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Abstract: With climate change, the increasing frequency and intensity of extreme climate events have intensified the outbreak and
expansion of cyanobacterial blooms in shallow eutrophic lakes, posing severe threats to the security and water supply safety of lake
ecosystems. However, how extreme climate events drive the long-term dynamics of cyanobacterial blooms, as well as the dominant
factors and underlying mechanisms, remain unclear. Taking Lake Hongze as a case study, Mann-Kendall trend analysis based on
64 years of meteorological observations revealed a significant warming trend in extreme temperature indices. Since 1991, the total

duration and frequency of extreme heat events has increased by approximately 5. 33 days and 2 events per decade, respectively.
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Meanwhile, the Simple Daily Intensity Index and the annual total precipitation from very wet days have increased by 0.38 mm/d
and 15. 18 mm, respectively. Based on remote-sensing observations from 2003 to 2020, the bloom occurrence rate in Lake Hongze
has increased by an average of 1. 15% per year, while the maximum bloom extent has expanded by 154. 69 km®. The bloom onset
has advanced by 24. 56 days, and the potential bloom duration has extended by an average of 27. 20 days. Further attribution anal-
ysis using the SHAP method indicated that the bloom occurrence rate and the maximum bloom extent are the cyanobacterial bloom
metrics most sensitive to extreme climate events, with the mean intensity of extreme heat events playing a dominant role. The con-
tinued intensification of extreme heat events is expected to further advance the bloom onset and expand the bloom extent. Notably,
when temperatures exceed a certain threshold, algal growth may be inhibited due to thermal stress, suggesting a dual “promoting-
inhibiting” effect of extreme heat events on cyanobacterial bloom dynamics. This study elucidates the response mechanisms and
threshold behaviors of cyanobacterial blooms under extreme climate forcing, providing a theoretical basis and scientific support for
the early warning of bloom risks and adaptive watershed management.
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Tab. 1 Definition of extreme temperature and precipitation indices

A5 2R LA TE X
e it gk 2 TXx A i Jot 1o Sk C H 5 SR A R (.
TNx AR KAE C H e R4 SRR
TNn A i e P AT o H e AR RAF R/ ME
TXn I R AR/ ME C F 35 i IR R/ M
TX10p B % H 5o S < 10% F3(LAB 1 B T
TN10p K % H ARl < 10% 23S A9 R HR S T
TX90p = % H 51 > 90% 4 (AFL I R EK i b
TN9Op 1203 % SR AR AR > 90% 43 A 19 R AR 5 L
DTR AR H ez < AR H R R AR ARz 2
TR T H B d AR P H BB >20 C R AL
(& VIS R95p SR A K A mm H 7K 1 >95% 43 A A 4F SRR K o
R99p e i A 7K S mm H 7K 1 >99% 43 R Y AF AR K 5
R10mm KW H d AEH K8 =10 mm (1B FKEL
R20mm L ETINETIEE d A H FEK R =20 mm fl) RS
PRCPTOT GRS mm Aok >1 mm (4 BB K i
RX1day K1 HFEKE mm G SINE] 7/
RX5day K5 HFEKE mm AEERRIESE S d BRKE
CDD RS TR B d H k<1 mm 5 K EELE R ER
CWD S SlTAHE T d HEKRE =1 mm B K2 R g

sbi i H K ik 2 mm/d H Rk i =1 mm f94E R 538 0 R ¥z 1

TEREH I3 75 18T, R ] Mann-Kendall #6;56 5 Theil-Sen #4308 1, kA M i Ao 3470 7 I 11 L 9 22 AL 1
ik Ayt — AR B A S A A S U R IR A A HTPLD , 35 T XGBoost 5535115 SHAP {H, @ if
SHAP Ll PP A 45 SR i g k-5 AR 7RO KA 4 X L 8 180 0 R D A 38 AR g DR S A8 T R P AR o 4 B AR X
TTRRRE L | AT G752 £} 5 DR ) S LR 1 5 [ e £ B i (B 1T (PDP ) T UL /1 S B IH 1 5 e AR A A 2 AT 119
Wi 75K 28 MR R 3 o A SR Pl T A2 1) 58 SUBRIERE SR PAS TR AL RE 7, X XGBoost BERI S 3 47 58 XL
AEIFE S U, FIF RMSE \MAE & R* PEAHBTRIMERE (M 1) .

2HR

2.1 RinE RS RIHFEKIERN KT ESR

DAL 2 AT, 1960 — 2024 4F (8] , ST I i) B L E 15 0 , A4 TXox (TNx TXn Al TNn H 52 EThE 3
FEAP L TNx Al TN )39 8 o 58, 2R W 1A R T e B 3 B i o e A, ¥ B 45 b ( TN10p \ TX10p )
R, AR S b5 (TN9Op \TX90p (TR ) W 25 b T, S iule A0 s o ik H 0 22 s A3l H 0020 11
FRAE. DTR G ERIB/INES SR RIRE MG TEM, BB RLia R, % KRR a8,
BRI JC I3 A0, ¥ SRR AR B S PRI BT 3 — R A XA 25 R G RAT I AE R o

WK A B AR S B L TR (H 2 B S A2 ARl i i 2 R e . SDITLR99p \R95p RX1day |
R10mm R20mm Jz PRCPTOT 5547 Fr 4§ i, 2 WIBIF 5 DX K 7K S J3E | it g 7K 00 4 AR T, i VA /K o ik o 1R 49
Ko Forp SDIT & &8 2% F T %, 10 4E1405 Ky 0. 38 mm/d; R95p M iiE i K, 4F 10 AE1E /i1 15. 18 mm; R99p
10 4E37J 6. 88 mm,, #R1Mi, CDD F1 CWD ZZ {6 A 8.2, LB T RSV RE K BT AR R 9 8 i) 2tk
P 3) o BIMTH 2, B R T 5T, R B b R AL — 5 R BE A7, (EHGE 350 3 AN KA i g i
5 AR SR PR BB TR (B2 A R A B sh P R ASH E

IR UL (1960 — 1990 4F) 15 1991 — 2024 A5 [] 4 3 Aok - (9 AL AR ASAE , A BT s T
T ILAAF AR S A A AR S 2 78 . Mann-Kendall #2555 Theil-Sen A3 Ak 11945 R AL W] 78 1960—



KR SR AR T s I R KA B 5 )2 B 1853

35
ul 1=0.010x+18.1 10.024x-19.5 1=0.057x-123.7 C 10.0205-42.2 1=—0.199x+406.4
(@) R=0023,P-0237] [ (b) R=0277, P<0.01 sk (©) =176, Pv.01 4 () R=0.051, P=0.082 30_(6) R=0.562, P<0.01
20 .. .. . . | .. .
251

35 . . . .
1 1 1 1 1 1 1 1 1
1960 1980 2000 2020 4F 1960 1980 2000 2020 4E 1960 1980 2000  20204F 1960 1980 2000  20204F 1960 1980 2000 2020
® 1=-0.073x+155.0 (@ 1=0201x-391.1 20k (b 1=0.069x-127.3 ) 1=-0.019x+47.1 130F ) 1=0.400x-709.0
20k R=0.145, P<0.01 25| (&) 0530, P<0.01 R=0.082, P<0.05 R*=0.326, P<0.01 120k R=0.412, P<0.01
. . . o g’ :

c\\° 15
&
I
10
5
L Il Il Il Il Il Il ° Il Il hd
1960 1980 2000 2020 4F 1960 1980 2000 2020 4 1960 1980 2000 20204 1960 1980 2000 20204 1960 1980 2000 20204
TR .
&l 2 1960 — 2024 4K 3 e AR AR 19 L1 /15
Fig. 2 Linear trends of extreme temperature indices during 1960-2024
0.688x—1304.1 1518v-2762.7 ? 0.038v-63.3 0.360-617.6 0.158v-159.4
1=0.688v-1304. 1=1.518v-2762. 1=0.038+-63. 1=0.360x-617. 1=0.158x-159.
so0F @ r=oos0 p-o0ss| 501 (®)  pgioss po.ite 2ol (© T—o.109, p0.01 00k (@) o030, p-o.14a | 3501 (&) Te=.003, o710
) 600 18F 0or
300 . - - . 1.
g g . 2 6k \ilso-.'-. <.t £ 250
s - & c e S £ Cee Z
£ 200 £7400 CR VAL T = S SOt o | 2 200}
& 4 Se ¢ . =) % . | % - -
. _’5//.:—/'/./.‘ @ .| 100 M = 150 b
CIN ) ~
0l T et 3
. * e S0 ol 8 o %e 100
1

(pew @omecm o pme o S0

! 0 % i ML | | L | 1 50 k= L ! !
1960 1980 2000 20204 1960 1980 2000 20204 1960 1980 2000 2020 4 1960 1980 2000 20204 1960 1980 2000 2020 4

1=0.042x-68.1 ¥=2.517x-4012.0 1=0.029x-24.4 (J »=0.000x+5.0

=0.042x-552
451 Y .
() r-0021,P-0246| 25-(8) r=0050, P-0.082| 1600F (h) &=0039, P-0106 | 1001 (1) &-0.004, P-0.651 R=0.003, P=0.686
. . . . 10 .
o, . . 1400 |-
. 20 £ . 80
L e - g
e . A = . | 12000 .. = s 8F
E s S n ] E 12 oLt R w g y
R K L . S - . . = I
2ol e | 2y e P ey i [ S T A -
251 N Te % . . ~ P . e
" - . 800 - : 40he " ee o e e .

ece, . . . ° e oo . .
wfe Lo 10¢, R okt B AANONCRIRRY. 4p

. . . 20 * . o]
L 1 bl 1 L L L L L L L L L ]
1960 1980 2000 20204 1960 1980 2000 20204 1960 1980 2000 2020 4 1960 1980 2000 20204 1960 1980 2000 2020 4

Kl 3 1960— 2024 4 A% i b3 K F5 b i 2 P 01 1

Fig. 3 Linear trends of extreme precipitation indices during 1960-2024

1990 AP ] , A5 Sy A A S R AU 55 A5 34 - P-4 i B AN AR R B 3 N R (P < 0..05) , 35 7 Ak
FOP N A 10 AEFEAR 0. 18 “CHIEE 10 4R 2. 67 Y SR ZE I A R R (4 10 4R350 5 d) L fHoRGE
I WEVERS . T A 1991 4E LR (1991 — 2024 48) s g itk 5 1) 22 A 35 0 B B S e . A Rk
P o] FT AR VR TRk B B PE K T (0. 05<P < 0. 1) fBA R b s, Forh s 22 i) i) 45 10 4R340
295,33 d, B3 TR, R AR 10 SRR INEY 2 U, PR e ) 0 R S B R (1 4) .

H R g B K A R DT (1960— 1990 4F) 5 1991 — 2024 AR 4] ] R 3R B 1 1 35 22 5, HLAUHE s B i
FREER i, FAR AR A IR BN GE T 25 PE KT, DR AR F 5 A 225 1 T A BF 1i0) B A i R K A 4 AN F R 1Y
EPEES
2. 2 SRR AR SRR R X AR SR T 4 O T R 4 AE

MG 4 B9 50 BOaR T as R, B 1990 48 LI i i I FF 00K , R 3RA8 A AR id RE = A T R 358
M 2003 — 2020 4F [ FEAEFICHE bR (P 5) A DL, A A A S L 03 1T ARSI 1. 15% LG R



1854 J. Lake Sci. (#138#%) ,2026,38(5)
70| (P=0.14, slope=-4.54) (P=0.06, slope=5.33) 3.0F (P=0.91, slope=0.01) (P=0.31, slope=0.05)
Gof . . 3 ’

= - . W E2s . .
= 50, . e . =z - . * °
f==4 o o % ° . +.\< . . . . . . . .
= o ° Yo . w . © O ° o . °
‘B 30t . . N o . o °
. . o. o4 o o H— R .o . 3 e o oo e
0l ot e > . . . 1.5F . . .
10 . L . . ° * . .
1960 1980 2000 2020 4F 1960 1980 2000 2020 4
35
(P<0.05, slope=-0.18) (P=0.74, slope=0.02) (P<0.05, slope=-2.67) (P=0.05, slope=2.00)
25F 30k . .
®20F . Lot . . o gl
= . * B LI O . ° . 2
3? L . = hd . . 0 .
1.0k : . . . : .
1960 1980 2000 2020 4F 1960 1980 2000 2020 4

Kl 4 1960— 1990 Fl 1991— 2024 4F s iy i 2 4 D HEARAY AL L A H
Fig. 4 Trends in four indices of extreme heat events during 1960—1990 and 1991-2024

S (P<0.001) , LA PRI GE M B HE . A P U B LR T 20 24. 56 d WHAEFFEEIAE K29 27. 20 d, %
AR S L I LB LRI O L 4 R R (P <0.01) i % B % K46 I BUEE 20
SEIALY 154, 69 km? | ST We 4RSS S AL L LIS R LB (P< 0.01) . RUORA SR
ST R BLSERE SRR 5 P T EL 520 DA, 20 (S TR 05 5 S U i T 7

19 Ao 7 A 285 2 A ) B D PR P P R

= 200}
_ a0k 3=—126.367+0.063x =
S R=0.552 & 180 1=3701.889+1.774x
j\jﬁ 1.5} P<0.001 = 160} R=0.181
& E P=0.079
* 1.0} = 140}
#= = 120}
0.5} =
! L L L #]]1 100 | L I ! I
2005 2010 2015 2020 4 2005 2010 2015 2020 4
180F .
830 y=—17092.134+8.820x
160} g 8001 R=0.351
© y=—-4643.598+2.358x Z 250l :
8140 R=0.414 & p<0.01
® o0l Z 7001
L 120 P<0.01 £ sl
£ 100+ % 600
> 8ot 1 550
60bd . . . p s : - '
2005 2010 2015 2020 4 2005 2010 2015 2020 4F:

Bl S BEPEI SRR AR 2 ul

Fig. 5 Linear regression of algal bloom indicators in Lake Hongze
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Fig. 6 Importance analysis of extreme climate indices for four cyanobloom indicators: (a) bloom occurrence

rate, (b) bloom onset time, (c) potential occurrence period, and (d) maximum bloom extent

AR AE R i ey 1 AP 2 56 R

H. B
FERY

CEZSZESIIeS T AP B )R T

7R B A SRR K B AR I B R T AL, i — 22 T R AR R E (7)o W
TR i B S e R AR AR AR B S TE A DG, DB W 1 A v e o AT 245 R 1,50 C
i B A AR BT, S kB (RS PR A PR 8 2R SR Ol 165~ 1,75 C I, St R AR SR A [
IR T RAE , 2R W] i A5 O 25 ok B AT I e e R 2E (R iR B 5 v T PR AR 2 M3 B T o Lk — 25 R
IR0 S I KRR Z A (R 2 IE AR OGO R (HAE 1. 55 C A4 BV T, Bl 5 T 1. 65 °C i 2UR)
TR I I R B A T AR B WA, S B b 0 7 PT E A AE — 2 i s A0 3 (AL A < e — v ] 54 B T B BT
i B 5 e 1 24 TR K T 0 — 2 8 v O Ry LB A R 5

BRGS0 U B ()RR 7 e S WA TR oy | A0 s 8 7K S 7 4945 5 I [ £ R o
AT RIS, SRTT, I SHAP {EAE IE G5 00 4347 AR X 347465 , 2 BHAZ AR AR XF F000 25 SR 1 52 i J ) AS [ o A
P2 T At e Y = 7 i ) SHAP (B 32 B2 A vy B — iy ], 1, B JHL XA 700 90 000 45 2R 1) 5% 1 1) By
FEA—31,

3 iig

3.1 SETEABMA, MESBEE4EZES

GBI, 1T 2 60 A AR A1 A o e i 2 S T e R A LR B 4 R] T IR R R R
VIR RSN N % DTR 40/, BE— R T I R S A R MR AE ™ o BEERMIA TR
FH X (20° ~ 555N, 105° ~ 130°E ), 2 X 0T LA+ 346 /A5 245 I X0 B s 44 o5 2 1) Sk HL 85k 80% 10, T
D HOWHIE FE R AR AR W R X — %45 DTR i/ — 3k, 36 W1 3% nl B 52 A il ) K R

N
HESZ



1856 J. Lake Sci. (#138#%) ,2026,38(5)

1.20 RMSE=0.59
R=0.22 L
MAE=049 | o
- 660 |-
S sk = RMSE=94.44
f\j: ' = R=0.12
& &L MAE=81.00
:T:E j}‘iﬁ 640 |-
E110f =
620 -
1 1 1 1 1 1 1 1 1 1
1.25 1.50 1.75 2.00 225 1.25 1.50 1.75 2.00 225
e o T e SR/ °C At s PR SR

P 7 3 i g 2 - 249 3 B o ol e A 2 AR e A T ARK) PDP ]
Fig. 7 Partial dependence plots of average intensity of extreme heat events on the bloom

occurrence rate and the maximum bloom extent
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