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Abstract: Based on the monitoring data of water quality at 5 stations in Baiyangdian lake in recent 30 years, this study
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comprehensively applied multi-source statistical analysis methods and literature research to systematically reveal the trend of water
quality evolution, influencing factors, and control measures in Baiyangdian lake. Results showed that: (D The year of 2005 and 2015
were the periods of poor water quality in Baiyangdian lake over the past 30 years. From 2022 to 2023, the water quality of the lake
area remained stable at Class Ill, and by 2023, the water quality was at its best level over 30 years. The main pollution indicators
were COD and TP in recent years. The large-scale ecological water replenishment, vigorous comprehensive water environment
management, and ecological restoration are the main reasons for the significant improvement in water quality in Baiyangdian Lake in
recent years. @ From 2009 to 2023, the COD, TN, and TP concentrations in the Dianqu area were in significant downward trends,
with annual decrease rate of 0.611mg {L 4)™* (¢=0.01), 0.21 mg-(L-a)™* (¢=0.01), and 0.013 mg-(L-a)™* (0=0.05), respectively. @The
water quality indicators across various monitoring stations in Baiyangdian Lake can be spatially categorized into three groups, with
the Nanliuzhuang station in the western region showing the poorest water quality. Eutrophication indicators are further classified into
two categories, with northern sites exhibiting a higher nitrogen-to-phosphorus ratio compared to the southern sites. Over recent years,
Baiyangdian Lake has become predominantly phosphorus-limited, despite being a nitrogen-polluted system overall. @The inflow
and water level are the key factors affecting the water quality of Baiyangdian Lake in recent years. From a regional perspective,
targeted management strategies are necessary for different areas of the lake. In the western region, particularly at the Nanliuzhuang
site, efforts should focus on controlling external nutrient inputs. In the northern sites, priority should be given to reducing total
nitrogen concentrations, while in the southern sites, the main focus should be on controlling chemical oxygen demand and total
phosphorus levels. In the next step, the multi-site and multi-factor observation data should be further combined with the application
of hydrodynamic-water quality coupling model for simulation and traceability analysis, which can guarantee the comprehensive
decision-making of water quality in Baiyangdian Lake, and provide support for the ecological water replenishment and the control of
endogenous pollution such as substrate and humus, as well as the synergistic pollution management in the watershed.
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Fig.1 Distribution of water quality monitoring sites in Baiyangdian Lake
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Fig.2 Variations of water quality indicators in Baiyangdian Lake from 1992 to 2023
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Table 1 The Mann-Kendall trend tests of the main water quality indicators in Baiyangdian Lake at different monitoring sections

ki as i [ B K bR N Z A A o BEKF
1992~2023 £E CcoD 32 2.433 0.400 T ok
1992~2023 4E DO 32 -1.151 -0.026 AL AN -
1992~2023 £E TN 32 -0.892 -0.024 AL AN -
1992~2023 4F TP 32 -3.227 -0.008 T Fork
e 1992~2023 4E N/P 32 3.081 0.642 NPy <E7] ok
2009~2023 4 N 15 -3.068 -0.212 NG TER: ok
2009~2023 4 TP 15 -2.029 -0.013 T *x
2009~2023 4 N/P 15 0.791 0.927 A A AN -
2009~2023 4 coD 15 -1.930 -0.611 NG TER: *x
2009~2023 4E TN 15 -4.206 -1.667 T ok
X1 2009~2023 £ TP 15 -3.860 -0.086 T Fork
2009~2023 4 N/P 15 2.029 1.213 T *x
2009~2023 4 N 15 0.000 0.000 A A AN -
RETE 2009~2023 £ TP 15 -2.425 -0.003 T Fork
2009~2023 4 N/P 15 2.079 3.333 FTtiEa *x
2009~2023 4 TN 15 -0.495 -0.019 A aTA AN -
TEVETRE 2009~2023 £E TP 15 -1.336 -0.001 AL AN -
2009~2023 4 N/P 15 0.495 0.471 A A AN -
2009~2023 4f TN 15 -3.514 -0.087 TS ok
EBS 2009~2023 £E TP 15 -1.831 -0.003 TS *x
2009~2023 4 N/P 15 -0.891 -0.694 A aTA AN -
2009~2023 £E TN 15 -2.969 -0.073 Sk il
XiEE 2009~2023 4E TP 15 -1.782 -0.002 TS LS
2009~2023 £E N/P 15 -1.188 -0.759 AT AN -

e * xR R RERORIEITe=0.1. 0.05. 0.01%E WAL
R 2 2019~2023 A H BT HI B E S MBI TP TN & N/P 4tit

Table 2 Statistics of total phosphorus, total nitrogen, and nitrogen phosphorus ratio in monitoring sections of Baiyangdian Lake
during different periods from 2019 to 2023

3 oK Fiti7K 3] %=
TP TN N/P TP TN N/P TP N N/P TP N N/P

R

X 0.054 253 61.70 0.085 120 1477 0.034 394 13569 -0.050 275 120.92
ELEE 0.026 259 10249 0028 173 6047 0.027 3.64 14696 -0.001 1.91 86.49
T 5k = 0.031 157 59.98 0.040 124 3419 0.032 247 87.15 -0.008 1.23 52.96

P sk 0.030 0.89  33.76 0034 071 2172 0037 114 3596 0.004 044 1424
PRiikE) 0.025 0.85 57.46 0.037 077 2301 0.016 0.89 83.80 -0.021 0.12 60.79
EX 0.033 169  63.08 0.045 113 3083 0029 241 9791 -0.015 129  67.08
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Fig.3 Cluster analysis of monitoring sections and main water quality indicators in Baiyangdian Lake from 2019 to 2023
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Fig.4 The water quality and eutrophication status of Baiyangdian from 2009 to 2023
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K 32019~2023 A e A EIRE] . EUBERR . BRI 2= R £ 57/ %
Table3 The N Limit, n-p limit, p limit quantity and percentage in Baiyang Lake waters from 2019 to 2023/%

e Guilrik 1 Guitrik 2 it Ik 3
gl FE R 4% il ZPR® BRI S [z ] RS BRI FL R4 PR

FAXIE 825 0.0 17.5 725 275 0.0 57.5 35.0 75
REVE 100.0 0.0 0.0 95.0 5.0 0.0 90.0 10.0 0.0
JGVETK 75.0 0.0 25.0 70.0 30.0 0.0 425 52.5 5.0
3k 80.0 0.0 20.0 67.5 325 0.0 325 62.5 5.0
KB B 80.0 0.0 20.0 75.0 25.0 0.0 55.0 40.0 5.0
TEX 95.0 5.0 0.0 87.5 125 0.0 725 275 0.0

2.4 KEREWFE RN

SR R E % 3 UK BRGSO R A%, B EA A IRAEE R . SRS KB KA. RS
KA o BERKBEN R R K 0 A, BRI R S I et 36 = (K 1 L, AR U R R FH B8 20 70 S 00 3l 90 0 iR T 70K o 22 [ 2
AP HT, DRITT 3 — 20 2 T K5 GV HE O BR HEAT b 78 VLB o S2H9F 0 21 BR AR SR FH K 30 0 AN K SR 2R 0 A A8 Tt 7
B BIE ST 3 BRI A /KO0 M I 45 SRAEAT EEXT Gt b, RIS — 28R A 1 2 18] 3-#7 0 2 J 70 23 i O IX K B EAT 22
AT

M3 4 AR, 2009~2023 EFEKE . AGEKE. KA SRR EAMHRNE, [REKLSHHE COD MHRMER R 2
IKAL, AHIRZRHCN-0.897 (p<0.05), 5 TP RMERGRAZKAL, AR REON-0.895 (p<0.05), 5 TN MHRMERLGE K- AGEK
&, MRAHCN-0.897 (p<0.05); AGE/KE . KO ERBIRAFAHRIERE %, RYPRIEKE . AR5 XK K EZE .
Wang et al. PPl 1, FA857K 73 B ITH AR R A B2 5, PRI Al ReA K AL A 7K 73 BE 1 B B R b . AR BTS84 A
ESAKE R, AR PG RIS B35 TR, KA S IR 5GE .

3R 4 2009~2023 F HEF¥EVE XK Fftn S M ER R4t it

Table4 Correlation analysis and statistics of water quality indicators and influencing factors in Baiyangdian from 2009 to 2023

RRER KX SH HE & X 5K i
A FERKE FHEE OANEKE K é%\\ é%\ %ﬁ‘é\ =l etk s
COD Hiffe: TN HimE: TP Hee Wi Bl WA B 451

cop R  -0.703" 0.212 -0.724™  -0.897" -0.668™ -0.016 -0.015 -0.760™ 0.679™
pfE  0.003 0.449 0.002 0.001 0.009 0.961 0.964 0.001 0.005

™ R -0.470 -0.145 -0.614°  -0.579 0.082 0.781™ 0.723™ -0.718™ 0.734™
pfi  0.077 0.605 0.015 0.102 0.782 0.003 0.008 0.003 0.002

P R  -0.660" 0.255 -0.708"  -0.895™ -0.685™ -0.081 -0.092 -0.701™ 0.731*
pfE  0.007 0.359 0.003 0.001 0.007 0.801 0.776 0.004 0.002

P R 0.835™ -0.169 0.785"  0.874™ 0.773" 0.249 0.252 0.685" -0.594"
pfE  0.000 0.547 0.001 0.002 0.001 0.435 0.430 0.005 0.020

VE:*, 0 RIRIRTE o 7F 0.05,0.01 /KF G R EMHEK

2009~2023 4F4E H4J35 B 5 E XK R 2300 M B AR S 1k . Han et al. R SR AL T VE X KR, BEKE R ke 7
COD {HH I T TP, MREETHEI N 78S & &, FINEME. SR SEREM R SR 2 RE EAX, KRK
ARSI TR, HEMTRAN T A4 N E R . AWFF S Han et al &1 %R % KR B 7045 SRAFAE — R i 25 R ml g S5
AR RN 5, 4IRS BRBAE T 25 b, KRBT MR, o M 45 B 2 B Ve [X K R 3R
B, AR F AT K SR BT A RRERAIE AL, RS A S K B s i A A R SRR . 2017 4 DAk AT
ZNLEEHIIECR, WKPEBEE. ML, AZHKEE, DRI AR AN K K Fa b ) 5 e s HEAR BRI B 2R 1k

JEX COD 5 COD 4= Hifif i & /i k% (r= -0.668, p<0.05), TN 5 TN 444 HEfE & IEAH<(r=0.781, p<0.05), TP 5

TP H AR BN . FEEMERNHER RS, OB S A migoks e H E ot Sk, it
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MR AT 1648 4228 17K TS R HE SO REAT T A DR i .. XSO R 204 B, e XK T Fiabs 5 4TI 1- 101 2807 1 Le 431
SRR, 54%FH VR R EIEAS, RFEX KT T 52 AR5 G520 51 58 5 52 3 X 8085 2 KK iR .
SR B AENSI A R K R B 5 52 B AR IR0, AR E TN D 5 Z PR Ko e XK RS2 3 Liu et al®ME g XI55
FERIETVRIDREM . FERIARR LA E R IEMI20if; Han et al. R8HE HVE X KB R & /K™ FRRAN 73BN BE (042 35 R K
Xof AR BRI UK R 3 . 2017 4ELICR, BEAERELORIXROL, AR A SREA AR TR RS T . W RE T A
R, GEZBTKE. K. AEZKRER, BRRIILHEAFEESH KL, REENIFEGESINEETGIFE, 2 i
TG YR, AR RIS P K B A s B T R O AT I B KA TS K AR RE AT IR R AR
TGRSR, L SEHERE PRV AR S IR BLORYT, KIJJF RIMTIE VA B AT, TR RIATR  PHECE L AT HIKEE,
ISR TG & KBE ST, R Z AR, fEAK. TR15 . 3SR WoE SRR R MM, A KBIE T ERET
[29]0

W FEE— 25 3 F 3 A3 o BT R A PRV AN R DX 3 ) R BEY5 8, T UM 3 a3 o B iR T AT, 6 = AN X3 K
PR EAT KMO A% A1 Bartlett i ds, #AARE, =AXiH KMO {H7724 0.624. 0.605 Al 0.713, i & K 73 bt Hedfs
MIZR, AIREATE R 40HT; Bartlett £ MIE) F fE/NT 0.05, B = AN XK RIS IES D, SR F 2 G —E KA
KER, WHHTERD T AR XN R4 R SR (B 5, RAIH 3 MHEEKT 1 MEERT, =AK
T ZIRREZE 55N 48.71%. 17.66%F1 12.87%; s 1 HIEf ffifH WT. COD. N/P ZxHMEBIK, 43424 0.918. 0.862.
-0.794, KIAVEH XA IS RYE5REES, HZIMNEMANLMBE K. AR X =5 o d R ER, WHilh 4
MFEE KT L WEER T, =AFE TR EMRERS BN 40.94%. 20.06%F1 13.71%. i 1 HIEFAFfrE TNy N/P.
COD #ixHEEIR, 437i9-0.908. -0.904, 0.861, FHAILFBIXIH TN V555 T TR RS H X I E R T 85 R R,
P 3 MFEERT L WEZE T, =AE T ZMERERS 74 44.53%. 14.16%. 12.79%7F1 10.51%. A7) 1 IEF
fiifE COD. TP, N/P ZaxHERK, 2054 0.907. 0.843. -0.738, KHIFHFIXHK COD. TP i54 5 £ 5. KM, PUHBRxIE
S SOOCHE AN, JG 0 s PR TN R, R A E VA COD M TP V5 4k, MBI RO 5 ds A PRI I X
Bk FIIAAE B B 25 ) 2 57, R KIS BRI S B B2 0, (BR KRB A . KRB, Jeieht -k
PR 7K 350 7K PR S50 B ) A RS X 7R, A N GE AT YA A s e 46 /K ) SR ) B L (R 38, 3 5 AT T 45 H ) A e 7K K
N T R VR 7K P DB IR 3 4 R AR — B
2.5 BEHIRIKR BB 57

5K R 2 FARMRFEAR L, 0 7K 5 5 SRR HE R BAVR 20 AT R DA /K 0 5 B SR Mg S it R s Btk . 2022 4E 3 A, REIGT T
—RFFEEL 3 AN AR B, — EFFLEE] 2022 4E 5 AJRBY, X gtE R 7T, B 1E A VG FE Y St R
BB, R T B AIE TS A, SREU™ RS ABR B R X R i, ARSI R TR AR R, R R R AR
PRIGPOHE L3 . RIS, A GIAOGIRIE R A1, 2021 4F, AFRMAESHOKIIEN 6 A 7 B, &7 A 9 HIRFIZHR, K
AR 33 K, K&K 221 13K 2022 4F, AVFEIIAESHVKLEGT 5 H 27 H, %6 AJRESHR, SLfithK 7.21
575 K: 2023 4 6 H, WHLE/KFITEIR (2023 4 A IER AR SER T R, B SEiEve XK AL Btbnl & 2022
4F 3~5 AEIEEEMIE, BVEEEARIT RAESDFKLIE. #2022 45 3~5 A AZ I B, XTHL 2021 4570 2023 4F [
BOK BRI AR DL, VRS REIE SR X K B AR 2 mT (B 6).

2022 4F- 3~5 A, 5 2021 F RN BoHEL, HT3, W, @AM ERIRE. NHa™-N 84743 7[5 Lb N B 10.0%. 16.5%.
11.8%. 10.6%, ifi TN. TP #1 N/P /3 #I[E L LT 5.1%. 8.6%. 80.6%. 5 2023 £ BiAHLL, SR, WE. mitkikig
. NH4*-N 54550 3 FI L R BE 5.1%-. 40.3%-. 10.5%-. 16.2%, ifi TN. TP F1 N/P 4> 5[t Bt 99.6%. 17.6%. 265.7%
BRI, et b R PR T AN NHa-NIREE, AR NE S, T ARSI 2 T, TP I TN
B R NP A BN E A, [ bL S AR 1 AT A5 e e 1 AR s HE ORI G YR 5 e D183,

“THAREA, $TiE AR LA SIS, DS R R X O E B N RIS PRV A A I BRI EA AR R
%I (2018—2035)) Ffilt—BIRTFKAESHE R, T PEUESMIFLIT TE: (1 IS X - mm IR AR e % ) J5Ts
Jepitilo HE— PR R BREAR T 3, HEHE AN SETR IO RS Jia B 41X PR B T AN, RA KRR X
IKFEESZ WG, TRk — D ik RS Yt RN DUKAAEYINE &, WIS AP XK= FRE Wit (2) 5EBEAR
FAZKBEE o I EE I KR ANG 1 BRI BT K B 3 B KAIL A A TAR K, AR o, KR A LLRRSE . Biidok
BIRK IR E TSN B R R E %%, MU KMBUKE A4, iEAEREKR 957 Ek. (3) RETFRKIS
YL SCHIIRRTE 7T 38 3 K5 g SO 5 R A X AN [ DX S8k M 7K 5 S AT R T DA K 5 YR B (s a2 i, st
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TE DX K5 22 [ 7 o ARG o, DRI B, SEREAS IR TS, SRTF AR S A T NS SR R RE ) (4) 4RIt — 2D st
V5 RGAEL. KBTI AR 2, W R A, PhRMERER, gt RIAAT S5 A b R i6 BEAA R AL R 58 25857,
MR FENLE . ik, PERJE S TARETE— P N5R. (5) MSEU AR IR R AN o« HIEHHLHEE IR AR IR AR 7
X “Hl. 5L 67 SRMAIESKEDR SR e R, A IREE N B K 4
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Fig.5 Component loadings of varifactor (\/F) for the water quality data at different stations in Baiyangdian Lake in recent five years
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