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Direct and indirect effects of ozone pollution on the reduction of above- and

below-ground biomass of poplar
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State Key Laboratory of Efficient Production of Forest Resources of Beijing Forestry University, The Key Laboratory for Silviculture and Conservation of Ministry

of Education, Key Laboratory for Silviculture and Forest Ecosystem of State Forestry and Grassland Administration, Beijing 100083, China

Abstract: Ozone (O,) pollution can alter carbon allocation and reduce tree growth-both above and below ground, but the
effects of direct or indirect interactions among plants, soil and microorganisms under ground-level ozone (O,) pollution on
above- and below-ground carbon sequestration of forests are not yet clear. Here, we used the open-top chamber device and
structural equation model to explore the direct and indirect effects of photosynthetic characters ( net photosynthetic rate
[P,], stomatal conductance [ g, ], intercellular CO, concentration [ C,], transpiration rate [ T, ], water use efficiency
[ WUE], excitation energy capture efficiency of PSII reaction center [ F,'/F '], actual photochemical efficiency of PSII in
the light [ PhiPS2], coefficient of photochemical quenching [ ¢P ], and apparent electron transport rate [ ETR] ) , leaf and
fine root biochemical characters ( total carbon, nitrogen, and phosphorus levels, concentrations of non-structural

carbohydrates ( soluble sugar and starch) , lignin, and condensed tannins) , soil physicochemical factors ( moisture, pH,

total carbon, total nitrogen, total phosphorus, and exchangeable NH;-N and NO;-N levels) and phospholipid fatty acids-
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based soil microbial community characteristics on above- and below-ground biomass reduction of poplar 107 ( Populus
euramericana cv. '74/76") at four O, concentrations ( charcoal-filtered air, non-filtered air, non-filtered air+40 ppb of O,
and non-filtered air+60 ppb of O,). The results showed that compared to CF, an increase in O, concentration (86 nmol/
mol) resulted in a 16%, 11%, and 15% decrease in aboveground, belowground, and total biomass of poplar trees,
respectively, with a greater impact on the reduction of aboveground biomass than belowground biomass. Elevated O,

concentration significantly decreased P, , g, T., WUE, F.'/F_', PhiPS2, ¢P, and ETR while increased C,. The increase

of O, concentration significantly increased the content of soluble sugar and tannin and decreased the content of starch, TNC
and lignin in leaves while had no effects on the contents of C, N, soluble sugar, starch, TNC, lignin and tannin in fine
roots. The structural equation model found that photosynthetic rate, leaf starch, and non-structural carbohydrates have a
direct impact on aboveground biomass; This indicates that O, mainly has a direct effect on aboveground biomass
accumulation by affecting the photosynthetic physiological metabolism of plants. The effect of O, on belowground biomass is
achieved by directly affecting leaf N and total soil carbon, and leaf N in turn affects leaf starch, indirectly affecting
underground biomass. Soil pH, total carbon, and soil microorganisms ( bacterial and fungal communities) have a direct
effect on aboveground biomass, and O, has a greater impact on fungal communities than bacterial communities, indicating
that plant responses to O, through belowground processes can directly feedback on biomass accumulation and allocation
processes. This study provides a scientific basis for evaluating the impact of O, pollution on the carbon sequestration function
of poplar plantations above- and below-ground by analyzing the direct or indirect interactions between plants, soil, and

microorganisms.
Key Words: ozone; structural equation model; biomass; effects; soil; microbes

HRILA(0,) E—Fh B SR A A S s e A = SR Sl R A R B, B
TR T FUOK PHAR S 3G S A2 SO g, 0475 Je B N . 23 K5 Je B it A7 8l 1140 (2013—2017) Fi
ﬂﬁﬁiﬂ%%ﬂﬁﬁé@ TElH] (2018—2020) B St , KA ORI (PM, 5 ) Wk BE W] 50 058, SR TIT O 75 e H 5
RAF SN (S 3, A1 A $1] 2.2—2.4nmol/mol >, H T 42 [ Hb /NI O, Wk B {1 EL 35 (41.2+6.3) nmol/
mol , JEHGTHEE K = A AIER = MR S, B FT 1 O, Wk B A (B B 35 B4 /N 300mol/mol ' 376 i 3 [
23 ST bR 200nmol/ mol , 78R 1/ 22 3 T AR A 119 52 115 BB {A 40nmol/mol , M 4K PM, 5 Ji5 IR T [
W 23 A T R A AR T A B R S e 2 — | T B A 22 R B 5 80nmol/mol Y i HL, 0,755
REWHESHEDAERKE(5—9 A) EE, AEY M R AW M Yk 5 A4 % -’Eﬁﬁlxﬁl
J7 4 DN AR A 7= ) R e i | SERRAR PR LA K B R B b= A R s o
Ve A A, O, 38 o AL AR AR, B e X M 7o & RGer E m JH#i0 . Ayt (v
o) S O, Bk M B A, O, BHUBMERS 5 AU AE W), 32 51 O, T3 YL ik i 2 vk R B DR % BsF [ o A
LU & SR FNET IR Rl 5 0 R R O, SUBPE TR L FEm i RUBE b, SRR A 2 R A R T Y5143 A
AN SRR BE BRI BE AR L A5 ] DA R 3 PR AR AL B A R AR ) R A 2 R
it FEOR LA RuBP By & i FNE M I Rem Fr o 22 i 9 55— R AL BRI A= AR B ] A et o PR o A e
A HEREE YA FEAMARE I, 23] 0, AU A RS =T A BB 2 A
PRFUA B, DN T AR AR R A0k R AR ) W R ) 3 P RAR R A AR AR i R G L R AR o
EFRICRWMCZ BIRS  EAES RGUKF L, 0, it 5 m i 4R JA & 9 B0 s AR R S i ) AR
P IR TG P S XA A S R GR IV IR A B Y DL AR AR R A OGTE O, X b |
ERAE AR RO AR BRI RS :tigﬁi%‘ff%—*ﬁ—“ﬁfiﬁiL WEFE ARXE RGN O %A
BDRGA W 5y Z [ B DL R4 AR Z B EAEHCR . 300, iRBR K - i A= %t O, vk B2 T = il
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A MR A R DA 4 ) 17 -5 B At I AN 2

Bt (Populus spp.) LA A: 5 T 08 MR BT T8 PR 45 AR 2 O B N AR 2 5
TR, HHT, R ES A TARRICE 6 J7 km®, SRk FL2 07, SR, N TAREE AR R IESRARS 7
I B — AR I R E S RGUIRSS TIREI 22 FART) | R S (8 R R RR A S A A8 Ak 0 25 05 e T 2K
FEYHTH 5 A O, 755 T A N TARBE BRI A 7= ) 45 5 AR B R RERE MR &2 K, A
ST O, MHEX IO E VR I FERAR A AL PR | R BE PR B R 4R S-S B0 W b AR
Ay AR ) S B R M) PR 3R L2 R ok 6 DR 28 194 42 A TR R 00T, LAY B W O, Jan e 532 Wi 5K B aod At 1) B 55 A A
TR 7 S8 i % A M ] B 55 A2 2 T RE R G R, WX O, 35 He 51 ke A AR [ 3 o) RE IR 1k 42 (AR B 2 3
=L,

1 #MREFHE

1.1 5 XA

RIS TEIE PR AMATS 5 R JE e (115°97'E, 40°45'N) JF & 1% 5L Tk 50 i AR b 7 1) 72 PR % 4%
Ja 2T TR KB 2 R AF TR 11— 13°C, B30 22—25°C , AR K i 500mm , 42 4F 6 75 1)
200d, 4EF-3 H B8 2600h
1.2 gt

e AT B9 AR AR PR IERS 107 ( Populus euramericana cv. ‘74776 ) MM BL, T 4 HEHEKH
BR—ET R A AL AL (20L) H AR5 36 B 2 b - e W S e £ = 31 AR A) . AR 1A AJE L%
s (38.5+5.6) cm | FIHAR[ (6.4+1.0) mm | — B LI AT UL B 1S <% (OTCs, 155 3.0m, 1K 1.0m
B TE N TEAEAR , G 12.5m?/4>) 1, 5& W 10d J5 #6497 O, B8R 76356 1 /6] B A W 45 1—2d #:47 H 3
T TE

R E 4 4 O, 4 BRAK . CF (3L 38 KA, [0, ] <40nmol/mol) , NF (355 K[ 0,]) .NF40 ( NF +
40nmol/mol[ 0,]) NF60( NF+60nmol/mol[ 0,]) , RIRIE TN 40 F1 60nmol/mol 14 B 43 S| 2 A5 AU T A > Fe
[ 20 fh2e A 20 tHDRIRTT AT REIA I O, Mk L b3 3 4 OTC A, A1 OTC N 6 L RlAL S
i, IR OTCs 11 O, H& B py 38 = L 28 7] 491 B4 51T ( Model 49i; Thermo Scientific, & 2 5ok, 32
B ) 2 W, Ay A I 5000 o B 7, O, 20 BT ASUHE S 56 FF 4 i B S 98 v ) 8 ) R B EL 28 ] 49i-PS A2 1Y
( Thermo Scientific , 35 [F) B bR AE . K HESME] N 10h (08:00—18.00) , F K A5 1<, ESHFEMN 6 H
22 HE9 H 24 H, 4 OTC WAMEIEE H CR1000 F 20 5% 28 W, 5 Smin 2858 1 K, 7EEARE Y,
OTC RS IR AL L Ah R ERBE 43 1400 1.5°C A1 1.6% ,4 A O, 4L BEAY H SE 44 (10h) O, e B 43501 Ky
(19.2+0.7) nmol/mol , (40.8+0.1) nmol/mol , (67.0+2.9) nmol/mol F1(85.7+0.6) nmol/mol, 4 1~ O, AbEE ) O,
RS PEA 36 i AOT40 ( FEZZ I [8] /N O, 6 BE#R 3 40nmol/mol 1) R AE ) 73914 (1.1£0.04) pmol/mol , ( 8.9+
0.11) wmol/mol , (28.4+2.32) wmol/mol F1(45.8+0.60) pmol/mol ,
1.3 fataille
1.3.1 HYLA R

AL FEIN 3 MRAFARAE 9 H ARG KA 9:30—11.30, FHAEHE U B 066 I RGEHC E 6400-40 ST
2 (LI-6400XT, LI-COR A ], ) Mz i SRSt E a 2635, #E#H M 1 200pmmol m™
s™', CO, YR K 400mol/mol , 5 BE ¥ I AEFRBE IR B +1.5°C  MXHREE S 55% . SR M S B 454 6 & 3 R
(P,) LR (g,) JEH COMKIE(C,) FRMBAR(T,) . KAFHBAR(WUE) Hh P /TIHRRE, MK a
POCSEALAE PSIL AROCA 77 & (F,'/F,) LR E 8 FRCR (PhiPS2) DG AR R B (gP)
HL P8 HR (ETR) .
1.32 Ay

W SRR G HEATHER IR . it 25 AR AR PR ORI 12 Ztipk . AR AW K Bk )5 40 K
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YR ( HAR<2mm) AR ( AR =2mm) , #0025 AR FUHLARZE 105°C TR 20min J5, 7F 65°C THLEH
R A Y B HEREE{Y ( GT200, Beijing Grinder Instrument Co., Lid., ") $E R 140 AR B R K
AT R
1.3.3  HYAIHER

R AR K (C) FIE(N) JTTE R H C-N JTTE /1L ( Vario EL 111, Elementar, 75 [ ) Il %2 . B (P) 7T&R
KRB IR R B 6151 (ICP-OES, Prodigy, Leeman, 32[E) I xE , AT ¥ M R H & 8508 A 235 ( Waters
HPLC2695, Milford, MA, &) 5" ye #5052 SR FH g SRR /K A - B L €0k . AR SS M PR K Tk &
(TNC) F AIVEPEREINE M AR 5], AR ZE RS CRRIE " M5E , ¥T 25 88 Lindroth 25 52
1.3.4 R PRR MG YRR

KR (SWC ) i fif A ) 22 T . 58 pH A pH T (1:2.5 R3EIK) BRI T
Siar#r. HETCHL N(RTASHed: NH,-N Fl NOS-N) ¥R B R FHE 223 80 H 8143 #1{ (SEAL-AA3, Norderstedt ,
B A E . 3R (TC) FLEZ(TN) i C-N JEZR 4 ( Vario EL 111, Elementar, £ & ) Il & , 43 4
B (TP ) FHEHRRER b (T A T 5

R W T LS PR RR B D7 R ( PLFAs ) WA T E . H8/R R A W 2B PLFA E ViR & 2
WL 20 R 22 IR BHE (Gl < al 1.0, al2.0, al3:0, al4.0; i14:0, al5:0, al5:1w9c, i15:1w6,
9¢, al6:0, i16.0, al7:0, i17:0, i17:1w9c, i18.:0, al9.0, i19:0) . H= = [CEAMETE (G 40, 10.0 20H,
14.105,8¢, i15:0, 15:1w7¢, 16:0 20H, 16:1w3,6,7,9¢c, cyl7:00w7c, 17:1w6,8,9¢, 18:1w 3,5,6,7, 8¢,
cy19:0w7,9¢, 19:108¢, c¢y20:00w6c, 20:1w8,9¢, 21:0, 21:1w3c, cy22:0w6e) \ELH (18:2w6c) KL FHHE A
W (AM EH:16:10 6¢) JTZH (10Me 16:0, 10Me 17:0, 10Me 17:107c, 10Mel8:0, 10Me 18:1w7c, 10Me
19:1w7c, 10Me 20:0)
1.4 HdEabr

K] Shapiro-Wilk KB HEASRT & IEZ 7341 (P>0.05) o SRHJER K ZR J5 227347 (one-way ANOVA) Fl Tukey's
HSD K 3675 43 A B M A8 AR 7E AN ] O, Ab 3R 2 1) Y 22 S vk, B8l S P 248 £ R #fE 22 (Mean+SD, n=3 OTCs
), FHE ARSI L S YR Pearson M 5E AT A B0 Bl I 48 AR 5 45 48 B A W R A e
T AR AL AT O, VR EETH = P ARG A Motk AR AR R | SR W R R S T XA R b 1 R
LA ) 15 M ) R K B | A0 R I8, 5 (ol e KSR T 5 B B L B | e A
FILLE 5O RAT R 7R 3 ( P<0.05) FHIE RMSEA ( <0.08) #E171FA . 1511 R v4.2.2 A7 55150 HT

2 HREHSH

2.1 O VRFETH 45 & B A Y i 52

O, MR B TH i BB AR T Az 25 b E RS (P<0.05; 81 1), M CF, it 25 b 1 RLE AR 4 i A
NF60 4b T 43 5] 35 R A 10.4% 20.3% 16.1% 1 15.1% (& 1) o O, FH i T 40H R FiHh T A Wy A
AR S (HAR 35 (P>0.05; 181 1) 5 0, ¥ Th i FARGE HeA T #VE AR B35 (P>0.05; 18 1), K 2 R4
TR AR G AOT40 A9 R R, BRI 1 4> AOT40 Bf, i 25 Hb b AR AR 9 03 0l il 3 e v I
0.18% .0.40% .0.30% F1 0.27% ; 4R MR AL T A= Y Bl AOT40 3§ T BRI HEAR B35 (P>0.05) .
2.2 O MRFEETHED I A AR Y 52

O, 1 BE T & B it o G 33 (P,) AL (g,) ZEBHE AR (T,) IR HIRCR (WUE) |
PSIL AROGA =R i (F,'/F,) SEPRGa i 808 (PhiPS2) JGAS AR K R AL (gP) FTHL 5 388 %
(ETR) ,fH#E g COMEEE (C,) (£ 1), ML CF,NF40 £b¥EXF P, g . T. .WUE F,'/F ' PhiPS2 il ETR 43
1) 8 AR 28.0% . 14.8% 13.9% 17.6% 15.5% ,18.7%F 18.5% ; NF60 AbHEX} P, WUE F,'/F,' PhiPS2 ¢P
Al ETR 4351 2 2 RAK 51.7% .55.6% 19.7% 43.9% 28.5% 1 43.8% ; C.{E NF60 ZbH g 14T 16.7% (% 1) ,
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Fig.1 Biomass changes of poplar biomass of leaf, stem, aboveground, fine root, coarse root, belowground, total, and root to shoot ratio

under different O; treatments

CF.id i R=X R NF. 5 RS ; NF40;ﬂ:fﬁj(%+40nmol/mol[ 0, 1;NF60 . %ﬁj(/%ﬁﬁ)nmol/mol[ 05 ]

R1 O;XM A MEREIRE

Table 1 O; effects on leaf photosynthetic traits

Ab ¥ 1% g/ c/ T/ WUE/

Treatment (pwmol m™2s71) (mol m™2s7!) ( wmol/mol ) (mol m™2s7!) ( pmol/mol )

CF 14.3+£0.54a 0.27+0.01ab 305+12.5b 6.04+0.75ab 2.39+0.28a

NF 14.7+£1.65a 0.32+0.06a 313+14.3b 6.75+£1.06a 2.18+0.11ab

NF40 10.3+0.68b 0.23+0.01b 316+5.9b 5.20+0.31b 1.97+0.08b

NF60 6.9+0.96¢ 0.31+0.03a 356+13.3a 6.52+0.70ab 1.06+0.16¢
F,/F,' PhiPS2 qP ETR

CF 0.427+0.01ab 0.214+0.01a 0.502+0.04a 109.0+6.1a

NF 0.433+0.05a 0.208+0.02ab 0.482+0.03a 106.0+12.3ab

NF40 0.361+0.02bc 0.174+0.02b 0.483+0.07a 88.8+9.2h

NF60 0.343+0.05¢ 0.120+0.02¢ 0.359+0.09b 61.3+£8.8¢

BUERFTIEARER , ARG FERES A B2 R (P<0.05) ;CF. 2 B, NF: FREER S ; NF40 : FRBE KT +40nmol/mol
[0;5];NF60; 345K +60nmol/mol[ O3] 3P, - AR g . AFLFIE; C; MU CO,MEE; T, . FEME HUR  WUE . K3 FIHIRCR F,/F, R
a FOLBBATH PSIL A ROGAF 4 T 77 4 ; PhiPS2 ; SEBROGAL S TR0 P OB KRB ETR i T4
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& —— M yp=100-0.178x =038 P=0.042 o — M EAYRE y=100-0299x 2=049 P=0.012
2 y=100-0.397x 2=0.53 P=0.007 A HTAEYE y=100-0295x =030 P=0.099
* —— 4 y=100-0.007x ?=0.01 P=0.986 BAEYRE  y=100-0270x =043 P=0.022
HAR y=100-0.296x =029 P=0.089
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Fig.2 Relative biomass of poplar leaf, stem, fine root and coarse root and aboveground, belowground and total biomass in relation
to AOT40
AOTA40 ; FEZEIW (8] /INEF O, & B # 3 40nmol/mol 114 AU

2.3 O WRBETF Xt i AR A= A PR 1 52

1 2 AT DL, O, 4k B2 TH i B 3 100 1 I e A M B A A IR T A A L TNG B e
AR, MXH C NP SHEAZIA L E (P>0.05), M CF,NF XA 7 o8 e = 4 ) 48
17.8% K1 221.7% , %t -SRI A R 2843 B AR 30.5% 1 40.0% ; NFAQ S H- RT3 P 5 0 80 7 43 S84 21.7 %
I 115.7% , 5 HFERS AR 47.3% ; NF6O X H-FERS I TNC 43 BIFEAR 59.5% F1 22.1% , %2340 151.8%
AL CF, 40 P & 7E NF40 11 NF60 43 I3 h 50% F1 56% ,fHXT4HHE C N AT AT JEKS (TNC A &
BT S BN i 2 (P>0.05)

F2 O, Xf0 F FLAAR A 1L AR B RS M

Table 2 Oj; effects on biochemical traits of leaves and fine roots

i e/ N/ P/ Soifgﬁlriﬂﬁr/ sff:/ TNC/ K% e
Leaves (mg/g) (mg/g) (mg/g) ( mg/g;’ (mg/g) (mg/g) Lignin/% Tannin/%
CF 44.0£0.12a  1.29%0.06a  0.15:0.0la  157#6.6b  131.0422.8a  289.0420.9a  23.5:2.7a  0.8320.15h
NF 44.0:0.36a  1.33:0.04a  0.14x0.0la  185:9.5a 91.0823.7b  276.0:17.6a  14.1£5.7b  2.67:0.67a
NF40 438022 1.24%0.03a  0.13:0.0la  19148.5a 69.0411.2bc  260.0+18.4ab  17.1:0.68ab  1.79+0.32a
NF60 43.8:031a  1.32:0.15a  0.1420.0la  172%16.4ab  53.0:4.54c  225.0£19.0b  20.4xldab  2.09:0.52a
4 AT Sk
s (o) (ma/s) (ma/s) 'y (0 (g IR
CF 42.6:0.73a  1.17:0.02a  0.16:0.04b  70.4:32a  57.0:7.2a 127:8.7a  48.6:2.2a  2.53x0.43a
NF 42750390 1.25:0.09a  0.07:0.04c  69.7£11.5a  54.8£5.7a  124+13.9a  45.4x46a  2.55:0.34a
NF40 42.7:030a  1.26:0.09a  0.24:0.0la  77.2¢13.1a  59.2:184a  136x23.8a  482:3.0a  1.91x0.89
NF60 43320320 1.2420.07a  0.25:0.02a  76.2£22.5a  56.9+6.8a  13328.8a  483x1.9a  2.82+0.64a
BAERF I bR, AR/NG FRAR RS FA B2 5 (P<0.05) 5 C. ik & & N &S & P 8 & & TNC . B AR S5 M PEm oK fb &

2.4 OB TF vt + eIk Ve RN R A MR 9% B 5% )
26 3 Af 0L, O BT %t + 35 pH & /K& TC TN ARG S, X+ TP AR nias B AR E (P>
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0.05) . O, ¥ T = i 2 FRAR T B A= W i ANT G 40 B A G~ 4B 19 25 &, X EL TR L AML L T R 26 T AT [
REFAEAEE(P>0.05), ML CF,NF60 437 i 2 FAR S G Y i AW G ME M G N 31.4% .
32.6% 29.0%H135.7% .,

£33 O,% HEEAK RSB AR B0

Table 3 O; effects on soil physiochemical properties and microbial community composition

ﬁ:ﬁmm SWC/% pH (I\I:g“/li/) (Nn?;'li/) TC/% TN/ % TP/ %
CF 15.3+4.6a 7.900.04a 21.0x1.8a 5.86x1.6a 49.1+1.5a 0.91£0.32a 0.078+0.02a
NF 14.6+5.2a 7.9120.12a 22.7+2.2a 5.29+1.9a 48.4+0.47a 0.90+0.13a 0.078+0.01a
NF40 11.2+1.3a 7.940.05a 21.320.56a 4.97+1.5a 48.4+1.3a 0.7620.15a 0.0790.01a
NF60 15.9+7.0a 7.98+0.02a 19.3+2.4a 7.07+5.4a 48.0+0.35a 0.80+0.25a 0.085+0.01a
& PLFAs/ A/ G* 4/ G4/ L/ AM ELH/ T w/
(nmol/g) (nmol/g) (nmol/g) (nmol/g) (nmol/g) (nmol/g) (nmol/g)
CF 87.9x14.1a 70.3£11.2a 27.9+4.12a 27.7+4.88a 14.5+2.59 4.08+0.73a 3.07£0.43a
NF 67.7+19.5ah 53.5+15.5ab 21.8+6.09ah 20.4+6.35ah 11.4+3.69a 3.48+1.16a 2.81+0.45a
NF40 66.8+2.93ah 53.1+2.87ab 21.9+1.09ab 20.2+1.44ah 10.8+0.22a 3.39:+0.20a 2.78+0.22a
NF60 60.3+8.87h 47.4+6.90b 19.8+2.80h 17.8+2.76h 10.2+1.67a 3.28+0.68a 2.75+0.38a

BUERFTFIEAREE , ARR/NG TGRS BT B 1225 (P<0.05) s SWC.: e Kbk s pH FRERYE ; NHE-N: #4580 NO3 -N : filf
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Fig.3 Heatmap of correlation between biomass of various organs and photosynthetic traits, biochemical traits, soil microbial community
and soil physicochemical properties
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Fig.4 Structural equation modeling showing the direct and indirect effect of the plant-soil-microbe system to above-, below-ground and
total biomass of poplar under elevated O; concentration
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Fig.5 Standardized direct and indirect effects derived from the structural equation modeling
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