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Abstract: Under the continuous reduction of external pollution loads, internal loading has become a critical bottleneck restricting
water quality improvement and precise management of Lake Qilu,Yunnan Province. To reveal sediment pollution characteristics,
internal release risks, and pollution sources in this typical heavily polluted plateau lake in Yunnan, systematic surveys of total
nitrogen (TN), total phosphorus (TP), organic matter (OM), and heavy metals in sediments were conducted at 20 sampling sites

across the lake from 2024 to 2025. Kriging interpolation was used to analyze their spatial distribution patterns, while the Nemerow
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pollution index and principal component analysis (PCA) were applied to evaluate pollution levels and identify potential sources.
Based on this, static incubation experiments were further carried out in three representative regions—the western estuary, the lake
center, and the northeastern area—to quantitatively assess nitrogen and phosphorus release fluxes. Results showed that TN, TP,
and OM contents in surface sediments ranged from 2120 to 11300 mg/kg, 270 to 2280 mg/kg, and 41.4 to 260 g/kg, respectively.
Approximately 70% of the lake area reached moderate or higher composite pollution levels (Nemerow index > 2.0), with TN as
the dominant factor in composite pollution. Significant spatial heterogeneity was observed, with the southwestern estuarine area
and central lake zone representing major pollution hotspots. PCA results indicated that sediment pollution in Lake Qilu was
primarily influenced by two source categories: agricultural non-point source and industrial composite pollution characterized by
TP and heavy metals such as Cd, Pb, Cu, and Zn, and domestic sewage and endogenous organic pollution characterized by TN and
OM. Static incubation experiments further demonstrated significant spatial differentiation in nitrogen and phosphorus release risks.
The central and northeastern regions, driven by algal-derived organic matter decomposition, acted as high-efficiency release zones,
with maximum release fluxes of TP and ammonia nitrogen reaching 2.80 mg/(m=d) and 146.1 mg/(m=4d), respectively. In contrast,
the western estuarine area exhibited net TN absorption and functioned as a potential denitrification sink, where denitrification
exceeded organic nitrogen mineralization due to the coupling of external nitrate input and organic matter accumulation. These
findings reveal marked spatial heterogeneity and functional differentiation in sediment pollutant stocks and release risks in shallow
plateau lakes, providing a scientific basis for zone-specific control and precise management of internal pollution in Lake Qilu.
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Fig.1 Schematic map of sediment sampling sites in Lake Qilu

2 S Tk

21 RESHEEHRRE

2024 4 11-12 H, SHACEM AT T RGRA, DOFE S5 R R, o 323 7 2 AR E,
ZHAE ATV T 20 MEHRRAES(E 1) [FIE, AHRAFFRBRALG], 2025 EEFEMITEH (CD Wl
O (C2) KARAEES (C3) =AMMRRMEX AT T/K-RFEPE A, DASEIIEF AT RV GRS RE, B
GEEEERT. RIS AR 3 MK (C1. C2. C3) #EH 20 MWE AAc Pl RA S, T
AT, ORI A R AR A s e, IR S B BB B C1 X RIPE R A X (Q14 M,
EAERXD , C2XRLOIX (Q17 Mk, Uik o) , C3XMARILHX (Q9 Mk, #/KIX) .

AT 2 (B S ATRFAE 8T, 2024 4F 11-12 R AR Ve & R G0REE T2 20 AN KFE AR E (0-
10 ecm) WREJRVE, %7750 FAFRNEBIF I XSRS o AT TR L], T 2025 1L
HPEE (CD Wt (C2) KARILH (C3) =AMRRMEX L, A H I HRR Ve 4 R A& EREK I AR K
SJERIRFE e IR 568 HASSZAR BN (K1 7K -V I AMERR VE AL B S B A I & . FRRARE S AE 37 4 57 2%
B, BEBEFRPUE SR @ B EEKPEE (NHSND) | SR (NOs-N) | AEAE
(NO2-N)  VAfRMETE RS (SRP) A TR AR Z A, SRE & IPhE 77 3k 1 R0 & 151
PRE
2.2 Ry ERR S ME &

BT RARIIR B IR A AR DI, (et B, Jid 100 B i, fHFfm
KIS G TR S T R R o 25 T 8 B 5 e i s 7 vk R

(DRE (TN): KL MKELKIE (Kjeldahl method) HEATMIER, FREXZ) 0.2 g HIT-VERE T, LR
MRS, B LI E EUX (Kjeltec 8400, FOSS, F137) Z&TMHf HI BRI bRk IR 2, &t SRR SR 1)

()8 (TP): RS- FHET O EVEBAT I ERY . BRI 0.2 g T URREM, SEEMMEDIE
Wb R R, WS AR, AR AN WOt (UV-2600, Shimadzu, HA) TERFE B
KM RO EE, Heb S .

GYENUR (OM): FHLIBHE: (Loss-on-ignition, LOD) Jll5ER, W0 AT YR RE M AE 105°C FHLT



SEiEE, RERBANDIEYF, T 550°C T 4h, AAEEREFHRRE. WRKEBNEMESYGT
HZHRIR AR, TEARW A PR E IR & 2RISR T .

AELJE: FERARR-E MR- 258 (HNO3-HF-HCIOs) 14 R AT (O A28, (R &)@ TR A
T o T IARIE 255, SR P PR A S5 B T 1A 1V (ICP-MS, Agilent 7700x, 35 D 47 (Cu) < 4% (Pb)
B (Zn) . # (Co) . & (Cd) Mifil (As) MEE: K (Hg) RAMAAKME-A FEFRE66REE (HY
923-2017) M5E-

T R JZRE i o M YIHE 25 B 8 AR S TSR 220 T e PR B 0 A A 0 SE B 43 T R A S04 o
IEJR RG] (QA/QC) FF, BIE BB VLS A PATHE AL A E KhriE S H W kAT 4% 6], Fra i
FERE SRR I 45 SR IITE SO VPR ZE0 1 A, B ER T S8 I i ff P 5

NE BVPAS TR ) KRR B IR BRI RE R, SRAFERE B S B IR A T RIS EG, JF
Z: W R AV TR ) VR 77 RO B A S VAT SR BRSO 12T, AR A3 A (8] 4 A 4 A
ZEIL, EEUEHR X (CD WL X (C2) MIARIGHFEKIX (C3) 3 AMURMALL (B 1D, REREF
G IR (1 70 BEK-Pe A ARAE iy, 7E S50 =8 A BEAT 3 S8 77 S48

LU EOA A VLA (N4 90 mm, 5 S00mm) , A AL E ZASPATRE . TN O R R
FERTTARY) K, G TR IR T BN . SRAEIRE AL /KK FEIRIE 0.45 um BERRILBS AT 4E 0T I,
I8 LR RABIF WG, AT RE I BN O A A P, R v B B URUIAR T 20 om Abds ik, ARvE
ZIRE . I T ARERLZ 2 L RALMIK, AT A 3d MG, IR (20°C) 3. ARSI EIT B EIEE
WA TERESOE RE, B AU RIS R (U R R S B D TR R i S, T B R
I K -TE T PHCARAS 8290, #5379, 4»BI7ESE Ohy 12h. 24h. 36h. 48h. 60h. 72h ERF M I
K Il 20 mL KFE, I S7 BRI E SRAE AL 20 0.45 pum I PR B 21 448 BEEIE D (0980 7K AT S5 A B kb
7, AGERE KRR RUEE

KAEMIKFELE 0.45 pm JERGLUE S, T IEE MRS E TR AR T O EER. AR, EHEE.
IRV R VA A S R R IR o R IR A0 SR KRE AT T TN A1 TP, TN SR FH B ok A R ¥4 -
AN EEENE , TP SRR /> Yot e . AP (DON) FEMAHLEE (DOP) JEidi
TERAR/BE (RIFER NS MREINE) 182 LIRS RIS Z/BET SR H . BURABE (PP) 1 TP Bk S
fRASHE (TDP) HHEAH.

EIREIRICE R (Flux) 48R AR5
V(Cn = Co) + XI5 Vi (Cim1 = Ca)

AXT
Horp v N KRR (L) ,Co 1 Co o3 5l B SR 45 R R Ua I B2 K 8 IR B E (mg/L) ViRl Cia
RAE T VCRFEIERL (L) FZUCKAERT BB K E TR IKEE (mg/L) Ca AAhFE KR 8 FR ER IR
J# (mg/L) ;A AT S/KIERER (m?) T REEFRIE (D .

THE LR, Flux AR HINE 7= B -F R BOE R (mg/(m? -d) o JBENIEERRTG R KR

) KR, SR R R SRV X _E 7 K (75 YR B R .

23 RRIBRTN T E

2.3.1 AT AR A RWETE J IRIR ISE AR, RO IR S e RS R B R, A
B FR A T B Nemerow N.L. (1974)R053& tH (1 M S 45675 Y4840 (Nemerow's Pollution Index) o %772
=P - AT LR Y [ SV T = S (S S BUR/AS W = K7 e e T (=i

THE AR T

(DI T5 Geda$ (Pi)

Flux =

Hep, GRS YEIINSCIIRE; S &% RV s SE .
QWIS RAEE (PN)



PN — \/(Pi'ave)z + (Pi,max)z
2
P, Prave S T4 TS YL PR TTS YA MU T s Promas 52 BT 15 Yo AT Y6 0 0 55 KA
MR 1 P B 5 PR (PN, 05 eSS I R Fi g, BAhRE L R 3.
= 1 JRENMED 5 G F e BN bt
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Fig.2 Spatial distribution map of total nitrogen (TN,TP) in sediments of Lake Qilu
312TP AE R ZEHA REIKE TP FEANT 270~2280 mg/kg, TN 960 mg/kg. Bik b, ICEMEE
IR TP 4t T8 /KF, TN A SALEE 1000 mgkeg, FHRHXISEAERNEBEENSE, H0
FRE TP AP E AR SARIEAE R, 6] 4345 (B 2b) , TP 235 TN RFE M2 b m{E k. TP 5
ABLIX T FEAL TR AR M DCORIT 1R TG S vE g 3, Ferb Q1. Q19 1 Q13 43 7% 3] 2280 mg/kg. 1870 mg/kg
A1 1860 mg/kg; [ANF, WIVATES (Q2: 1170 mg/kg; Q10: 1100 mg/kg) IRFEFEAN EE X o ARAH X T 24y
HiF 2585 (Q8: 270 mg/kg) MEEFEH (Q17: 540 mg/kg) , 5 TN K/ H S o B 5 1) 25 TR 4T
3.130M A AR AN KZKRE OM FENT 41.4~260 g/kg, TN 123.5 ghkg. FAHAG L (B3,
OM 5 TN #&Jm @ V¢, RIHBFEIEN:. mEXES TEErHHEAER, Q17 (260.0gkg) « Q12 (219.7
ghkg) Q14 (2153 g/kg) ¥IREEEANIGTY, S 7 ARG K AROABAK K A A= PR REAE BE DX I R
B S SBA IRE X EAG TR (W1Q7: 41.4 gkg: Qll: 43.7 gkg) -

R EE OM RFIX R B IE A A O E . 65 B3t , SEANRI KR E RS R
BUER E IR S AR R AL A FRC8 . — T T, A ML B R R BRI VR B e, SRR E DT
DD GAA T S R URE, MRS E 22 3R B —J7H, SEIEANUR I IR0 RS Fralil
FER MM, TEROEIFEIAEE, HFMiE kel &8 IIE ER G, RTHTTRAIA B KRB R . dX—
B A I530 i OM. X e B H (88 s i B FEOX S AR (It T & B RE, MR A WL Rk RBURHINTA & 8 FR A T
R IE SRR o

&3 MR AP (OM) 54
Fig.3 Spatial distribution map of organic matter (OM) in sediments of Lake Qilu
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322 TN (PCA) TR AHERER, WMADTERS (PCL M PC2) Rit i ZTTikRIL 77.5%
(PC1:60.6%, PC2:16.9%) , HREEM TG HEM EEELE (B 5 o« HFB—ERs (PCl) Tk 744K
WA % (60.6%) » FIEWHAGTG Y APIA . TP E 4 TN 5 OM, RFLUEFTS KM A IE
AEPRBZ N A LTSGR0, GOP RIS EE TP KT E4:J8 (Cu, Cr, Zn, Pb, Cd, As, Hg) , fRIAR
VR (AR SRZ) K T AR B E A T5 S X — RS R0 25 S R I ) S AR b 4 SR — 8, |
TP. Pb 1 Cd (58 I H e A iR A AV TR 5 238 @ HEUE &35 B 08 AR, 55— FE M5 (PC2) i—
B T EGEPESBIIERAEER: ERMEBAN Cuy Cr. Zn ZRBETHRE LIS GA4. B
BE) RAHEFIM; ORI TP Pby Cd A1 As T BE 254 B NEE A -5 A2 B HEUN AR, X5
Deng ZFUSITE RIIRIB I NT 45 R W& o S AT LR MM R4FAE: PCL IEHS 07 (Q17. Ql4. QIS.
Q12) % TN Fl OM A 23, 3281 7 g A AN O XA AT 15 K S A Wit b R B A Rz, PCIL
SR SAL (Q11. Q13. Q19 %2 TP S5EEBHMTE T, WBHTEH AW O X F ZRBAO IR E &5
oo HA AL (1 Q1. Q3+ Q7) FEUTALMRIE s, L3O TS YRR AT B . 2 I Gui 45 95 23 A 4 e
ERG, AR EEREE T SH .
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Fig.5 Principal component analysis (PCA) of major pollutant contents in the sediments of Lake Qilu
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Table S1 Concentrations of heavy metals in sediments from Qilu Lake

;ﬁi‘ﬁﬁ TN TP OoM Cu Pb Zn Cr Cd As Hg
Q1 3700 1050 65.3 755 26 163 156 0.73 22.3 0.214
Q2 5560 1170 115.6 43.1 32 107 115 0.64 11.2 0.159
Q3 3220 970 62.3 61 35 141 175 0.73 16.3 0.196
Q4 5630 800 121.7 28.7 25 79 94 0.51 10.2 0.135
Q5 6440 850 133.7 253 20 66 76 0.5 10.5 0.138
Q6 5820 1260 107.4 229 27 85 70 0.54 10.8 0.107
Q7 2410 1060 414 38.2 27 105 128 0.7 15.2 0.191
Q8 3750 270 112.7 6.9 8 26 33 0.23 1.93 0.041
Q9 5760 600 181.4 12.4 13 37 47 0.3 5.35 0.069
Q10 4730 1100 1155 329 27 85 111 0.51 3.77 0.141
Q11 2120 2280 43.7 20 58 98 81 0.54 16.3 0.139
Q12 8350 870 219.7 13.8 28 56 42 0.38 7.69 0.084
Q13 4900 1860 125.8 17.8 39 99 56 0.62 11.9 0.141
Q14 10400 690 215.3 245 31 68 82 0.62 10.8 0.095
Q15 4850 620 101.2 32.6 29 7 99 0.75 10.7 0.129
Q16 6790 700 188.2 9.9 9 30 37 0.28 5.54 0.066
Q17 11300 540 260 242 23 48 67 0.48 8.2 0.073
Q18 8610 740 166.6 144 23 40 46 0.45 9.14 0.087
Q19 2760 1870 54.2 10.2 26 7 30 1.12 15.4 0.185
Q20 6500 950 56.3 13 26 57 39 0.51 8.11 0.146
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Tab.S2 Evaluation of organic pollution index in the sediments of Lake Qilu

PRt A AR (OM) (g/kg) BHLEREER
Ql 65.3 RS Y (11 2%)
Q2 115.6 HEGY IV H)
Q3 62.3 RRETG e (I 2))
Q4 121.7 HEEGR IV H)
Qs 133.7 G IV 5
Q6 107.4 G IV 5
Q7 414 BEEE 18R
Q8 112.7 HETGH IV )
Q9 181.4 BETGH (IV 4)

Q10 1155 HEFY AV H)



Q11

Q12

Q13

Ql4

Q15

Q16

Q17

Q18

Q19

Q20

43.7

219.7

125.8

2153

101.2

188.2

260

166.6

542

BEESG (1R)
HEESH (IVR)
HESH (IVR)
G IV R)
GG (IV )
HEESH (IV )
HESH (IVR)
G IV R)
BEEEG (1R

BREEEY (11 4)




