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Abstract: Lake Chenghai, a crucial water body on the Yunnan-Guizhou Plateau, plays a pivotal role in enhancing the ecological
environment of its watershed. This is not only essential for Yunnan to accomplish its three major ecological security tasks but also
serves as the foundation for sustainable socio-economic development. In recent years, the water environment quality of Lake
Chenghai has encountered severe challenges due to both anthropogenic and natural factors. The present study investigates the
spatiotemporal evolution characteristics of the trophic state and its key driving factors in Lake Chenghai, a deep, closed lake. To
this end, monitoring data from three regions of the lake spanning 2010 to 2023 were analyzed. To examine the spatiotemporal
evolution of the lake's trophic state, elucidate the direct driving effects of various factors on the trophic state, and explore their
indirect influence pathways, the Mann-Kendall (M-K) test, Spearman's rank correlation analysis, multiple linear regression
models, and piecewise structural equation modeling were employed. The objective of this study is to provide both theoretical
insights and empirical evidence to support the protection and management of Lake Chenghai's water environment. The results
obtained are as follows: (1) From 2010 to 2023, the trophic state of Lake Chenghai displayed a phased evolutionary pattern,
predominantly remaining at the mesotrophic level. It is evident that ecological water replenishment has exerted a beneficial impact
on both the trophic state of the lake and its associated trends. (2) Specifically, the comprehensive trophic level index (TLI(Z)) in
the southern and central regions exhibited a significant upward trend before water replenishment (2013-2018) (p <0.01), followed
by a significant downward trend after replenishment (2019-2023) (p < 0.05). No significant differences in TLI(X) were detected
across various regions before and after replenishment, and the trophic state remained mesotrophic. (3)The trophic state of Lake
Chenghai was found to be significantly influenced by seasonality, with the comprehensive trophic level index (TLI(X)) being
higher during the colder spring and winter months compared to the warmer summer and autumn months. This seasonal variation
can be attributed to two key mechanisms: concentration effects and thermal stratification within the lake. These observations
highlight that physical and chemical factors play a predominant role in driving fluctuations in TLI(Z). In general, nitrogen and
phosphorus inputs—primarily of external origin—exert an indirect influence on TLI(Z) by modulating other environmental
variables. Notably, a series of ecological and environmental protection measures implemented in recent years have effectively
reduced the contribution of nitrogen and phosphorus inputs to TLI(X). However, despite substantial ecological water
replenishment efforts, the lake’s trophic state remains mesotrophic. This finding underscores the critical need to consider both
terrestrial pollutant inputs and internal lake pollution when assessing and managing its environmental quality. Consequently, while
sustaining ecological water replenishment remains a pivotal priority for future conservation strategies, equal emphasis must be
placed on mitigating terrestrial pollutant loads and addressing internal pollutant sources within the lake itself.
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Fig.1 Study area and monitoring stations of Lake Chenghai, Yunnan Province
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Tab.1. Results of the Mann-Kendall trend test and Sen's slope estimate for 7L/(2) in Lake Chenghai
during 2010-2023 and pre-/post-water supplementation periods
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Fig.2 Results of the Mann-Kendall test for 7LI(X) in the southern (a), central (b), and northern (c) waters of Lake Chenghai.
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Fig.3 Changes in 7LI(2), TN, TP, Chl.a, CODwy,, and SD before and after water supplementation in different regions of Lake Chenghai .
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(TLI: Trophic Level Index, TN: Total Nitrogen, TP: Total Phosphorus, CODy,: Permanganate Index, Chl.a: Chlorophyll a, SD:
Transparency; Significance levels: "*" indicates p < 0.05, "**" indicates p < 0.01, "***" indicates p < 0.001, "NS" indicates p > 0.05)
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Fig.4 The interannual variations of TLI(X), TN, TP, Chl.a, CODp, and SD in Lake Chenghai .

(TLI: Trophic Level Index, TN: Total Nitrogen, TP: Total Phosphorus, CODy,: Permanganate Index, Chl.a: Chlorophyll a, SD:
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6 ARAZFT (FZF: a. BF: b. KT oo £F: b KEEFRIRES SIS E R R RED B
(TLL: Zi&ETORESIRE, EC: T3, CODwa: mifhilfR#h{R%L TN: B&, TP: &%, SD: #EWIEE, Chla: MR a,
NH3-N: %%, COD: fhZf4&, DO: g%, WL: /Kfii, WT: K, RF: FERT&E, TEM: “(lf, SSD: [,
WIN: KG#, TNI: BEEIAE, TPL MBHMANE: BEMKT: *RIR p<0.05, **LIK p<0.01, ***+FK/R p<0.001; JHEI
GRIRATR A R TEBR TS )

Fig.6 Correlation analysis between water trophic status and driving factors across seasons (spring: a, summer: b, autumn: ¢, winter: d)
(TLI: Trophic Level Index, EC: Electrical Conductivity, CODw,: Permanganate Index, TN: Total Nitrogen, TP: Total Phosphorus, SD:
Transparency, Chl.a: Chlorophyll a, NH3-N: Ammonia Nitrogen, COD: Chemical Oxygen Demand, DO: Dissolved Oxygen, WL: Water
Level, WT: Water Temperature, RF: Precipitation, TEM: Air Temperature, SSD: Sunshine Duration, WIN: Wind Speed, TNI: Total
Nitrogen Input, TPI: Total Phosphorus Input; Significance levels: * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001; The
depth of the color in the squares represents the strength of the correlation.)
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F: 0.159; &F: 0.229) HIEKT 0.05, XU IR R B s R B Th AR RO AR, sk, DU
F TLIE) IR E R R2 505 0.85. 0.85. 0.94 A1 0.82, iXFTHIVIAZEF5 (& IXFN IR 5T TLIZ) W fiifE
JIEBR, BAMESR T T8t (B L BB I B IO B TVD. FR, S IRE R R
WF TLIE) TS F1 5 R BN AL AR R (0.59) SPIHRIR K (0.47) > 7748 (0.45) >AMEHIN (0.24).
GRS MR N PO I S IR R L A DR BRI B R 3 (AR KA TLIZ) = A5 (0.24), IR R AE
B KAE TLIZ) (0.04) BRI, 58I 52 m ik 52 K 32 A0S 77 3h oKk TLIE) (0.43), TifbZEE =R
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KR, S IBIE R TR TLIE) IR ST MR BN AR R 2 (0.61) >2EFEZE (0.58) >HR
A (0.41) >EFHEH (038) >KEHE (0.26) (ME ND. 42w, SIS)EFEXNTEE TLIZ) KM )
FE KBNS B RAL SR R (0.59) SPIBERIER (0.54) >E 3L (0.36) >R A K (0.29) >HMEHIA (0.26)
(MBI IV). ZEKE, EUANZFETH, WEFRRIMLERRZ2SSRE TLIO)NEBERFR. iEZE
FT RS SMR G B B B i K T BRSO (B by BB by HHE b BHE TV, XK
R S NIRRT N 2 B 1 T 5 e A PR 2R SR IR S M FR I KA TLIE), and R @S A g, 1
BRI B2 & TR, XU T WK B FR AR K (B WD, AT ) R i
KR . B EAIRKEE RSN A DB R R B BB I (p<0.05) HAEIEX— & SRS
SER—8, FrAZETI TP, TN X TLIE) MR B E M IERR (p<0.05), XRAEMBE LR KA EE
FAI E BB & .
R 2 TR TLT(Z) 53BN R 2 se bk [0 )3 77
Tab. 2. The multiple linear regression equation of Lake Chenghai water TLI(X) and environmental factors.
F % ek ) 7 7 R? F p
TLI(X) = 35.829 + 74.357*TP + 5.707*TN - 2.442*SD + 0.208*Chl.a + 0.941*CODwj -
HE 0.89 11294  0.00
0.095*WT + 0.081*COD - 0.179*DO
TLI(X) =394.93 + 104.987*TP + 6.113*TN - 1.9*SD + 0.265*Chl.a + 1.232*CODwy -

Hz= 0.266¥WL - 0.122*WT + 3.272*pH + 0.039*EC + 5.774*NH3-N + 0.101*COD - 094 13038  0.00
0.003*SSD
TLI(Z) = 214.41 + 141.579*TP + 4.731*TN - 1.944*SD + 0.368*Chl.a + 0.273*CODyj -
€S 096 33226  0.00

0.123*WL + 0.069*TNI + 0.004*RF + 0.017*WIN
TLI(Z) = 32.509 + 29.098*TP + 6.771*TN - 1.831*SD + 0.179*Chl.a + 0.985*CODwj -

= 0.89 95.62 0.00
0.031*EC + 0.089*COD + 0.075*TNI + 0.134*TPI + 0.057*RF

M 7 W, BEMATEN, WEEERNEE TLIE) TR R RIS, TR BN 42%F
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Fig.7 Seasonal variations in the relative contributions of driving factors to the trophic level index (TLI) in water bodies
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Append. Fig.I The simulation results of the piecewise SEM between spring water eutrophication status and driving factors (a), along
with the standardized effect estimates (b)

(TLI: Trophic Level Index, CODyp,: Permanganate Index, TN: Total Nitrogen, TP: Total Phosphorus, SD: Transparency, Chl.a:
Chlorophyll a, COD: Chemical Oxygen Demand, DO: Dissolved Oxygen, WT: Water Temperature, TNI: Total Nitrogen Input, TPI:
Total Phosphorus Input; Red and green arrows denote positive and negative correlations, respectively; solid and dashed arrows represent
significant and non-significant relationships of path coefficients, correspondingly; arrow thickness reflects the relative magnitude of

standardized path coefficients. Significance levels are defined as: *p < 0.05, **p < 0.01, ***p <0.001)
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ME I BEKEEFIRS SIRFNE R Z G piecewise SEM HREUEIMLER (a) RIREWHRITELER (b)
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Append. Fig.II The simulation results of the piecewise SEM between summer water eutrophication status and driving factors (a), along
with the standardized effect estimates (b)

(TLL: Trophic Level Index, EC: Electrical Conductivity, CODyp,: Permanganate Index, TN: Total Nitrogen, TP: Total Phosphorus, SD:
Transparency, Chl.a: Chlorophyll a, NH3-N: Ammonia Nitrogen, COD: Chemical Oxygen Demand, WL: Water Level, WT: Water
Temperature, RF: Precipitation, SSD: Sunshine Duration, TNI: Total Nitrogen Input, TPI: Total Phosphorus Input; Red and green arrows
denote positive and negative correlations, respectively; solid and dashed arrows represent significant and non-significant relationships of
path coefficients, correspondingly; arrow thickness reflects the relative magnitude of standardized path coefficients. Significance levels

are defined as: *p < 0.05, **p < 0.01, ***p < 0.001)
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MR T FAE KA E RS SIEFIEF Z B89 piecewise SEM ERIEHILER (2) RIREUHMITELER (b)
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Append. Fig.III The simulation results of the piecewise SEM between autumn water eutrophication status and driving factors (a), along
with the standardized effect estimates (b)

(TLI: Trophic Level Index, CODyp,: Permanganate Index, TN: Total Nitrogen, TP: Total Phosphorus, SD: Transparency, Chl.a:
Chlorophyll a, WL: Water Level, RF: Precipitation, WIN: Wind Speed, TNI: Total Nitrogen Input, TPI: Total Phosphorus Input; Red and
green arrows denote positive and negative correlations, respectively; solid and dashed arrows represent significant and non-significant
relationships of path coefficients, correspondingly; arrow thickness reflects the relative magnitude of standardized path coefficients.

Significance levels are defined as: *p < 0.05, **p < 0.01, ***p <0.001)
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MHE IV ZFKIEEFIRSSWENEZE Z BIAY piecewise SEM RBUEMER (a) RAREUBRITHELER (b)
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Append. Fig.IV The simulation results of the piecewise SEM between winter water eutrophication status and driving factors (a), along
with the standardized effect estimates (b)

(TLI: Trophic Level Index, EC: Electrical Conductivity, CODy,: Permanganate Index, TN: Total Nitrogen, TP: Total Phosphorus, SD:
Transparency, Chl.a: Chlorophyll a, COD: Chemical Oxygen Demand, RF: Precipitation, TNI: Total Nitrogen Input, TPI: Total
Phosphorus Input; Red and green arrows denote positive and negative correlations, respectively; solid and dashed arrows represent
significant and non-significant relationships of path coefficients, correspondingly; arrow thickness reflects the relative magnitude of

standardized path coefficients. Significance levels are defined as: *p < 0.05, **p < 0.01, ***p < 0.001)



