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WE AR RAE SRR X —F 5k 4 A (IMAGE-GNM), it & 7 2003—2018 4 K iT
MEFELA MK AKFAT RN EA(TN) LB (TP)EHHRE, BRI T, KILRB KRR £
TN #n TP B EE A —BKWE oM, m#lde. HeE il m4 4 /e i 5 X AR TN f2 TP &
HHE W 60%PL 5 2003—2018 FKILT AW FEL MR KT TN TP R EH K,
TP 6938 K 18 o5 5 T TN; KLk K FR7E TN Fu TP ey EH sk & 4 & 2010 2K N, P 8
#EEH 7.93%F1 13.65%, & KL KK NP &7k = Z 8 R IR ; RAIRIETT 489 N/P AT 6.35~12.53
ZE(REL), AKIIAKENP AERE T - WEBER . AFREEEANER -BBRRE,
MEEEAE—FRE BT KL T LR MERKFRALTEST N, P BREE N
fu, Fw—A 0 EE RN E T A B, AT P KE,

XA KL/ & #; RAkSRA
hESEE X131.2 XHEHRIRFAD A

AN (P)ZE W A TG S T LA T E , Bl
K AR AR S R G R R T B T X S R
JLE AR, B B MR IR T SR ML HE R,
Al T H 4 7K - T5 K AR L KoK 77 R A5 A Y
NGBl N AP AUREE | ffa LA R [ g A% 1 38
= KK BTN (Galloway et al, 2008; Bouwman et al,
2009), AZEWES AL w1 N F P ifE A KRS8 il
KR E BTG, BRI EE AT, X7k AR
HEBRGEWNEEFMIIBEr~E T % 2 A F 1952 1 (Wang
et al, 2021a; Diaz et al, 2008; Turner et al, 1998;
Rousseau et al, 2000; Bouwman et al, 2013b; & {55,

XEHE  2095-9869(2023)01-035-12

2009; #FEESE, 2012),
RIS TR TR ] T I O SR O IR
PIRAT A H], 1970—2010 4F, KT EE(TN) R
HiH 337 Ge/yr B9 A3 5900 Gg/yr(1 G=107); A
(TP)M 58 Gg/yr 4K %] 381 Gg/yr, —F# 1970 4E4H
EC 3 A3 17.51 F1 6.57 £i%(Liu et al, 2018). KVL4f
AEHEAT A 1) 5 SR i 2% BT 1, RV R AR I
PRI AE R R G A T RN A 00 o KV HB X
3B B AR R B 20 tH2d 80 ARARHY 29 R R F) 21
BRI 195 (E ZE R, 2002—2009), Ml T2
T —FRGA] HERBE R RE Y (LT et al, 2002; Wang,

* [E R HRBLE R 4T H (41806097; 41776089) %5 Bl MK K, E-mail: suncece0918@qq.com

O MfEEE: X
WA H#: 2021-08-20, W oAy H #1: 2021-09-02

7=, RIFFSE 5, E-mail: liu009@fio.org.cn



36 ook B

5 44 4

2009), KIT. N P Hi %8 it i3 i -5 s o8 77 5E AR
FP R EB A . FREDE I A —K =2 K, N
W H 2R K B AR A TR, R WY
Ko AR A A% B X DL B 2 % B B FR B A A R
VFZ BT 0 B, 5 ) e 37 5 22 7K i ViR JEE 1) A2
FEAA T (COD)MI N P ZEi5 e HERL, Isl 7 KR &
BIRACRERE , kit 205 R T 82K A —
RIVRAEREIGE, 724 TN E Y WS # AR 1L
W) ZREPERRAR L B SEURI A A M B8 T 55 R 51 R )
A5, 2012; EkSE, 2009, 2013; MRAS%H,
2017, HMWFAE, 2018; WK%, 2015, Bouwman
et al, 2013b; Wang et al, 2019b), HTF{, FIR/KF=FH A
RO L 500 J7 hm?, I LUt | 50390 FK R 32 (Rl
AT S VA Y B B R A, 2019, 2020; X1 FE S,
2018). FUALAL 7K = FRFE R A N P © 28R X 45

N. P Afr Y EEORIE, WKW (EHIHSE, 2008; 2
B A, 2020) F0 FH W 1 (2 EAKRSE, 2018; 2F R 4%,
2007), HIFFIE ShXHHIIA KR N P A4 5Bk AN 7K 3R
B2 i B R I AN AR

KT R E e R, HAE SR IG B K
FEJTo A TIRERITE T AESTHEE, 2019 4 (K
TTAAPHEE BUOR AT shH R ) B f, 2020 FRKITH
SR EE K A AR AR Y TG B A S B < AR ),
DT R, SRS ARV RN & R
PLGRE el ™= S A PR . et 2019 4FrpE
FIH R HIAE 5079 T t, XATEEBER K Pk
b g s R Ol B BRI AR, 2019, 2020), AT, 3
A= & SR s E— B R KR NOF PR K
S, FERTR T IR A R R, W
PR TR ER AR A A (1)
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A 5 1 2530 AT E B AP A AR X —
FREAI(IMAGE-GNM), 15T 2003—2018 K713
ZFTARMNRKIRFEL R TN Fl TP AEHERE, #id
XTIt ] 5 23 [/ 0 284k, B Al T IRK FRAE TG G HE kK
AR AR X AT 3 0 o A 6 BT D PRI B RS . A OE T AR
AT SR A VT gt Sl ARk 27 35 5 A 0] R A B A B R P AL
2%,

1 #MHEmE
11 HEREHER

KT 4K 2 6300 km, i A5E 180 J7 km?,
s R A . PR PE R 3 R IX, TR
U AN 1 e = BN 10 [ I )5 N7 = I 1 s | A O
P, RS 11 ANE L T BRI, KILAR
WAL 205 77 km®, A 2FE 21%, AN FIZ5
H T 4 FE Y 40%, KT m ALY, Rk 9%
BEM R 3k, WV L b VIV . LD
S TR ER K FEHH 1) K AE (A AR A e b e 1B 4 3L )y
22019, 2020),

UL LEAR i A7 B0 I R S AR B sE T
P, Kyl sl IR LT A A, 2019 4F
VA, AR WPEGH . 98I 25 R B SR 15k
A B S RT3 T A5 K SRS il Rl ST M B S
DrEE ), THRIAE R U Fn E B S0 4 o S K R A
SEAT A TR P A 7 MBS R AR v I 5 R VL R
B E 2021 421 H 1 HESEAT, BEN 10 4F 1 F 44
YRS, UM LR E KT K AES RS,

1.2 WRFE

1.21 IMAGE-GNM #:#  IMAGE-GNM £ %
—Fhas [ S AR (0.5°%0.5°4 B8 %), 5 IMAGE %5
AV S A EOK SO PCR-GLOBWB A% 4,
R VAl 4 BRI 85 5 5 F7 8 i #57 (Bouwman et al,
2006, 2017; Van Beek et al, 2011; Beusen €t al, 2015,
2016). ZAEAN FIASALEE R, T8 5 K SO
YA IS B T35 5 R U R i 226 3 i 1) A DA
IMAGE-GNM FEAUAL$E . (1) AL AT S8 4 4l
R, 0 A U B M A K LA K i v JE Hb T K AR SR
R K R S IR Y, BB K T N
P ()75 7K HE K = FRFHHE P N AT P (3)2K H
TRIRERE 1% (1) S KAT IL B 08 SR Eh A (HHTE 3Rk
JZ ¢ B2 (nutrient spiraling method) (Wollheim et al,
2008; Newbold et al, 19815 /KA H N, P i A i .
T i AR BB B T 24175 1] L2 % Beusen 45

(2015, 2016)M 7 (Stehfest et al, 2014), IMAGE-GNM
TR PR FEF A AT (0.5°%0.59 0 B 5R) & 5k T Bk 4 [ i
FURLAR 2H 4188 B0 (FISHS TAT) Sk 18 355 R 4 v
B E FE R 3l (Food and Agriculture Organization of
the United Nations, 1950—2010; Wang et al, 2019b),
I Jei AR A K SCABE R v 45 AR K I I B B 4 A T]
T N FP i, IMAGE-GNM AR B 2 7E KT N,
P EFREORIE . i B Rk B 5 TR AR B T S BR
HXF B EIR K RN K FEF ) N PRI Al 3t B 5
Moz BT SR AR TS G A BIR (Liu et al, 2018; Wang et al,
2019b), AHOE N. P id & A5 S0 45 50 WA 35w
) —3rkE, X — A IE B IMAGE-GNM
ERMERSRGE N, P i far AT — 2 AT (5 .
122 BihRIK IR E 5T IR IR UK 77 5
a2 b OB IR THE, 2016), L, 7EIFEIR
JKFRFE N P gy 2% e fn 2s o RIS A A b3
gett, FREFFAREREFERLE 2019 298 3.5 12 ¢,
Hrp, BB AR 2.1 12 t, A 60%, HiAy 40%
RFREEA A ATECH R AR ER, 2020),

ffi ] IMAGE-GNM A1 | (0 2 e A p= ok 72
B R RIS B AG BIR K FRIE X KK N P far
P TR & IR T AR SRR A L A
AL . 2R IE SR LT . LRI R S R
I A I 1 DL At YE R S i )G R (Bouwman et al,
2011, 2013a; Wang et al, 2019b), HHv, FEl&1EHAY
N AR

Nin-com = PrOdFish X WGFrac x Fracin»comp x

FCRin-com X NFrac-in-comp (1)
Pin-com = PrOdFish X WGFrac x Fracin-comp x
FCRin-com X PFrac-in-comp (2)

S Nincom ' Pincom 73 1 A3 123 AL & 1 EHIEA R S8
) N Fl P £ (t); Prodgis, A0 77 5 (6) (R A AT K
e e BT BRI A, 2019—2020); WGrree NFZ AR
SCPREGE RSy, A TR AR B o G, B
R T FUR AR SUE P E R 1 95% i 4t R 4L
(BRI tA & P i 5%) (Bouwman et al, 2013a);
Fraci, comp AT MEBCL A TR LLA(60% 5 AV AR AT HE,
2020); FCRiy.com MAETE 1 kg T FH B A R
AWFFE R FCRipcom N 2.0 g/g (Bouwman et al,
2013a); Nrrac-in-comp 11 Prrac-in-comp AL A TR N Al
P i, HH, N 0.05 g/g, P 0.01 g/g (Bouwman
et al, 2013a; Wang et al, 2019b),,

B AR N B AGTE T .

Nin-noncom = Prodgish X WGrrac ¥ Fracin-noncomp X

FCR in-noncom * NFrac-in-noncomp 3)
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Pin-noncom= PTodFish X WGrrae X Frainnoncom™

FCRin-noncom X PFrac-in-noncom €))
T, Nin-noncom M Pin-noncom 7351 A8 i3 JE L 5 41K 7
ARG N H P & (1); Fraciycomp A IMEARHC G 1 H}
1 LA (40%; AR AATHE, 2020); FCRinononcom A A
1 kg FAFTAIAERC SRR . AT RAH FCRynoncom
4 6.0 g/g (Bouwman et al, 2013a; Wang et al, 2019b);
NErac-in-noncom M Prac-in-noncom 2 A A AEFL A A BHIY N
P &, Hrf, N 4 0.03 g/g, P 4 0.004 g/g(Bouwman
et al, 2013a; Wang et al, 2019b),,

Nin = Nin-com * N in-noncom (5)
Pin =Pin-com + P in-noncom (6)
HH, Ny A1 PL BN ARG TN Fl TP (1),
fa YR R B N P AT R T

Nrish = Prodgish X WGrrac X NErac-Fish (7)

Prish = Prodrisn X WGrrac X Prrac-rish (3)
KA, Npign A1 Prign 25 03 M E & N P E
(1) 5 Npracrish M Nirae-pisn 73 5 8B 5 rh N FI P
S, Hdb, NBYSE 0,024 g/g, P EYSHEN 0.007 g/g
(Bouwman et al, 2013a; Wang et al, 2019b),

TR R 5 0 i SRl I R B e T B
PN = (1 = Napc-comp) X Nin-com +

(1 - NADC—noncomp) x Nin-noncom (9)
PP = (1 - PADC—comp) X Pin-com +

(l - PADC»noncomp) ><Pin-noncom (10)
DN = N, — Ngigp — PN (11)
DP = Py, — Pgjsn — PP (12)

A Hr, PN T PP 43 51 A 80k: 25 8 A 11 B ik i (t) ; DN
H1 DP 53 A A A FRBE BRI (D) ;5 Napc-comp 1
PApC-comp 73 A BC ARV RL ) NP R 1L 25, For
N4 0.9 g/g, P} 0.6 g/g(Bouwman et al, 2013a);
NaDC-noncomp M Papc-noncomp 7331 A AR L A5 41K N A P
FTHALR, Hd, N 0.7 g/g, P 24 0.45 g/g (Bouwman
etal, 2013a),

EN R S R IR 2 S B W W= = S ) TN a3 T = S
B W)L RGN O LLR)3 AN, BrE B s
FH TN Al TP s ¥R B ) 7R 0 2018 4F 4548 A 8L
Kk HPESITHEEERS R, 2019); 2018 F44
TRIK IR FH 0 25 7 1ok | op el 8 147 248 ROl AR
UL ES TR, 2019, 2020), AdiAh 45 B 552
BRI 22 (8] £F 6B A 1 —BobE , b & S 800 R E
RIETRERFHGEITER, 5% THA FE AR
ARG BR , XA R SR TS Y A B B A
FRVE M RAEAGEA RTATRE , ANBFSE A L SRR S
EA PRI &4, 2002; =557 758, 2021) %5 FL ik
57 XA T

2 HRI5WE
21 KIIFHEELABRKREFENNS P 5%

2003 45 2018 AF VLI 4 BB (IR K FRH =
AR NC P AR 1o R 1 WTLLEH, Rk
IMAGE-GNM HJiHE 45, 2003—2018 FERITIHEA
FEE YK GIER TN TP AERR 5
(468.41+179.22)F1(52.02+24.08) Gg/yr, H15% 1 T8 Al
B, WOKFRFESIER N P i5 e HAT FH— 0 23 1)
O3 o KVLHIE . AR A IR K SR 5 | i
) TN AF HE ik & 7 3 (8 53 3] 24 (49.44+18.66) .
(312.17+126.78)F1(106.80+33.77) Gg/yr, 3k KiT
WL TN AEHECE Y 10.44% . 66.38%F1 23.18%. |-
Ui« AT i R IR K IR EE S | A A TP AFHEjk
7 B {H 4> B R (4.5242.06) . (46.42+28.86) FlI
(12.58+4.66) Gg/yr, 433l G ILiEL TP AEHEHR 1Y
8.60% . 88.45%7H1 24.80%. IR/KFFIGIEM N, P&
FRERHERCE R s, H TN R TP AAEHEK
F3 91 (140+£58.6)F1(16.3+8.68) Gglyr, 43l i i
RIKFEFE N A1 P V5 4% HEAl & 19 (29.96+1.71)% Fll
(31.27+4.11)%, HR HITIiE R E . hisdes .
T R A8 RNV 48 4 i IR X A IROK SR8 N P
SRR Y (64.63+£2.89)%H1(65.23+4.88) %, 4F I HEL
419 302.72 F1 33.93 Gg/lyr., AL, 95%LL E %R
KSRGS R N FI P HEACE T i 48 1y (B 4&
JIL ER L AL WIRE . VTP R INAI, X
el K2 NS, SR i kik, S5
ORI (R 1) ARWFFE I 25 S 5 w9 AT 5% 45 SR AT
(B 5%, 2021), EMBIAL . WIRg . YLPE RNV RA IR
KFRFEE) TN Fl TP HE 3K, 4 DA DTk ik
F 70% 4k 4

22 h 15 ERKIREFEEAMRKFETERN N, P
AEmEH

ME 2 AT LUE Y, KT 4 B IR K S5 1)
TN HERCE K T 213.96%, 1 2003 4E 1 289.19 Gg/yr
WK% 2018 4ERY 618.76 Gglyr, b . FFiky
SERE ey Hdr, dhiiEs X AR B
i 2003 4EAY 185.38 Gg/yr HiNZE 2018 4EfY
418.70 Gg/yr, {H 2016—2018 4E[i], TN ki fyH
AR BT o TSGR K FRIA Y TP 15 Gy 17 fif [F) A SR B
TR RARZ, HECE R 2003 4EHY 27.94 Gg/yr HEhnE
2018 41 73.55 Gg/yr; Hrfr, ik X iR <
Wi, 2003 4549 17.57 Gg/yr BANZE 2018 4
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R 1 2003fF5 2018 FRITHAEERE M HKKFESER N, P AFHMAD
Tab.1 Spatial distributions of nitrogen and phosphorus in freshwater aquaculture
and population around the Changjiang River basin in 2003 and 2018

2003 4F In 2003 2018 4 In 2018 2018 4 2018 4E& 4 K
# i N P NfR PfE AEALEK FEBNT R
Province Nload/  Pload/ N load P load Population in Production of fre.:shv.vater
4 aquaculture fish in
(Gglyr)  (Gglyr) /(Gglyr) /(Gglyr) 2018/10 2018/10% t
PUJIl-TE X Sichuan-Chongqing  27.55 2.20 60.75 5.77 11443 196.19
Hiff Gansu 0.06 0.00 0.07 0.01 2637 1.40
= F Yunnan 1.68 0.14 6.17 0.58 4830 60.25
BePE Shanxi 0.43 0.03 1.16 0.11 3864 14.96
#HJt Hubei 81.70 7.59 209.76 26.98 5917 334.91
17 Hunan 49.59 4.70 97.89 11.43 6899 206.29
R Henan 1.36 0.11 3.34 0.32 9605 82.97
Z# Anhui 27.55 2.80 54.44 6.63 6324 152.81
VLPE Jiangxi 47.26 4.57 99.57 11.32 4648 206.74
VL Jiangsu 40.86 4.57 69.26 8.57 8051 235.35
Wiil Zhejiang 0.67 0.08 1.33 0.17 5737 86.39
¥# Shanghai 3.95 0.47 2.05 0.27 2424 6.20
f@## Fujian 0.83 0.10 1.13 0.14 3941 67.22
J"#% Guangdong 2.15 0.26 2.99 0.36 11346 349.79
J7P8 Guangxi 2.06 0.20 2.87 0.28 4926 124.93
FtI Guizhou 1.49 0.11 5.98 0.62 3600 22.42

T 2018 4458 ALV BE 5 | A E 225811 )71(2019), 2018 AR5 4 IR SR B 2 5 | (A AP AR R il ¥ BUE 315 46(2019)
Note: The provincial population data in 2018 was from National Bureau of Statistics (2019), and the provincial freshwater
aquaculture fish production in 2018 was from Bureau of Fisheries, Ministry of Agriculture and Rural Affairs, et al (2019).

1) 65.94 Gg/yr, J& IR K F2H TP 15 YL i) F 2RI
AN, TP 3SR IREERS = T TN, R 263.24%. R4
2016 4 J5 RK FEFHERC A TP 8K B2 R RE i 2%, 2
AFETF TN HEilE i Fa e 4i Ry, TP HER R +E
HRRAS, WBIR K IR FE HERL A N/P B (BT i ) A T
6.35~12.53 Z[A], JFBEEIRKFFHHEA R TP ¥ 5
AT TN B8, HN/P 7 s R R R BN 248 T 1%
Bk, AR RN, KIT45F 1991—2019 4F%
JKFE5 TN 5 TP WHECE P 235 K Ak, 2017 4L
e, TN HEilcEA T R, TP HEicE 22k #h 5 TN
FAR—F; 2019 FEIRAKFEFEHERL N/P Ky 5.39(=5 3.7
&, 2021), S5ARMFFRBINGZERA —5. K ASE
(2002)FH58 &I, KF-FRpait ™ 1 kg a2A4Y)
i, TN Ml TP 0] =4 30 g F1 7 go AR¥E 2018 4FK VTR
WA IROKF =5, A5 2150 J1 t (N2 TN
HITP 29772E 645 F1 150.5 Gg, X —HIBg Ao E 574
G EE AT . IRXT AT, AR o8 h 3k F
IMAGE-GNM F 7 T JR A5 (1) 45 5L 2 T FE 11

VL AR VIR N P A R0 S Eh g 2n
fb# K (Liu et al, 2018), 1960—2015 4F VT Ik f#

TEHLA(DIN) Bt A0 g K 34, HGE 10 4F)%3)
K, BRI B(& 2), 2003—2018 4E[H],
VL3 DIN AAEHEC R FIE R 1980 Gelyr, Hirfr, 1%
IKFEFEHER Y TN 29,5 DIN (1) 23.64%. 1960—2015 4F
KAk i o LB (DIP) A4 5 DIN FARRARRL, {H
&, 3l 5 4F DIP Hiikii &4 R ILAT % 2003—2018 4F,
KAT I DIP 45 fi i 1 i FH91E N 61 Gg/yr, Hr,

WK FEH 1Y TP HEK 2 5 84.83%., K VTl DIN/DIP
B IME R 36 (JBiht k), WL, WA 1y 95 51 i 2
XPFRITEFRER MR | 450 Fl 4 3R A 52,

o e A O Sha o8

23 KAKFEBHIN, PEREHH

MWE 1 ATLIEH, KT FER O IRK IR M
HKr=Hh 2150 J1 to K 3 MRk IR R N, P
BRENREA CEA AL a2 ayE IR A
DAHE P Fis A B IR R X DL N Pt &
SRR L

BB AN (D)~(12), TSR A £
i) A (Ni)  269.48 T3 t, Bt (Pi,)h 44.10 J7 t,
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Pl 2 FR YT K DIN H1 DIP f94F HEGE 8k 1 Wang 4£(2021b).
The annual fluxes of DIN and DIP in the Changjiang River were from Wang et al (2021b).

fh 2 A i o R A7 A A (Neisn) M 50.1 T3 t, B 18 (Pgign)
A 14.3 J7 to PN BB R 56.35 J1 t, PP BRI
9 20.58 J3 t. DN MR} 163.08 J7 t, DP R
A 9.23 J7 to AMFFELEHE S Bouwman %(2013)
1 Wang %5(2019b)WF5E A NP A4 % Y Fo 148 R 323
BEAb, FRPEAR IR AT LAAR N, AR KI5 5H B k2
£ 60.52%) N LA RS BB SR, 20.91%89 N
AL N WORASTE L, 18.57%M0 N 23tk W52 4 H)
Mo P 2045 20.93%LLRMASIIE BRI, 46.67%
AL R BRI ASIE R, 32.40%F0 P 239tk 58 4 H)
Mo ATIL, N 5 P AR R 2 502 S BUK &K
N/P Rfb ) EZ R ZE, ] fE /2 T BUK BB §1 /9 3

24 AHEMEDT

HAET, XTI N, Pis Yyl 224
SCIN A5 R U S TT i (EHEHE A, 2008, K & 4F,

2020), HWATXF e aF o 25D X Al T I
T3 R X0 A AR A A v, O AR I DR
3N, T LI Ak SRR T ERCE B I AR | Y A
Wi R, BRI, HAS AR R A P . AR
R 5 A AR TG T B s A BB A =X, A ST Tl 4%
FE R, HaE B ] BEAF7E— 8 R 2 M . A,
IMAGE-GNM FEE XK 7T N | P 38 5 (1) fili 245 5 5 52
B EAEAE R 1 —FPE(Liu et al, 2018), LA —Mill
T A AR IS 6 R AR S SR U Y N P A RS5 RA77E
BENAHEM. 54, AP &ESEINRERL T4
S, AT IR R R NP S AN
PERIRZIN, R YRR TS YA B P B AT I . AR
ST BAR A5 56 T X RIS R 285 SRR R, Xt
77 b3 B ARG 1) T 1 R B35 SR A 5 s 1) 6 B
F T e/ T] R A AR AR R X P RN 75
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Contribution of Freshwater Aquaculturefor Nitrogen and Phosphorus Production
in the Changjiang River and ItsImpact on Estuarine Environment

SUN Cece'?, WU Wentao'?, LIU Jun'?", ZANG Jiaye'

(1. Research Center for Marine Ecology and Key Laboratory of Marine Eco-Environmental Science and Technology of Ministry of
Natural Resources, First Institute of Oceanography, Ministry of Natural Resources, Qingdao, Shandong 266061, China;
2. Laboratory for Marine Geology, Pilot National Laboratory for Marine Science and Technology (Qingdao), Qingdao, Shandong
266237, China; 3. Key Laboratory of Marine Chemistry Theory and Technology, Ministry of Education,
Ocean University of China, Qingdao, Shandong 266100, China)

Abstract: Background and aims Nitrogen (N) and phosphorus (P) are the key factors controlling
eutrophication, playing an important role in aquatic ecosystems. Currently, eutrophication is severe in
almost all major river basins in China, negatively impacting the structure and function of riverine
ecosystems. The Changjiang River is one of the most valuable rivers in China. However, enhanced
economic development in the Changjiang River basin has caused many adverse environmental problems.
To restore the ecological environment of the Changjiang River, a series of decrees and laws were
implemented, such as the “10-year fishing moratorium along the Changjiang River.” This lengthy fishing
moratorium will almost certainly promote aquaculture in this river basin, likely increasing N and P
loadings in the river system and further adversely affecting the watershed-estuarine environment. Owing
to the limitations of observations, methodologies, and data, N and P emissions from freshwater
aquaculture and their ecological effects are still ambiguous. For this purpose, the total nitrogen (TN) and
total phosphorus (TP) emissions caused by freshwater aquaculture in the major provinces along the
Changjiang River were estimated using a nutrient transport flux model from 2003 to 2018. The temporal
and spatial variations of TN and TP discharges were calculated to determine the potential ecological
effects of freshwater aquaculture on riverine material transport and estuarine environments. This work
provides a basis for scientific aquaculture planning and environmental management in the Changjiang
River basin.

This study employs an integrated model to assess the global environment-global nutrient model
(IMAGE-GNM), coupling models with hydrology and nutrient delivery, biogeochemistry, and retention.
The model describes N and P in feed inputs, fish production, nutrient conversion, and nutrient output. The
IMAGE-GNM has already been well applied in the study of N and P sources, retention, and transport in
the Changjiang River, demonstrating the model’s credibility in estimating the N and P loads of
aquaculture. We evaluated the contributions of N and P and their export to the Changjiang River from
2003 to 2018.

(a) Annual emissions of TN and TP caused by freshwater aquaculture in the major provinces along
the Changjiang River from 2003 to 2018 were (468.41+179.22) Gg/yr (1 G =10°) and (52.02+24.08) Gglyr,
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respectively. The emissions of TN in the upper, middle, and lower reaches accounted for 10.44%, 66.38%,
and 23.18% of the annual TN emissions, respectively; TP in the upper, middle, and lower reaches
accounted for 8.60%, 88.45%, and 24.80%, respectively. The area with the most significant TN and TP
emissions caused by freshwater aquaculture was Hubei Province, accounting for (29.96+1.71)% and
(31.27£4.11)%, respectively. More than 95% of N and P emissions from freshwater aquaculture were
generated by provinces around the main stem of the Changjiang River, especially in the Hubei, Hunan,
and Jiangxi Province. (b) The TN emissions from freshwater aquaculture along the Changjiang River
increased by 213.96%, from 289.19 Gg/yr in 2003 to 618.76 Gg/yr in 2018. The most significant growth
in N emissions was observed in the midstream of the Changjiang River basin from 185.38 Gg/yr to
418.70 Gg/yr. The TP emissions increased from 27.94 Gg/yr in 2003 to 73.55 Gg/yr in 2018. The most
significant growth in P emissions was also seen in the midstream from 17.57 Gg/yr to 65.94 Gg/yr. In
addition, the growth rates of TN and TP emissions decreased after 2016. The N/P ratio (mass ratio) of
freshwater aquaculture discharge in the basin ranged from 6.35 to 12.53 and showed a slowly decreasing
trend from 2003 to 2018. (¢) According to the model, about 60.52% of the N input through freshwater
aquaculture was released in its dissolved form, 20.91% remained in particulate form, and 18.57% was
completely converted to biomass and organisms. Approximately 20.93% of the P input through feed was
released in the dissolved form, 46.67% remained in the particulate form, and 32.40% was completely
converted to biomass.

The annual TN and TP emissions of freshwater aquaculture from 2003 to 2018 accounted for an
increase of 7.93% and 13.65%, respectively, of the TN and TP emissions in 2010 in the Changjiang River
basin. Their increasing trend cannot be underestimated, because the higher biological activity and
turnover rates of aquaculture may enhance ecological risks such as eutrophication. Thus, more attention
should be paid to the impact of aquaculture activities on the water environment in large river basins.
Again, the lower N/P ratio may have a mitigating effect on the imbalance in nutrient stoichiometry in the
Changjiang River and its estuary. The change in nutrient origin and delivery would cause a
disproportionate increase in non-diatom biomass, potentially breaking the offshore ecosystem stability.
Therefore, more attention should be paid to freshwater aquaculture and its environmental effects, and
relevant laws and regulations should also be implemented to optimize freshwater aquaculture.

Key words Changjiang River basin; Nitrogen; Phosphorus; Freshwater aquaculture



