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Abstract

Aims To test the effects of environmental factors in peatlands on the persistence of Sphagnum spore germinabil-
ity. The results may help to understand the mechanisms behind the formation of Sphagnum spore banks in peat-
lands. They can also provide valuable insights for restoration of degraded peatlands.

Methods We determined the initial germination percentage in spores of two Sphagnum species (hummock-
forming Sphagnum capillifolium and hollow-forming S. flexuosum) and then stored them for 60 days, either dry, in
ultrapure water, peatland surface water or Sphagnum water leachate. We varied oxygen concentration by injecting
air at three concentrations during the storage experiment. After retrieval from experimental storage, spore ger-
minability was assessed.

Important findings Spore germinability was lower after air-injection than under oxygen-deficiency. Spore ger-
minability was higher after storage in the peatland surface and Sphagnum leachate water, having high concentra-
tions of allelochemicals, than in ultrapure water, under oxygen-deficiency. Path analysis showed that dissolved
oxygen is the main factor negatively affecting Sphagnum spore persistence in peatlands. Nitrogen (TN) and phos-
phorus (TP) also affect spore persistence negatively. These results indicate that once dispersed onto Sphagnum
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substrates or waterlogged hollows, Sphagnum spores can remain viable longer than when exposed to dry condi-
tions or in water without allelochemicals. Extreme longevity of Sphagnum spores and other plant propagules may
be attributed to the oxygen-deficient, nutrient-poor and allelopathic substrates in peatlands.
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1 ARGRAABANA R 780l 3 A B (I AR R L (DO) . pHAE AN IE IR FAL(ER) (T BHEEARHE IR, n = 3)

Table 1 Dissolved oxygen concentration (DO), pH value and redox potential (E#) in different water storage solutions with or without air injection (mean + SE,

n=73)

DO (mg-L™) pH Eh (mV)
iBatiK AFA Control 8.91 + 0.024° 5.36 +0.045° 196.7 + 3.9%°
Ultrapure water

L% 7S Low 8.84 £ 0.02° 5.24 £0.06 191.0 +5.0°

%A High 9.09+0.01* 5.55+0.07" 206.2 = 1.0°
Ve m L K AFA Control 6.91+0.02 5.80 £0.02" 181.2+3.7%
Peatland surface water

L% 7S Low 9.60 + 0.04° 7.47 £ 0.06° 192.8 +1.4°

FIEE TS High 10.08 + 0.03* 7.19+0.01° 198.6 + 1.6"
rP LR R B 300 HH AN785, Control 7.52+0.175¢ 4.96 % 0.06% 247.1 £2.54
Leachate water of Sphagnum magellanicum

L% 7S Low 9.70 + 0.02° 5.91 +0.09° 196.6 + 5.8°

FIEE TS High 10.25 £ 0.02° 6.14+0.01° 183.9 £0.4°

AFVNG F RO A —F8AREE3 R B AL R 72 57 2 (p < 0.05); AR F-REAR AR 7] — F8 ARTE & AR AR R 22 53 S 2 (p < 0.05).
Different lowercase letters indicated significant differences among different air injection treatments for the same indicator (p < 0.05); different uppercase letters
indicated significant differences among different storage solutions for the same indicator (p < 0.05).

R SR RAERN EE SR AR (mg L CPEMEARER 2, n =3)

Table 2 Main chemical elements and total phenolics concentration (mg-L™) in three solutions (mean + SE, n = 3)

N TP K Ca** Na* Mg** M Phenolics
#4E7K Ultrapure water 0.00 £0.00°  0.00+0.00° 0.00+0.00° 0.05+0.01° 0.00+0.00° 0.02+0.00° 0.00=0.00°
VBB i 7k 0.52+0.05° 0.03+0.01° 290+033° 522+0.70° 1.64+0.16° 143+0.12*° 6.51+0.05
Peatland surface water
Hh o7 B R B 90 HH 5.03+031°  026+0.04" 889+1.13* 0.71+049° 433+0.18 039+0.06° 3.23+0.09°

Leachate water of Sphagnum magellanicum

B FANG FBER RN R SRAARIN R — fa b ) 835 22573 (p < 0.05). TN, B TP, 2.

Different lowercase letters in each column indicates significant differences among different storage solution for the same indicator (p < 0.05). TN, total nitrogen;

TP, total phosphorus.

R3 RAFBER BN R 3 28 ELAR e e S A T 3 AR
Wi R X R 2R 77 22 0 M

Table 3 Two-way ANOVA on the effect of water type, air injection and the
interaction between water type and air injection on spore persistence

KU Source 2R o B I IH-Jfg % B
Sphagnum Sphagnum

daf. capillifolium flexuosum

F P F P

TRAFHRAL Water type 2 374 0.044 333 0.059
o5 # %K Air injection 2 1631  0.000 290  0.081

TRAFBREL < FREE 4 557 0.004 373 0.022
Water type x Air injection

DRI 23 (p < 0.05).
Bold values indicate significant effects (p < 0.05).

e 7R b Hh K SR R BRI R, SRS T GCR
BEZMFAE .
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IKARAT o PIRIE R BE T T4 TCAT AT AL HE 2 S AR R
FRBAKA RS E, HRRTLEEER.
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(RIS R e IR S 1T GCRIY TO 3 50 o SR le ik &
T, e B HHh 2R AKCORTYE 5 8 0 R AR A, R
ARAMFIGCR M B2 m TIKEZ (p = 0.035; p =
0.005) = Z 72 <. (p = 0.003; p = 0.003)(E1A). %
MY Ik 98 1 7E e R Mot KK h AR E, AR =
0.013)MEEF LS (p = 0.018)4F J5 ) GCRSY 7
BERTRERASR, ERRED PR, &
AT GCRE # = TRIEZE R (p = 0.016)

(K 1B).
23 CRRERFRAMSRERIENIERIEX
iy

I8 i R Y8 IR B 6 T GCR 5 DOYY 2
BERMAMIGKR. R KREEA FGCREER
FRFEIEHRKR, BMERE T GCRE TN,
TP. K FINa ¥R 2 52 10 AR K R (K4

H AL IEFRT, DOSpHE, pHIE 5Ca®" . Mg®.
MR, TNSTP. K'. Na Wk, TPS5K . Na' ik
B, K" 5Na W, Ca® 5Mg™ . MIIKE, Mg™ 5 i
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M B2 AH SR = (FH 98 REOKR T70.5)(R4)
24 RREBBWFHAMSRERIBLIERNZ T
EPEL X

CALERAF R TR b o H AR &,
5T GCRI AL F VA T 2 R e ok 4 7 1
GCR = 14.639 — 1.171DO (R*= 0.604, p < 0.001), 77
FE 07 126t DOX 9 H-VJe IR 8 Al T GCRA 2. 3 52 il
H 5 2 BOR AT S0 L A -8 % B £ T GCRIVI B4
1560.4% LA o G IREEAT T GCR = 130.83 —
5.99D0 (R*=0.162, p = 0.038), J5 LIk I DOR

Sbune ACINERE S

M- Bl F GCRAE W35 52, HEZ N 16.2%.
25 RREBBRFHEAMSHEERBLIERHNER
S

TRATHI B AL FE BRo0] P B 2R B 1T GCR B 42
AR R AERHME KRB MRIRON: J e Ik &5 1
T: DO pHfE. Mg WKEZ. Ca® IRIE . BRI .
Eh. TNIREE. TPIRFE. Na i, KWKRE; &g
WAL DO TNIRFE. TPIRFE. K'KFE. Na
W, Ca® Wk, Eh. Mg Wk, MEBYRE . pHIK
(3R5)-

[=a)
(=]

rA 120r B

s
=]
T

-r

BRI
Germination conservation rate (%)
B
T

(1l |

B @@ e

Bl Z3MORAFBRI P AR 78 AL HR S5 Ve R BE A 1 I B R SRR R CP AR R 2E) . A, R TR EE(Sphagnum capilli-
Solium)o B, WM IR &F(Sphagnum flexuosum); PW, Je MR, SW, JEREE K UW, HaiK. 0, AARS; 1, ([REERS;
2, FHERA, *FRAFSHAUW,. PWFISWy; UW,. UW, FIUW,; PWo. PW FIPW,; SWo. SWHISW,; AirfTUW )
Ab BRI 22 7 R (p < 0.05).

Fig. 1 Germination conservation rate of Sphagnum spores after three types of storage solutions and three levels of air injection.
(mean * SE) A, S. capillifolium. B, S. flexuosum PW, peatland surface water; SW, Sphagnum leachate water; UW, ultrapurewater. 0,
no air injection; 1, low air injection; 2, high air injection. * in each group (UW,, PW, and SWy; UW,, UW; and UW,; PW,, PW; and
PW,; SW,, SW; and SW,; Air and UW,) indicated significant differences in one-way ANOVA (p < 0.05).

(=]

R4 DA BRI 1R B P AR SR B AL 7 FF AR AR R R R

Table 4 Correlation analysis among water physicochemical indicators and between those indicators with sphagnum spore persistence

+ + + E‘\

[A¥ Factor DO pH Eh TN TP K" Ca’ Na Mg? Eﬁ.
Phenolics

DO

pH 0.562

Eh —0322  —0.401

TN 0.108  —0.183 0.364

TP 0.108  —0.175 0.362 1.000

K 0.096  —0.008 0.310 0.973 0.976

Ca* -0.074 0.765 -0.296 -0.307 -0.296 ~0.080

Na 0.091 0.038 0.293 0.958 0.961 0.998 -0.022

Mg*t -0.061 0.766 —0.254 —0.173 -0.161 0.058 0.990 0.116

psYLid 0.047 0.767 —0.156 0.051 0.063 0.277 0.925 0.332 0.965

Phenolics

AR R BT T 3 A -0.777  —0.187 0.375 -0.126 -0.123 —0.057 0310 —0.039 0.303 0.206

Sphagnum capillifolium

GCR

I IR B BT T A —0.402  —0.207 0.052 —0.382 ~0.382 -0.365 0.146 -0.357 0.096 0.031

Sphagnum flexuosum GCR

AR REUNM R R B E MK (p <0.05). DO. W5 Eh, BAEIE BN, GCR, HiRFIAFER,; TN, B, TP, &,

Bold correlation coefficients indicate significant correlation (p < 0.05). DO, dissolve oxygen; Eh, redox potentlal GCR, germination conservation rate; TN, total
nitrogen; TP, total phosphorus.
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Table 5 Path analysis of spore persistence and water physicochemical indicators

ki ESER ELAEAEH [A4EfEH Indirect effect

Species Factor Direct effect By

DO pH Eh TN TP K" Ca*t Na® Mg* S
Phenolics

RMJeREE DO -0.777 0270  —0.068 -0.007  -0.007 0.003 —-0.030 0.005 —0.025 0.018

Sphagnum

capillifolium pH 0.480 —0.437 —-0.084 0.012 0.011 0.000 0.308 0.002 0.312 0.297
Eh 0.210 0.250  -0.192 -0.024  -0.022 0.008 —-0.119 0.015 -0.103  —0.061
TN —0.067 -0.103  —0.088 0.076 —0.062 0.026 —-0.124 0.049 —-0.070 0.020
TP —0.062 -0.102  —0.084 0.076 —0.067 0.026 —0.119 0.049 —0.066 0.024
K 0.027 —0.091 —-0.004 0.065 —0.065 —0.061 —-0.032 0.051 0.024 0.107
Ca** 0.403 0.070 0367  —0.062 0.021 0.018  -0.002 —0.001 0.403 0.358
Na* 0.051 —-0.087 0.018 0.062 -0.064  —0.060 0.027  -0.009 0.047 0.129
Mg** 0.407 0.058 0.367 —-0.053 0.012 0.010 0.002 0.399 0.006 0.374
o . 0.387 —0.045 0.368 —-0.033 —-0.003 —-0.004 0.007 0.373 0.017 0.393
Phenolics

XHJEREE DO —0.402 0.014 0.029 -0.040  -0.040 -0.034  —0.009 —-0.032 —0.005 0.003

Sphagnum

fexuosum pH 0.025 -0.226 0.036 0.068 0.065 0.003 0.098 -0.013 0.060 0.042
Eh —0.089 0.129  -0.010 -0.135 -0.135  -0.111 —-0.038 —-0.103 -0.020  —0.009
N -0.372 -0.044  —0.005 —-0.032 -0.372 -0.348 —-0.039 -0.336 —-0.013 0.003
TP -0.372 -0.043  -0.004  -0.032 -0.372 —0.349 —-0.038 -0.337 -0.013 0.003
K —0.358 —0.038 0.000  —0.028 -0.362 —0.363 —-0.010 -0.350 0.005 0.015
Ca** 0.128 0.030 0.019 0.026 0.114 0.110 0.029 0.008 0.077 0.051
Na* —-0.351 —-0.037 0.001 —-0.026 -0.356  -0.358 0357  —0.003 0.009 0.018
Mg** 0.078 0.024 0.019 0.023 0.064 0.060  -0.021 0.127 —0.041 0.053
215 . 0.055 -0.019 0.019 0.014  -0.019  -0.023  -0.099 0.118 —-0.117 0.075
Phenolics

B4 ) R BN R 2 R T B AR FR T BRI DO, TR Eh, SLIEJF AL TN, &S5 TP, &,

Bold coefficients of indirect effect indicate the factor has stronger indirect effect than direct effect. DO, dissolve oxygen; Eh, redox potential; TN, total nitrogen;

TP, total phosphorus.

DO B e 5% 8% 11 ¥ GCR I B2 1E H & K,
B ¥R HAE R (3RS) . pHIE X R R 8 70T GCR
(B B0 R HUN0.480, KT H AT M B:EAE R 3L,
FWIpHAE LAEIEVE T N . Ca® MIMg® Wk BE [ RE DA
HEAEANE . HAFEFRTN,. TP, K. Na flLE &
W CATRIEAE I o . Ca® WA JBE R Bk I o 6 £
FGCRULHFAE A F (B8 E R E0C0N0.128). H
f e bRpHAE . ER. TN. TP. K", Na'. Mg” &
Py A 2 38 LA IR0 F v 2

3 FHEFZR

AW FAE LI BN B Tk, REEN
kA5 BRI B 2 5%, (HSER T I Ve e 6 1
T YRR IR KRN 1 2 00 H VB e i BE R AR T
A, IF HFe U BR AIE AN M AR 205, Fr
A7 SR 2 AF i R R B M B ORI, DRIk, BE T
H A DR e R B E AR T R AT RO SE MR T ER %R
Ve R B AT BT G R S L A 2R

EARE )& B 7, R ERERTRAES
DORIERR AR, HARTRIR 5 I ek & 1T +F
AMEARIE R Z IR e R B 7 FE A S
DO. TN, TP, K'\ Na" ik 2B FEMH KK R, LA
TR -5 5 U AR 10457 AP RO T2 3 A DR
IRZIIR AR REA R K R G IBATHT
SEIRTTH, B MR A B R T R A
PE, 17 Fos A TR, TR R TR A (R,
AT S PRTAH DG 23 T AN e ) B B DR 7 0] Ve AR i 7 5
SAPEMIFZR, 38 @A 40 BT T X 2 4% R T4 FH K
/N(Li et al., 2018b), filith K BIARX B2, 12
G S 3 AP

B BEAEYIAE S MK A= 1) i A2 5 U (AR 2R
e R P B B A T 2T 5 18 77 (Proctor et
al., 2007). Kk, PHRRYE B 120 2 ORI 4l K
A2 AR, BAMLEEEEZSR, B[R EER
Y RT3 AR T KR AT, R IR B T K
ARG, B ZICRREE PO B R R 7 SR, YE AR H
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B2 B A BRARAL ) by, Gn 4 BRAZ I 39 - A0,
FEUE IR HKAL T BECR A, 2015), RATREAR]T
2 e R EE AL T IR A . e R G112
R Hh 3R KRR IR B LORAT e, FEAE R E
THEBAKIRAT, RPFAKIA I JE 7R ANER)
Rl 2R, 17K A B8R0 Ak B o2 FT e A s e 9 1 F
AMER BN 1 o AR FL45 R 5Bu$(2017a) & 4L
AR SS9 K SIS R BT JE, v ReJR A
GRS 2 5, AR ST YA A e ik
BRI IR R BE AT, T BusE(2017a) SEER M) F Ky
S REE . e EE A TP ALYE R BT, AW IT gt
TR F L3P REMA R IG, FATEZ
A 23 2, MR e o B3 2 R, Al
SHIAS [ o e 7 B 16— X6 AR AR PR i AN [+ o LR,
Bu%§(2017a) 0 5T 71, Ve ik &% 1l 1 22 B 41 2 555 14
s — MK, AR 52 B R A R S AT RS AR
%A (van Zanten, 1978), S A FIIEE L, FFA
PEWZE TR, thah, T B AN S0 1 &
AL B T = (Mlishler & Newton, 1988), 1fij
ARSI R I AR M b e KR e R BRI R S 0l 48
IKFIZE TR FRRE, BRAK T AL IR B . iR LT
A T R ARIN A1 I e, PR W] B PR KR
AR 77, T AR R T A SR A Jo A1 o) o A v
(Verhoeven & Liefveld, 1997), i1 Crir4% = A
KT

S 3EA )  J BE  — HOCATT T ) 3 o A
K Frfal AR B b, B oA T D A A o f) A B
Re SH AP M 4EFF T & 7o 1X 5 Buf$(2017b)% K H LG
Ve Ve Mg ik B 1 F5 an T AL 45 R — 2k, RIAED
A R A S e B A K. RE @RS
Mres R BoR, SR B A s R A 3
BRI, AR P A IR B0 1 B R A S5 R N IR
VER, I HLi e Ca™ i B X L th A 5 K 1A i 422 1 A
F o BEAh, KRTNG I P 38 3 5 B ik o 7 (R 3 A
PR MR IEAE - B 9536 B 130 9% (Chenopo-
dium ambrosioides) 73 W A 0 2 38 I s AR K4
Y5 R Ca® " BA(Li et al., 2018a). Fh4EENa ™l
KW FEIIN, (EitSalvia officinalis’y i 5 % [ 2
AV A 5 (Tadrit et al., 2012). H AT HED, 230485
B YE R B A PN AN R VR FE 3, AT B i 3k fh
VOIS 53k, 3R AT Bh T8 R B - A RR ARV ) AN
TR 7o ASHIFSE TR S b 2 /Kt Ca® Ry vk
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73 A 5 T e e A I VR K, e R H R SR
I R B A A R HECa I R 4, AT
TR TR R (RIALTE S, 2019), (HEIR]FILLR
FrAETE ST R RE AT 1 o DRt ] A ) 7K
A 5 S PV R B AR - A K T B RN MK AR B
(Buet al., 2017b).

FAEEZEWIN T RAAREIDO, R T T
FratE. BB HT 45 TR, DO FEM R e %
B TR AME R I R EMER R T SR, HERAE
T 21 TR R 7 A K A R A TR B2 LR FE RT A,
FRAEB AKX TR A TG B 2 e, (HTEYR
o by M R AR R e B 3 VR, ED AR B BRI AT
Btk . RAAEATT TP DOA S H i EAL I R B
T, PR . BRI R R R R
TEFR A T R A B EBAN, (A H %S & (Hatt-
enschwiler & Vitousek, 2000), H:4bIeHH 7347 54k,
WY % BERZ (Abbott er al., 2013), ALEMF L7 KA
U, SR AR B AR T P Y R bk SR K AN R
B AR I PR R B, B T A S A R T
(Ke et al., 2015), BEMIEA T3k, AR T H
TREFIT R J1. AL, B2 It M 45 R w %1, DO
XoF R R R B A RE AT 1 52 IR 43 531 D 60.4%
16.2%, % B8 A oA PR 28 % 48 7 ¢ A1 A 52
B SRR, R, Y8R IR 858 R 7 ) e %
T REAME RIS 2R, 5 BRI T 2% H
RREFFAMTERTE RN, FEEZEEZ Y
M R 2%, I UnIAETIR . e R . B A5
IR ERAE YIS TE R &5 . G AR A BRARHE 1)
KE S, BT T 02 U8 % 6 1 TR, 14
A B Ok, 0D YR R B TR i A7
(Mcletchie, 1999),

NFHP IR B A2 Y e Hh A A9t 2E K 1 8 B2 BR o R 1
(Aerts et al., 1992). JHIEAH I BT R AR 5 #r 25 SR
AT, TNFITPHR 0] 5 A8 7% i £ 7 (1 R A MR 3 3R
LA, U e R BT I RE A N B
B GUE . Ca VR PR A8 3% B 40 T B FF A ME
AR AR, RPAFED TR R & T
(035 A 2 21 R ) 1 FH - BoatmanFlLark (197 1)#f 5T
WOV IR B T AR ERT A 26 A R W A A S T
TR TR MGk =, PRIk, 35 R 77 2L Y ok Hh 7% 43
AN, T RE T B R S T AN D EL T &, M
AR TR BT MR E . dhab, BEE e % H
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FEO M, AR AT 5B = (Song et al., 2017)H]
PREE A e B s g n . 3 1t B 5 (Fierer et al.,
2009), AT IR Je R BE AL T 1 70 i, AR H AR
B R 7o PRI AT 4R, R R 50, RAA
UURE S ER R TR NI, K AR T Ve R BERF
AT FE RS E

FEIL T e R Hb, RS R U IR B A T RE BT T
ANFERAESE, T R ECER A Je R &2 L [A]ERCPE
K B A B AR S K IR A B . FE AN K
Je IR EEHDAE ST P, bl TR R VR B R A B o A
7 B A, AR HE AR R A R R A TS 7. AETH]
B K ASE, AT IRRFESNHR ), fFrEEH
HIsFAE, W, F250 AR EE, RIWTHT K (Feng er al.,
2017). fEFFEAKAES, TeREEMT AL, H
Al K R FF5Cm 1 4E 3 77 (Sundberg & Rydin,
2000). AHFFERI, W AREC L0 Yo ) e % 6% 1
THRAMEM FZ 7, [FN 2 RS 7, (&Y
R B N IEAE - R, 97490 TG NAIPIR FE O 7 AR
M F, 1R B 5 A ¥ 2 FF MR s PR 38 A %
(Pinsonneault et al., 2016). Kk, /b5 K. T
AL Z WV IR BE e R Hb, S U8 R BE A T AR e A
TG JIERARIZ BT, Ve R Hb R B e R B K R A 7R
THEBu et al., 2017b) F HAAE) 8K 77y 5
PR AT 1

Bt Bl AR R F BRI A KA
KRE TP LT a9,
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