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Abstract

Aims The response of plant leaf functional traits to flooding in salt marshes is not only helpful in exploring the
internal correlation between leaf plasticity mechanism and photosynthetic characteristics, but also of vital signifi-
cance for gaining a better understanding on the stress resistance strategies of plants in salt marsh wetlands. The
aim of this study is to investigate the responses of leaf functional traits of Saussurea salsa to flooding with the
changes of water-logging durations.

Methods The research site was located in provincial migratory bird nature reserve in Xiao Sugan Lake, Gansu
Province, China (39.22°-39.35° N, 94.45°-94.59° E). A sample belt was selected from the edge of the lakeshore
to the end of the perennial tidewater line in the low-lying area along the north side of Xiao Sugan River. The du-
ration of water-logging in the salt marsh wetland was measured base on the water level marked by the flood rise
and retreat marks in Xiao Sugan Lake over the years. The sample belt was divided into 3 plots according to the
water-logging duration: low flooding area (water-logging duration: 30-90 days); medium flooding area (water-
logging duration: 90-150 days); and deep flooding area (water-logging duration: 150-210 days). Six subplots
(2m x 2 m) of S. salsa were selected from each of the three plots for a total of 18 subplots. We investigated
community characteristics and population traits of S. salsa, soil moisture and soil electrical conductivity (EC). Six
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plants per subplot were selected for photosynthesis and chlorophyll fluorescence measurements. Foliar samples
collected from each of the six S. salsa were taken to the laboratory for measurements of leaf traits (leaf area,
thickness, dry mass and chlorophyll content).

Important findings The results showed that S. salsa changed the covariation strategy of S. salsa foliar mor-
phology and photosynthesis with the extension of water-logging duration. In the low flooding area, S. salsa
adopted fleshy lobular pattern with small specific leaf area (SLA), high effective quantum yield of photosynthetic
system II (PSII) photochemistry in light (Y(Z])) and low quantum yield of regulated energy dissipation (Y(NPQ)).
However, S. salsa grew in the deep flooding area adopted completely opposite covariation strategy in foliar mor-
phology and photosynthesis compared with those grew in the low flooding area. We observed a significant corre-
lation between SLA and Y(/I), photochemical quenching (QP), and Y(NPQ), as well as a significant positive cor-
relation between the quantum yield of non-regulated energy dissipation (Y(NO)) and chlorophyll a content (C,),
chlorophyll b content (Cy) in all of the three plots. Under the influence of the spatio-temporal evolution pattern of
still water in the flooded area of Xiao Sugan Lake, S. salsa population achieved the balance of the photosynthetic
carbon budget by changing the morphological characteristics of leaves, such as leaf area, leaf thickness and SLA,
timely adjusting the photosynthetic characteristics, such as Y(NPQ) and Y(II). Saussurea salsa showed strong tol-
erance to water and salt heterogeneity, reflecting the leaf plasticity and resistance mechanism of salt marsh wet-
land plant under extreme environments.

Key words
Lake

leaf traits; specific leaf area; actual photochemical efficiency of PSII; Saussurea salsa; Xiao Sugan

Li Q, Zhao CZ, Wang JW, Wen J, Li ZQ, Ma JY (2019). Morphological and photosynthetic physiological characteristics of Saus-
surea salsa in response to flooding in salt marshes of Xiao Sugan Lake, Gansu, China. Chinese Journal of Plant Ecology, 43,

685-696. DOI: 10.17521/cjpe.2019.0132

TR — > Th R M5 1P 4T 1) A dm A, R
I EA AN AR R R v, AR iE L T B A ZE R Ak
FETE A 45 R e A Ty fie A AR BRA R I 7 DL 3 1
¥4 5% 48 iF (Brodribb & Jordan, 2011; Gong et al.,
2011). My Re AP H AL I B, i
F G MERAE — B R T e i v e G AR BT,
BEWE S WA ) 55k BT AEO 6 E B K F (<6 18
MEALTE, 2015). AR TGS FRDGEER %
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Fig. 1 Locations of measured plots in salt marshes of Xiao Sugan Lake.
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PSIISEBRYG G R YT = BPSIL = (Fy' — F)/Fy
(7)
PSIAE I TR EFE B E 7/ 2 Y(NO) =
1/(NPQ + 1 + gL (Fo/F,y— 1)) (8)
PSITA i PERE EFERU 2 7~ 2 Y(NPQ) = 1 -
Y(I) — Y(NO) )

L A& 33 R (ETR) = 0.5 xY(II) x PAR x 0.84

(10)

X, Fo N6 TR, Fo NG RN, FY
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Table 1 The parameters and their abbreviations used in this paper.

A KPR B, 5l A CANOCO 4.5%F
A BRI REL A Tl A 11 IR 2 AT Bk 3 Y 0 43 A
(DCCA)HEF F1TU 4% 43 BT (RDA) i 52 5 IR ) 4 355
EA] 5 B ot A 455 R 1) 97 ¥ 35 P D) R MR AR oy
YCHER 3.6,V AFHEAT 1177 22 53 BT 5| B ) A2 B 52
W, e 5 SIS BT R AR ORI AR B B JE SR A SPSS
22.0 B A BEAT A oK or M A0 BB 7 E 0 b
(ANOVA). iBidExcel 2016H1SigmaPlot 10.0% {44
Kl s S EU 485 WK .

2 BRI

2.1 EAEHEYESEME N ERFMEEYF
FFAE R IR IR R

5 FE HOAE )7 75 R0 b b XU 26 P AR ) 2 R AR
o ISR R AR B (3R 2) . I /K R (SMC)
A3 d SR (EC)IE3 N WAL Hh i A7 B 3 2 R
(p < 0.05)(#2), MFFHUIZIFEHIIIL, SMCYE TN 17 0.88
%, ECI/> 1 61.27%; B3 SMCHIZETE IFECTH
GRS, TR VR R R 2 B, 360 T 4.01
fis, Hu EAEVIEAB)BE 2 8, b 1772.31%;
Hiy X 2 PR I R B S B 0B S, B 12,0545,
B RIS 0 R, BRI T 0.051% &
A it 5 /K 4R B I ] P 4 R 2 i AR P o 53,

Z ¥ Parameter 455 Abbreviation AL Unit

T3 EIKE Soil moisture content SMC %

T4 5% Soil electrical conductivity EC ms-cm!

Hi EAY)E Aboveground biomass AB gm?

P E Average height AH cm

%P Density D em?

MHHIFY Leaf area LA cm?

MR Leaf thickness LT mm

LEIH AR Specific leaf area SLA em’g!

W5 & Leaf dry mass LDW g

4t Zad i Chlorophyll a content Ca mg-g’

M4 b i Chlorophyll b content Gy mg-g

HHH% M FE & E Carotenoid content Cear mgg’

#6E % Net photosynthetic rate P, pmol COy'm 257"
7&HE# % Transpiration rate T: mmol H,O-m 25!
IKAFIFHZE Water use efficiency WUE umol CO, mmol™' H,0
SEBRE AR The actual photochemical efficiency of PSII Y{r Te4 & No dimension

AL A AR T~ & The quantum yield of non-regulated energy dissipation Y(NO)
WA PERE EFERUIE T 7= 4 The quantum yield of regulated energy dissipation

Jetb 2 K R4 Photochemical quenching
e 245 K 2% Non- Photochemical quenching
HL AL 23 Electron transport rate

T4 E No dimension

Y(NPQ) T4 No dimension
opP Je4 i No dimension
NPQ Je4 i No dimension
ETR pmol-m s
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T2 NI R B E Y A R AN £ 3 KB AR IR AL (P S AR IR TE)

Table 2 Soil characteristics, biological characteristics of wetland community and population characteristics of Saussurea salsa in salt marshes of Xiao Sugan

Lake (mean + SE)

FfHb Plot FEVEFFIE Community characteristics X TEH Saussurea salsa
SMC (%) EC (ms-cm™) AH (cm) AB (g'm?) AH (cm) D (Bk'm™)

I 31.79 + 1.59° 9.94 £ 0.50° 6.16+0.31° 165.30 + 8.27° 7.48 +037° 59 +2.95°

il 39.12 + 1.96° 7.52 +0.30° 9.73 +0.49° 121.66 + 6.08° 13.8 £0.69° 74 +3.70°

11 59.63 +2.98° 3.85+0.19° 30.88 + 1.54° 95.93 + 4.80° 228+ 1.14° 62 +3.10°

F B /NG 7 BEFR R ] 22 73 23 (p < 0.05). AB. AH. D. EC. SMCF]1.
Different lowercase letters in the same column indicate significant differences among plots (p < 0.05). AB, AH, D, EC, SMC see Table 1.

TV PSR R ) AR KA e e 15 A, AR T A B
s FERISE N, (EAR] TR AR E AR, Shith
S ) A g, (HA2% BRI, UiRHFRKEr
B B ) ANR F SRt B PEKP2 |)
2.2 EMRMERIHHERAALES . RAFHE

W3 PR, WA EKRE BT N, i X
EHMILA. SLARMLDW IGhESs, o 53 7
1.47. 0.75F10.416%; TWILT. Cy» CoflCo I/ N
PP T33%. 77% 65%A158%; P, TAIWUE
ARG E b s, AR A > T 19%.
10%H110%; Y(II) YINOYFIETRY) S8/ o #a%s, 43
FED T 30%- 39%F118%; QP 5518 in J& kb () #
BRI T29%; NPO. Y(NPQ)Y) & 18 i sh,

3 NIRRT A R S D S AR B S HORAE I
HhFAEIRZE)

Table 3 Leaf traits characteristics and photosynthetic physiological pa-
rameters of Saussurea salsa in salt marshes of Xiao Sugan Lake (mean + SE)

Z ¥ Parameter ¥4 Plot
I il il

LA (cm?) 7.14£0.36° 8.34+0.42° 17.61 +0.88"
LT (mm) 0.15+0.01° 0.14+0.01* 0.10+0.01°
SLA (em>g ™) 828+041° 8.82+044> 14.53+0.73"
LDW (g) 0.86+0.04° 095+0.05° 121+0.06°
C, (mg'gh) 539+£027° 3.11£0.16° 1.26+0.06°
Cy (mg-g™h) 1.93+0.10" 1.15+0.06° 0.67 +0.03°
Cear (mg-g ™) 139+0.07° 0.67+0.03" 0.58+0.03°
P, (umol CO,'m>s™") 4.67+023° 5.17+026° 3.77+0.19°
T, (mmol H,0-m2s™) 1.08+£0.05" 1.19£0.06° 0.97+0.05"
WUE (umol CO;'mmol ' H,0)  4.32+0.22° 4.34+022° 3.89+0.19°
Y(II) 0.33+0.02° 0.33£0.02° 023+0.01°
Y(NO) 0.38+0.02° 026+0.01° 023+0.01°
Y(NPQ) 0.29+0.01° 0.41+0.02° 0.54+0.03°
or 0.73+0.04° 0.75+0.04* 0.52+0.03°
NPQ 0.19+£0.01° 040+0.02" 0.59 % 0.03"

ETR (pmol'm*s™") 60.02 +3.00° 51.94+2.60° 49.02+2.45°

FATANFNG PR b ) 22 57 B3 (p < 0.05). SRR,
Different lowercase letters in the same row indicate significant differences
among plots (p < 0.05). Parameters see Table 1.
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N T 2.1810.864% . EhH B ZGH F R AN
By RPN B K 2 AR RS R AR A 2
AR, R B KRR B I (A K AR T R
OB ek S N RIS R AR
FAREAT, ShH0 XSG W 38 I B - A 2R A g
FIPSILR 2k 4 =W BOL R A L, SCE 7 &7
VIAR RS AERL AP 1, 1% RV H AR ) & B
IRBEALEAIME S5 KRN N A5 A2 B 7 T B ) A8 S 5 51
2.3 EMRNERSIEMKSIEARDAHF

iZ FCanoco 4.5 3T 70 X 2h 1 X B 26 M-
TEA MR A A FRRFAE 4T S5 X6 R 40T, 15 2
e il 5 5 R 1 5 & DA K& Al K R AR B
(F4). BRI 590.533 0£10.050 0, ThEEMIR 5
IRBE IR T B AR M43 70 2M0.977 0F10.565 0, 4l
VRI295 0l fif B 7 Dy e 1R 5 B0 858 R 1 55 %:89.70%
F197.80% K AEAE S, REFH PRI A2 5 K
A HEFAS B DR R 55 1 Rl A 56 2 0 R4 SR A
Hh PRI AR ) D Re MR 5 PR R T 2 [A) (1) % Raid
1731

TEHET Bl (E2)H, A6 e F Sk B R R — P
VIThae IR, BEASLLAH Sk H T s — PR SE A 7,
ZLtaF Sk 5 I A L ARRZIA B R T R D s
REIFM KN, LK, R, fiks
He 7 BT R IR I A /N B R IR - S5 4R
B2 T AR ORI, A FERR/IN, AH OGP (T 1 4%,
2017). LEEFAMELRAH, HIEHSEREC)RSH
— AR S R, o RS UK & (SMO)
K FF R ) (T), FHIRMESY7128-0.963 2, 0.936 6
#10.910 3.

HeF E(E2) o, TRISMCHERDA 5 1k M A
) WG K, ECTIBE & 55 VHET 3l i 7o 1) 43 3403
RN AT VA M DY REEIRLDW . LA SLA.
Y(NPQ). NPOY-EZTHISMCIHISWT; MLT. Cas
Copr Cearn Pyn Tow WUE. Y(NO). Y(II). QP55
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Table 4 Redundancy analysis analysis results of functional traits and env1ronmental factors of Saussurea salsa in salt marshes of Xiao Sugan Lake

i1l Statistic Ml Axis 1 302 Axis2 5% Total variance
+3EEIKE Soil moisture content 0.936 6 0.0389 1.000 0
+HEH T3 Soil electrical conductivity -0.9632  -0.0524
/K 5 B IS [B] Water-logging duration 0.910 3 0.198 8
HFE{H Eigenvalues 0.5330 0.050 0
PR ko
z;zzriﬁitzg-ii?fnflﬁt correlations 0-9770 0.5650
IyHer7E Thig MR 553000  60.2000
Explained variation (cumulative) Function traits data
TIREPEIR-FAT R R 89.7000  97.8000
Relationship between function traits and environment relation
SVRFIE{A All eigenvalues 1.000 0
BMEHRFEM Canonical eigenvalues 0.616 0

—

Q I T
.2 N’PQ
# Y(NO) . L4
e LDW
_1 1 L L 1 L
-1.5 1.5
#h1 Axis 1
B2 N5 v i 3t KB 2 Th BEPER 5 G IR T i1
TURINT. ZHFERL. T HKEFER .

Fig. 2 Redundancy analysis ordination of functional traits and
environmental factors of Saussurea salsa in salt marshes of
Xiao Sugan Lake. Parameters see Table 1. 7, water-logging
duration.

SZECHIS, B S5 TMSMCHAY., Ehith X\ E4
Fr I ETRAL T He b i b AL B, R ETRZINES
R PRSI N. HASLA. Y(NPQ). NPO. Ca

F=5 NISTME KBS DIRE

Cos Y(NO). Y(II). QPZZIEE R T HIR MK
24 EHMWNERESEEKREFEEFHHGE
S

XFRDAHE T 3R A5 52 24 55 DA 1 52 e 0K 1) 45 2
REPERIEAT IR BRI BRI P 7 2250, AR (FRS5)R
B, SLA. Co« Gy Y(NPQ). NPQ. Y(NO). Y(II)
OP¥) 55T 7K WERA FE A IR B AR R R (p <
0.005).
2.5 EXEFHMIRATFEEL LS EE LM
SHr

P77 22 50 AT BT A5 W KRG B e A DR 1 R 1 KB
5 1) BRI A AR B AE A AR S P dn R 6 FT
7N, Perasontl R/ AT KT, Ehh KB M 11
CHMCINHY(NO) 2 23 IEMI KK R; SLAS YD
OPYJ R B Z AR KR (P < 0.01); 5Y(NPQ)
EREEMIEMARKR@P < 0.01), 5ENPQEME
IEFHR K R G RRY], R HEVE AR K MR B2 1)

PR 5 PRI LA 1 10 D 0 22 20 BT CP I (B 22)

Table 5 Covariance analysis between functional traits and environmental factors of Saussurea salsa in salt marshes of Xiao Sugan Lake (mean + SE)

;ﬁiéfiﬁl - Jst %%ﬁﬁ%ﬂ liﬁi%gﬁ ﬂ;’ﬁg@ﬁis% Fy (MSy/MSE) 2 riﬂﬂﬁ # E}féﬁz fﬁ% 9;4? Fy (MSy/MSE) E&%Eﬁ@ H ié%{
SLA 6.3111 2.1295 3.1556 1.4819 02660  0.8520 29.4255 13.818 3 0.0001 07900
C, 44327 0.5722 22163 3.8733 0.0504  0.8890  10.950 6 19.137 5 0.0000  0.8420
G 0.349 8 0.080 4 0.1749 21754 0.1563  0.8540  1.1329 14.090 5 0.0001  0.8790
Yo 0.004 6 0.000 6 0.002 3 4.1743 00421 08770  0.009 4 17.093 1 0.0000  0.8260
Y(NPQ) 0.008 1 0.000 4 0.004 1 10.662 2 0.0022 09770  0.0391 102,532 8 0.0000  0.9680
Y(NO) 0.016 0 0.000 1 0.008 0 136.047 6 0.0000 09910 00152  259.079 1 0.0000  0.9870
oP 0.024 7 0.003 4 0.012 4 3.5928 0.0599  0.8320  0.0410 119195 0.0003  0.7630
NPQ 0.023 4 0.000 5 0.0117 22.8254 0.0001 09870  0.0931 181.178 3 0.0000  0.9810
2 (EEIR

F, F-test; MS, mean square; MSE, mean square for error; p, significance level; Rz, coefficient of determination; SS7, sum of squares for total. Parameters see

Table 1.
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6 /N5 BRI b AR A R AT SR O RHIE [ AR
ESEiXi

Table 6 Correlation analysis between leaf traits and chlorophyll fluores-
cence characteristics of Saussurea salsa in salt marshes of Xiao Sugan Lake

C. G SLA YJII) Y(NPQ) Y(NO) NPQ OP

G 1.00
Gy 1.007  1.00
SLA -0.14 -0.18  1.00

Y(II) 0.06 010 -1.00" 1.00

Y(NPQ) —0.53 -0.57 0917 —0.88" 1.00

Y(NO) 079" 0.82° -0.71  0.65 -0.94" 1.00
NPQ  -058 -0.61 089" —0.85" 1.00" -0.95" 1.00
opr —0.02  0.02 -0.99" 1.00™ -0.84" 059 -0.81" 1.00
*TE0.057KF LGN REEHITE; **, 7E0.01KF LU REMH L. &
LEEP

*, significant at the 0.05 level (bilateral); **, significant at the 0.01 level
(bilateral). Parameters see Table 1.

FEHLIA], SLASY(ID). QP. Y(NPQ)IAI¥ S H % 2
KRR < 0.01), XLRK R G FHEERBOGE
FHIEZEVIAE DG, SR AEY B i Zh REPER 0 FRES KA
EM ISR
2.6 FHRKEETHRMXERTHFPSHIET*
=1:0k 30

AN [E) B K B BE I 1) 2 XB 36 - A PSTTE:
Frem AR 35 2 T (p < 0.05)(E13). BEE WK
I [B) RO, 7 3R X2 I R RSO RE— 2 112
7R, PSISLRR &1 7= 8B(YUD) AT 5 L) & B3,
VAT T RE R FE R BT =B Y(NPQ)) FIT i L 13 2 3
hrads, JEIE M R FERUY & 7 B(Y(INO)
i b 5 AR A B . 2 B Rt X B 56 o I BB i
A, G R EE N R IR RRTE S A TE R . AGE

FEHIT Plot T
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PSITE T =& i1k

Conversion of quantum yeilds in PSII
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0
1234567809101112131415
$01))

FEHBIT Plot IT

0
12345678 9101112131415
B Y(NPQ)

BRI 2R 28 98 6 = 7 TH 1) - Fe bl SEBRRE A A
XF R AR B S KBRS 4
3 iR

PR R AE ) 1) B B 2 — (Cornelissen et
al., 2003), A& Py i B RS ASAL BT T RGN 7E A 3
e ANE T A5 7 THI R 3E N SR, AN 5 A 4006 IR 1)
AT R BRI R VIR G, 38 B WL I
TR T 3R AT 5 KB (R 7= T R B A A7 5 s
(Bf%, 2012). ARBFFCRIL, B BKE A R )
BN, FEHLIE MR B AS FREUVNSLA A Ak
AR A4 EBA & YU, RY(NPO)HI )
[ 28 S5 30 o e A B AR M TIION) 348 5% K SLA (K
BRI YD) 55 Y(NPQ)F 13 [F) AR 57 S 3d MK
KB 3AFEHL I £hHh X B3 SLA S YD A1 QP
EREZE AR KR@E < 0.01), 5VNVPQO)EME
FZHIEMFEKRQP < 0.01), CHGINS5YINO)E B
IEAHR R R (p < 0.05). P4 Fifi £R VA MR H K ) 25 A8
K6 Je 10 22 S 1 5 B0 B VR A A7 A B T B S o
aYAR, AR A IE R R By A BN P PR AR B AR
A ThRE S AR R =4 BIUSCSE P17 LAE N ARk
AR, AP T A i R VR I R A L T A T e
HOEZS g G E AN LR
3.0 BEBKXEMXNEFHESHERSRLEE
IRAFAE ST A 7K BN R

TP B R AR, S PR A A i AUk
(R BR AL, R 2 R 1 2 X BR 5 (1 A8 Ak A e i R
(Campitelli & Stinchcombe 2013; Adebowale ef al.,

FEHBTIT Plot IIT

1.0

0.8

0.6

0.4

0.2

0
1234567891011121314 15
= Y(NO)

B} /8] Time (min)

B3 AFE KRR T St AE A RO RS (PSINE T/ B AL CP 8 HEbR R 2) . YD), PSIDGAb B 17 i
Y(NPQ), Wi PR FEHUT & 77 i Y(NO), FFA R BRI BT 8. e & ZdESt= 1200 pmol'm s,

Fig. 3 Conversion of quantum yields in photosynthetic system II (PSII) under different flooding gradient leaves of Saussurea salsa
(mean + SD). Y(II), photochemical quantum yields in PSII; Y(NPQ), quantum yield of thermal dissipation used in regulatory energy
dissipation; Y(NO), the quantum yield of non-regulated energy dissipation. Photosynthetically active radiation = 1 200 pmol-m=2-s™".
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2014), SIS FEAR ORI, TEREHLL W T #KEF R I
Vi) 5 R A A5 2 b B ol R A B ) B, SR #h ik
TP B o, AE M BETE K2 BREYUIR A, BB T3
HXCE S LR AR S S KR A R SR A,
TR I8 V35 = BE (A T35 B (AD) R I K
E(SMO) /), TR FRECMM AV F(4B)
R (R2)o T R PEBLAT I Eh X B 58 RO 1% AR BE 11
FERBEY, HETZAER LELSTERAK,
Eh e 51 3K A B, 5 AR R A K A3 i
(Kang & Zhang, 2004; Z=5%5%, 2015), IiZAEHIL
B K ERAR(ERR), £k KB 5 T I 7K 35 X0 by
18, PRI B AN T R A E RN GR2),
A B EhHL B TEAS EAUm T N T & (1) PR o
et B, ARSLA A, S E4H ERA S
Y(II). QPFMRY(NPQ). EZJEFA: (1)EFIHEE T,
BB R, KB T REIKHAZ,
KA LRI K 421, — 77 THIE I PR A T4 Bl 5
Py 4 M P R B Tk B, R ER B T B AR
75— 5 THI I8 B8 T DX 3 A A P 3G ik B, BRI
WK B, SR AR 35 38 51 &2 (1 7K 23 o GBX T K 4%,
2013). (QTEZTIRA PRI T, R EH A G M
B S 43 AN R - & B i A 58, R RE T &
FE AR, LARSLASR /IS, LTHK IR A5 A A
(K2, 3R3); JE ] DLUIE 5 0 28 1 U0 A I fik R vty
Bl ZE R BT B AR BE Rk 2% 7K 53451 2K (Brodribb &
Jordan, 2011; Scoffoni et al., 2011), Mk 7K 5 7%
[ Bk (Larcher, 1995), #& @& F WUEF G REF] H
2, RIS Py, YUD B (R3; 1#3). (3)
VLA b B PR AL R SR BR A AN T 2 () SR AR,
Rt e R SN, AR T a5 FETR
FRIBE I, N MR ZH 2R s B, BE G K AR
HE RN CO, MR s T AR (B G RUAN £ R AR, 2015), PRI,
ZFEHL YD A QPY i (3R3; E3), YINO)FT (5 Lt
W E, R FIROERE—E MR, Y(INPO)FT
5 B U e N (B3, NPOL B /N3 3) . SE56H R IR
B F Can Cov Cea METRAEFEMN IR K (FE
3), Fhth KB A @k RN BN s TR
= W ETRANY(ID), (534w Fr e BRI BE 77 F 4 3Rk
REJI(E SRR /N, 2010) /0 [, #2617 i A= 45
T B AR BE J1(Liao et al., 2004). R, SLA
HYUNFOPH R EE ALK R (P < 0.01)(3K6),
H5Y(NPQ)EM W E IEAH KK R (p < 0.01)(FK6), C,

G HY(NO) 2 B3 IEFK K R (p < 0.05)(FK6). £
WITERR AKX, BAR LI LR i, (EXTH
Eh SRR HE A R X B2 6 A I T 9 T R
FOHIAEF, PRBLT £ 7RI Hh 25 25 A WK 138 N e
A B3 AR 52 P RO 000 P S e
32 EFBEKXBHMXNEFHESHERSEEE
IRAFAEXT A 7K BN

HeE e & —F S 2 ARG 1R, FHERAT
W Be 0T 248 (1 B SR PR A B (Sello et al.,
2019), oA 2R R AFAE Y0} 380 55 1) 3& P A0 AT 8
P (Kalaji et al., 2011; Sanchez et al., 2015) . {EAEHIIIL,
P T KR B I LA, K IS TR FR 38 i 75 1% 4
2 £h ok BAN I 8] 5 H AR R Ll a2, ISR A
PR f AR, WM ANFG A B HR L, KE T
AL, RS SE KR KA, A D& R
B4, R S ERSMCER, ECFIAB /N
(K2); KA — P EEAR T HERED R
X B S ) AR . Bk, Ehit X B
BN, BERKGER). 248 PR EH LS L
7] T RSLAR R AR, &3 B BAIRYUD.
OPHIEY(NPQ) o F G A : (1)7K W 8] (1 14 n
151225 B3 Hh e 22 AR i R s 38K 4 S R, RS
RAREE, WAKEEYKERE, B TR SN
Jal, TEBHIRA PRI 2% A T Sh 1 XE 45 18 bk = 7%
(K2), e T KM KM (33), AR T35 e
FAMEIAR, K S ki (R3), B LDw AN
SLATR K(33); KM i Be % CO MK 43 4
MAFLENIEM-SRAA 1) 2 4656, A R T 6 g A
JGRERIR IS (R BRIRES, 2012), HETHE 5 2hH X B3
TR AR AT IE & FE AR 524 005 o5 — 7 TR RE AR )
(PRI R AR T B B Ty, AT BRAR T 1 B (1 P,
MWUE (3£3), 45X E5H M YUDFEIK(ERS; K3),
QPRI T/ INF3) o (2)T2 50 i I B A % F 1 25 1
HRE, WKEEHEY I RKERE, 5l
HHREL Y () (R BE BRI R, o8 5 b DX 2 o B R A [ 7
AR ETE G, AR T SRR RIS bR
(A i, R Z R Hh 2% R R Coun B 2D (3R 3),
EhHh KB 4G 6 RE R FH B ) R R TR 25 PRI,
T AR 2 1 A G e R K FRAIR(CE 2R 57N,
2010), BHITTiZEEHLH i ETREAR(33), YU Y(NO)
B o BB B AR (R 35 K3), FEM IR SOERE— 2 1)
AR, YINPQ)FT o LU e R (B13), NPOH K
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(#3). Kk, ZFEHSLA S YD) FIQPY:) 20 5 2 1
KK ZR(@P < 0.01)(F6), 5Y(NPQ)EM T E IEM
KFKAP < 0.01)(F6), CHGNSY(NO)E R IE
FRK R (p < 0.05)(FK6). KUIBEE EhE#E—P
OO, SR b DX 26 B R R I AL TR R S SR TR
AR IR B SR, ARBL T R VA R 4
(P W R S A AL ) R B S 52 12

R 30 3 5O TR 2 e P AR A AR SR 3 B A 5%
(172 H.(Gong et al., 2011). TEFEHUIL, FHT %A 5E
K AE B[], 3R R 580 2R FHU5 B 35 Ak T DRI
MLz 8], (R TVg 7% I SMC. EC. AH. ABHI
6 i R R 2 PR ) = R AL T AR HB DRI 2 [A] (3R 2);
BT 43K Eh o SR Hh KR 4G 1 WA 3 G B e, 1A
T 6 X 2 R 3 e K (3R2) . AE B IRAT PRI 2%
R, Sh X EHERE TIEF LA, LT SLAFIHL
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3), MISEEL T i B e e R BRI 3R 68 71 11 8 K
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TR b T AR 55 15 8 b X8 28 R AR TR 7K BEL 7 0k 2D, 7K
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T 52 K FE il 5 RE BT U AR B0, DR iR
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— MM, St R BLTE RN BE R R AL
BB, YINOYA FRIEL, Y(INPO)XEIN(#K3; E3),
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ERFEH A BT, (HERH B T A AT
SRR B35 22 S TG B DAY B i TG BH 2
Ak, H T SRR S B Coa ) F FE (3R 3),
S ETRIEAK, AL SHIEF A oA 2L, £ )
BHEA ERICGES B, A EE FAEAE
YD), Y(NPO)IEQP. T, SLA'S Y(INAIQPY)
EREENMHKKREP < 0.01)(F6), 5YWPO)E
W 2 IEAHIC R R (p < 0.01)(F6), CHCIX 5 Y(NO)
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H B 7E P (1 158 R A RN BB I A A7 S

4 ZEig
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