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Abstract: Negative air ion ( NAI) is an important index for measuring air quality and is affected by vegetation and the
environment in the forest. However, forest ecosystems are an essential source of NAI, and we know little about how the
interactions are between forest vegetation and the environment, and its effects on NAI. In this paper, we selected Quercus
variabilis as research subjects in warm temperate forest ecosystems and obtained meteorology, soil properties, air

cleanliness, and vegetation photosynthesis data based on long-term positioning of automatic observation equipment. Finally,
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we analyzed the influence mechanism and contribution potential of forest vegetation and environmental elements on NAI
using Pearson correlation analysis and partial least squares structural equation modeling ( PLS-SEM ). The results showed
that the contribution of the environment elements and vegetation photosynthesis to NAI were significantly different, the
contribution potential of vegetation photosynthesis was 62.65%, and the environment elements were 37.35%. The
contribution of solar radiation and vapor pressure deficit ( VPD) was the highest among the environment elements, with
68.94% and 16.55% contribution rates. Vegetation photosynthesis and PM, ; mainly affected NAI through direct effects,
while photosynthetically active radiation, ultraviolet radiation, soil temperature, humidity, and VPD mainly affected NAI
through indirect effects. Therefore, the structural equation model can be used to clarify the impact of vegetation and
environment on NAI in the forest. This study can improve a comprehensively understanding of the influence mechanism of
the environment elements and vegetation photosynthesis on NAI in forest ecosystems, and provide a theoretical basis for

assessing the contribution potential of forest ecosystems to NAI.

Key Words: negative air ion; structural equation model; photosynthesis; meteorology; solar-induced chlorophyll

fluorescence

23 BT (Negative air ion, NAD) 248 KA A LT 550 F456 T8 B (0L ff A2 B8 -1 iz 08
i T AR AT [ AR EREE R A X 2 R T B I BB AR . NAT Z5 R R AE S A
HY FEARBL, BEASBHCIR A0 o 27 1) FEL 7y o o RV S  | FAT B M A TR R 2R 1G5 AR S ) R BB Y 7 2 T
IR LT RE X AR 0B R A: BRPLRE AT IR R B e s KRR

NAIL 22 Z 7 PR A L I 20, BN 4 fF R AT it RV 2 A 55 RS i) NAT R L Bk
Ui, FAR A NAL 2 FEORIE S ma A T IR g o My BE AR 2 Wy B P £ 2R 4R N 2 H & kil
R 2 L RN K B 43 SR IR R R B LR O 5 A W0 P S BSR4 AR o el Rl (4 Qs AL A R 0 5 1
FH I PR R B A FHS & 7= AR 19 NATY | By BRAE AT NAT B9S2 3252 5 ZRARERBE A8 (b A 56, 3 S 25 S NAL
A9 HL R B S S R I A AR . EAT, A 06 NAT 52 0RIEE WG 585 MR SRR PV, %5
KRR G, ACE /DRI S B R, KGN 58— I B 18, F o 45 A — 3
27)E, H NAL 9 H AR bR M BRI st . Uk, DAFEWF R ME LB /s RS 28 R 4T NAT 7 FE LR, {15
PyERAE FIX NAT @91 HIBL K e R B2 25 () UE TR 2 AN E Pk . AR PRI B2 SO0 & A 5¢, /&%
ARG B A T AR P B RO S NAT 9 5 SR J5RN 52 e R 3R, — 5 TE 52 MR AFL 400 R PN Pl ) 2 S A% 3
55— TR S BRI e A 7= A R Bl L RN, 51 & 25 SO B, AR 3 NAL 7= 260 Y i AT At
JEETERTS NAL CR MBI R 215 A E MoK A RE DT AR B BE AR A E NAT (1977 A (HE AL oY
S NAT (456 R HF /10 SRR T XA A 1 P S el A 6 NAT 52 i A2 S/ LB T
i, HICHE M4 E 96 (Solar—induced chlorophyll fluorescence ; SIF ) VE S — Ft 5 2 FA A2 9% ' & o 72 Wa I Y
AR I = A EOE S ERE S M EEFB 2 " SIF XMl S A 1E R B, B giE
R JEAE G B R A SRR AT DS A ' A BB 0 I SR TE AR ST, S AR E BOR L, SIF LA
U (T ) ORGP B B AR AR AR B ) e A e A

AMRA SR GE T NAL 52 BRMAE AN PRS2 3R (0 2L W) 2, HORIEFNSE mel (R AFTEAIE M, BT, A K
NATL 200 PR 2R B0 5 20 8 TALGE a9 Ge i 1m0 05 20 A, T A6 9k 7 722 6 PR /A% 6 22 (8] 1) AR I OG22, T
REZM 1 TR HEAE RIS, S BOH S5 R 22 S e X BRI 1 GOV RUBE AR B ™ A NAT AILBR A ST, 29 12K
LIRS I X35 TRl PN AR A 25 R e NAT STk 1 Rsg ma bl iAo BLassf 2] S A e A AR 5%
BEGEA NAT ZR LR T 55 —Fh T SE A9 1k 250 7 B2 ( Structural equation model, SEM) 4 A #L
arF S PG — AR AR R Z DGR I 2 e B A A I AT A I 1R 25 i[RI, ST TR R
[ OC AR R I R R TCIB /e e SR B — DB R A i T DL S R A8 e 1) 7 4 PR 3R i ) 42 PR 3R Y
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IR

18 B2 A% ( Quercus variabilis BI. ) J2 W I 1o DX e 1L AR AT Bl AROWLEL A A A R, ELA BT adi thom AR R &k
FRRE AL, 70 B XU V0I5 /NS S 07 T B AT B R o ARS8 L b by ek G, 1 B 5% b A 5C 73 B Al
Pl e /N ARSIy R AL STk E BT ARG | B T | s A R DA SAB O NAT B 520 7 AR
ARAE BRI PR 2300 NAL B2 i LR A STk v ), B 7E T8 7R T AR S RGP 90”48 NAT B9/E FHHL
il LA S FRIEERT NAT RS20 3, AT — 20K ME PPl AR AR B NAT 19 STRRYE 7, 02 305 RRobk B 77 ik I 14 &
Ji& I R it —20 5 W AR A A5 IR 55 T RE VAL N A SR RIS LAt

1 RS

1.1 WF5E XA AL

ARG AT R FE AT /NI RS i BRSBTS BT AR 2F WL A 5 0 (35°01745”N, 112°28'08"E ) #E 4T, A 5% IX.
AL TR A8 VU Y B 1 e B - R AT 2854, T8 T B8 TR A 2= XUE i AR ¥R 13,4 °C, AR BE T i
641.7 mm, 2 68% M FEAE T TE 6—9 A, a5 U oA WAL RE B T8 - FA 1 32, RHEZER
R, ABRSTEK, EFHLEEFTHTR ER5 2 RN RN, T 5084 50 cm, pH H 7.7—8.57
WF5E X AR B MR T AR 3 SE 252 50 8.0 m, BRAT 25 5 24 998 #k/hm” AR EE M 0.75,
1.2 NAT WL

BT HOIISR ) RR-9411A B2 S B+ A MM (RIAR, s NAL &5 0—1.2x1074~/
em’ EBHE=0.4 em® V7' s RSB < +10% , WU &R AR B el 2 , W B ) & 2020 4F 6—9 H
1.3 BT

M EE R R 1 2 SR RE KGR PH AR S R N R DA R Bk Tk B A 8 R A5 R ALK
ARAUPE L 1, I BEER 2020 419 6—9 H 8 Bz AR 32 BEAE K 2 6 UL AR B SR BE B2 R A . 1l At Fnok
1522 (Vapour pressure deficit, VPD) R 25 S TR FEEE | & RAE 2 SORIRE WER-G F5 bR, AH L TR AAH
SR HACFNE, P, ARG A Smith 228625 3 VPD, 058 28 SR AR BE X NAT (195
e, AR Ch

VPD = 0.61078 x (1 — RH) X el (1)

K, Ta HAR(C) sRH Ry2s SAXNREE  BUA (0,1) , JTCHA,

F1 REEZRUNKE

Table 1 Observation types of environmental elements

At faTHK &9 W uihsy P
Variable Code Measuring range  Precision Model Region

HJE Temperature ambient Ta -80—60°C +0.12°C HMP155 7% 2% Finland
FAXTHEE Relative humidity Rh 0—100% +1PP HMP155 7% 2% Finland
K Wind speed Ws 0—60m/s +2% WindSonic YL [# Britain
& A B ST Photosynthetically active radiation PAR 400—700nm +5% LI-190SB 2[H USA
LM ET Ultraviolet radiation uv 210—380nm +2% TUVR F[E USA
3R Soil moisture Ms 0—100% +1PP AV-EC5 % [H USA

F IR Soil temperature Ts -45—65C +0.2°C AV-10T FE USA
PM, 5 Particulate matter 2.5 PM, 5 1—1000pg/m*  £1% RR-9421 * [ China

WEE—F b PP R A3

1.4 AEROLE RE S W
FEBOGEBE SR W IE T AutoSIF- 1 %€ Y6 W 5% £ ( Ocean Optics, USA) , AJ DL SZ BAE 9 G & BE 1 1 b
TG U LG QE65Pro Y (Ocean Optics, USA) fEIRAR LR K RAER . ek
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T 640—800 nm , Y34 HER 0.31 nm , RAEEIFG 0.155 nm, {5 HE 100001, BR4& L REAEM R AFMIE -5
12 m Ak LI 2 2020 4FR9 6—9 H o

LIS R] | b TRV R AN 4323 1 BUAOG RROK ST S 1 sl S AR O BH DG IR ™ A BRS2 A 52 7E K BH K T
1 (SZA ) >80° IR A B 2 At B HEBRFE 3BT 2 A1, BRHGASUfelE T S B 6] 8:00 22 17.00 Z (B &5 . 7Rk
P ab BEFN Sy M b A B A SUE S T Imw/m®/nm/sr 195G STF B0, IEAR 00 (B S Rl w+30 1)
PR BEHEBRAE AT Z 50 (u 1 o S0 (MR IE RS ) o

TEARMFFE A T =4k 5 3 ( Structure-From-Motion, SFM) J7 k3L SIF {55 1% 7 5 & = NI BE RSOt
TR | A4S — W AT R, H 32 B AR SE I SIF 5005 KU R B 2 vk 84k, % 24Nk
Bolb AT/ NI A i I ROEAS 2 B 1 R SEIY SIF Gkl
1.5 Z5Hh R R

ZE R 7 FEAR Y ( Structural Equation Modeling, SEM ) J&38& A8 & 7 2258 [ 40 Ar 22748 1 B0 2 (8] 56 R 1Y 25
GHEBIRGEIT 5000k . ARFFER IRl T HE X s i S R 2 ) i 5 AR i 2 A OC &
HEAT S B AT, S T I AR | S i R S HAFTE R R R R LA AR R A S, Rk
TR GER2E IR ORAE 7 BT LUk X A BRI T A PER 3 , S bR A8 B8 Am 5 o BOAE 5 B, THEEL TR AR
(10 s 1 R, 0 2 F O AR AL (R DG S
1.6 HEab s o Hr

Bt Ab BER AT Python BAEFEFT 70 A, 1 e 08 Bdl EA T o e A, @ asd i 8] 91 14 i 2, S BT 00 ) 5% 7 fit
H T TR AR | )R T 71 v AR S ) 880 5 SRR A S 6 A LA R [ 500 {1 S 5 s I o 2t 3 A
5 22 K6 5 DX T 3 LR 5 Xof S i 5000 R sk 2 B8 A T4 A, i 2R /N T 2 h e DX ) R T e D R 4D, KT 2
h B DRI FHAE AR 10 25 53 A SRAE AR D 5 X047 /DS B0 SO PR b 3045 5 S 45 1 R ATS A S o (L A B T 50 e
WESENZSE S BT A A R E . R I ) RIS T 2400 21 58 I EE , S R S R LS 2 B A8 2
2000 ZHAEAT53HT . FRTRURE BE T >R FH 44 5 #R 1% 22 ( Root mean square error, RMSE ) F13k %2 22 % ( R*) X AR
SR IATRE RS

RMSE:JiZTI(pi-Oi)Z (2)

Rzzl—i (p[—oi)z/i (0, —0,)° (3)
o, H p A3 B WL FIRE RIS s o, A WLII(E A 2518
{8 Python , Amos 1 Origin S5/ XHM e B0 HEA T o0 B AT ZR 22, % NAT e BE (A T8 BOr B b 1 5
YE R NAL e BEAR R , PRI 2R SAB BB X NAL B9 52 00 >R 5 XA 2R 7 22000, A5 F8 b 1] (R A S 2R FH B2
IRHMAA AT, BRI a=0.05,

2 HRE5SH

2.1 NAI 5B R MDA LR

NAI 5AE R AP A A R AR E 2T, WK 1 R, NAL 55 2R AHC B3, o
NAL 5 SEAARGRG RIME ST | 5600 5 2 0 15 AHC A 5C R 50431 0.238 ,0.534 ,0.535 F1 0.308;
NAT SAHXHREE PM, &2 3 GG A C R B B —0.145 F1-0.214, NAT S5HE#OEA 2 B3 EHC, M
KRECH 0.763, MPCAZ IR E R 3 YOG SRE DLEABERS R /ME A 500 2
B IEAR G AR E M 0.307 ,0.793 .0.781 F10.255, 1T, NAT 5 XU5HAH ¢ 22 5%, KU HERR 76 457
Ty FERAL TN 22 A1
2.2 TR MAEPICA KT NAT 152 L]

AHIFFERT M NAT (Y PR5E 28 28 A O & A0 dE 454 7 R AL (8] 2 Firzis, NATL (52 (R R R 20 248

http ; //www.ecologica.cn



1666 JAE = 44 %

© 0 05 10 17 32 47 0 3 6 0 18 36 23 26 2
3 : : — — —— 1300
RE~ NAI
g £ ‘ 20145 | 0238" | <02147 | _0.049" ‘ ‘ 0308" | 0.0637 1900
%‘ﬁ Z g 500
= 9§ i
oS E 0.095™
£Ez . ‘ :
RIE
<
i n 80
f -0.067" {40
5
5 0
g
®eo
E 2
g 1160
3 -0.038™480
- 0
8 .
= %é 0.029 0.012
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L
2 {17
el g 29 Ts
E o
f%( £ 26
H2 23 | ¥ C R e o 2 oir - M |
3 500 900 1300 0 40 80 0 80 160 0 80 160
EEAET FHXE B PM; 5 S A AR RS TR
Negative air ion Relative humidity /(ng/m?) Photosynthetically active radiation Soil moisture
/(8 F/em?) /% /(umol m™2s7") /%

B 1 NAI SREZEZEREELSHEXEDH
Fig.1 Correlation analysis of NAI with environmental elements and vegetation photosynthesis
NAL: S GEF; SIF: HOGHRTEEETO0; RE: HXNRE  TA IRE; PM,s. BRI ; WS: XU ; PAR: JEAARERSS; UV SIMES;
Ms: +HERE; Ts: HHEREE; + P<0.05, #* P<0.01, ##x P<0.001

b R

e AR 0367+

TaEE : PM:s

MR % 0.280%

SN

B2 FEEZRMEHELEI NAIZWHEERE
Fig.2 Main pathways of the effects of environmental elements and vegetation photosynthesis on NAI

# P<0.05, #x P<0.01, **x=x P<0.001

VPD . PM, Xt NAT A3 I 2 G800, B0 43 31 —0.022 F1-0.089 ; #HHE A . PAR UV Fl Ms XF NAT {778 &k &
RN, BN A AR T 0.843 ,0.344 ,0.280 1 0.367, AN, HIBOEA th 2 FREE B R i i 3%, VPD X Bl
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B AU, MUY A -0.114 , PAR UV Ms Fl Ts XA #EGA 2 25 AU, B0 20 51K 0.590
0.487 .0.308 #10.064,

R T 20 AR A IR IR EE X NAL s ma AL, AW 5T 50 B 7 IR BB R XA BO6 & A1 NAT 5%
M P L A5 AT EEAKON , 5 5 AN 2 Fi7n . VPD PAR UV \PM, 5 \Ms A B G A X NAT B LR 43501 Ky
0.073.-0.153 .—0.130,-0.089 .0.107 #10.843 ,VPD .PAR .UV Ms £ Ts X} NAT B RJHE500 70 555 F] T -0.096
0.497.0.410.,0.260 1 0.054 , 3 i Hb A AR 2 22 FIAE GO G 6 NAT 52 00 (%) L4 ) 23500 A8 B, Mg & F
HiggE PMZSEM/EFH%HENH NAI, Ts 38 s 52 M A4F F M [ 520 NAT, 1 VPD PAR UV Al Ms BEAT LA
EHERZI NAL, AT DLE 8 52 56 A VR F I a2 0 NAT(E 3)

x2 MREEZRREWPELEWNETS[AOBEFHIH MBI

Table 2 Effects of environmental elements and vegetation photosynthesis on NAI

5 i ISy & BB EZ &
Variables Total effects Direct effects Indirect effects
FE#HE A Vegetation photosynthesis ( VP) 0.843 0.843 0.000

1 FN7K 5 2E Vapour pressure deficit (VPD) -0.022 0.073 -0.096
BB ST Photosynthetically active radiation (PAR) 0.344 -0.153 0.497
LM BT Ulraviolet radiation (UV) 0.280 -0.130 0.410
PM, 5 Particulate matter 2.5 (PM, 5) -0.089 -0.089 0.000

- HEBE Soil moisture (Ms) 0.367 0.107 0.260

F R Soil temperature ( Ts) 0.054 0.000 0.054

2.3 MR AHOEA X NAL 5Tk

N T AR [ PR R T NAT A 52 0, A BIF 52 4% A
ISR AR VA B P R 2540 R R, PR Ts AN My
2 SAEPOEA X NAT S840 4l 4 firzs , VPD UV F Ms
PAR X #1355 58 A7 W {83 IR 40 (P<0.001 ) , SR 43 ERER @%@
124 0.438 ,0.902 1 0.922 PM”XﬂL%i‘&%%ﬁﬂiE% 2
TR (P<0.001) , RV IAE] T 0.384, i — 20X 4% § alalaid
AT A R A5 R B 1 TR Hoop B P
HHEZE A VPD FHRE R 16.55% , UV I TTIREN  jpmp G
34.09% ,PAR [ 5T Rk E K 34.85%, PM, (1 Tk K H *
14.51%, L, 52 NAT 09 PR 5528 5% s 22 HBEE

JEE I i B 533 A K PH 8 5 (68.94% ) \é%ﬂs‘éﬁﬁf

(16.55%) Az B HE (14.51%) R F 200K B3 TEEE RS NAL S

BHiFH% E§ uﬂ*ﬁ?ﬁy‘ﬁAU\ﬁﬁlEﬂT E; D[’] NAL, Fig.3 Influence mechanism of environment elements and
¥ L B PR R FIAE OGS XS NAL BUTT  yegetation photosynthesis on NAI

BRI, IR S s PRBEELZE T NAT HAT B 3% 13K

L, BN A T 0.580 , % FABBE A X NAT (520, AE 46 G % NAT ELAT B0 i 28l 1E 2000, S A5 ik 2]

T 0.973, F—E X IRBEEE R A MO A B M RN 17 0 —fe AR B, 25 3R B MO & X NAT A8 £k 52

M DTHRZRIRE] T 62.65% , PRI X5 NAL Y BTHREE R 37.35%

3 itig

3.1 MRIEEERXT NAT 15200
RIE T E X NAL U520 B35 A9 A IR E Z 0 TA PAR UV Ms Ts 5 NAI & B ZF1EHE, X
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WK || #HMEST | PMas TSR (| BHERE (| eEARGES

0-438* 0'902* \QJ > Q o L
oy sy A\ § =0 012
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PREEER
088952 0.580%x
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[ Sy

B4 ZSRBFERRER ERXSHERSWN
Fig.4 Path analysis of NAI with environmental elements and vegetation photosynthesis

* P<0.05, *x P<0.01, *=x* P<0.001
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Ko PAR F1 UV 55 K P4 558 B 25 U AH G, KPR 31
AEOE A AE IR SN 1, S5 AR SO A VE AT NAL
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[=}
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AL R %
Standardized coefficients
(=]
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My R E AT DLE & f B 2 REL 3 A NATLL, X u
{380 3 5 MR A 9 ' A R 08 1 [ 422 R i NAT > )

L[ 6] 231515 o = P Y * : :
11, Zhang %5 /23 IS B KPSEAMAT S NAT 10 o wman
/% ﬁ//f‘j‘ T ;gg/ﬁ\*ﬁ :}Ué}*ﬁ— , %% %% Eyq , %ﬁl\ gj—‘é gﬁ rg“ l_:j NAI Total effects Direct effects Indirect effects
WM, 28 5 0 8 A, — R0k 1 K FH 4 At ES FEEEREHNLET NAI ORI

X NAT ELA{EHE RS, Ms B 52l 4 K 43 ¥ W% Fig5 Effects of environmental factors and vegetation photosynthesis
WSR3, 5 R AL o ) A FHDIR 28, 0F T () 42 52 i) NAT,  on NAL
FASESCHRR A M e g i S FL B R e
MUEA Y, FECNAL R BE R T LA A 0 R O 2 A AILAR A 0 1 3k 5 3 BBk A 40 A 1 B AR i A
XTEAR KA L e AR AP E SR DL S 3N . AR A B NAT 5 18800 B 0 A DGR I, 222
S R R AR IS T B AR KR 6—9 H T RIS, IR K 73, Ms A& 52 Mal AEL 400 1F A BRI 2 g R )
¥, P, Ms X NAT 520 55 2270 5 B 0 TR ZR M IX i — 25 DAY . Ts X NAT (9520 SAEHAR 2R 1
ARG B A 5, Ts A LA 52 A AR 2R A AR FH DA R e AR B o), A HG 7K 43 FNE 3R 0 2R I, AT 52
MR AN AR 14 2 BEOIRZS A e R A S AL TR, 520 NAT B9RE, IeAh, 183 NATL 5 - 3Erh s b il B
FEROG, RN ST HH A 3 2 0 3 B2 R 28 08 B R SRR B ) RIS % B NAT 5 - 3838 B B A A
R, TR A K AR v R B R AR 25 R AN T B Ts X NAL 5200 Y S8 HAIK

AWFFE &I NAT 5 RH PM, 2 W 0A ¢, 2 RO FE 2 ORGS0 T, RH ¥4 521 03
(H,0) [ 5k R B FIEAT , S80K A& NAT AR SHRE K, /KA NAT b 278 s v 10 S0 I, DR T B Rt
1%, AN B4 /KT B A 2300, T A HERR AE NAT SEE 2 4N PM, 4 NAT OS2I 2R A T AR 5
e SRR B G MR T L BB F UL, BRAR T3R5 NAT B | 3l A9 25 05 e i
FERE , NAT FVR FE IS, [RIB NAT 723K £ B R 11925 5 2Rt PM,, o 55 RS0G5 Y s <0 i B 4 <04k [
RUGE . MAh, 2SR EE 0 BTS2 S A B0RL) 5K 91 F 456, B8 A/ N ) , 530S b PM,
W BT, 2 RGNS T2 SRl I T A SRS gL
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ARHFFE KB NAT 5 KA PRI, B2 55T X A S ¢, BT se iiF 7€ X K H AR TR il s/, &
E NAT 5 XGH B A SRS, SR, KU NAT A5 I A 258 Z 00, 70 K 22 5 5 R i i X, KUEE X NAT f 5%
M S 3, — 7 1 KU ) 4 5 S e BB FOR B, 55— TR I NAT AR RS
3.2 FHBOGA X NAL #5200

FRARMELBEAE A NATL = i S ERUR , ARIFSE Kk SO A 3R A4 58 A NAL 977 E | X B 2SR
A VE R R GG (6 R AT DU IR AR 10601 O FLfh B 6 i e, RO il s AL ki, 52
HR ) T B T 25 B T S LR, MO IR a2E NAT A=A B9 ad iy H OG5S 4 RO (SIF) AT
DUEEAR RS T KA LK 58 2 58 X ORUEE A o G B A sl il i) 23 (1, (AR AR g nl DLtk — 25 T e &
VEFAAS SRRt BT NAT A5200 , SIF XHABEHOE A VR R R S i AE TV, O e B2 AE P06 & B i BEARER
BT SRR BORT LL , STF 7 W AR O B VR FIAE b ad B 11 B T R ARG ARBF 9T STF A4 HL
FE PRI LI AN B, R — BB SR, 206k B SIF AT 40 & B £ ¢ THE R 4L 11 ( photosystem 11, PS 11)
A B, LR B e 2 85 W R K AL AR AT 548 B AR A X 20 €5 STF A 52 ) HE X B8 41 €5 STF AR 5% i B 4 4%
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4 it
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