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Abstract

Aims The rapid economic growth has led to serious atmospheric compound pollution in China. Ozone and
aerosol are the two main air pollutants that could greatly alter the photosynthesis of plants. Ozone often inhibits
leaf photosynthesis through phototoxic effect, while aerosol could increase leaf photosynthesis through diffuse
fertilization effect. This paper aims to investigate the relative impact of ozone and aerosol on leaf photosynthesis
under atmospheric compound pollution.

Methods We planted Populus x canadensis at three sites along the air pollution gradient around Beijing metro-
politan area. During the growing season of 2012-2013, ozone concentration (AOT40), aerosol optical depth
(AOD), air temperature, photosynthetically active radiation (PAR) and photosynthetic rates of leaves were meas-
ured at these sites.

Important findings The results showed that: (1) AOT40 increased with increasing air temperature and AOD.
Aerosol loadings reduced the external canopy PAR but increased internal canopy PAR. (2) The photosynthesis of
sun leaves positively correlated with AOD and air temperature, and negatively correlated with AOT40, while the
photosynthetic of shade leaves was positively correlated with AOD. (3) For sun leaves, ozone was the most
important factor affecting their photosynthetic rates. Aerosol’s positive effect on photosynthesis of sun leaves was
compensated by the negative effect of ozone. Meanwhile, by scattering solar radiation, aerosol contributed the

WeH H #Received: 2020-01-18 5% H # Accepted: 2020-06-03
HETHE: K ARFFEIE4 (31670478 31600389F131522011). Supported by the National Natural Science Foundation of China (31670478, 31600389
and 31522011).

* J@ {5 1E 4 Corresponding author (lingli.liu@ibcas.ac.cn)

©U 00000 Chinese Journal of Plant Ecology


Hp
打字机文本

Hp
打字机文本
扫
码
提
问

Hp
打字机文本


PR REAMURRE ST R ot afERRsEm 855

gl

most to the increased photosynthesis of the shade leaves. Overall, our results indicated that ozone and aerosol in-
duced different impacts on the photosynthesis of sun and shade leaves, suggesting that plants with different can-
opy structures and ozone sensitivity may respond differently to compound pollution. Our results also indicated
that aerosol and ozone pollution need to be controlled simultaneously to protect the productivity and function of

ecosystem.
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ITAER, BT RE Tl ol R R AR AR
T, KRR ERALY) . ALY, EREA
VA5 Yk B2 IB ¥ T i (Yang et al., 2000; Ji et al.,
2012; Li et al., 2017). X L8y5 LW 7E AN [F] (1) SR 56
NRAIFAHEAER, TRE Fh— O k05 G 3t
HFHE AR KRG YdJi et al., 2012; Xue e al.,
2016)0 F [ 73 i X RS G AR IR IR
Wik A 3 (Chai et al., 2014; Wang et al., 2014). XH
Ty Qe 2 18] BEAFAE S 5 BRI 0% R (BRI 4%,
2007; 4fE4E, 2010; Lyu et al., 2016), AE@E T
AN SN SRR T AR RS . R AR,
WRE I b TE AT R 32 A0 T UKL 1R AR (L et al.,
2006), 171 ¥ s UKL 388 3 SR R R ALK BH 8 55 g
U355 B3 T b TH] 0 R BH R S, A1 Ak 57 SR AT
FAAR SR 4K 5 (Tie et al., 2005; Liu et al., 2019). & F
(R FE 3R B, SRS IR FE IR A8 A 3 ] 12 3 14
A5 i B A A () A A T 2k T s e AR S R AR T
(Wittig et al., 2007; Rap et al., 2015; Wang et al.,
2018). {H 2 7E SLA M IR BRI L E A5 4y
50, FEYEEAE R QT o Bz 1) A DA e 4TS e Rk
=,

REGE I F g i, MRDeEER . RA
AL I ALY IO R A, I 305 P 4 A
TR T4, FEA0M AT Ot SR SEE AR . X
g AR OGS AR EE, [FIRHIH 2
5 52 IS P T T s I R 8 A A A, AT Bt

JeEER] (Pell et al., 1994; Chen et al., 2009; 74145,

2009). & FiRgzmasl, SEE M 5 AR RS
ITAMRTE M ) BB G by, JLTT P DL R 2 R A 4 2 3
SUERI . PR b 54U mT DL Ik BRAS SAAR RS it
FENT PO & I Z (T4 58, 2016, 22 4%, 2018).
UbAh, —Lemt ot R I, LA T DLd i il SR AR A 4
FREZERE), RN R B A0, BRI A R & =
ST XS I 3 A, 3 T 40 1A FH (Pauls

& Thompson, 1980; M4, 2009; 3RAHVESE, 2014;
TF#54%, 2016; Shang et al., 2017). REXH A&
VE R0 e 4 SR E M B RAE S RGUE =)
I BEAIG

AFTF RAMEENE, BIFERSHNRE
JR R 3 B I R SRS R AR A
TER o AR UKL e % MR USCRI RS R BHAR S, AT
ee ALK 3] 0k b 2 1R e B, A O i A b
e BT EU RS BAE S E T, RREEZN
A RAMY) T E A AR R AT B R
T 2 U Z KRG I B A - R BRI
SrERIN, MRS M RS EER . ez
A0 AL T AT BH AR I 6 A1 S AR
S EU 4R S AR AT I B4 55 (Roderick et al., 2001;
Knohl & Baldocchi, 2008; Doughty et al., 2010; Wang
et al., 2018). AHFFTRIN, KRR CES
THIBH AR B AR 5 52 B il b, S R T
T B R AR A T PR BRI R, SRR AR
(1) vy i A )k A 3 ' & 4 F (Steiner & Chamei-
des, 2005; Doughty et al., 2010). Ak, SIERIKE
Tt v R B £F Bt 5 48 A1 K IR R 25 (VPD) [ BRI,
VPD 2 i i 5 L5 B 3G 0 BH AR i e A
(Wang et al., 2018). ItAb, tHAWFTLIRH, B e
HE PR R, T DRI AR I R
AT EE, A I URL A IO 2508 mT R ad i
HE 0w G e A 12k - B 6 A 1 H (Badarinath et al.,
2007).

DAL AN I IR E R R A5 G il 50w
A 1ER, BERRBNRE X A R
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HARRS R I TE, H T RE AT R &
YEH B FE AR S5 =, 0 32 /b B4 1) BT AR
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TG IX, His YR BE A7 16 W1 5 R 00 B0 FE (A 40

&5 2008; XA LA 2010; FIk4, 2011; Zhao et al.,

2013). CA AT FER B AL IR X L AR B A XL
ST TR BRI FEE R X 5 o, T RIS X R R AR o A
B T RO TR B AR (AR A%, 2008; XI| 7
A% 2010; Zhao et al., 2013), X EEFREE AT AT
B AR FE G v 7 S SEUR S i B2 A5 et
T RIS AT o AR BT R I B g
71, Hhin#(Populus x canadensis)fE Ak 5 b
Al A KR AT R RS S, FR g 2
JET7 M DX R AT A A e B ) EE AR, 7R R A
KA T AR (5 kR A AR ZE, 2006; X1 B D25,
2018). Tk, FAEIL 5 S S b X i AL 2 R ik

M7 AHFEIRE I, EAKZETL S RS TN
A TR AT, I R 22 W 7SR
J5 B (AODYHIG 75 20k 3 (PARY S R B B 1, B
TESGRE T AN I S AR . ARSI
Ry, DA IE G By AR IR e REEA MBI E A5
et e AR 2 A A DAL, SN T

IR A 25 R G B BE 70 (A5 M B2 A B 1 L,

I B S Al 35 e i BOR BR EAR R IR A R
1 ™MRFFE

11 WHREXER

BF 58 X AL T A6 3RS B R XSG £
JE 2 e 73 BIAE AL B T % = X s g 8 ) T A v,
117.12° E, 40.65° N). Jbai e X & (L5256 it
(XS, 116.20° E, 39.98° N)FIH[ k44 i 2% E [H I 4
(GC, 115.12° E, 39.13° N). 1£E2012-20134FA4 KM
TN, B FRE21.49 C, HFPFHRA
52,31 nmol-mol 'y 7 LI 3EHI P14/ 23.71 C,
HFH B4 W EE39.77 nmol-mol 'y [l 34835 05
23.61 C, H V¥ R4 E33.87 nmol-mol ' T
PR RSB i MODISH B8 Il 161500 nmifk B
[JAODIELE b fa] FAF . 77 111 JE RN RT3k 853 7 A
0.50. 0.70. 0.78.
1.2 SEIN&IT

20114F3 H AE3A LA, fi 3 B 76N m x
1 mi/NX o BEAN/NX FRE 238K B [F]— Z B 0
BoAF 4T, 20114F8 H kAT A f, fRE KA RAFIL

Fk. 201220134 KZF=(G-9 ) E, L =RKAT,
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FA A 0 &0 52 R 48(L1-6400, LI-COR, Lincoln,
USA) 73 AiAE3 A0l 506 i By e & e A7 W, & H 1
Wo ML EILE8:00-12:005E 4T, M5 i e 5 4t B N
1500 umol-m s, WA E N30 C. FHEHM S
RN Py BE A I F03 R B AR AT & . FHAE
W Sy et J2 TR KA 4 T BE Y LA i e, 1A= it
FN 2 A A T RS I o 1 PAR
AP B G B A B R 0 o W) 34 )
R SLAEREE PR A T S50 A R R S 3k
3. AOD I it F 7 20K FH % £ v (MICROTOPSII,
Solar Light, Glenside, USA)TEM: F A8 Z AL 1
[F)2E4T F- 2l & .
1.3 HEHH

A FER FH 3R I 5L 4 SR 1T IR B >R 3R R AOT40
(Mclaughlin & Downing, 1995; Shang et al., 2017),
THEARWF:

n
AOT40 =Y [C,, —40]
i=1

A, Co ME KT 8LEE T-40 nmol-mol ' /N B4R
WP, N BRI EAMIET40 nmol-mol ™ f) /)N
o SR E 6 A AR N BN 31E, PARFIAOD
P51 N SIS L Al

BE FE R A PersonAH & 0 A+ Al [ 51 3 A - 534
IR T LR RS B 7 5 By Dl 2R 2 TR A
KR Fo MHEE TR TS G it ot &
R AL SRS DTN o SR T R AR A o
F AL ) AL AN AR AL AN [R], PR A T B %
A AT T ARHEA R, A IEON0, FritEdZE
1. fESEIEAN EREAT AR AR SR, MTTTR] LAAR
PRAEAL R B LA AN R B 2 DA B b A A
FSZIR RIS e tHBLA0 AIFER 3.4.4 (R Devel-
opment Core Team)FfIAMOS 17.0 (Amos Develop-
ment Corporation, USA) 317 .

2 LRI

21 BEMSRREFZENXER

& IR TS, R R E(AOT40) & &
FTHp < 001, R = 0.27), FRESEN C,
AOTA04/11158.86 nmol-mol "*h (I 1A). SR
J% £ (AOD) 5 25 SR FE A R E X R(E1B). H
b AODI 3 I, AR E 2B EN LT
(p<0.01, R =0.04, E1C).
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b % AOD [ 18 i, 7 /2 41 & 10 PARG 35 BRI IR AIAOTAOMI R4 J& , AODXT FH A I (RE = 0.27)
(P<0.05, R =0.05 E2A), HEZNHHIPAREE ML AR = 01505 H R 85 2L

THE(p<0.05, R =0.06, K2B). Ri(p < 0.01). ZKRAOTAOFIAODIFE )5, B4 %S
22 BEBHRIMAEXEGRENEN SRER TG, BHAM R E R R E e <
221 SEYRIFERFIAXEERENFEMN 0.01, R =0.39), {EXHBAZE M Fr (RIS IAS B35 (B0 o

] B S A0 BT [ 45 L W], AOTA0X BH A= 1 GER T RERRL S IR, RATS IR R

A BH AR I B0 & s R R 2 1R (K 3A R A TER RN 2SR . RAE . BRIRERE
3B). {HFEEAODKIEM, FHAEM F (R = 0.14)FIN] & 8@ . SR AR F e & sk i, S0
A (R = 0146 SR B B E T E(p<0.01, B RS SRS s RN, RAAH BN, PAR

3C. 3D)- AR A B e B R AR AU N (E4A L 4C).
222 EBEEIBEXAEERRZAIHF SRR OGS AR R, AN R R R

AT R, KBRS SIREFIAODRIFEM A RRERN, 54 S5 13 RN, (H ek 2 Py
Jo, RARERR T AN A EE( < 001,  IPARKT B Az - F o £ i 2 B B AR Rk N
R’ =0.29), EXTHIAEMN R mAEE. £Ba S (4B, 4D).
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Fig. 1 Relationships among air temperature, ozone concentration (AOT40) and aerosol optical depth (AOD) in Beijing and sur-
rounding areas. The black line is the regression line for all data of the three sites (p < 0.01), and the gray areas is the 95% confidence
band for the regression curve.
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Fig. 2 Photosynthetically active radiation (PAR) under different aerosol optical depth (AOD). The black line is the regression line
for all data of the three sites (p < 0.01), and the gray areas is the 95% confidence band for the regression curve.
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Fig. 3 Relationships between the photosynthesis of leaves and pollutants. The black line is the regression line for all data of the
three sites (p < 0.01), and the gray areas is the 95% confidence band for the regression curve. AOD, aerosol optical depth; AOT40,
accumulative concentration of ozone that more than 40 nmol-mol™"; P, photosynthetic rate.
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Fig. 4 Direct and indirect effects of aerosol and ozone on leaf photosynthesis. Black and grey solid lines indicate significantly posi-
tive and negative correlation, respectively. Gray dash lines indicate correlations that are not significant (p > 0.05). The width of the
lines indicates the strength of the correlations. Numbers adjacent to lines are standardized path coefficients and indicate the size of
effects. Asterisks indicate significance level. **, p < 0.05; *** p < 0.01. The model goodness of fits is suggested by x> and p-values
(a: ij 3.22, p=0.07; b: ij 0.56, p = 0.76). AOD, aerosol optical depth; AOT40, accumulative concentration of ozone that more
than 40 nmol-mol'; PAR, photosynthetically active radiation of internal canopy; PAR,, photosynthetically active radiation of external
canopy; P,, photosynthetic rate.
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KA TG R, 2SI T = AOT40tH 2=
THaE(EI1A), X5 LR 4 R — 8. X RhFES
A B T IR T BRI ORI, T AR
T R4 (Wang et al., 2017). [FIF, FATHM
B Ry T G A EE /b N =2 N L A= R (PN
BRI A AE RIS E N, FRAR I I PAR
335 FRAR, T B A e 3R T A ) PARYE. 2 T i (1
2). JibJZE N AR S AR A A AN R E— 2D E S T LA
FERIE T AR A s B AR RS 4 S 40 0 B 38 e
SFEEBI R 45 5 (Roderick et al., 2001; Doughty et al.,
2010). JhAb, AR RIBIEFUHE H A0 RORORLE i i
FUHUR K BHAR ST PR T BAHER I SR 4T, (iHh SR
I 75 FEA%(Li et al., 2007; Doughty et al., 2010). {H7E
ATV FE rbr, A RO MR 55 0 25 SR FE VA B
BHXRENB), FTHER T3 IR 2= AR
FE M AE AR O/, T 3l 8] B 22 (RN B )
IR SRR R F—J5m, JATZ
K, RABBENESERNT s niE1c),
AT REE T F R KA AR R RS I 1)
RO BRI 2, I B e SR @ i B K FH AR
S, (E150 5 2R RN, kA sON ) it
17, SLEAMKREERE 2 Ft = (Shi et al., 2015).
32 EABEMMHAXEERNEN

A ATE S BRI B SR A . B A
+ A% 6 55 55 7 A )6 A 4F FH (Shang et al.,
2017). FATHIAR I 73 bt R, R R
I BA A I (0 G Tk 2 B3 PRI (145 B SRD) o AH
XM, RERE AT B AR A &k R 5
M AE /N (B4 BRESRT), AT RE AR BN B AR i K A
THOEIPIRAS T A BEYESS, <AL O/, RAd
LA B N S 1 BEL ) SR (2 A F L
&)1, 2007; FHXUFIZE, 2008; McAusland et al., 2016),
DRI 1 52 5L AR B AR AL B s /N o TEFRATT BRI FE A,
AR TR RTURE AR S T v [ B (2 3 17 PH A I o /0 (99 A
Fr G E AR (SR . BH AR P A1 F 3 1 i A
JE 1R RO B R AR B B AN KR 22 (VPD)
it 7 A ALTE o AL RS 2 CO, (P RID). BA
Az e S VR P I 32 R el A R R in
T HU RS E A, ISR T YA PR (Wang et

BRI RO E IR 859

gl

al., 2018).

— ORI, M AL BRI R 3 R A iR R
Ft & = (Dillaway & Kruger, 2010; Urban et al.,
2017). EARAHE T P BEIR S R RIFA R,
H R FE 25 00 0 38 5 IRV e B R R TR A
(Doughty et al., 2010; Wang et al., 2018). S R4 21
RUNE FR) 52 10 7] B AE AN [ 2271 A — R A (R AN [ I B
AR . FEiR BRI RS LR, AR
R lb g N A= L RS I R R T B e (SEER
MAEE 2R IR, SR B7A 20808 AT % ek v i 41 1
RN, R B B AR VPD, AT AR 1 I o A AR H
(Steiner & Chameides, 2005; Doughty et al., 2010;
Urban et al., 2017; Wang et al., 2018). 7EAHHK 7T,
AR I 7S T v o 35 R 7 BHAE I Bt & ik
B, XS A ot A R R R BN (B4 BRI
PRI X ATRE S BT B A v 22 6PR &), H.
FoA B PR N B 55, 0 T AR B A S AR
(Wang & Leuning, 1998; McAusland et al., 2016; [&2;
PRoRIV)o

ERATHIBE T, o0 RRURL A2 24
FEBORRRE b Be w2 RAA AR, AT 1
S BHAE M B Gl s (E4). [, B4
7 16 6 18 2 52 1)U RO AR AT B2 MR R,
(B SRR AR (B14), B4R BT REAE 4 HT IR
BT RFM MRS HOCEER . SR, HAhAT 7K
Pt Fr 106 VR F AT RE R A e R R BE T T
B, XA R hyad v AV ROV B ROR AR T 35k
T () 55 5 (Rap et al., 2015). [Hk, WS E RS
Gk — I, FoR B A il B AR i O A
YE R #S ] R PR 9 i v RS R RIURE AN R AR BT T
B, MASHAEDEM®H (L et al., 2018; Wang
etal., 2018). FEIATHIILMI A, SLEA I BBURL
HET5 9N R BOCEE R RIS, TReE
EH T 00 S5 PAY 8 PR 38 D AR 4 ST B 451 B ok 1) TE
RSG5 A A P A 55 SR 1) A7 T RS o

AW Es KR, LEMERI AR
S, SR T Rt &l R 5y AMEL
YEZ MR RK R, KAE ST EYE R
B M AAAE AN E M o A 9T AR 2 0 2R B,
TEREWRE B B R B B % = SR 6w,
i E s/ V). REX S SA T R
WRE BT R AR E G, SRR BT
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INZEFAK R4 R AH—F(Wang et al., 2018, 2020).
R ASHIT 58 R R (0 B R D, A AR R
KAE A5 Yo AT 75 Z it — B9t

It o ] 2T e keIl S it P A R, RN ()
KAFGHROLH AR BEHALiet al, 2019; Yuet al.,
2019). BT HIBEFU I, 9 RESCFE 3R ORI
JiE FORL IR FEE S 25 BRI, (H T NOL S IR BT AR B i
DL S RO PRI T B0 1 EH SR B 92> 4 i [
1R 2 1 X R AR E IR A _ETH %5 (Zhang et
al., 2015; Lietal., 2019; Yu et al., 2019). iX &K ES
T IRURL T - v G A F B A 2k 28 R0k 22 9 58, T
SRR BN 2D e . DEFCAR e, RAEIRE
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