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Abstract: In order to investigate variation characteristics of CO; fluxes at multi—temporal scales and identify their impact factors, high—
frequency CO, flux was continuously measured by the eddy covariance method from 2016 to 2021 in typical freshwater aquaculture ponds
in the Yangtze River Delta, China. By using these data, the multi—temporal variation characteristics of CO; flux and its environmental and
anthropogenic factors were analyzed. The results clearly showed daily, seasonal and interannual variations in CO» flux. The annual amount

of CO; flux (calculated in C) ranged from —671 kg+hm™+-a"to 1 005 kg-hm™-a™" with an average value of (-74+688) kg+hm™-a™,
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indicating that the ponds were a weak CO; sink. The main impact factors of CO, flux at different temporal scales were not the same. At the

half-hourly scale, solar radiation and air temperature controlled daytime and nighttime CO, flux, respectively. At the daily and monthly

scales, CO, flux were regulated by solar radiation and normalized vegetation index (NDVI), respectively. Moreover, CO, fluxes were

negatively and significantly correlated with these factors. At the annual scale, the CO, flux was influenced by both the amount of feed inputs

and NDVI. The regression equation established by the two factors could explain 64% of the total annual CO, flux variation. Furthermore,

CO. emissions increased linearly with the increase in feed inputs (R°=0.55, P<0.05). Based on this study, improving feed utilization

efficiency is suggested as an important way to control greenhouse gas emissions from aquaculture ponds, improve the ecological

environment of water bodies, and sustainably develop the aquaculture industry in the future.

Keywords : freshwater aquaculture pond; eddy covariance method; CO; flux; multi—temporal scale; impact factor

KA AR BESG T 5| A 1) 4 3R W 2 S Hip
A BRIA G 1Y B R AR SRS A 2 — o IRUKFRGEAE N
SN DY B 2RI, 5TERk T2 77% 1Y
A BRIRFE K i, [A] Iy AR A BR B A 0 vh o & 45
FEEANEH . WhIEFRARIRAK IR A ) L
A/ INB TR B 17K TR DA SR s A s DR RIS R
AR COL 7 A AL B3 1A R A, )
SRR SR 5 A TR R AL O] B R T COL AR K
PR 7GR U R T R A COL HE TR A R DX I
UTAER, i SN TR 2 BT H # T oK, Bk
TR K S A AR B AR A 5 LA Ry 3 AN IR i, A
M A] BE 23 IR K FRFE Y CO B ik — 201G i . FK
RS FROKFRIE ) S I E K, e skie it 1
29 60% MR K FRFE K7 b BRI, A DAk 7 4
T CO se et , WA HLAE IR, & U0 IX Sl e 52
AR Al 2 VI gt 25 A DG B 5 ) A L T il —

4B 5T IR K SR B L I COL AR g i (LA C
T AR AT A AR B RO o A, 728 A3 R -2 263~
112 kg-hm™-a™, f i AH 22 24 20 £, H b i 40 i 25
e 308 5 O N 54k e e 2R S T S R 22 S ) A
X 5 ZFNIREE R RN RS B it ) 2 s e
FRFE M IE COL Ml 2t A7 7R BRI [R] A2 461, HAiTE
AT 25 90% R FH i A5 AR VA AL iy 22 B0 Rt
CO I FEHFA TN E ", 3k 46y vk B P ] o 4
fii  (HZE &R 19 7, B S BRI R] b i) g A3 342 25
Mg SRR Z AR 2~3 kM2 B R B
RIEAT M, %A TCHEAERR AT COL 38 5 (Y I H) 2 2%
S, DR TR UL 5% 22 4% 128 2 4R S R A SR . B
i, A AR BRI TR A 0 ] UL A s I e 5
FRAL/INRLIHIE CO A1 332 AR B B AR A 24
86%", LA R IE (Eddy covariance, EC) HA WM 45
E NN TR Syt d SR RO PURIIEZS !/ v B 7 X
B[] UL 235 R AT AR5 XN 1 F- 24

i, I HAZO A /N K A B3 ORI r e e
AT RN I ES T, W] Ry R EZ AT w5 40 32 25 M e 3 1 W
DA P it B SR S . B H AT EC L 7RS35 I
S5 /N K AAR C O 2 ORI Hh (%) 07 FH A ARG A B 4 1)
FEZAF (53 a) LA A WA B,

SR M I CO, 3 3 22 B[] R AR AL RRAE (4 52 1
L S HIPEYNE i) A N S B A IR N KRN
Shy A A i G I R ARk AR A B T 1o AR R
FAARRUR I P A A B b 2= R 45 SR 52 i
COL B8 Y i AfE 5 B X0 40 15 it an HE /K | oG
FBE S I 58 5 A A, 030 - WIS 2 BR, SRt
7 HE K 8] 25 i COL WY [(~0.006+0.001) mg +
m” -« s 55 AE Sy CO, HE L PR [(0.009+0.002) mg + m™ -
s W S AT A B K AR e A AR R A
CH. A AL HE TR IN COL M HERCS 15, SR, T Ak 4% A
VE SRR /K SR 3 3 1) EE B, B AT X e F
G RN S GRDRE RN IR R A i A — T AT LR
i le CO A AL d ik e 2 IS , o 2 42 7+ CO. iy ™
A R 007200 A 3 DR R RE R A i A 2 R A
BB IR, AT REIE— A SR K A R R A (4 A T
e R, FEAE RUEE b, ADRHS A S5 2] 52 ) 5 5t
i CO ety SRR A 2 K7 DL b Els ik 5
BT Z A — 22 53T

PV = A Y i XK D 2 A, 2 ] 2 1 K™ 57
B e, 120 DR K SR L B TR AR 2y 6.2X10° m®, 5
4 FER K 55 b 5 BT R 2490 A B AR
PEo DRI, AR e R K — A X3 — 4 B U IR /K
FRFE M IE AN G SR EC A E T 2016—2021
A6 a ) COM AU , B 76 WM COL it 1) Z2 i ] R
FERERRAEBRARALRRIE , H45 & T B R R R A
SRR, I COL i 2 I [A] RUEE (58 2 2% .
FE 25 J T Ry WA TEA DX s m HIE R K i) o e HE SR
PR PEEE SRR AR

www.daes.org.an




VRES Rty FA3EE 1 H

m@g 192

1 #R5EFE

1.1 W

A S LI 1, 557 T2 B8 R N T A AL
FF(31°58" N, 118°15" E, & 1), 5% [X 48 5% 4 ith 3
SEAY TR Z) 9 7 000 m?, S K IR AR IR FR A 2 A
[T AR b o 12 DX 38U 3 #wts 28 KU, 4512 <l
1 TR A 20 9o 16.1 °C AT 1 090 mm (£ 5 Sk 5 -
http ://data.cma.cn/) .

ACHIF T B LI s8] A 2016 4 1 H & 2021 4F 12
H o AR5 X 3 Z AL 4G P A IR s AR X, Hod 2016
R A YE D YE DL 2017 4F 1 B 38R A /N e R - D0 R
Fth (5 Rt Gt B 60 55 ) IR IR, JL AR A]
B 5 R Bt R SRR CBEIRBA R AN
X /N B R - DU R G IR S 8  1—5 1 5 Ak 9
JEB B, I 4 7 )4 S IR AE i o A AR SR
BRI, PR T R 2 A Tt 3R 1) 30% , SR /N R R R A1
PRI B b s B S 7E 5 A P AR, 9F B F A H
8:00 5 18:008 1t A s B ML AR}, mUEH HE R
SN THESA R 75 6 H s Al /AN R AR 4 F 1k =2
Joi B A FRDRHR O )5 22 B AR R, 55 ] 5
BIKGEA 1.5 me S - kIR S % | F2 8 i A
358 DU R A RTR] B 5 fRpDBHE A DL T AR 32, #A
) 43 3104 9:30 . 12: 30 1 18+ 00 ; [R] B Ay i 1 17 e A
P, AR AL TR Ay P STE AR 2 A 1L
JUNRHE ARG o — ] e VR % b % 3% e 25 4 ] Ak

116°00'E 118°00'E 120°00'E
T T T
N
= A
a,
2l
<t
o
Z. 3. -
E T A
3 N
Z
slo 75 150
S [ m——
o

31°58"10"N

79 338 B Bt (R MR 7 ), oAt B[] B 24 Ak —F ¥ /K By
B EIKIRZ 1.8 mo

5T 1A SCHR IR B 45 SR AT 5 757 5 A A
S5 A At i DX 5% B 5 i AR A ], 356 5
T RS DR A SE OGN A R i, HL St s ]
5 488 R — 350 ARG ARHSE A 2 14 S ) 0 A Al AN
] DI SR AP e 22 50 25 b ARIFR IR K 57
B b TE A = A XA — s AR
1.2 W7 &
1.2.1 W BEAHDCII 2 58

A G HE T 6 0 A DI 2R e % H At
W COE R VAT M S5 GESE M . 1% 2R G0 L %
1o R B L TET 2 R 1.5 m, AR A AR B A i AR
I #% 2051 COL/H0 AR 43 B AL (L5 EC150,
Campbell Scientific Inc.) & K H CO, Ml H0 %51
=R A XY (S CSAT3A, Campbell Scientific
Ine. )t = 2k JRUHRITGER 75 UL , b (A RAE A 31
10 Hz 382 i % 4 #4% (5145 : CR3000, Campbell
Scientific Inc.) g £7 5 IR 10 Hz 5088 , F T )5 28 B 4k
I
1.2.2 A W ud g

A FE R FH /NS A LI 3R G0 3R B 52 8 2 L
Bt o HARALHE R AL 8 (BL1'5 . HMP155, Vaisa-
la Inc. ) I DRI B85 I 5 XLt XL o) £ et (TR 57
05103, R M Young Inc.) Il KA RKGHE AR 5 A 2
AT EIT (A5 . TR-525M, Texas Electronics Inc.)

118°15"15"E

118°15"10"E

31°58'05"N

A EIZLR Ay i AR DG RGN AR B

Right panel: EC measurement location is marked by the red star

B 1 #Rit sk FREETEE

Figure 1 Location of the study site and aquaculture ponds

P 1%) WHARTY



BB YUK TR COL 1 22 1] RS AR B LR 3 193

N R A R v DX XL o 2 et D 1 5l R £ R
I RB RN 2.5 m, TR AL R AR SR B R O 1.5
mo AT R IR A DY 23 o R AT (345 . CNR4,
Kipp & Zonen B.V.) W& 4 5 PU 73t o LA_b WL 25040
4 B B R4 # R4 (145 : CR3000, Campbell Scien-
tific Inc.) , EZ 150 30 min B8 H- 261 7474 -

A 52 M VA — EHE 8 4 20 (Normalized Differ-
ence Vegetation Index, NDVI) ZI| ] 3 55 ytb 31 77 7 42 9
AR B . & IBEE IR A Sentinel-2 R4 LA 1%
FAN DAL 2A FI2B WA, 1A Ay F U5 A I
10d. TR 20 (Multispectral Imager,
MST) 1 3 o] WL #2006 13 A B, o 13
S NDVI R IL AL (B8) FILLYE (B4) ik B 1 235 1] 3 B
EAN10m, FEFAHIHHERT|ZE (Google Earth Engine,
GEE) &V 15 , TEL i 12t 2 1A T 209 1438 S8l , 1
T IR 5 1t 3% 2016—2021 4 A RUEE NDVI (i Hif ]
4.

1.3 imERXHELIE T E

A58 K H EddyPro 5 {4 (Version 6.2.1, LI-COR
Inc.) ZbFH 10 Hz 04 , 573155 30 min i@ i, EE AR
TR 6 5 W A B A T S AR B0 S B (L £
FEHRIE 73 A8 BRR  LA L% g 2 RIS J88 46 5 L, X 20
PETEAT PR A BR TR , Ao~ S50 0] XU 38 - 47 2 XL
BN 0, AT BR ol AR ABTR BT I R 12 225 75
W, K H 28 A8 RN R 1E (Webb—Pearman—Leuning
correction, WPL K 1E ) i B W 82 113k 5 U8 2 04
IS5 2 R R 37 FE I Y EC B A WL i
A RE 2y TG AR 2% | PR A I 5[] 1 I 38 Eddypro
AT 73 BT LE AR, T R UE 8O ™ s d i, BT R
S G 50 ARG A it D A A 30 5 ST A AL AR
AR 23R 3N ARG, 235 0BRSS ) (1 (J5T
AR 2R ) o PR UEWLIN £ R A R
IR RS9 0 F 1 BB b5 J 20 M It
AN A5 T 1) B 45 KU I8 {1, ik — 2D M B T 7
1) SR i Y S 48 AN 76 4 IR B ) CO 3 4>, Hevp
JEE $2 JX 3 5] AR 45 REddyProC #5740 B0, A8 L7
M 0.078 m+s™ (2016 4F) #]0.130 m+s™ (2021 4F) .

R SE I A o AR i 28/, 2016—2021
HEEET 0.5 h R COL il A 88U 7448200k
38.02% .52.69% .53.24% .44.47% .34.41% F139.09% .
T BCECH R B SR 1 5 PR S SR R T ) B AN
95 RAVIRIE LA K it o i 2 1 25 S IR o AR5k i
— A WERTEAS R I COL4F R e i, (i FH Bt AL

F¥ Ak (Random forest, RF) . A 1. # 22 [’ 2% (Artificial
neural networks, ANN) . REddyProC #2 -4, L f A2k 1k
[1] 4 (Non— Linear Regression, NLR)4 #f J5 % X} %t F
0.5 h RUEE ) CO i it B HEA T 1 4 A0

RF F ANN A #h5 BRUNR - 75 56 , o6 42 48 Hudis 7>
HIEBH (4—10 A AAESRFEI (11 H 2XAE3 H ),
45 AN T) S0 1) 80 AR A A PR 5 (RO 0 — 2B A 03 S
R R B S >0) F1 A 8) COR B AR S =0) s Hk, J6 T
R SR 5 COLl 5 Z (A A DG OC RIPITAE AL, 1
FE R A R A, B E Real iUROR PR
SRF R AERTE R SO KRS DA B PR A XA (]
Shy G B PN G SIS A A ) AN [ A A T SR R ) 5
i), PEZLS NI T H R IR BH e JEE A Stk e S e H
AL AN ZEAT AL AE . RE A1 ANN BERLR ] 1 AH 1)
R TTDANGES S SR R R N P LR AN = & S
BLA Ry 70% Y254 CFHF IR ) 5 30% 5 LE 4R
(TR ) s f )i il ad 2 0 2k S5 e, A Bk
VEYINZR-5 90 USRS B A AL R T4 sl 2k B8
HG ) W B (A R Y D ¥R 2 25 BRI AER TR A O
A e e [ U1 978 e 32 2 M FH — 2 IS ] Y C O, 3 it 5 A
KSR R T AR LM [ L B0 ERY |, T X} CO,il
SR B AT AR , AT ST R DG A R S
55 CO i 1 A 7 1y ' 7 it 2 (Il B A Ut ZeAsi Al )
TR W AT Ry ST COn 3 15 37 1 I W 4 RO 7Y
B LR AN T A DEFE R IR T REddyProC B2
£ 1 2 A1) JEE 42 DXL [ T ) C O et EA T4 D L 4
b R R S A BE B AE H O COL 00 i 7 P i R
FRGE B R BH R S AR R T S A K A 2
PEEPEE NG s ik I A R G A R 1 - H AR il
ProRAf i, BRI A b R A2 o 228 SCk[30]. BB FT A
AN LT 0.5 Wi RUEE .
14 BERBRITHE

AW FE R Kljun S04 H i) — 250 2 A Al
(Flux footprint prediction, FFP) &AL R F EC S fr2E
JRIXAYFE L, I H53 H bR i IR EC S & 1 5Tk
Y fy i A\ A A5 0 5 g B MRS B2 | B4 X R
ATEE A Ry 1] AR T 22 IUT] P 25 X i
FIZE . D BZ R Rk A 56 SRR
AU R B A BRI [ A R G, HAL S B EC &
Gifefit,
15 RS S5 5it A&

5% K FH Matlab (R2021b ) 042017 4508 J Ak 2
o2z Pl o M SPSS 26.0 Gt 3 ' Duncan J5 2253

www.daes.org.an




m@g 194

VRES Rty FA3EE 1 H

Pr R 36 R [ ARy Z (R ) IR B B2 22 St . €Oyl
5 25 PR R ] B AH DG OG22 8 FH SPSS 26.0 481 4%
4 v Pearson #H 5& 43 B 32 247 H W7 (P<0.05: 2 35 41
K5 P<0.01: ) I 5 AH G ) s AWFFE [ IR 2 08 40
[l D= AR X 5 s AR A T AL 56, 0 — 2B R HRUOK) C O, 1 AR
e 3T EAOEIS - PNy

2 HER55H

2.1 ECRME RN = BARRMEIEMN

AT Ry gk EC WL & 1Y 2 [ AR, R
FFP BRI T LI (5] 45 RO (1) EC S fi 2= I X
FEL, R HA T EC WL 22 45 J] L b 8 X6 EC 0I5 51
TR . 45 R (1 2) , ASTRIAE A7y 22 8] 5 T X 7
A R — 3, Hodr EC LN 3 A B %) 4 ATt I R = 220
155 DTHRIE L 6 a 1Y DTHR V- SN 73%. 45 Rk
B EC UL E5c A T AAE SRy %58 DX 358 f 3 ok 28 48555 19
R, BLAh, T EC LI 15 A0 i 2 i 1
DX P AN [ 7 B 05 32 1 I ASSP-347 , BRIk A AR B
CO, 2 15 5 VR RC 1 Fa Rk A 2 /N AF 5T A
(v 33 1 368 i DT RSB N B b S T R Ao, T
BT 2016—2020 4F £ S 27 5 DX B P A ARDRHE A
AE R, 2350 4 2007 300.8 570,9 9407 870 kg
hm 215 400 kg-hm (LA Cif) .

2.2 CORERZTBRETLIFE

LI A 1] 45 25745 COL 38 1 H AR TR RRAE an il 3 i
TNo COLIH R 7EAS ZE 1 R I AL H AR L 3
R 2R R A COL L, W IS0 HH A TE - 12: 00
Z1J5 1400 8] ; 52 MR RS COL B, HE I 7E
3:00 8 21:00 247 . CO, H A8 Ak I B (57 g e {7 5 HE
E(E 2 22 )RR B A 22 5, o R R
7 COL il 1t H A8 A0 I B2 AR XT38, 439 4.11 pmol -
m?2-s'(-2.41~1.70 pmol-m™?+s")F15.11 wmol-m™+s™
(-2.53~2.58 wmol - m?-s7") , i i F#Z H 2 ML iR
JE 1.4~2.0 %5 (P<0.05) 5 Z W5 HERUE 5 45 59
COi 51 H 2 ABIR AU 0.96 pmol - m ™+ 57" (=0.75~
0.21 wmol-m™+s™"),

Pl 4 7R T L0000 i) % 5 3 3 C O, F i 270
AR . A AN (4—10 J1) COL 19 W Wi 5 HE ik
SS R AR FRAE I (11 A 2AE3 A ) CO. Bl
SHEE 584055 (F 4a) o UL P9 H R | CO,
W R I AE AR (6—8
-2.96~3.77 pmol *m~+s™") , 3 H 5 H AL FEAE AL,
A Z(12 A BWRAE2 H :-1.79~1.56 pmol - m?-s™) [

P 1%) WHARTY

W HERAS S AR A5 . N3 M, &%
ARy COL M i 25 A8 fb #a 35 22 S B K (K] 4b) , Horp
CO, W Wi 2 01 -HE e S 1 0 {1 23 J31) H0 B AE 2016 4F F11
2019 4F ) H 2=

Ry it 25 W A RO 3% 5t I CO B8 PR AE
R AEA G AW I E ek 4 RO % 0.5 h RUE
COL M B HEAT T Ah , LA 3R HL CO, 3 2 58 4% 11 B (7]
JP AN TG CO A8 40 Bt o ORI 0 1) 45 Jr 9 47 4 1Y
ERRESRME VR, S5 RR . SRR DT
e 2Z 0] A A A gl SRR A 0, BT B 3 25
(P=0.81) . A5 N i — B REAAE RUE CO, B = Al
SRS M R 4 R DA A5 SR - Y A
HE 2223 IR 2 B4R B COL A8 H p i e AN 58 1k
(F D)o MFE AT, FRFE MBI COE & (VL CTP) A1
T AERR AR AR AR (P<0.01) , B RS AL YL FEl o -671~
1 005 kg-hm™-a™",2018 412019 4E £ I Ky CO, HE ik
U, HA A4 35 R COLIL, ZAEME N (742688 ) ke -
hm2-a™, 2R 55HI .

F1 ETARBIFETTENFEMESECO.REE
(kg+hm™?-a™', LA CIT)

Table 1 Total annual CO; flux of aquaculture ponds calculated

based on the data filled by different interpolation methods (kg

hm?-a™', calculated in C)
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T P )N TR R A ) 22 S 35 (P<0.01)
Note: Different lowercase letters in a column indicate significant

differences among years at P<0.01 levels, respectively.
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Figure 3 Diurnal variation characteristics of CO, fluxes in

aquaculture ponds from 2016 to 2021
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Figure 4 Seasonal variation characteristics of CO; fluxes in

aquaculture ponds during the observation period
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Table 2 Correlation analysis of CO; flux and meteorological factors at different temporal scales during the observation

A 1] R K3 Atmospheric pNEEE NGH Wind 7Kl Water JISVRTLEE Sediment ¥4 RN T I —AL It
Time scale temperature Solar radiation speed temperature temperature Precipitation EHNDVI
05hJUZ  HX —0.127 —0.247 0.05% -0.10%* -0.09%* — —
BEIR] 0.19%+ — -0.09%% 0.18%* 0.18%% — —
H R -0.07* =0.24%* 0.08%*%* -0.03 -0.03 — —
A RE -0.19 -0.21 -0.14 -0.13 -0.12 -0.02 -0.27*
ERUE 0.56 0.40 -0.70 -0.12 -0.15 0.40 0.35

¥ :¥P<0.05;#%P<0.01
Note : ¥P<0.05; #*P<0.01.
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In the figure, the gray points represent half=hourly observation data; the blue squares represent the block mean value , and the error bars represent + 1 time

standard deviation; the black line is the fitted line based on the block average result, the fitted equation, the coefficient of determination, the significance

level , and the number of samples show in the figures.
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Figure 5 Regression analysis of CO; flux and the main drives over multiple temporal scales

12007 ()
a)NDVI
= ook o y=—68 915.03x+3 203.46
= | R*=0.12 P=0.27
Lo 800 =6
<= 600F
20 ]
= 400F
i E')o 200
&5 0
()
£ 200
S -400
=}
2 -600

=800
0.042 0.044 0.046 0.048 0.050 0.052 0.054 0.056 0.058
NDVI

12001 =N =X
= gl PVPREAR 1=0.26x-1961.68 [
7 i R*=0.55 P<0.05
800 n=6
£ 600t
o0 O
s 400f
1 Eo 200+
'H:i_g or
[}
2 -200f
g 400
2 600D :
-800 - - - . . ,
4000 5000 6000 7000 8000 9000 10000

RS AR Feed supply/(kg-hm™?-a™)

Elo £REFCO.BERNDVIFERHENENTK
Figure 6 The changes in CO; flux with NDVI and feed supply on annual scale
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Table 3 Comparative analysis of the annual total CO,flux of different aquatic ecosystems
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System Type Period Method Annual exchange/(kg-hm™+a™,LACit)  Reference
IRIKFRIH b I IR 2016—2021 EC¥: ~74+688(-671~1 005) ENTE
Ik 2014-01—2014-11 G e ¢S 28 [41]
R 2013-06—2014-04 AL -868 [39]
b 2013—2014 AR 35~543 [12]
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IR I 2014-03—2015-03 AR -57 2]
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