution in the eastern
Mojave Desert, CA, USA. Journal of Arid Environments, 2014, 106. 45-57.
[ 9] Chamizo S, Cantén Y, Miralles I, Domingo F. Biological soil crust development affects physicochemical characteristics of soil surface in semiarid
ecosystems. Soil Biology & Biochemistry, 2012, 49: 96-105.
[10] Barger N N, Weber B, Garcia-Pichel F, Zaady E, Belnap J. Patterns and controls on nitrogen cycling of biological soil crusts // Weber B, Biidel
B, Belnap J, eds. Biological Soil Crusts: An Organizing Principle in Drylands. Switzerland: Springer International Publishing, 2016 257-285.
[11] Elbert W, Weber B, Burrows S, Steinkamp J, Biidel B, Andreae M O, Pischl U. Contribution of cryptogamic covers to the global cycles of carbon
and nitrogen. Nature Geoscience, 2012, 5(7) : 459-462.
[12] BAMs, IR, E4200, BRUIZ. 3 1 b DORAF AP 45 B 1R b MR I 2ma. H AR BRI 440, 2006, 21(3) : 441-448.
[13] Bk, WWUIRE, £420U, 8014, B4 e e DGR A s e A MR, BT A= 25240, 2006, 17(8) : 1429-1434.
[14] REF, A, VPR, Sy, 80 rmhe XAEYSS RO T B3 A RO K il W AR B M i S . R 3R SR, 2012, 18
(3): 621-628.
[15] w=mnfl, Ak, Z7u, KEF, el 0k ek KAYEs R g S R, BRI, 2012, 27(8) : 1316-1326.
[16] Castle S C, Morrison C D, Barger N N. Extraction of chlorophyll a from biological soil crusts: a comparison of solvents for spectrophotometric
determination. Soil Biology & Biochemistry, 2011, 43(4) . 853-856.
[17]  HHGEN, FORF. 31 Bl v I E A PRI S B0t 3B (5w, 22N R4 . AR, 2010, 46(2) : 39-44.
[18] Belnap J, Lange O L. Biological Soil Crusts: Structure, Function, and Management. Berlin Heidelberg: Springer-Verlag, 2003.
[19] IR, B2ER, HESR, B0, SR, B, A VDB E VD o 25 Je R R I A S T RE Je 5 LIRS I 7 ) SC & v [ B,
2005, 25(2) : 234-242.
[20] ~Breen K, Lévesque E. The influence of biological soil crusts on soil characteristics along a high arctic glacier foreland, Nunavut, Canada. Arctic,
Antarctic, and Alpine Research, 2008, 40(2) . 287-297.
[21] REKGE, H B, K5, il ¥ R ER KON R X 2 e S s R AR, AR50, 2013, 33(15) : 4674-4682.
[22] Zhao Y G, Qin N Q, Weber B, Xu M X. Response of biological soil crusts to raindrop erosivity and underlying influences in the hilly Loess Plateau
region, China. Biodiversity and Conservation, 2014, 23(7) : 1669-1686.
[23] Zhang C, Liu G B, Xue S, Wang G L. Soil bacterial community dynamics reflect changes in plant community and soil properties during the
secondary succession of abandoned farmland in the Loess Plateau. Soil Biology & Biochemistry, 2016, 97. 40-49.
[24] X246, JAREGR, KA, X, WEME, FERE. B RN FEE B Y 5 18T N P b2t AR k. A2,
2010, 34(1) . 64-71.
[25] Zhang B C, Zhou X B, Zhang Y M. Responses of microbial activities and soil physical-chemical properties to the successional process of biological

soil crusts in the Gurbantunggut Desert, Xinjiang. Journal of Arid Land, 2015, 7(1) . 101-109.

http ; //www.ecologica.cn



688 JAE = 38 G

[26]

[27]
[28]

[29]

[30]
[31]

[32]
[33]

[34]

[35]

[36]

Zhao H L, Guo Y R, Zhou R L, Drake S. Biological soil crust and surface soil properties in different vegetation types of Horqin Sand Land, China.
Catena, 2010, 82(2) . 70-76.

HE, BAUAR, VEIRE, HRIZE. BRALHE 4 DX A 2 i SR T 3R A AR R R G U, O A A5 3R, 2008, 19(5) ¢ 1019-1026.
Dise N B, Matzner E, Forsius M. Evaluation of organic horizon C: N ratio as an indicator of nitrate leaching in conifer forests across Europe.
Environmental Pollution, 1998, 102( 1) ; 453-456.

Gundersen P, Callesen I, de Vries W. Nitrate leaching in forest ecosystems is related to forest floor ratios. Environmental Pollution, 1998, 102
(Suppl 1) ; 403-407.

B, EWIZE, Wi, 2oeil. b S R G ARSI RRAA R A BRI/ AT T e . b BRRLA I, 2006, 25(4) : 58-67.

Harper K T, Belnap J. The influence of biological soil crusts on mineral uptake by associated vascular plants. Journal of Arid Environments, 2001 ,
47(3) . 347-357.

=P VA2 R AR E Y IR AR . TR IR RS BRBE 2009, 23(10) ¢ 177-181.

Zhao Y M, Zhu Q K, Li P, Zhao L L, Wang L L, Zheng X L, Ma H. Effects of artificially cultivated biological soil crusts on soil nutrients and
biological activities in the Loess Plateau. Journal of Arid Land, 2014, 6(6) : 742-752.

Wu Y W, Rao BQ, WuP P, Liu YD, Li G B, Li D H. Development of artificially induced biological soil crusts in fields and their effects on top
soil. Plant and Soil, 2013, 370(1) : 115-124.

WAl , 8%, EHL, il 2w U T A A S A R R S A A T i AR AR, AR IR AR, 2016, 31(11):
1882-1891.

BGRE WARE R, B, DT, B b AN IR AR MR 1 SRR R B AR A R RAE. H AR, 2016, 53(6) -
1541-1551.

http ; //www.ecologica.cn



