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6. School of Environment, Nanjing University, Nanjing 210023, China)

Abstract; Lake Luoma is an important storage lake for the Eastern route of the South-to-North Water Diversion Project (NSBD), which has many functions including flood
control and irrigation, drinking water supply, and ecological maintenance. In order to understand the succession patterns and driving factors of water quality in Lake Luoma,
we used monthly monitoring data from 2009 to 2020 in combination with historical data from 1996 to 2008. The long-term succession patterns,, seasonal dynamics, and spatial
patterns of total nitrogen (TN), total phosphorus (TP), permanganate index, and ammonia nitrogen (NH," -N) were examined, and the influence of meteorological and
hydrological factors on water quality was explored through correlation analyses and generalized additive models. The results showed that it remained in the status of grade IV-
inferior V over the past 25 years. The concentration of TN, which was the main pollutant, changed significantly (1.06-3.49 mg-L™"), experiencing three stages of gradual
decline (1996-2002), significant interannual fluctuation (2002-2015), and significant increase (2015-2020). Permanganate mdex decreased significantly (2.97-6.38
mg-L.™"), whereas TP and NH," -N concentration fluctuated slightly, ranging from 0. 024-0. 076 mg+L ™" and 0. 11-0.69 mg-L ™", respectively. The concentration of TN
and TP increased abnormally in the summer of 2017-2020, reaching 3.30 mg-L ™" and 0. 14 mg+L ™" in August, respectively, which was approximately 1. 5 and 2. 4 times
the annual average. In terms of seasonal dynamics, the seasonal variation in water quality between summer/autumn and winter/spring reversed after 2015, with water quality
in summer/autumn being worse than that in winter and spring, indicating the exacerbation of eutrophication. The water quality in the southern area was obviously better than
that in the northern area. The input of pollutants from the Yihe River and Middle Canal increased with water quantity since 2015, which drove the water quality deterioration
through nutrients. Our results suggested that the water quality of Lake Luoma should be improved by strengthening exogenous pollution reduction, endogenous control, polder
dismantling, and ecological restoration.

Key words: shallow lake; water quality; spatiotemporal succession patterns; seasonal dynamics; driving factors

INEN S G e RS AN R CI R =N =Y i< S —
3 e YR Y Byl 3 e b . : s B EA . 2022-03-10; f&1THHA: 2022-04-22
RLKCER A 10 1 25 25 0 LT S5 0 Criver continuum g e b e 2 T H (2020316) 5 15 11 4%
concept, RCC) FE4E M8, 78 DX 04 Fa K I J0 s [] 458 Bha: Ok 4 99 B (42171119 )3 I 95 4 7k AR 3 501 F

_ . TN o (2022068 )
B, 7R B, R T IA K B BE Y 5 i A H: TEBE A WEEE(1997 ~ ) 40, BHBFFE AR , T 505077 10 N A

BRI VL 1 L T 0 3 o BT oo



220 7D 53

oo 44 %

SRR TR0 T3, $ 252 < TR0 AR A 3003 A1 (998
AR 5 TP IS U T A R A P2 T 5 K 1 - i
AR EEFELIIN 2 I 0 R BB b A K i
AWK 80% LA BT kIR S BUE T KT
K F ELVT ) 7K A B 2 AN 58 | K Ik 5 I A % B
SNSRI e G 7 T A 0 PR Bl A 35 5
BT KA 2 A R 8 B M L SR 1 T
5T, AW AL K e I 4 4 I K P dg kR
Y, TS Sy TR 1 v, BT OB R
[ AF , 386 A () At A 4 W B 385 3 6 DR
JRE U8 F , WAL 5w R M7 Tk vk B 1075 55—
5T AR B e 7 FE R R A KA T BERE ANk
PRE R (0 S — R B, ek K M I ek
W RS SRR S S R B B SR
IV 5 5 B K A 1 KR AR AR T , Rl e e 1)
RIGITAEAIE W) | A5 R S5 77 7 B 3L
TR B, K I K B B 3 R T R D
G, A 00 5 A 037 A L AR A 43 A 5 i
TR, r f

e I W41y /Kl VR AR 2 TR Y R 2

AR IR 6k T X B T e
55K 4 R LU A 5.6
km? 19 5 7K J2 AEA K B4 T 0.8 £ 78.3 42 m’

(_\2‘0‘6“9 2020 4F )4 {t5 %5 30.0 42 nf V*]’EJFF/?E
Eﬁﬁuﬁﬁgaﬁ%zmma%A@mﬁ%m%;w

%, BRGNS 20 2 90 4EFCLI K, B
KBRS 5 U A 01 903 B o A 3 & 3
Yerhl, HK AR 2 R . BT A RS B
T A K R 1 e B A B KRR K 109
A K HCIR B PR T RS DR, A< SC LA T i)y
B, 2T 1996 ~ 2020 4 [ 7K 5 B , ¥R 1559% 55 151 K
R 25 AL B I R AT AN [ 9 30 ] 26 % 2
A TR , SR K R A 9 R T, DU
ST T 0K BRIV M X 17K 2 4 5 e 1 2 4R
sk,

1 HH5HE

1.1 B8 IXARA

% T 1 M b YT 95 48 A6 (34°007 ~ 34°14' N,
118°05' ~118°19'E) , & E P33 = Kibim . 115
AR WA, AT, AN T e e Ik T ik
Jb T 332 5 L AR R PO | RS A
E SN M BT By R 1 e s B = RS v 7 RO BT W5 5 A
] S HE AT b az ] A i S A3 S A U L
T T K O] R VT R 45 (TR 1) . 1949 ~ 1958 4F 3%
W5 S8R T KRR 4l Bt 45 TR a5, o T %2

N T B K 2 BLIA. 2 45 Bk 07 22,5
m, IEH &KL 22. 8 m, AR K AR 287 km? | SF-H7K
W 2.7 m, AEBOK YOS 10 UK, 2 MR i 3 K M
Wi,
1.2 Hdsidss
1.2.1 KX HHE

A R K 25 SR o 1 4 9% T
JT 320 8 1 S B T 35 1) S 5 RS, K A3 A
WK 28 9 ik 208 7K SOOI 2ok AR 3R L B
FF AT WAL IR T ISR 75 5 1 )7
H97K L. LAY FISE VT A0 K J2 B TR o s T 2
K A, DALY ) 3 O 3 3
A K
1.2.2 JKFEdE

ERATB IR, WIATEAS K= TRg ik
RS, A% 11T (L) |
AT 5 THWTE R K T Bl 2000 ~
2020 4F W 50 i BT v, 90 Pt 2
R0 22 P A AR E 4000 2 A 1 B (S
1 YSI 660075 ZHOK T il (005 pH . T
(DO). R AT MK PR o AR
TKRE IR AIRER 1| LVRTRE G I A5 1] S5 0 28 il 350
LSRR, R (T U5 SR A B 4 e fl 48814
SR (GB 11894-1989) , ik (TP) W 5 5% il
BEFRER AL . $HB5 BT 40 6 BE 15 (GB 11893-
1989) , 2 AL ( NH, -N ) I 7 R i1 44 16 ik 300 i i 12
(GB 7479-1987) , i i R 5 5 H5CR FH i e 16 0 7
W4 a( Chl-a) 5 FIHZBEAE UM I L
SV K RENE I P Whatman GE/F 35 55 £F 4 36 i ( 9L

N )
i |
i \EIE A
i \ |
\\_\
tpaEd 4k
- Ao 9 4 I
=5 - £
. ¥
( g
\\ b j;____.___
i /
| | v
& [
o RS / "
\,_l,_ e iymu  [Ef
\GConie o™ 2 o i
P () R ) 3
% ~ M DIEF
Sk o 4 ki .\ g
& S— Sk
L L 1 1
118°05' 118°10° 11815 118°20" E

E1 BEHKRRXERSSGTE
Fig. 1 Spatial distribution of water quality sampling

sites in Lake Luoma



14

CErge SO Ow N ERUINEY NS Gh B S e SN O R R b 1]

221

B290.7 pwm) . [RIEE A4 K BT BAE AR A ) 2
WF5T 48 5 1996 ~ 2008 4= F F K i 35 b 4F 15
ﬁ[12,15~17]'
1.3 HdEadr
% H Mann-Kendall 2 %5 2 75 ¥ 56 2 43 By 7K

ARk AR A . R SES ™ trend £ mk. test
PRESIEAT MK Seitfa i, 76 AU ) Sk e b, Se it
Kt [ Z | =270, WTE a BEKFELE, [Z] =
1. 645 BFiE i 90% 1 MR %, Z >0 BF 2 BTt
B, 7 <0 B2 EEH s HEDFS UF, FURY
5 UB, Geil & ks iy 5 %48, i1 528 23 BSCHk
[18].

J R F & factoexira B cluster 2 H' k-means
PRIBIGHEA T I(EL SR 20, i 9 7K Ji 2 A == ] AR £k
FEE. ZKTHR AR 4T Z-score ﬁ/ﬁﬂﬁﬁ,ﬁ%lﬁ&ﬂﬁ
BSIE, L eclust PRECH R R EFERL AW TR
4@%%@@%%%%ﬁzﬁﬂaﬁﬁwﬁﬂ%
JH o KRR F AR T2 5 ARG . RUTI I
ZE 2581 (one- -way ANOVA) LSD ﬁ(ﬁ#ygﬂ(
ﬁ?‘éﬁﬁ%éﬁlmé’ﬁﬁﬁ i) =

/% e B A A %ﬁ%pﬁgﬁ
(CV) Rt 1910 ov T AR K
P . L/ o)

d N

35

10+

0‘5 1 1 L 1 L L Il 1 1 I 1
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

24

23 r

2

kA /m

21+

20

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
400

——38A

300 F

200 F

[k ik /mm

1000 +

0k

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
A4y

FR A SCHk[ 20 ] %Fﬁ%%gﬁ%ﬂkﬁ#‘%‘ﬁt( TLI) %t
B A INAE TR S AT R

TLI = ZW TLI(j) (1)

K, TLI jﬁ%%g%ﬁj‘%%& TLI(j) A5 j fZ
BB FRSIREG W, 0 RS E TR IR
B AE . #2408 FOREIREOT A LA 9
P2 IRSCER[ 21 ].

H R A pheatmap i cor I pheatmap PR £ HE
AT T 522 K, F 08 mgev 1 gam bR EL
TTAES RN AR A 38 5 i e A0 1 19 - 1 PR ST
I SRR A 28 ( generahzed additive models, GAM) ,
H s BRI A AT i 23

dﬂme Z<>+B ~(2)

A, o MiERERER, E(WQ)j‘ﬂ—l Eﬁﬁﬁﬁéfﬁ s
SFCHE R, [ SR KU L K 7J<1J%D.J4/\/ﬁﬂ

m%mil¥%ﬁﬁﬁﬁ ,,g’ff

R &, ¢

2.1 AKX w%%ﬁE p € { &~
2009 < 21920 i%f&fﬁﬂ£¢¥ﬂ]rs&7k 759. “§

mm ET%EW%HWFE(. 2). @Fﬁﬁkﬂ(i

30
25 ¢
20 ¢
15}

Al °C

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
500

400

300 F

Pk ik /mm

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

—a— 8 MK
35} - S Ik

Ak % 108/m?

2009 20I0 "’OII 2012 ZUH '30I4 20]5 2{]16 '?[]]? 70]8 20I9 2020
Ay

2 BOMAXSEEFRBTHED

Fig. 2 Long term changes in hydrometeorological parameters in Lake Luoma



222 % B

oo 44 %

91142, 2 mm, &4 AE 2020 4, 2019 4E [ K &
/N, 2R 587. 3 mm. K ERARE NS AN B ZRAE Th A
6 ~9 A T K 5 4 65.4% . 435

R 14.9C BB ERL W, & =58 T, Rl 2
BRAEFHKGEN 1.6 m-s ™', 3 IR CEXE N
2.2 m-sfl) ,10 HEE'i/J\(—TFﬂ]fEﬂE] 1.2 m-sfl) ,ﬁzﬂai
KRG I K 7.4 mes ™' AU FE K NNE il
WNW , & ZE 2Rt X, B 2= 2 45 XL 5% E il i A8
KRR K, 2014 AWK ER/N(0.8 /2 m?)
2020 4K (78.3 42 m’) | Z4EF- A 30.0 12
m' . AWIKEEBEERET ~9 A, HEHERDY
70.0%, 5% KR IEH (r=0.42, P <0.01). iz
L YT A K4S Y 55% FI45% . 2014 4E )
KA/ (6.9 12 m*) , 2020 4F WK B8R,
57.2 4 m’ , ZAE B 24,7 A2 w® . LR R
T V) T Y R )3 T 7K 4% 7 44% | 13% F1 7% .
ARAOEZ NI PR 6 ~7 3 AE TARAKAL (ZFFE R
22.1m),12 A B3 Hdﬂﬁwku(%@ﬂ]ﬁ

22.8 m).
2.2 KM T ) &=
2.2 1 ARl | / ,/ o

“2009 ~ 20,20@ p(NH, N)%&IE@;@OJ&
0. 35mg LK, E 1), R . 24mg LJ

%ﬁ@aﬂ?ﬁé&ﬂ*ﬂmmﬂﬁz 97 ~4. 321mg LS (]] ~
M) 43, 61 g 1" ; p(Chl- a)/}fﬂ;»rzlz@ﬁ_,f

4.79 411719 peL 7 HEH 7.09 pg-L” ‘,p(TP)

AL IE R 0.033 ~0.072 mg-L~" (I ~ V&),
fH40.048 mg-L~"; V54 d /B F p (TN) 1
1.06 ~3.49 mg-L"" ZIEH(IV ~HVE) EIRES
BRYIMERN 2.15 mg- L7
M 1996 ~2020 FRKIHE AR TF | =5 IR 5h 5 4L
JBE N 2.97 ~6.38 mg-L~ 1, 2 Mann-Kendall #5 #
K , 76 25 a AR 5 FREHS, Z{HK -2.83(P
<0.01,/83). p(TN) . p('TP) Fl p( NH, -N) 3t {43
Wk 1.06 ~3.49, 0.024 ~0.076 1 0.11 ~ 0. 69
mg-L~", Z{H35 09 0.46, -0.75 Fil —0.02, %4k
ﬁrﬂsii}fﬁ** R LLIVERI7E 22. 64 ~80. 17 2
[E], H5 TN B3R AR, 4 1996 ~ 2020 4F 8 5
HAIEFR P S 3 A B B D1996 ~ 2002 4,
p(TN) . p(TP) Flp(NH, -N) 433l H 2. 29 . 0. 061 F
0.69 mg-L™' FFEH| 121, 0.024 f10. 17riig-Li"",
SRR Berh 4.76 mg L' LTHH 6. 387w dL ' 4
22002 ~ 2015£;€ p(TN)azﬂ.ﬁ%‘E’]ﬁiﬁT/EUjJ i3
ENTEHEIH 1. 06/~ 3. 49 migiL ' mmm%mm
TR, 1 2002 4 (#976. 38 mg- L~ T A 201_5 Ty
3.34 mg- Lj,,p(TP)ﬁr‘np(NH*-N)t’Jazfﬁ'aLﬂF
LR TEDO0SHE I 45 45 32015 L 2020
-, p(TN)A p(TP), ﬁ:f‘ﬁﬁzih%ﬁﬂp(NH*-N)w
AR R Lﬂti@“ SR, TN ﬂlmﬁ@&ﬂ\
FEE A BRI S K, TP *ﬂNH*-N*ﬁXﬁ%E 2015
EEUEE%E'%:%TETTTE% SBAEASZ B TN it 4

0.10 - 40 100
35
008 30 80
a -
0 006 - 2.5 60
£ £50 &
& z z
= 00455 40
- 1ok
0.02 20
0.5+
oL 0 0
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
7 0.8
6 .. ---e-- RERERERARAL 7 = -2.83%%
o0 co. —s— NH4*-N, Z=-0.02 _
i o5 L “' Ny - 0.6 =
£ L / . DA &0
o4 - \/- ... A e E
= 4 -0 - . g e | 04 =
23+ e &
:ﬁ 5 L _"_,_.l_‘\‘/.v\/\. %
?;. P — Tu <02 =
2L
0 1 1 1 1 1 1 1

I
1996 1998 2000 2002 2004 2006

1 1 L 1g
2008 2010 2012 2014 2016 2018 2020
A

wx FORTE0.01 KPR B EER

B3 1996 ~2020 £33 #KRISIREPRET

S RE B

Fig. 3 Interannual trend of water quality parameters in Lake Luoma from 1996 to 2020
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Table 1  Annual averages of water quality parameters in Lake Luoma from 2009 to 2020

R p(DO) p(NH, -N) R TR R AR EL p(TP) p(TN) p(Chl-a)

/mg-L~! /mg-L~! /mg-L ! /mg-L~! /mg-L7! /gLt
2009 8.64 £2.05 0.23 +0. 09 3.72 +0.40 0.052 +0. 012 2.67 £0. 68 —
2010 9.50 £1.72 0.20 +0. 06 3.73 +0.63 0.046 +0.013 1.77 0. 65 —
2011 8.73£2.24 0.23 +0. 14 4.32+1.33 0. 045 +0. 010 2.60 +1.86 11.19 £6.52
2012 9.02 +1.48 0.25 +0. 14 3.68 +0.29 0. 045 +0.010 3.49 +1.17 8.28 +4.67
2013 9.14 +1.35 0.22 +0.07 2.97 +0. 36 0.044 +£0.017 2.64 £0.51 8.68 +2.38
2014 9.20 1. 67 0.26 +0. 13 3.14 +0.36 0.037 £0. 011 1.44 +0.51 5.41 +1.38
2015 9.60 +1.51 0.22 +0. 08 3.34 +0.28 0. 044 +0. 008 1.06 +0. 30 4.79 +0. 82
2016 9.55+1.62 0.25 +0. 04 3.35+0.35 0. 033 +0. 007 1.17 0. 36 4.90 +0.93
2017 9.60 +1.70 0.18 0. 03 3.58 0. 27 0.037 £0. 011 1.84 +0.45 5.12 0. 82
2018 9.35+1.84 0.25 +0. 06 3.57 =0.36 0. 072 +0. 060 2.25 0. 87 5.07 £0.27
2019 9.53 +1.36 0.35 +0. 08 4.07 £0.37 0.052 +0. 017 2.36 £0. 82 8.14 £0.28
2020 9.58 +1.32 0.29 +0. 08 3.84 +0.32 0. 057 0. 028 2.53 +0.84 8.15+0.15
i 9.29 0.24 3.61 0.048 2.15 7.09
g3 | | -~ -~ 1v N~%V —
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Fig. 4 Monthly changes in water quality parameters and Mann-Kendall trend test in Lake Luoma from 2009 to 2020
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Fig. 5 Seasonal changes in water quality parameters for typical years in Lake Luoma
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Fig. 6 Spatial patterns of water quality parameters at 11 sampling sites for typical years in Lake Luoma
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Table 2 One-way ANOVA and multiple comparisons of water quality parameters among regions of Lake Luoma
KB dE bR e e X R X R IX U] P
pH 8.18 +0.07a 8.22 +0.08a 8.10 +0. 13b 8.16 +0.12 <0.001
p(DO)/mg'L’1 9.24 £0.30a 9.32 +£0.32a 9.28 £0.52a 9.29 +0.42 0. 864
p(SD)/m 0.86 £0.13a 0.84 £0.13a 0.72 £0.19b 0.79 £0.17 <0.001
p(TN)/mg-L" 3.18 £1.0la 2.51 £0.91b 1.45 £0.53¢ 2.16 £1.03 <0.001
p(TP)/mg-L~" 0.060 +0.023a 0.049 +0.015b 0.042 £0.011¢ 0.048 £0.017 <0.001
p(NH, —N)/mg-L'] 0.25 +0.06a 0.24 £0.05a 0.25 +0.09a 0.24 £0.07 0.977
p(NO{—N)/mg-L" 2.05 +0.82a 1.51 £0.64a 0.49 £0.22b 1.28 £0.84 <0.001
AR R G B/ mg - L 3.62 £0.48a 3.63+0.51a 3.59 £0.85a 3.61 £0.68 0.782
p(Chl-a)/p,g'L’1 9.58 £3.79a 9.25 £3.23a 4.56 £3.96b 7.22 +4.37 <0.001

D AFR/NG FREFRR 22 A BE (P >0.05) , ARG 58

FREFEE(P<0.05)
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Table 3 GAM fitting results of water quality parameters and driving factors among regions of Lake Luoma

X [KI 7 i A5 A e B%HME F P
P IKAL 2.857 3.542 2.619 0. 045
AWK 7. 840 8.548 2.192 0. 026
Kl 2.452 3.067 3.713 0.013
e &8 TN [ K 1. 000 1. 000 5.572 0. 020
AWK 4.401 5.392 9.196 <0. 001
11 [ 1. 000 1. 000 8.720 0. 004
AWK & 3.127 3.834 9.155 <0.001
™ £33 1. 000 1. 000 9.616 0. 002
AWK 4.729 5.752 9. 890 <0.001
g [ K 1. 000 1. 000 6. 446 0.013
TLI UNFiS 4.113 5. 040 6.950 <0.001
K & 1. 000 1. 000 5.425 0.022
P [£I 4.688 5.706 2.414 0.033
AWK & 2.266 2. 803 3.723 0.010
N %zu‘?l ) 1. 000 1.
- /\Yﬁ?}ii 5.808 6.
LBES 2.193 2.
L1 ikt — 1. 000 1.
IKASE "‘..-j-"“ 6. 689 7.
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Fig. 9 Correlation between water quality parameters and driving factors in different regions and the entire lake
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Fig. 10 Interannual trend of water quality and quantity of Yihe River in summer from 2009 to 2020
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