RENE &

KEE"D,
R

5 ikE REPOATS

- 1R FR- W E G K ZE IR IR R R IR LY

OB FERL XF4L T K, XPE, EE X FH,

(1. RIEERME R W SHEE AR, K 300457; 2. KFTHFERIR S5b7 H 080 %, KA 300457; 3. K

PR S

P EBEEA TR L, R 300457)

WHE: AR HHHRBRLMEF HHW, BT HEF HHW T F AN OERE N, IHTHRE
BB I A F B AR AL B MR A IR R R, AR BB R AN E R
SRFHTAERNERN. AFREFERZENT RMWBTMELERTR-RLGEKZNERESE
$A2, RINEFTMEFRRAEDEN, REGBEKERTTLERLRTE, SAMEN, NLYGE
KERIFRIBFIBRA T M 40k, B A2 P A B BRIEHT (0.018~0.12d 7)), AEEKE KI5
BT ENEREFRARLGERKBZNBRTENBRABRALZNDEINEMARXE., REGERETF
MEEEDABERA AT ERTERABEALN, A FHRIMETLEAM TR, Bb, THRAR
HOL 3P AR H N BERTF HAY AR TP A RN AEERER.

KR BT E, NEGEKE, PWHE LR, THRERSL,; HeuH

FESZES: Q145.1 XHEkFRIRED: A
DOI: 10.11759/hykx20190712001

RGNy, TR A 0 B W Bt 2 N A 57
() V7 AT P R R ML 3 SR 5, Wi sh i &,
SRIG FHE BB @ E R E R JaRBEE M E Y
0 & &, TR Ui 3 W B R A S ek 2 IRk, il
A B R AR ) RVR U Bh 0 0 AL SR R Ui B
Yy X PR Ui A A AR SR R P, R T A
WA G B i IR T B R Ui s an e R S
T TR sh W, DT RE TR R i e Bl ) R i
A B 4 R 7, (AR PRI 3G, PR o
FE I HR(TC, trophic cascade) S o A b 48 T2k H A
TR L 0B AR T, A4 09 % SR A0 3
T EAR ) B, FRAR TR BB M R R,
1111 55 1 7 i 26 ) I 85 A% 3ef o AR v B T A7 45 ] (top-
down) 4 FHE-61,

H SO OB TR Ui sh ) M E G o, IR A
BRI, 8 I 2 R R R R B AN R 28 AR [F) R 2
KNI W), TE TR A 0 1) 75 A% 3 A AE ) 2 5k
b RIEE 2 BEMANERTY, PR EYEe
AR LR, BRKNAR, HEESHE
YI KNI R 0.4 0 1 3 7 1 1 22 a0 4 i
(Gymnodinium sp.)FIH R 258 (Skeletonema costatum)

HS 2T B iV VR A A S L AR A, &

Marine Sciences / Vol. 44, No. 5/ 2020

X EHS: 1000-3096(2020)05-0123-10

W IR T IR A SR DR R S B A ok A
RO EW Sr e gy A AR PR [ E8 X
Yoo ZEUCTHH % S rL B IESE TR H SR RE SR T
PR, FR AT P S ZE AR G I AR
wEE,

B IRGUR R Bk B G R AT ERXNEMR, &
A B 5T R 22 FH R G M o B S e Tk £ 1) 1 S5 6
PG T {E SR R G A R/ IN X I i AR 4
() B AR S e I AN SR AR AE, 35 T A A 93 AR A
ARU6-200 DRI, R R G AN AR R AR AR T R R AGIA
PR 4 B8 AL B . A9 5 580 g V5 %
S MR R Y FI AT LK 15 (Acartia bifilosa)
VE v B PE e S , LARR R S R0 v B i 2% 40 A
B S )RR IR o 38 ) S N B SR

Wk H 3 2019-07-12; &l H #1: 2019-08-29

FRTH : RERHE R 2 K2R L8 = A BT A 42 (No.1705A303); K
T 2 B R A B AL 2R3 R (No. 201810057029)

[Foundation: Laboratory innovation fund for university students of Tianjin
University of Science & Technology, No.1705A303; Training Program of
Innovation and Entrepreneurship for undergraduates of Tianjin, No.
201810057029]

PEF A RARE(1983-), &, WRERFRZA, I, 1L, E2N
MG TR U E S S, & 15022136225, E-mail: zhang-
cuixia@tust.edu.cn

123



e IRkE REPOATS

PLE P e v JU B S - R R B B b I R AR -
PR BN B YRR 5, Sk B BT RS R R R
TE R R R BN, 10 /N A Bk I U 8l B
TRIEAE Y OS2, Ry R K R S8 A AR 0 1 e A
Ja Tl B2 46 o A Bl 2 ARG Ll

PR FH R ) SRR IR 42 (ESD, equivalent spheri-
cal diameter)/& 15 um, HAIE 7&#E 1) ESD 24 5.3 um,
W& AT B /N FE R 2.8 b sl S o A P R
00 B 07 SO0 B T B AR BRI, SRS
H B AR R E I B S SR A, AL RELE
Frh i 4 e Ky 2 B3R5, ATk RE 3%
1 mR5FE
1.1 ERAEE
111 BEMEERSRE

T RT3 (L A 3 BB K, il FE
ARANE T FLIENF (0.8 um)fK U B K, I HomE
KA, B 2 8533k, MOt FRM P, EEEN
Zb: JEIRBREE 2 000 1x, YGRESE] 12 ¢ 12, HEE 18°C,
B RS0 T e B A A o B AR R S Y A
1.1.2 BERERARE

TR A 7 8 (I 3 Ve ) i LS PTN-
S120 AYIFIF A (FLAR 112 pm)HE R0, Wk ks 2
AT 500 mL~1 L (358G S 57 2047 1] 21 52
W, BRI IRAE U0 S R T R,
BTGB R E, BEIRE 18°C, BOGKM TR
ST YR 3R
1.1.3  BREEMSRERERAERNE ML

S

SRR 2R A RO A T B 03 450 mL A9 TR
AW, B R E 8 273 cells/mL, B
WEE 2430 cells/mL, HJNA 100 mL /2 153754 FF
AR AR . SEER AT R A 1R R A R
AR 2, DRSO A R =
A FE SRR 0 TP AR BRI TR B
1.14 HfAEYE

3 3 240 T AR B3 v i 2R R R Y
S P P SR R AR P B 0.010 ng Ceell,
PRI R B A 1) B 4 0.347 ng Cleell,

1.2 B ER D

1.2 HREBRBEPHERE
16 B A AL TR BUE K I, 25 E 6

LA TR] 08 v U B AR BE R T (b PR S 51—,
1), WAL E 3AEATRE, B S R
BN 100 cells/mL(ZE¥H: 34.7 ng C/mL), &%} IR
Y15 B AT RECH BB A SR 38 . BT A
) 125 mL MRBRFRER B SR, SJa IR A
/20 (35 IR AR SRR A K BT I B 570
BRI R R SR, &6 /NEES]—IR, T 48h
Ji EAT A R R e R S R IR

Rz1 PHEEE. ERENNESHBEKZBREFIERMN
MAEEREMERE
Initial concentration and biomass of Skeletonema
costatum, Gymnodinium sp., and Acartia bifilosa
in feeding experiments

Tab. 1

AbFEZH il R R 3 ke p 2k
W7 cells/mL ng C/mL cells/mL ng C/mL (ind./L)
1 500 5.03 100 34.7
2 1 000 10.07 100 347
3 5000 50.35 100 34.7
4 10000  100.7 100 34.7
5 20000 201.4 100 34.7
6 40 000  402.8 100 34.7
A 500 5.03 100 347 24
B 1 000 10.07 100 347 24
C 5000 50.35 100 34.7 24
D 10000  100.7 100 34.7 24
E 20000 201.4 100 34.7 24

1.2.2 HEREFERTBEM P ERE

[E A #8500 mL A9 Nalgene JEBRFER TR S 57,
VO 5 AR P B 25 35 8 B 6 HE (Ah R 2H 9 5 R
A—E, £ 1), BAEBARE 3 AR, BRPE
M EBEE R 100 cells/mL(ZEHHE: 34.7 ng C/mL),
PRI 12 HR R Uk 5 2 2R U ) b WL 9 K <
BIMBREAFE IR o BT K I B SR Y
ALK i K F L 34 ind/L P2, ARSLKEE
MEY K E VI F A 24 ind/L, EATRM
BRZER 5 DX IR, REAXTIRAL 2 AP AT BB
FEIIMA 50 mL WY 72 3R & sl n 4
Ko Ui MR TS TORIRIE IR A P s 9%, B3 6 /N
FEA)—IK, T 48 h 7 WAL R R A A AR DL,
HEATRR R S0 v B R e IO
1.2.3  SEEBUREFIRE & 0t

PHAL S R R 785 3%, 48 h s, RAEE IR
Fedh 10 mL & T B8 D, HIEA% 0 e G E
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IANMRAE . B 1 mL AR AL, FDGS: B W g2 Th i
SR IF B B3 mL RE S, R B R
PR SR A AR T E
1.3 HREBELESHH
131 REEZKEPHERENIR
AR R u=In(P/ R) /1, (1)
Py Rl P, ¥R G M B B R, ¢ ISR
sf 18] 5
AN [F) Ab 3 A R H 35 7 2R K 8 () 005 K IR
U= (S = SW(kye S = 87) (2)
N, e WAL d7), S R EEFR IS A
TRB B B AR R AE P B (7 ng C/mL), S”AH
B 5 BRI AR A e (B ng C/mL), Ky K IGH 2K,
2 =172t A P B 2R A R ) (FAR: ng C/mL)
B A AR (P, H7: ng C/mL):
Fod = Fo
NPy ~InF
TH U #(F, filterance/clearance rate)!*):
F=g/P, (4)
g BEROEN: A,
A SR S A W (S, L7 ng C/mL):

3)

E — Send — SO ) (5)
InS,,4 —InS
L H S5 1) 45 £ % (ingestion rate, 7, cells/d*):
I=F><§=g/;><§ , (6)

PP B R, ng C/d)IIE K K (Michaelis-

Menten) /7 #2:
1=l xS/ (k, +S, (7)

Ina: WRBEERCEALI: ng Cd ), Kyt 24 =172
T BT B OB 25 B8 B AR 0 2 (B2 ng C/mL);

WA 2R (T BN A 20 (6) 15 3 4 98 145 2 (g,
i dYMAINER), S5 R AR R 7R
IR B A A K

g:§X1 :gxlmax ><E/(kir +§) =FXImax /(kir +§) (8)
132 FMBRRKNBFRLR

6 T BR FH 88 1Y) £ £ % (grazing rate, G, IR
fir: dhHEH:
G,=In(p,/p.)/t, 9
pe PR BRP P A Y5 pe X IR AR
A AEY R ¢ FEFRN ],
T8 118 % (clearance rate, F, Fifii: mL/d)**:

Fo=G-xV/n, (10)
V(mL): 85K AR n: AbBEAL TR e
JER B
B % (ingestion rate, Ic, HL{7: ng C/d)>*:
Io=F.xP, (11)
P B EEOF Y A i (4 : ng C/mL);
X B2 A BB A 1 A K % (control, k., PRV
d™h:
) ke=kintrinsic =& > (12)
(i dhy: S AR ZE A FP S X e T AR I
B, hAXE)IHH A,
Ak BREH e )1 2% BE AR A (treatment, &, B
fii:d™:
ki =Kintrinsic = Ga — &' (13)
g(d"): ALERAIRE RAAFAERS, P WEXS h
SRR, HAXE@)ITHE S,
IR ALATZ(13)45 BB 2 ST Al B 5%
1) B R (FETT) %R (grazing rate, G,, Hifi: d™):
G, =k —k+g—g'=In(S,/S,)i+g—g', (14)
S, (*Afii: ng C/mL): AbHZ bl & S&BEa 4t
Yyhit; Se (A07: ng C/mL): Xt HRLL PRl SR &k
Wi
B IRV (TC, the rate of the trophic cascade)*”:
TC=g-g'=G, ~In(S,~S,)/t.  (15)
P EIEPEHE B (Feeding selectivity index, o) Mk
B b7 R A DR 1 A EEP AR B T 0~1,
M 0>0.5 Bf, RVEAZEMME, 4 o>0.5 B, &
BV B B B 4o i Origin 9.0 $UUA# i  A4
KA BERSPIE A4 Y RET Michaelis-Menten
iR, Fiitsririsid IBM SPSS Statistics 19.0 SEH.

2 R

21 BRFFHAEARERBRE

VR R PR SRR SR D, MR B
Az KA ) B A% AR ) A Ak 1 i g K
(B 1), 7EH Il 2B &R 250~750 ng C/mL 34
KERREK, MEBaTF%. @d8l4A Michaelis—
Menten J7 2 £=0.52(S - S")/(146.74+S - S") , #f H ¥
R R A KR () M 0.52 7!, KR H R ke B,
AR RN e A= M) 5 A 146.7 ng C/mL,

M R R S T S R R g A
A TEARDG(P < 0.000 1), HilEAREARAEY AT
BEERBAER, mA Y B PRI R (A 2),
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F+ﬁ

1=0.52x(S-S")/(146.74+S-S")
R=0.80
P<0.000 1

+
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e S A AR Ak (S-S (ng C/mL)

BT B SR A KR, a7 S TR AR R i AR AL

(ng C/mL)ZIAMSCHR, MZACRIE 1K Ty Rl

28, 1RSI A: KA Yy A A AR v O 22
Specific growth rate (u, d™') of Gymnodinium sp.
feeding on Skeletonema costatum as a function of
change in prey biomass (ng C/mL); the curve repre-
sents the fitting curve of the Michaelis—Menten equa-
tion, whereas the error bars represent the standard
deviations of growth rate and biomass change

Fig. 1
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R B 24 P S/ (ng C/mL)

B 2 HHEENBERMNg C/d)5TIE&E LY R

(ng C/mL)RYCHR, HIZACERIUE A K [CIT REHT 2,

1R 221 I3 SR SR B A1 2 A ) 8 s v s 2
Ingestion rates (ng C/d) of Gymnodinium sp. on Ske-
letonema costatum as a function of prey mean con-
centration (ng C/mL); the curve represents the fitting
curve of the Michaelis—Menten equation, whereas
the error bars represent the standard deviations of
ingestion rate and mean concentration

Fig. 2

WA Michaelis-Menten J7F2 1=1.4xS/(316.4+5),
A5 21 B X P A B Y B KRR () M
1.4 ng C/d, BHIMAEYHN 316.4 ng C/mL. MIHH
F PP R RA AR g =Px1.4/(3164+5),
R T TR IS 2 2 5% 35 S 56 AR 5% 8 75 G 8 42 i
TR

22 REGBKENFERFBRLE

Ml AR R B AR i 93.19 ng C/mL I,
XU 5 K 280 BR 1 T I8 2 e K 41.53 mL/d,
(7] B T o fily i 2% E 0 TR B R AL R B K 26.90 mL/d;
7E P A Ak e i AR E N, WU 5 R K R R R
A ) B SRR DT IR R AT S B T R (8] 3) . Bk
7K 2R A FH S5 A T 10 R 0 3 TS e B B AR T
UER (M FEAS ¢ K555, P<0.001, df=4).

Bifi 5 v B SR AR W AR I, XU 2 R K SR
TR SRR R F8(479.22~4 511.61 ng C/d)iZE Wi,
TEF B 2B P A Wy i = 707.04 ng C/mL (4b
A EYF, B R0k B d KA o WUE 97 K 3 % B
A RN T 682.78 ~ 772.00 ng C/d, S5
IS BEAR @ 5 AEdh & SR 80 B A W & o
93.19 ng C/mL(ZbF 4] C)Rl, HEFKHE KM N
772.00 ng C/d(& 4).
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AT e A

~
S
T
—a—

+

g
o
——

3
[
»—.—:

MYl /K S 0T I8 R/ (mL/d)
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t
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M AR (DR ) BT DR, R 22 MR 23 USRI Uk
RN 249 2 Wy B o e g 22

Fig. 3 Clearance rate (mL/d) of Acartia bifilosa on Gym-

nodinium sp (square) and Skeletonema costatum

(circle) in different mean concentrations of Skele-

tonema costatum; the error bars represent the stan-

dard deviations of the clearance rate and mean con-
centration

2.3 REGEHEKEFNELSEFNR

RAE R A R B BB, B ik K &
Xof R Y S8 114 40 £ B 8 5O T X b i AR I R R
Fe s, HEUEAKT 0.5, F W4 o B e i)
PRl M7E R A= AL B4 (C . D Ml E), WEYj
7K 25 o) T A O Y A R B 4 £8(0.76~0.85) P
KT 0.5, XHEH SRR EURIL, R
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K4 TR AR B2 XG4 fl K 5 0 R P 3 R ) A ep il

FE(LLEO)MBRE R, REBAR AR 2
Ingestion rate (in ng C/d) of Acartia bifilosa in dif-
ferent treatments. Black bars are ingestion rates for
Gymnodinium sp, red bars are ingestion rates for
Skeletonema costatum; the error bar represents the
standard deviation

Fig. 4

IR A

A B C D E
R B AR A i A PR AL

Bl 5 AR AR K O SR )RR B %
B R, R IRE R2

Fig. 5 Feeding selectivity index (a) of Acartia bifilosa in
different treatments; black bars indicate the indexes
for Gymnodinium sp, whereas red bars are indexes
for Skeletonema costatum; the error bar represents
the standard deviation

24 THRBBEHK

TE B W BE DUE 97 R K -4 - BB AR
BRGwmSRES, AR PIEAEEYETE
FEPIREON (TC)# R IEME, /T 0.018~0.12 d', il
FF T B A% A0 I A R AR N, B SR B B R
REAR, 7Y A n b/ NE 6). MEYiEK
OB AR B B TR (G Uk R

R, THEAT—0.75~-0.10 d', 4aXHE#R s T8 4%
WO, I Horb i B SR B AR AR Y i A ) B AR AT
TR XHE = T AR A B

In(S/S.)/t FRFEB MW EYikK &5, FIE %
20 i A X A S RO B, S Rl 0,70~
—0.07 d', JEE IR IE AU AL 2 il 2K 2 K
B 4% 0 T B R T RN B R A A
W E iR E G, HERETHE RTER
PN, T B LR AN S ISR 25 B K 25 B
B AR A B R BN R TR . P B AR AR
Py 1 A B2 0 6 B AR ) 8 A SR K, TE R AR )
S, ZXHEN/NMELT 00 R AR LR BT
T 55 R 20 i A 9 1 e o o, D Ok (e, B
P B % 1 A W R AR A SR AR LAY (B 6), BRI
WEL K FX T B AN EERE R ke T
HRD AT R A W AR A

021
0.0k ‘ '— ................... W] I
02} > "
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® -04f
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—0.6F B B FRBIRALN (TC)
] ® HIHHAII K (G,)
ol ° > B AT R, [(InS/S,)/1)
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P AN YA iR (ng C/mL)

Kl o6 ARG HRK &0 P B AR R R TR
(G B FRGIAR (TCYRI [l B 2% B 40 A 4
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Fig. 6 Direct grazing mortality (G,) on Skeletonema co-

statum by Acartia bifilosa, rate of trophic cascades

(TC) and [In(S,/S.)/t] of Skeletonema costatum, as a
function of mean diatom concentration (ng C/mL)

3 Wik
30 BREENGFELAFN

TERRH AR P B AR R S b, R IR
B2 AR AE T, R 3 A 5 R B B AR
S A YRR IS Michaelis-Menten J5#EAIIL&
JEEE (A 2, R*=0.94, P<0.000 1), it A nks 2
B IRAYEER

Marine Sciences / Vol. 44, No. 5 /2020 127



e IRkE REPOATS

KR 25 Al 7K 35 % v B 2% 1) 5 £ TR R R R
P25 A i S R A K (RP=0.8, P<0.000 1),
777 A4 Y 94 - 25 £ 9 o LT 0 e K 2 A B B AR
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1o, AE 7R K 2 % v R A% T A e P A

Xof I R T T 30T S s T 5 0 P A ) SRR
ARSI U 04 WA I A 0 i A L ) v R A A
it = B K T4 ZE I R ARAE O, R 2 TR sh B
() FEAS B 75 5K o B A BRAL (1) X6 2l /K 25 % 4R s

AP SRR EEEZE T ERT A A3, v
DLVE SR 97 K & B R E R B AT . A
YRR E, R BEAE DR Z K S PR A Y
R BIERUE R T T k7S MR (docosahe-
xaenoic acid, DHA), AHHASF B KA B2 ESR
WrEP, K B SRR ST RS, S Al
FA 88 (R AR A7 e B, 8 2 2 T ) TR PR e 250 7
I SRERIAEY RS, BIEYAYEAT R
AT, BEH SRR AR 25 K SR LT 2 1 5
KU, 3K X Gy K A PR S A T A S A
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Fig. 7 Change in feeding selectivity index of Acartia bifilosa with prey Skeletonema costatum (a) and Gymnodinium sp. (b)

mean biomass
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Fig. 8 Correlation between the rate of trophic cascades and

ingestion rate on the grazing rates of Gymnodinium
sp. by Skeletonema costatum
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PR I v 00 e A e AR P e 1 T JEE B A R B,
T OB IR BRI R

BE R0 5 T B B A% 0 X B0 R [In(S,/S.)/¢] B
T3R5 il 7K o5 9 5 A B (RO ) R 7 K
BN (IE RN, ) PG 25 18~ o ASBIE 5 H ) [In(S/Se)/ 1) 5
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Abstract: Trophic cascading occurs during the release of the grazing pressure on phytoplankton from microzoo-
plankton owing to the grazing of mesozooplankton on microzooplankton. This may result in an increase in the
abundance of phytoplankton, thereby causing a decrease in ingestion, weakening the transmission of the top—down
control from mesozooplankton to phytoplankton in the pelagic foodweb. In this study, we simulated a food chain
involving Skeletonema costatum - Gymnodinium sp. - Acartia bifilosa under laboratory conditions to quantify the
trophic cascade effect and feeding impact on phytoplankton. The results showed that Acartia bifilosa fed selectively
on the Gymnodinium sp. under low Skeletonema costatum biomass; in contrast, Skeletonema costatum had its feed-
ing under high diatom biomass. There was a positive effect on the trophic cascades (within the range of 0.018~
0.12 d") in the trophic transmission. The strength of the trophic cascade had a significant positive correlation on the
grazing rate of Gymnodinium sp. on diatom and feeding selectivity index of Acartia bifilosa on dinoflagellate. The
direct grazing mortality on Skeletonema costatum by Acartia bifilosa was higher than the positive effect of trophic
cascades; this in turn lead to the decrease in Skeletonema costatum biomass. Therefore, the influence of the trophic

cascade effect was weaker than that of direct feeding on phytoplankton by mesozooplankton.
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