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Control factors of cyanobacterial bloom area in Lake Taihu, China (2003-2023) *
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Abstract: Surface area is one of the critical indicators of the intensity of cyanobacterial blooms in lakes and reservoirs, and its
changes are affected by a combination of factors, such as the nutrient status of the water body, hydrometeorological conditions, and
the structure of the food chain. Revealing the relationship between the area of cyanobacterial bloom and environmental factors is of
great significance for the scientific assessment of the intensity of cyanobacterial bloom and the formulation of preventive and control
measures. Based on the cyanobacterial bloom area data inverted from 2332 satellite remote sensing images of Lake Taihu from 2003
to 2023, combined with the nutrient salts of the lake and hydrometeorological observation data during the same period, this study
explored the main environmental factors affecting the area of cyanobacterial bloom and their intra-annual changes in Lake Taihu.
The results showed that the annual mean cyanobacterial bloom area of Lake Taihu was 159 km? from 2003 to 2023, of which the

multi-year mean value of the bloom season (May to September) was 223 km?. The area of the cyanobacterial bloom was significant-
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ly correlated with the chlorophyll-a and microcystin biomass in the same period, with correlation coefficients of 0.47 and 0.48, re-
spectively , indicating that the area of the cyanobacterial bloom obtained from remote sensing can better characterize the overall situ-
ation of the intensity of the cyanobacterial bloom. The annual average area of cyanobacterial blooms in Lake Taihu from 2003 to
2023 generally showed cyclic fluctuations, which could be roughly divided into four stages: (1) The area of cyanobacterial bloom
firstly increased and then decreased from 2003 to 2008, with significant fluctuation; (2) The overall area of cyanobacterial bloom
from 2009 to 2015 was low, with slight change; (3) The area of cyanobacterial bloom from 2016 to 2020 was increased, with high
fluctuation; (4) The area of cyanobacterial bloom from 2021 to 2023 showed a rapid decreasing trend, in which the annual mean
area of bloom in 2023 was 77 km?, and the mean area of the bloom season was 116 km?, which is the lowest value in the study pe-
riod. The concentrations of total nitrogen (TN) and dissolved total nitrogen ( DTN) in the water body of Lake Taihu from 2005 to
2023 declined significantly, with the average value of TN decreasing by 61% and DTN decreasing by 65% in 2023 compared with
that of 2005, and total phosphorus (TP) and dissolved total phosphorus ( DTP) also showed fluctuating downward trends. Random
forest analysis showed that the environmental factors affecting the area of cyanobacterial blooms varied seasonally, with the dominant
factor in spring being water temperature, followed by TP and wind speed; whereas in summer, the dominant factor was wind
speed, followed by DTN and water level; in autumn, the dominant factor was wind speed, followed by TN and water level ; and in
winter, the dominant factor was wind speed, followed by DTN and DTP, and, specifically, on the monthly scale, the area of cya-
nobacterial blooms factors also showed inter-monthly differences. Based on the relationship between the area of cyanobacterial bloom
and the TN and TP of the water body, if we want to control Lake Taihu to be in the condition of no noticeable bloom with high
probability (monthly average cyanobacterial bloom area is less than about 5% of the lake area, set at less than 103 km? for Lake
Taihu) , it is recommended that the control thresholds for TN and TP in winter and spring should be 1.35 mg/L and 0.054 mg/L,
respectively, corresponding to 1.03 mg/L for DTN and 0.018 mg/L for DTP; the control thresholds for TN and TP in summer and
autumn are 1.00 mg/L and 0.059 mg/L, respectively, corresponding to 0.62 mg/L for DTN and 0.015 mg/L for DTP. The study
shows that the area of cyanobacterial bloom obtained from remote sensing image inversion can be a good indicator of the intensity of
cyanobacterial bloom in large lakes; the area of cyanobacterial bloom in Lake Taihu is greatly affected by the change of wind speed
in summer and autumn seasons, but the level of nitrogen, phosphorus and other nutrient is also an essential factor influencing the
change of the area of cyanobacterial bloom, among which the effect of phosphorus is significant in winter and spring, and the effect
of nitrogen is significant in summer and autumn; the implementation of nitrogen-phosphorus dual-control is the fundamental way of
effectively reducing the risk of cyanobacterial bloom in the control strategy. Implementation dual control of nitrogen and phosphorus
is a fundamental way to reduce the risk of cyanobacterial bloom.

Keywords : Shallow lake; cyanobacterial blooms; meteorological condition; seasonal variation; dual control of nitrogen and phos-

phorus; Lake Taihu
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Fig.1 Monthly days of effective remote sensing images during the period of 2003-2023
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Tab.1 Suggested classification standard of cyanobacterial bloom area for Lake Taihu
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Fig.2 Dynamics of cyanobacterial bloom area in Lake Taihu from 2003 to 2023
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Fig.3 Daily changes of meteorological and hydrological indicators of Lake Taihu region from
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2005 to 2023 (a)average wind speed; (b) water temperature ;
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Fig.4 Annual average values of meteorological and hydrological indicators in Lake Taihu region from 2005 to 2023
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2005— 2023 4E KK & TN DTN TP Jz DTP 4E¥5{E K A AR AN 5 BT7R o bR AL B B IR 46
1= F A K :2005— 2023 4EJL KL AR TP SEX{E K 0.140 mg/L, 45Kk 0.108 mg/ L, b i H 4 K it &5
i 30% ;LRI Z 4 DTP SF-34{E 2 0.042 mg/L, &KW1k 0.031 mg/L, b KA KW &t 35% ;bR 2
4 TN SEI{E R 3.02 mg/L, 2K 2.35 mg/L, b AR5 & R 1 29% ;ALK 24 DTN SF-35{E 2 2.07
mg/L, 2 K1K 1.54 mg/L, Jb R WA KW &5 34%

2005— 2023 4£, 4 TN e B 2 80 2 19 T R 3 (R® =0.90, P<0.001 ) , 4E 34 {8 1 2005 411 3.32
me/L FREE 2023 4R 1.31 mg/L, FREIERE S 61% . TN [4F ¥ i (8 BZE 2006 4F, 7 3.80 mg/L, DTN
5 TN 7254k #aH—3, DTN 4£4{E i 2005 419 2.39 mg/L T FEZ 2023 419 0.83 mg/L., 19 42K i B &
HIE K 1.56 mg/L, AH24 T TN 4445 (2.35 mg/L) B 66% . DTN f 4F - 3 5% i {8 1 BLTE 2006 4, Ky 2.50
me/L; FARH K 0.76 mg/L, HILAE 2022 4 (K 5) o

2005— 2023 4E4 K TP e 7 52 B H A 2 B B 3h R H (R =0.25) , AE ¥ {# 1h 2005 4E#Y 0.113
mg/L FFEE 2023 4E14 0.074 mg/L, B K 35% . TP (4B B {8 H BLLE 2006 4F, K 0.133 mg/L, DTP
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5 TP A bt B A — 2, 4F3(E h 2005 4F119 0.025 mg/L TR 2023 41 0.022 mg/L, 19 4FK () S -
KK 0.031 mg/L, #1254 F TP F-HE (0.107 mg/L) ) 29% , DTP H4EF- 25 &5 {8 HH BUAE 2008 4F, 4 0.042
me/L; TR Af 9 0.020 me/L, HBIFE 2022 4E ([ 5) .
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Fig.5 Monthly variation of total nitrogen, total dissolved nitrogen, total phosphorus and
total dissolved phosphorus concentrations in Lake Taihu from 2005 to 2023

KWK AR B AE W A 275284k . TN (DTN Ve i B A R A HF s BRI S (F6) . %
WA WS T e B B0 4 AT BER (I 2) , ASFIZEAT R TN DTN #e i ¥ B R B R My #a 34 (181 6) .

TP .DTP ¥k FEM R BEFNFENER, BB NEKER TLES, (B KT #OK LR
1 4 BB, 27 200 A, WfE4FZE, TP DTP ¥ £ ¥ 2 8L 2005 — 2008 4F>2009 — 2015 4>
2016— 2020 4F>2021— 2023 4F([&] 6) ; LRI 4 HHE B A BT B BE 4 22 T I . TMAE R 2, TP YR 23
Hi 2016— 2020 4T (0.147 mg/L) >2005— 2008 4F-(0.129 mg/L) >2009— 2015 4F(0.110 mg/L) >2021 — 2023 4F-
(0.099 mg/L) , B} TP ¥ BE (AR ALK 745 5 3K AR T B U B A AR (LR P — 30, 2= DTP ¥ B ]2 2005 —
2008 4F-(0.036 mg/L) >2016— 2020 4F-(0.035 mg/L) >2009— 2015 4F (0.031 mg/L) >2021— 2023 4F- (0.025
mg/L) , S B A2 AR TE e 5 s AR AL AL R e (O RRIE . AERKZE SRR B TP Yk & 2016— 2020 4 (0.135
mg/L) >2009— 2015 4 (0.128 mg/L) >2005— 2008 4 (0.119 mg/L) >2021— 2023 4(0.105 mg/L) , i DTP ¥
JBE A 2009— 2015 4F(0.039 mg/L) >2016— 2020 4F-(0.038 mg/L) >2005— 2008 4F-(0.033 mg/L) >2021— 2023
4F(0.026 mg/L) (& 6)
2.4 HEE a RERMTEREYENKATHHHE

2005— 2023 4RI Chl.a ¥R FE 35825 S W i T s 38 ( Microcystis spp. ) AE 4 (K AR fb & 7
f7R o 2005— 2023 At A Chla (224 F-{E R 31.84 wg/L, & KWIN 23.50 pe/L, b HI4L 4 KW
35% 5 ALK I S R A U 1 24 S ME N 7.55 mg/L, £ K1 5.23 mg/L, bR 4 Kb 31% bk
W e B ) 2 ME R 4.17 mg/L, &KW1k 2.16 mg/L, Jb R WA 48%

ARk RAF 1= ,2005— 2023 4F4x ) Chl.a HE L ShEIZL, AR SRS ETH#3 (R =0.45,P<0.01) ,{H 2020
LRI 2 N REREH (B 7) o AR Chla YR EEMZAELSRR , 19 4ER I E 3 AMI6AE, 43 57 2008
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Fig.6 Seasonal variation of total nitrogen, dissolved total nitrogen, total phosphorus and
dissolved total phosphorus concentrations in Lake Taihu during different periods
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2005 — 2023 A2 20 JUAF073 ol B R 8 P R DI 30, 2041 1 18 ol o ol 2R Wy i o ORI B AR W R
75% AP RACATY R BN T BEOK AR A SR . 2022 AR AR Wi 19 AEOR A iR {EL, O 6.03
mg/ L, 7E B SAEY R & L 60% , (XU T 2018 A fil o e A W BT e 26 S A W B PP Y o HE(62% ) o
2023 ARGl BEAE MR R R, O 0.04 me/L, O 19 AR RARMEL (18] 7) o XFHEIE 2 518 7 W] UL B, Chla
B R A W B AR AR K AR TR AR AR A A SR (BAEA BIAEfy A 28 5%
2.5 FMIEEKE TR IREEF o
AR AT i B /K AR TR A WA A ZE AL A B 2 S W R A, SR BEALAR AR T 3, 20 T 4R A
A3 R AR K AR TR TN (DTN [ TP \DTP \WT  AWS WL PAR 8 i = B 3RI55 P 1 Y A XS STk
WE 8. i RF A2 15 AP STECR AR, Sy e — 20 br o SRR W], 4R I 4 A F 1 i g
KA TR B PG A 5 R STk B AN TR (1] 8) , 4xAF 8 301 [ - of i o /K A i ARVAR AL Y e B 47.76% ,
MR R 72 AWS, HUSARUCH WT TP 3= 8 I P 1 X0f i i /K AR T ARAL AL ) i B IE O 52.58% ,
M KA 72 WT, BR ARy TP AWS; B 7 8 10 P 740 i i K AR T AR AL I i BT 21.96% ,
S KBNS AWS (DTN (WL 45 3 K 4= 8 1T PRl -1~ %] 1 8 7 A T BUAS AR B i R JEE O 36.59% 5%
i R E/INHEFIR U AWS (TN (WL ; 22 8 331 K] % 15 38 /K A T AHUAS F F) fige B B2 0 35.64% , 52 1) AR 3
/NEFIHK ) AWS (DTN DTP 45,
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Fig.7 Variable of average chlorophyll-a concentration and average algae biomass in
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Fig.8 Contribution of common environmental factors on cyanobacterial bloom area
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A3 Chloa WeBE (e e AR W) SF AR PRt AT G0 o0 A A B, K AR T AU 42 i) Chla R B2 e A
WP B35 AR IE R (P<0.01) (8 9)  H Y By O FE B , BAF AR AR I 2, 1] Chla ¥R AR
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L, ) 2 RUBE i K AR T RS, 7 AR 5 55 7 T A —E S % i
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Fig.9 Relationship between cyanobacterial bloom area and chlorophyll-a

concentration and Microcystis biomass in Lake Taihu
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B SRR o SRl 1 00 78 L A AR vt M B3, T Alvarez-Fernandez 2512 fJF5Y % B0 AG G U5 2 F0 AT 165 7K 358, 11
2 R R S TR R ) 2 ) B R TR %, Lionard 25 75 2002 45 (1 — 50 457 191 5 i 1 45 i % B, 47k 3
o LRI R BRSO TR WA A A W R A TR R A B R v MR 22, AR R AE VR U
R AE ) e A R AT o R, 4 328 J% WA 000y 5 3 /K AR TR Ay 80 P 8 7K A 5 AR A 53 RN s FE TP 1Y
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VIR o AR RFRF AR B2 by sznm A BT E, B E Z757 R R T 45353 ma ok g s A &
PN TR BAK SO G BB TR R AR AT Sh AR A ™ o R TRIZEYS S [R] T 0 5 i K i 8 K 4 T B
FEE A T HE P A AHE (8] 8) .
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FW] AR 7 i K AR T A R E AN R A R [RIFE AR 28 5 o 7 DI 35 OGS BT I 1 0 i ek A
TR A S 2 A R 20 A, 00 1 A st Kk e T AR Y 2 BRI P70 REVPAR, 2 H YRR A 50 PAR,3 A 1Y
PR R 5 PAR WL WT,4 7 B RREI 58 AWS WT . P,5 H R H 75 AWS PAR WL WT.P,6 J]H)
PRI AWS WL WT.P,7 AR HIE T AWS PAR N P,8 F (R K F4 AWS WT.N,9 A kR
Hil T2 AWS (N, 10 H fYFREI A5 AWS (WL N, 11 A (9FR & [H 5 RFAWS WL NP, i 12 7 (1 FR ]
P79 AWS (WL WT, HAKR) A B AL I 9 Fron o A RUE RN 215 RUBE ) ¢ H PR D9 A7 A —SE 10 22 52
AT R F T RUBE W T8 00 0 986 ) T 15 B e B RS R AR RIS >

TEEFRER R, 1 A TN (DTN 5 EoK B w22 7S¢ ;2—3 A TN (DTN TP DTP 15 i # ok 48
TR 22 f 3 AR OG54 IR 6 1 TN (DTN 5 3 Kk A8 T AR 2 S 35 SO OC, TP 5 i K e i AR 2 1 25 TE A
535 J1 DTN 5 i oK e AR 25 ORI G, TP 5 i K AR T AR 22 2 35 TE AR OG5 7 A0 11 TN DTN [ TP |
DTP 553 oK A i AU B2 R 28 TEAR G ;8 A A 10 H TN (DTN 5 i ok AR TR B R 2 TEAR G ;9 H TN 5 g
JKAETAAR S B IEAROC (3R 2) o 2005—2023 41, 7— 11 H R4 45 TN MR T 1—6 A & 12 7,8
A DA EE IS , s S B8 2 R A AR S o AT WFFE DA R A X0 35 37 SR BRI 6 AT 20 B i 0 B A BR 1)
PEAGTEBL, 24 TN A1 TP WSR2 1 i AR iR, 7 A BT3RS T O HEBR 1, sk BRI DA 738 5 B2
AT 72 A Y R 5 T 24 R 7 00 R AR T B G, B A MO B A S L B T 2 T , T ek 4
AR5 2 B U DG B G T R 25 R 7 R AR A BB, AR i) B i 8 IR A 3 2, T A 5 SR IR
T AR, O A AR T B 2 X i AR AR R, T K R AR UV R B SRA
KK F o F—Ir T, BER (A I R , /K AR A T AR (BB — b BRAE 5— 9 Ok & %) it
RPN S A R A BR A PR 7, K e it 5 Wl I O, 2 UM DG AR IE A o R i e /K AR T AR
SRR I R AR, A VIR A A AT AR S R SO K SR TR A 7 R A 0 1 A A R S
RIA o IZHITE S BRAC TR T AT 2 0 R PR o e, T SRk S0 o BRI I 1 R R T fig
A WK e A AR B R BRI M IR Eh . ARSI, S A F REAE Jd Bk K 54% i 404 11
7 , FLELRK TR T SO AL R () 5 2 N 1 7K A SR8 2 B i PR 1 T A R T
B TN Z R AAHSCC R . 28 BT, 45 R b i ok e m S TN B SCSC &, al fEJE S Al
A S B0 R L By — 47 BRI R A iU Y o 7 12 H 0 B 5 1 K AR T R B A W
IEAHSCOCHR , WBA W] R A SCOC &R, UEWITE B F7 $h VR BE 78 AU E D0, R A% AR T e Ay R ] A
T A R TR

2 RPN 75 WK R AR AR DG B

Tab.2 Correlation analysis between environmental factors and cyanobacterial bloom area in Lake Taihu

RF AWS PAR WL WT TN DTN TP DTP

BA, -0.197" -0.038 0.230 " 0.010 0.160 -0.201" -0.230 " -0.150 -0.094
BA, -0.085 -0.018 0.272*  -0.053 0.104 -0.222* -0.234" -0.203* -0.188 "
BA; 0.110 -0.049 0.203*  -0.155" 0.409*  -0.161" -0.158" -0.154" -0.176 "
BA, 0.012 -0.312*  -0.099 0.089 0.389™  -0.167" -0.189" 0.246 " 0.077
BA; -0.065 -0.391*  -0.333"  -0.206" 0.279  -0.043 -0.202 " 0.373*  -0.090
BAg -0.027 -0.182" -0.028 0.219* -0.232"  -0.341™ -0.306™" 0.245*" 0.069
BA, 0.052 -0.440**  -0.185" -0.129 0.110 0.154* 0.164" 0.168" 0.215*
BAg 0.030 -0.350"  -0.117 -0.076 0.217* 0.193 0.182* 0.057 0.042
BA, -0.023 -0.386™  -0.111 0.079 -0.025 0.220 ** 0.143 0.099 0.001
BA, -0.112 -0.324* 0.074 0.139* -0.003 0.320* 0.293 * 0.080 -0.013
BA,,  -0.173* -0.377*  -0.126 0.324* 0.026 0.377* 0.327* 0.191" 0.156 "
BA;,  -0.064 -0.363 " 0.075 0.160 " 0.243*  -0.022 -0.057 -0.035 -0.122

* FR WFE M o FoRBFE MG BA 10 FhRR A 1
K-S EEEOK AT RBUE 3—5 8 FAN 12 5 W AN, 78 6 1 5 W 3% DO G e & A AR At 5
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Fig.10 Monthly changes of limiting factors on cyanobacterial bloom area in Lake Taihu
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Fig.11 Frequency distribution of total nitrogen and total phosphorus concentrations in Lake Taihu
under the no-obvious cyanobacterial bloom condition; (a)total nitrogen in spring and winter;
(b) total phosphorus in spring and winter; (¢) total nitrogen in summer and autumn;

(d)total phosphorus in summer and autumn
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