J. Lake Sci. (4176 4+5) , 2023, 35(1): 88-102
DOI 10. 18307/2023. 0105
© 2023 by Journal of Lake Sciences

= 45 MR AR AR R R E R

HoOH HEAAT L HNEBR, E A
(1: =RV R M 223, 2 4 e RO B A2 S R B AR A J g6 =, R B 650500)
(2. BRI PR 5 E + TR, £ 653100)

O OE: 20 (AP LIORBERE WO K BB E IR B A S 5 K R R A B R WA T R R B SR AL

AR JEHE A A A SR R AL AT RE A B IR AT SR A BRI, IO oy T VA 2 O R B S R VR 5 S IR R AR Y R
BEAYA] A5 YT A B Rk DT sk A 518 5 B AR IR A S AT T B . A SCRE ALK 45 TR T
FRIZ VU SRR 128 () 3 AT RRAE S5 BT , 25551 TR 7K AR ) PR 28 S 45000 T T T 5 T Ak S5 AR VA 2 ) RS 466 B2 TR 1), IR
S 7K A BB (TP ) J2 SR Bl i e 2 [A) 28 Ab Y SC B PRI IR - (AT i B Jr 254 4.54% ,P<0.001) , i —E R HZ o8t it
SIHTEESE T 45 ANBINA MR ZTURR Y Ak i 5K Uk TP AFE4R pR 2, SR AR /> — 3R A3 [m1)3 ( WA-PLS ) J5 B 8 37 1Y)
AR R BB o 2053 2 TSN AE 1 53R (R, = 0.465, RMSEP=0.396) . HE— L2545 B 2= W1 URR ) Bk B R4 1 T 05 )
5, R EE T E AR KR TP (A s, TS S S AE W B B 3 i — bk (P<0.001,R*=0.79,n =
13) , FRIAUK 30— 25 F B T KA TP Vi B 2 UK Sk e KAV A W 3 B 7, D s s 2 IR R 76 2 = s B R b
1A 13 S B3 (24 1950 4F ) KK TP (35 SR BELY S 12.8~29.3 pg/L, AIE RIS N F IR AB B B M E KB R
s, WFITRET, TR YRR G540 010 5 I8 7K V28 2 B Ay Ik T N ST 2 RS e M SRR 2 2 H An R it S Y
ST

KBIA : RIBUUEW ; iR 5 iR 8 B KT BB B )

Evaluation of the quantitative relationships between diatom communities and total phos-
phorus (TP) in 45 lakes and their applications for TP reconstruction in Yunnan, South-
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Abstract; With the expansion of the drainage basin development since the middle of the 20™ Century, catchment export and lake-
water enrichment of nutrients have led to a continuous process of lake eutrophication in Yunnan, which has significantly impacted
the structuring of biological communities and health of the lake ecosystems. On the regional scale, the time span of modern water
quality monitoring records is generally short (i.e.<20 years) ; this has prevented a reliable evaluation of pre-disturbance level of
nutrient status for the lake ecological restoration. The application of paleolimnological methods to establish diatom-nutrient quantita-
tive model can provide important information for water quality evaluation and ecological restoration of the polluted lakes. In this

study, 45 lakes in Southwest Yunnan were selected for analyzing the surface sediment diatom communities, and in combination
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with the water monitoring data, the key environmental gradient was then identified in driving diatom assemblages. We further iden-
tified that the lake-water TP was a significant environmental factor responsible for the spatial variations of diatom assemblages (a
variance of 4.54% explained independently, P<0.01). Furthermore, the transfer function between the surface sediment diatoms
and TP in 45 lakes was established through multivariate statistical analyses. Among the transfer function models established by
Weighted Average Partial Least Squares regression ( WA-PLS) , the component 2 has the strongest prediction ability (Rjza(:k =
0.465, RMSEP=0.396) . Combining with the sediment diatom sequence of Lake Xingyun, lake-water TP values were reconstructed
with this WA-PLS-2 model for the past 100 years. The null model results confirmed that lake-water TP played a significant role in
driving diatom variations, and the predicted TPs show a significant correlation with the observed TPs (R*>=0.79, P<0.001, n=
13). The reconstruction results show that the background concentrations of TP, prior to the period of eutrophication ( before 1950
AD) , varied in the range of 12.8-29.3 pg/L for Lake Xingyun, which can be used as the restoration target of nutrient levels for
lake restoration. This study shows that the quantitative reconstruction method of lake-water nutrient levels based on biological com-
munities can provide reliable technical support for the construction of environmental restoration target for eutrophic lakes in Yunnan.

Keywords: Surface sediments; diatoms; transfer function; trophic level; quantitative reconstruction; Lake Xingyun
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Fig.1 Location and altitude of 45 study lakes in Yunnan
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Fig.2 Boxplots showing the distribution of key limnological parameters of 45 study lakes in Yunnan
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Tab.1 Summary of partial CCA analyses showing VIF, eigenvalue, explained variance and

significance level for each of the six significant environmental variables

BEAS VIF A Ay N/N, HIETT /% P
TP 3.988 0.272 0.472 0.576 4.54 <0.001 seses
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Fig.3 Triplot of the CCA analysis showing the spatial distribution of diatom assemblages and

significant environmental factors for 45 study lakes in Yunnan
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Tab.2 Summary on key parameters of diatom-TP transfer function models for 45 study lakes in Yunnan

P45 FEAEL YRR R P o R o R RMSEP
1 45 raw WA_Inv -0.016 0.515 0.334 0.447
2 45 raw WA_Cla -0.023 0.453 0.345 0.480
3 45 raw WATOL_Inv 0.020 0.525 0.300 0.464
4 45 raw WATOL_Cla 0.024 0.485 0.305 0.503
5 45 sqrt WA_Inv -0.003 0.506 0.416 0.412
6 45 sqrt WA_Cla -0.004 0.452 0.425 0.439
7 45 sqrt WATOL_Inv 0.058 0.655 0.263 0.478
8 45 sqrt WATOL_Cla 0.071 0.696 0.252 0.538
9 45 raw WA-PLS 1 -0.016 0.517 0.334 0.447
10 45 raw WA-PLS 2 -0.002 0.490 0.312 0.464
11 45 raw WA-PLS 3 0.019 0.503 0.288 0.493
12 45 raw WA-PLS 4 0.029 0.557 0.239 0.577
13 45 raw WA-PLS 5 0.057 0.728 0.158 0.696
14 45 sqrt WA-PLS 1 -0.005 0.506 0.416 0.412
15 45 sqrt WA-PLS 2 0.003 0.490 0.465 0.396
16 45 sqrt WA-PLS 3 0.014 0.505 0.462 0.402
17 45 sqrt WA-PLS 4 0.019 0.505 0.416 0.445
18 45 sqrt WA-PLS 5 0.019 0.553 0.323 0.504
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Fig.4 Evaluation of model performances for the optimal transfer function based on surface
sediment diatoms on inferred lake-water TP of 45 study lakes in Yunnan
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Fig.5 Stratigraphic map of diatom community changes in Lake Xingyun in the past 100 years
(species with relative abundance>5% are shown) (the sum value shows the
total percentage of the diatom taxa that are included in the transfer function for each sample.
Chronological sequence and diatom data were collated from literature [ 287])
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Fig.6 Plots showing the time series of reconstructed and monitored TP values in the past 100 years (a) and
summary of model performances on TP reconstruction (b, ¢) in Lake Xingyun, respectively
(Plot b is a scatter plot showing the relationship between monitored TP™**) and
reconstructed TP data during 1988-2015. Plot ¢ is the histogram showing frequency distribution of
diatom variances explained by TP reconstructed with 99 established transfer functions through
random sampling. The left dotted line represents the variance of diatom assemblages explained by
TP data reconstructed from randomly constructed transfer functions at the confidence level of 95% .
The black solid line indicates the variance of diatom data explained by TP inferred by the
optimal transfer function established in this paper. The right dotted line shows the

variance explained by PCA axis 1 of diatom assemblages over the last century)

B TP A% R (3 3) , LA E SR (A0 A, granulata (C. dubius) 23 3, i 177 18] b (4 Tabellar-
ia Achnanthes 5 & Fp %) TP AL ERAK,

AR EEFABEE T, = m IR 5 A A 25 DM BL A 4 b s 8 7 41, B[R] — W b £ 3 3 e al
R XS R, W T TP SRR Z W 5, 1578 = B A & 8 TR AL A 5 TR TR g
XN 5E 43, H RO S @ F iy TP SR ER AR T M X (£ 3) . ZERFHLX, TP HAl
{H(ETZIEE) it 100 ne/L ARE#E FE 24 A. granulata | Cocconeis placentula F1 S. hantzschii , X Se4) Fh 8
N T =EIANE E I AR VLR R IX, C. meneghiniana .C. atomus Stephanodiscus parvus .S. minutu-
lus Navicula subminiscula J: WA & FA0 KB G RYEIR R | 5 = BN & 5 SR8 R VR FloR— 38
TE AT X AR R AL & B IR R 22 TP S (8 R 32 38 B i i 50 e/ 19 k35 Jg i, (4% C.
dubius .C. meneghiniana ,C. pseudostelligera F1 Nitzschia palea ; SR YL A N Ui F VTR & 2 FRAL A8 75 1 1) o )
J& Aulacoseira alpigena ,C. dubius .C. tholiformis ., C. invisitatus .S. hantzschii . Navicula cirtrus . Nitzschia agnita . N.
subacicularis SN . FH AT T, 25 g IS YL T i DX A vh L [R]8 78 VA AR AL T A & 78 SR ALK T S o
H C. dubius 55, SRR ARIL AN I X WAL 10 A K LL B T 05 WRESE 22 MR BRT A
granulata .C. placeniula F1 S. hantzschii LhAb , 2= I AR B8 A0 9 TP S A B AL TR Rl (3% 3,
K 7a) .

WRCTEE SRR TP B R AEAAAE X B 2E 57, W B SRR ST IX A TP B BERFIEARDC . b T )i b i 2R B8 f
A RTIECT- 28 (T 2O R E MR TE SRS b0 B b B e 7 001, 2R 28 e O (8 B 4 b de A X 2
JIE T IO PR BEAEARAE ) R IR b TP S5 01 1 45 552 TP 6 J88 1 40 A R AE B M B K, S [ X 9 o T
R SRRSR AN ], BT WA E B IR AT A E TR 220, TR BUR — JR AN E TP S LE E B
BB SR AL T e DX 08 S 2 T S A4, IR 0 7T B AR 55 5 17T 2= R I B0 38 SR K7 B
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Tab.3 Comparison of TP optimal values and tolerance ranges of common diatom species in

lakes from Yunnan and the middle and lower reaches of the Yangize River

=HE KL i
hk WA K TR WG WG ROk TP R il AL
K % (pg'l)  (pg/’l) B % (pl)  (pyl)
Achnanthes lanceolata 12 1.81 23.62 2.30 11 4.22 51.13 0.29
Achnanthes minutissima 39 67.82 25.86 3.16 39 69.27 56.51 0.41
Aulacoseira ambigua 22 46.12 40.47 2.41 39 23.12 58.45 1.29
Aulacoseira granulata 21 77.91 204.61 4.86 45 66.02 70.57 0.91
Cocconels placentula 13 20.14 304.99 9.31 31 18.20 58.67 0.58
Cyclostephanos dubius 16 72.10 60.30 4.76 30 16.04 138.04 0.62
Cyclotella meneghiniana 14 49.39 69.68 4.07 37 75.74 195.66 0.82
Cyclotella pseudostelligera 27 55.07 54.43 2.49 39 19.05 57.52 0.48
Cyclotella stelligera 18 14.11 30.89 3.17 30 2.94 98.76 1.40
Cymbella affinis 16 2.61 32.91 3.70 20 8.45 52.74 0.38
Cymbella microcephala 20 6.38 18.08 2.66 17 5.24 58.34 0.35
Cymbella silesiaca 16 10.16 28.82 2.70 18 1.81 55.44 0.32
Fragilaria capucina 18 7.06 34.99 4.58 20 19.43 51.11 0.35
Fragilaria construens 26 67.24 24.47 2.62 11 14.36 58.63 1.09
Fragilaria crotonensis 25 42.17 18.83 2.61 18 3.11 55.07 0.38
Fragilaria pinnata 19 23.93 20.64 2.70 13 15.05 57.25 0.58
Navicula cryptocephala 16 38.20 36.84 1.89 26 3.33 59.81 0.55
Navicula cryptotenella 27 25.77 18.28 3.58 14 1.08 55.42 0.32
Navicula pupula 14 3.39 26.57 3.82 23 9.36 43.61 0.74
Navicula trivialis 16 24.82 41.67 2.95 16 4.98 68.14 0.41
Nitzschia palea 18 8.78 56.09 3.43 41 18.39 104.52 1.14
Stephanodiscus hantzschit 11 63.41 168.04 2.73 25 8.56 144.61 0.78

* AYLH R UERE A B A VAR R IR T SCER 17 ], S R B SR R B RN 32 38 BRI T SCik [ 16 ] 5 Wi Rh i it 48
1610 A K DL Biya v b BERY 22 Ak s m
OB AR R EFRAMBIA, ST o e XA R B A TP BB TR IL T T X (£ 3, &l 7a) .
St eR A X (AN E 2R 2% N R) A EL, o E 2 m b X AR B ok R JE A Y TP e AR (B AR+ 2 =
b DX AE R (A2 TN R B R == A5 X Rk g JB il TP BB (18] 7h) o & EIA T EIT &5 B R H DL | B 57
K-y 32, TN RO R 22 WA A8 R K- BEAIK, T RSB0 T ik TP JRe AR {H 1925 5 K. Bennion #£I
TRk 22 AR B B SR K WA AT W A TSR, 31 AR g DL TP YR EE R T 100 pg/L B 20 ANEIE R
E FECT M X R R AR TP AR . N R T 42 AN R A 1 ANA Y TP
WP IAE] 52 pg/L, HABWIA /N 50 pe/LU | DAt o Mo I f I3 1k 3 TP e (R I 84K T 25 b
X o ZE{BIHL, /R 22 3 X9 72 ASIA A 12 ASWIA Y TP B & 1 50 pe/L, B A 2 ANWINA R TP ik
BT 100 we/LO4F51H 141 F1 142.3 pg/L) ™,

TEHE /N E RO R Al b, 053l 8 3 252 A WA TR R85 D 140 5% o T 8 B2 R A i 52 9 il o %
T 2 B AT T U DX B b BRI At b DX X B o3BT 2R B, AR S A WA R SR AR R R B
BRI 2E 5 . AP RN C. meneghiniana TEAC VLT EHE X F 2 R b IX 3 9000 & 78 SR A0 i 45
AP, FEAL BRI A b X RS 310 T 3L TP B R /N T 50 e/ L, {H £ 38 IR P AE TP ik
408.3 pg/L BRI A O ARSI . A granulata 2R e 02 BR B 5 FRAL R IIIA T 38 Bm 0 bk
R W &S IR R L T AL granulate T8 T I RE TR AN 76 2 5 K08 TR IE TR Ak
PR Eh v B XTI R SR AN A AR KR BN 57 AR IR RIVE A . B I RERRERVE S 3 me/L 2245, 1 8L 7K
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Fig.7 Comparison of optimal values of TP for common diatom species in different regions of
north hemisphere (In plot a, a total of 22 species with a maximum abundance greater than
1% are shown from more than 10 lakes in Yunnan and the middle and lower
reaches of the Yangtze River. The scatter diagram is made from the optimal value of TP of species.
The list of species is shown in Tab.3. In plot B, the scatter plot shows the comparison of TP optimal
value data of diatom species in Europe, North America and Yunnan of China, respectively.
The data are from the middle and lower reaches of the Yangtze River in China ( number of lakes,
n=49)""1 Canada (n=42)""", Britain (n=123)"%, Ireland (n=72)"", respectively.
Codes and species names shown include: STHA-Stephanodiscus hanizschii, AUGR-
Aulaocoseira granulata, COPL-Cocconeis placentula, and CYCMEN-Cyclotella meneghiniana)
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Attached Fig. I Species response curve of common diatom species to TP of 45 lakes in Yunnan
(the response curves fitted with Gaussian logistic regression. The taxa shown in the figure are the
20 species that occurred in more than 10 lakes and appeared in both Yunnan and the middle and

lower reaches of the Yangtze River regions)
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Attached Fig. Il Scatter plot showing the relationship between site scores of
DCA axis 1 and lake-water TP of 45 lakes in Yunnan



