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R &Y, 2005~2020 £, M B R HEHEEDENFTLAEBRAETRELN, UL FREF
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R A A BN RAD, SR 5| A H T oK S
PR AT I 22 18] B AN DS L, 52 00 757 3 ) A A7 R
DL &y £ R RI#D 8 2 (Scheffer et al, 2000).
W, VR A 2 R AR AN ORI PR AR S RGNS
A0SR B K2R e 45 5, R AR S R G RR e
AP e J5 ] FeEe M B2 A

JRE TS A7 F IR By p . 7 S AL R, S
2 AT ARV o 2T sk . N R
Pl 8 i A8 R S R RS, S M T R £ T L kY
BTG RR, R B oA T S AR A AR A (B
=5, 2007). ATAER, Bl TG FEAN TG Y DR HE R it
[ ST, FE M TS B SR R K R A Kt T B AR Ak,
{HLE SRk 25 0 2R A e s ok 09 AR B R I SR R BL AR AE
(FMEEESE, 2011b). B AU Shsgmfh, DX <A
A R XOT Jie T A AR BB 77 A T E B ), O LT AR
T 22 B T 1R BeoAK ST A& A A Ak 3% i I B (RS A
2011) 0 MNP DX S A 77 A ) AR S T A 2L 48
TR T AL CA WS ISR I WA ) A& 4514
T R TAE( i R4, 2014; A 15 5 4, 2015;
Guo et al, 2019; Liu et al, 2022), A AIRIZ X 877 T AH
YR Ve A AN 2 8] 0 AT BE0E 1 RAFAEAL . Ak, iA
b e GRS S N VS 3 i AL T T ) A e
(R EFFEE, 2005; FMEEZEE, 2011a; Yang et al, 2025),
SR, H BT OC T 5 PV 7 AR 231 T 0 00 vt A 1Y
WFFERRXTAS R, e A8 A 72 I AN 2T sl 4722
B RCT, FRITEY = RMRE R R E T RGN E
¥y, e FHF R4, Tt Z WA

FE T, AW 5T R A NS 2005, 2010, 2015
12020 4F 1 I 5000 DU A, X AR AR ) i R AL
5 AR KA AR AT T R G0 W, T
ISR T A AL B . 3F— 20 25 6 Bl ML AR MRS 7R
Pearson HH GRS, TR T 52 0 V7 e AR 4 21 S 109 A8
IR A IR S 2 . ARWFS B e s SR AR AL A
N3 B AL [RIVE T B PV T Ui 4 2 1 R B0 e v A
FRAE, SRR BV S AR A8 R G sh A AR Ak e HomT
FroL i PR LR AR A
1 #Mel5RA%®
1.1 PEXIGFALEAL

ARG AR AT [ SRS T8 A A R G 5E i, e M
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Fig.1 Sampling stations in Jiaozhou Bay
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(Whatman™) 33 3§ 7, #EEIAAF T -20 °CA&F T, 52
g, R 90% AEATE 4 °C. ROGCAIF T4 24 h
J, {48 Fl Turner Designs Trilogy™ #¢ Y63 #4701 5E .
VoS fif DO ML S SR R O 208 TR Ve P I T 2 24 3R DB B (FL AR
0.45 wm)id JE, UEWRAE 0~4 °C . BECEAF FIRAT, JFm
A HgCl, WA T I B . S50 = 43 B>k FH i 227
543 M4 (Skalar SAN", Skalar Analysis, fif 22 )il & A
FRER(NO3). WAYMRER(NO) . EfRER(PO3T). REMRER
(S1037) Fl i £ (NHI )R JEE o ¥ i JCHLAL(DIN)E LN
NO35. NO;Fl NHy ¥k & Z Fl(Liu et al, 2005).

T U AT ) o SR FH R Ui AL ) T 2R A T T X R
R, HIER)ZE B RZHAT RS . Bt P
YRR H R SR 76 pm, B E AR R 37 cm, B KN
140 ecm. RAEJGHHE G 5% /R DARE &, & T
500 mL ¥ OBLFE R PR IR AE . SE I E N AE
Olympus BX51 S5 T, T 200x5% 400x 35 KA5ECT
XEPEIEATL ) R T o0 2S5 AR, THECR A 0.5 mL it
B ¢
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T BRI R 755000 A 0 A i AT O 4 o, Xt 2k AN
SR AEIEA TR o RIS MR R AR A 21 S I AR Ak
B B EIAEE IR SN K 1, SR BENLAR M (random forest)f5
TN i Al P A o 5 AR R =2 (R Y O R AT 43
Bro BEMLARAR BT T R A rfPermute” S B, 1% 7k
3 3k 22 Uk Bt LA R R AR e A PR A e )
AR 2SR S Bl e D YN E A e 5 A LTI X
TR TR A AR i, PRI R s 4 3 a iR
JEE A Ay o o A 3 e A o R R U G VR A
R AN N E S S R R 1 L W B e 20 TR
B 75 PRI R ) A e e AR ISR R 2 (R A A O
KR, K Pearson AT A R B B M
KV 2 SN AG 36 A T IPAL . R T S A AR
[E1) B4 S P 85 SR AR S PR A R 20 R, 4R 124 1l il
JH R fu“corrplot”, LA LW Sz BAS [F] A & 22 (8] AH e Y
Dy AGREE o BT ST o A TR B 3 K F P<0.05
AT,

2 #R

2.1 NEEFEWAFE

2005, 2010, 2015 Fl 2020 4F 5 H V25 15 2 U6 1 34
FEHH B B ZE 1 AL RRAE (B 2a, 2c, 26, 2g).
Tk B2 AR AR R S —1.57~29.35 °C, £ 4F 07 1 2% I B AE
K BN T 2 EARK, B 5 HAEFEF R E I &,
IR ZERFNEE, ARG EL TR, ARG Z
[, VR B 2R AR L SRR — B, BRI AR
T A 13.13~35.20, E A W] & 0 25 LA, ISR i
Wi FE Z, HAH Oy 3h 8 B AR LR R UE (B 20,
2d, 2f, 2h). 2005 4F1E R B AE AN R H 403 1l R
WI 4, &R 43 H 4y (8 H)EREE 43 A JE 4 K5 2010 4F#:
JE R ARIKE B, AUE 8 A B Bk 5. 2015
A Mg R B A AR AR A BE /N 2020 AR R FE AR A AR
0 PR FEA S R, B 8. 9 A Bl — e B Y
TR

Ji2 N ¥ 5 fi G HL AL (DIN) 22 4k 35 Fl N 2.57~
200.33 pmol/L, MR ER Mk 5 AR AL H A 0.00~8.61 pmol/L,
ik 12 6 vk B AR L YL LR 0.12~64.80 wmol/L (& 3).
2005 41 2010 47, DIN 76 5 7 H {7385 3 4 T4 =5 7K
S, i 2E A A AR A . B RER (POL ) R R R
(SIOF) I ZEV AR AL FRAIE 5 DIN A —5, ¥ 5 % A
Oy i B R . BR E A= 4h, 2005 4EF1 2010 4F
4221 H), DIN. BERRE FIAE R SR vk B2 TR R i —
EFEEMTIE . MEZ T, 2015 4EF1 2020 478 753k

14 2 755 A8 A R EE B S 8/ o TR, 2015 4E I 2020 4
KT E IR BN TR, &R EHAZRA
B,

ZE [ A AR T AE PR AR LRI AN ] 4 PR . AE
2, W FRIEEETE 2005~2020 4F 8] 2 B0 H RS T 1
FRAE, M 2005 4F A9 (2.48+0.64) °C Tt 51 2020 4FE 1Y
(5.55+0.71) °C (&l 4a). 8 H A1 11 AR RI4FEPrAE 1k
e 52 4% /N (1] 4k, 4p). DIN 7£ 2 H B 4F B AR Ak i B AH
XA /IN, 4 ASAFA 2Z 18] 22 5 AN B8 (8] 4e). TITE 8 H
F1 11, DIN ¥ B2 BEAT £y S A S22 30 IR AiE (18] 4m,
4r). WEIREL (PO )EA [l H 4524 32 B H Bl AE 1) TG A
AAVERAE . JEHAE 2 J1, 2005 4F 9(0.58+0.20) wmol/L,
2015 4EH1 2020 4EEFE 0.2 wmol/L AR, B BAKT
AR (B 4d) o AE AT 0, B R R vk B IR A 1A 2
TREFAE . REBRER (SIO3)TE 2 A BYAE PrA8 1k el FE %5
K, A 9] R 5 AR GO o B B AR RRAE (18] 4e); T
TES H . 8 AL JT, v B Bl AT £y 8 1R 522 A I 3
(4, 40, 4t),

22 RMEBEMNEER KEMZBHEDAREENS
TN

JREINTE (A2 2 a WP AR A 0.01~45.14 pg/L
(B 5). 2005 472 BB . 1 SUEE L 43 A5 (8] Sa), fem
B3 514E 2 A8 H, 43 51°4(13.52+10.81) pg/L Al
(9.08+13.08) pg/Lo 2010 425 W (KR AE A Bt (&1
5b), AR B REAREAIR, fem(E HBUAE 8 H, Ik E
h(1.60+1.78) pg/L; WeAb, 78 2 H BRI &, 3
e 4(0.48+0.58) wg/L. 2015 4F3k B i -2y 9
TEE R ZFAPI(E 5¢), S BAE 9 H, h(3.59+
1.68) pg/L. 2020 4F ¥k B fe [t BL7E 8 H, H
(10.01£10.16) pg/L, BLAMTE 11 H Bk & 1E, H
(2.34+1.73) png/L (Bl 5d). SAERE, 2015 4 F1 2020
AR o WSRO,

T UEAE ) A0 B T FE A T AL R IE SRR o R
PR B ) — B (] 6). 2005 440 i = S B
(1) 78 1 W AE (18] 6a), fie i 06 HH BLTE 2 1, M (85.95+
79.21)x10° cells/m’; BLAk, 1 9 H HBL— N2 i i,
H(7.665.98)x10° cells/m®, 2010 4F ¥ e AL ) 40 ity =
JEE 1 S e AT B AE 2 T, (R E RIS, SR (36.50+
73.20)x10° cells/m® (18 6d). [FE}, 76 6 H #1110 A
A ULEE B 52 (0 (. 2015 45 15 WA ) 4 i = B 1
I ETE 9 H, H(96.62+137.34)x10° cells/m® (/&
6g), Hogx 100y 3 BB iR b FHBARK . 2020 4777 i
HE ) A B S RE R B L AR 8 L A (113.91+
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Fig.2 Seasonal variations in sea surface temperature (°C) and salinity
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VU A R ), BN RS S

248.42)x10° cells/m® (&l 6j). MikkF, & 717 Wik
W 24 S B Y e A ) A ] P S 9, T 2R A
VETEAS A Th R AR o TEISHELL Ny TH, fEBEIRA
H7 B R ) A0 = R A 48 K oy, ST AR i A
55 VP iR A 6 T B AR — BU(TE] 6b, 6Ge, 6h, 6k). F i
1) B e (32 A e B = Rk R (1A 6c, 6f, 61, 61)
2.3 tEXMESW

BB AR MRS %, R R ERBE R T 0 T
YIERE | MR a W LK BT A B A s R
e (B 7)o X T IRUFAE Y £ 5 (E 7a), W AR
FEAEAS BB HE R TP R AT A, OO SR L L B
FRER FIBEIREL S5 . TEM S o W I FEHLAR R GS SR h
(&1 7b), B FNER B [ SR 0 LD g v g A2 i o 3k,
FRERWR Z o X TREBE (] 70), B FER AT S
BEVER m BN 1, SR ER M ik PR h S5 AF AR Fr L
PEHEF o AR XS SE RGO . A R R Y B ML AR

MREEF (] 7d), WIS BT A AR R - rh R B
o e H R, HUO IR S o8 SR

Pearson fHICEM AT R B, & IR UFEY) 4 S5
JE 25 B 5 5 G 3 67RO (P<0.01), 5 3 i 82 #h A1
MR R S B E IE A 5E(P<0.001) (K] 8)., BRI
F AU S R AL 5 W IE ARG (P<0.01), fERZE, T
e A ) =F B 5 U HE RN ek B EL 38 2 B OE A G (P<
0.01). FHILZ N, BKEETRIFEY) F 5 & R T2
] PR AR DGR AR A 2 B K. ks 5N
A SRR S5 VR A ) S T P A — B, F e
A ZFEHBER D ETM, AL, FNERNYE
TR Sh P 4 5 2 I ARG .

3 e

3.1 BMNEIEE TR E R 4FE
ARG R IR, 2005~2020 4 [8] 52 M 25 7K 5 H 4R 5
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Fig.3 Seasonal variations in nutrient concentrations
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T, B 2= ARk =K I A T e M AR B/ . 3K
Ff & Z= TR T ZE=THR L, CEZ PR
T 5 VA 45 %) 0L B 9 b 9k 4R 3B (Graham et al, 2017,
Clark et al, 2020; Azarian et al, 2024),
BILR, b 3 R R R 2 T, A FTHR IR

A 20 th42 )5

AR AU

JEE kR T A Y, X — A R TR SR L4,
HHON N 5 XA AR
A AL % V1A 54 (Wang et al, 2023), fEAZ, vhiE 4
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Fig.4 Interannual variations in temperature, salinity, and nutrients across different months
T a~e. f~j, k~o Fl p~t 23530 2, 5. 8 Al 11 A BVBREN,; —17, 2 RIS RIGRIERE | $h5 EICLA(DIN) . B h
(PO FRERRER (SO TEARRAE G A . 455 FR I, BTN AR 2 .t TR A T 2 35 48 3 A A 5 i Kicdie, Ay #7
UEA RV 03 Z [RIEUIR R vl Lo, AR SCRIN R LR 320 5. 8 Fl 11 ) RAEPI BRI

R4 2B K IR B 3 F T (Clark et al, 2020), X F
2 PRIV VS T 7, kP AR A AT A T D USRI B 2 . A
B2, RBEMRKEKENELFEER/N, iS5 E
Zo WS I 2 AT A A B B A B A B S R R
HE— DB A e 1 A7 BRAT OG . eAh, AR, BE
IKRNAR AR T 2 DR 38 063U e K TR P 911 R G iR,
AIRETE— R IS5 AR R R KR T (R S 3%
P (Wang et al, 2023), EAKKFH, B 5 7E 2005~
2020 AE[A] R I H 9 AR T = AR, JC R AR TR )
b 2 RS R T % DX RN R AR R AR 5 A AR
M 1

B AR T 5 A1, AT 5 38 W8I0 2] J5e PH 55 e 1 s e
FEFE 2005~2020 4F [] 52 B 5 T i I 0 3 e I A R
fIE(E 4d, i, n, s). BERRELAE 2. 5 Fl 8 H ¥R L bl
eIt e N ALk, b & Z2 2 A)ZEL
S BERRER R 1 2005 4 19(0.58+0.20) wmol/L [
K2 2015 4EF1 2020 4EAY 0.2 wmol/L LAF, B AKX T
FIAEG (K] 4d). X R WIERRER 01T B IfAE R

FIE— A, T — P EL AT 8 3k M 1 PR 85 AR LR RRAE
KIS R A HABB G P &k I . Zhang 45(2021a)
S PR IN TS WG R 1 2013 4R R ST, 1EAE 2014~
2016 4F B T 52 R R, SARMESEWI 2 2015 4F
F1 2020 4l R AR W b B AU %) 45 S AE B IR) R — 3K
(1, CABFFRFEH, 0.2 wmol/L J2 i N 5 U7 WAt 47 e
T AFDGT 7 A2 1] B 08 Pl 0 2 2 1% B AL, 1% A LA
A £ A i R O ORI AR S R Y S R
(Zhang et al, 2021b). I, 2015 4EF1 2020 4/ e
B4 ZEIREE T LA b TR (RS o IR ER Wk
(FRFSERRAR, 53T 20 4730 B MM V8 B HL gt St 5 o A 285
PR AR A B VIR G o S AR SR AR 5 Y 1R B AN A HE
T I R, N Y B VR IR AR A e A T A
B KRB FR KO AR R T, RS
K AL BB T B TR HE O B G 0 5k, B 3R AR
Z B RAER (Chen et al, 2023). HHILAR, BEEA
Ty i 38 15 7K Ak B R T Y4 A5 20 A R0, R I
Ehvie B A AR LI EEOA A A PR X — AR
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Fig.5 Monthly variations in chl a concentration across different years
T a~d 413K 2005, 2010, 2015 F1 2020 4FM-2-3R o e H AR ALRHIE . 18P R EHUFRIR 2 RAE S (AL IS 3R o WREEH,
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STAGE-SPECIFIC CHANGES IN THE SEASONAL CYCLE OF PHYTOPLANKTON
BIOMASS IN JIAOZHOU BAY (2005~2020) AND THEIR ENVIRONMENTAL DRIVERS

SUN Xiao-Xia"**** LIU Ming"*, GUO Shu-Jin"*?

(1. Jiaozhou Bay Marine Ecosystem Research Station, Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China;
2. Key Laboratory of Marine Ecology and Environmental Sciences, Shandong Province Key Laboratory of Marine Biodiversity and Bio-
resource Sustainable Utilization, Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China; 3. Laboratory for
Marine Ecology and Environmental Science, Qingdao Marine Science and Technology Center, Qingdao 266237, China;

4. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Changes in the seasonal cycle of phytoplankton are important indicators of coastal ecosystem responses to
climate change and human activities. Based on historical observations from Jiaozhou Bay in 2005, 2010, 2015, and 2020,
this study examined long-term variations in the seasonal cycle of phytoplankton biomass and their environmental drivers.
The results showed that the seasonal distribution pattern of phytoplankton biomass in Jiaozhou Bay changed markedly
during 2005~2020, shifting from a bimodal pattern with winter and summer peaks to a predominantly unimodal pattern with a
summer-autumn peak. Winter peak values of net-collected phytoplankton abundance and chlorophyll a concentration decreased
substantially, from 103.62x10° cells/m* and 15.29 pg/L in 2005 to 12.81x10° cells/m® and 1.13 pg/L in 2020, respectively.
Community structure analysis indicated that diatoms consistently dominated the phytoplankton assemblage and that
variation in diatom abundance was the primary driver of the observed shift in the seasonal cycle of phytoplankton biomass.
In contrast, dinoflagellate abundance declined markedly after peaking in 2010. Correlation analyses suggested that
increasing winter water temperature and decreasing phosphate concentration were the main factors underlying the
attenuation and eventual disappearance of the winter phytoplankton biomass peak. These findings reveal the long-term
evolution of phytoplankton seasonal structure in Jiaozhou Bay under the combined influence of climate change and
nutrient adjustment, and offer scientific support for coastal ecosystem management.

Key words Jiaozhou Bay; phytoplankton; biomass; seasonal cycle; climate change; nutrients



