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1.1

(Daday, 1887,
(Entz, 1909),
(Campbell, 1926, 1927)

Blackbourn, 1974),

(Beers et al, 1967)
, Blackbourn(1974) ,

Gold(1968)
Tintinnopsis sp.,

Rhodomonas lens, Isochrysis

galbana, Platymonas tetrathele, Saccharomyces
cerevisiae Diaphanoeca
grandis ,
, Tintinnopsis sp.
, Stoecker(1984)
Favella sp.
1.2
Gold(1968, 1969, 1973)
(phytoflagellates),

E

(Gold, 1969; Johansen, 1976; Capriulo

et al, 1980; Stoecker et al, 1981; Stoecker et al, 1985;
Verity et al, 1986)

1.2.1
Blackbourn(1974)

Favella serrata
Johansen (1976)

Jonsson(1986)
Strombidium ,
(1980)
( ) ,
(Thalassiosira
Gifford(1981)
(B-chitin threads)
(1986) ,

Capriulo

Chaetoceros)

Thalassiosira weissflogii

Verity

Tintinnopsis acuminata T vasculum,

, T
vasculum
1.2.2
Gold(1969)
Stoecker (1981) ,
Favella campanula  F. ehrenbergii
Stoecker  (1981)
F. ehrenbergii
, Gonyaulax tamarensis G. polyedra

Heterocapsa sp. F. ehrenbergii ;
Prorocentrum mariaelebouriae , F.
ehrenbergii s ;
Amphidinium carterae

>

F. ehrenbergii
Heterocapsa triquetra
Favella taraikaensis (Kamiyama et al, 2005)
1.2.3
Jonsson(1986)
Strombidium vestitum S. reticulatum

Lohmanniella spiralis

>

Modigh  (2003)

nano , Modigh (2003)
nano 5

nano s ,

1.2.4
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Coccoid cyanobacteria
(Klaveness, 1984; Skogstad et al, 1987) Verity
(1986)
(Tintinnopsis acuminate, T. vasculum)

> B

>

Sherr (1986)

Perez  (1996) ,
Bernard

(Bay of Villefranche)

s Rhabdonella

spiralis ,

(1993)

Salpingella

acuminata Pitta  (2001)

14 094
0.28
1.3

Gold(1969)
Favella campanula Glenodinium
foliaceum
1: 14), , ¢

1 h, e,

Peridinium trochoideum (
NaHCO3,

(Verity et al, 1986)
Gold(1969)

tubulosa e

Tintinnopsis

, 240 min

10 min

[17
ingestion rate, cells/(grazer h)] (F, clearance
rate, uL/(grazer h)]

( ; C )

>

, Frost(1972)

>

(Spittler, 1973;
(Spittler, 1973)
(Jonsson, 1986),

(Spittler, 1973)
Kivi et al, 1995)

B

(FLA) (FLB)( 1)
Spittler(1973) ,
2 pm 5
, 2 um
( 3—60 pum) ( 2—
8 um)
(Bernard et al, 1990)
, Fenchel (1988)
600 pm/s,
1200 pum?, 2.59 uL/
(ciliate h)
3
; ( 2 (
3) ( 4 (3
( 6
3.1

, 0.15—4.50 cells/
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Tab.1 Ciliates grazing on different food particles (by observing the food particles in ciliate food vacuoles)

F 1
Tintinnopsis tubulosa 0.8 — Spittler (1973)
T. Parvula 1.7M —
T. fimbriata 8.5M —
Leprotintinnus bottnicus 0.5M —
Lohmanniella spiralis 1.11—19.1 ym 0—26 —
Strombidium reticulatum 1.11—9.7 um 0—3.1 — Jonsson (1986)
Strombidium vestitum 1.11-9.7 um 0—0.52 —
Helicostomella subulata ISH ( 0.3—0.8 um) 0.042M — Hollibaugh et al (1980)
Beads L7 — Fenchel et al (1988)
0.012—0.083 —
Laboea 0.5 um 0.021—0.042 — James et al (1996)
Tintinnopsis 0.107™ —
Strombidium, Strobilidium _ 734 .
0.5 um Ichinotsuka et al (2006)
— 14—50
1.09 um 1.5 — Hall et al (1993)

[F, uL/(ciliate h)], [, cells/(ciliate h)] ™

K2 AEHREBEEFERBEEEF, pL/(ciliate h)|FIIE R Z (I, cells/(ciliate h)]

Tab.2 Clearance rates [F, uL/(ciliate h)] and ingestion rates [/, cells/(ciliate h)] of ciliates grazing on ciliates

F 1
Favella panamensis Tintinnopsis tubulosa 52.13—129.86 — Robertson (1983)
Favella sp. Balanion sp. 12.2—15.0 0.2—0.3 Stoecker et al (1985)
Mesodinium pulex Metanophrys sp. — 0.15—0.32 Dolan et al (1991)
Euplotes vannus Cyclidium sp. — 34
Pleuronema sp. — 4.5

E. woodruffi

(ciliate h), 12.20—129.86 pL/(ciliate
h) )
0.10—500 cells/(ciliate h),
0.3—110 pL/(ciliate h)
0.095—51 cells/(ciliate h),
0.02—17.4 pL/(ciliate h)

>

>

0.13—0.41 cells/(ciliate h);
18—920 cells/(ciliate h)

, 44—515 nL/(ciliate h)
( ) ;
Sherr
(1987) (monodispersed,

fluorescently labeled bacteria, FLB),

>

5-(4,6-dichlorotriazin-2-yl) aminofluorescein,

DTAF FLB ,
FLB ,
, FLB
3.2—630 cells/(ciliate h), < 1—213000
nL/(ciliate h) Lessard (1985)
[213000 nL/(ciliate h)]
, Rivier  (1985)

Strombidium sulcatum, 602 —
73100 nL/(ciliate h), (4.3—237.6)x10° cells/
(ciliate h), ,
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R5 AERBEAVBIKEMRZIKEFIRE(F, nL/(ciliate h)|FIF R F (I, cells/(ciliate h)]
Tab.5 Clearance rates [F, nL/(ciliate h)], ingestion rate [/, cells/(ciliate h)] of ciliate grazing on Synechococcus and Prochlorococcus

F 1

Strombidium sulcatum 515 96 Christaki et al (1999)

Uronema sp. 148.2 31

Strombidium sulcatum 45.3 20.0

Uronema sp. 44 18

Strombidium sulcatum 80—130" — Christaki et al (1998)

Eutintinnis sp. 219 920 Apple et al (2011)
— 0.41 Pitta et al (2001)
— 0.13

3
£ 6 HEHFRMEAFREF, nL/(ciliate h)|FIIE R ZE[1, cells/(ciliate h)]
Tab.6 Clearance rates [F, nL/(ciliate h)] and ingestion rates [/, cells/(ciliate h)] of ciliate grazing on bacteria
F 1
Strombidium sulcatum 602—73100  (4.3—237.6)x10° Rivier et al (1985)
Scuticociliates FLB 140 — Sherr et al (1987)
Oligotrichs FLB 260 —
Strombidium sulcatum FLB 40 — Christaki et al (1998)
FLB 0—213000 — Lessard et al (1985)
E. coli,FLB  54—406 — Gonzalez et al (1990)
FLB 138—168 — Sherr et al (1989a)
naked choreotrichous ciliates FLB 14—308 6—630 Sherr et al (1989b)
FLB 29—163 3.2—19.6 Epstein et al (1992)
zr[rllzl)lezhoreotrichs gig 53;275 : James et al (1996)
FLB 5.4—211 19—473 Seong ef al (2006)
g 3 FLB:
3.2 50 um 5% pico ,95%
, nano Pitta  (2001) nano
( pico
) ( ) Jonsson (1986) (fluorescent
3.2.1 R latex beads),
R ( 1.11 2.11 2.87 49 57 64 7.9 9.7
, 144 19.1 pm) ,
Rassoulzadegan  (1988) Lohmanniella spiralis Strombidium reticulatum  S.
vestitum 2.11—14.4 1.11—6.4
30 pm 72%  pico 1.11—6.4 um Lohmanniella spiralis
(0.2—2 um), 28% nano (2—20 pm); 30—50 pm 2 pm, 4 um;
30% pico , 70% nano ; Strombidium reticulatum,
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1.2um 44 pum S reticulatum  S. vestitum 59%  78%
1.1 pm , , Verity  (1986)
(Jonsson, 1986) 50%, Capriulo(1982)
2 pum (Fenchel, 1980a; 1980b; Jonsson,
1986), 2 um Kamiyama  (2001)
2 um
Jonsson (1986)
1.01—19.2 pm
12°C , ( 7) Kivi (1995)
1.4—40 pm ,
40% Spittler(1973) 3—60 pm
80 mg/L , Rychert(2008) (1.25—10 pm)
, Balanion comatum Strombidium sp.
1.25—7.5pum 1.25—5 pum Bernard
41.2%—45% Heinbokel(1978b) (1990) (0.6—11.9 pm),
43% FLB 9
Stenosemella ventricosa 30 pm, Strombidium sulcatum s S. sulcatum
1.3—33 pum , 3—12 ym 0.6—6.6 pum, 2.5 pm
(Rassoulzadegan et al, 1981) Gifford(1985) R
Strombidium spp. Rassoulzadegan(1978)
s s Kamiyama Favella ehrenbergii,
(2001) Favella ehrenbergii F s F. ehrenbergii
taraikaensis 4—30 pm
x71 TREMEAEHAFRIELARIZERRREERHRIE
Tab.7 Size ranges of ingested particles for different ciliate species and the most suitable particle sizes
(um) (um)
Lohmanniella oviformis 1.4—11.2 5.6 Kivi et al (1995)
Strobilidium sp. 40 pm 1.4—26.6 9.8
Strobilidium spiralis 1.4—16.8 5.6
Strombidium sp. 20 pm 1.4—5.6 2.8
Strombidium spp. 25 pm 1498 5.6
Strombidium conicum 2.8—25.2 4.2
Tintinnidium fluviatile 1484 42
Tintinnopsis beroidea 1.4—8.4 42
Tintinnopsis lobiancoi 2.8—23.8 5.6
Balanion comatum 1.25—7.5 — Rychert (2008)
Strombidium sp. 1.25—s5 —
Strombidium sulcatum 0.6—6.6 2.5 Bernard ef al (1990)
Favella ehrenbergii 4—30 — Rassoulzadegan (1978)
Capriulo(1982) (0.21 pm , 0.51 pm ,
Fenchel (1988) 0.8 um , 1.1 um ,2.83 um



284 47
, 0.51 pm 0.13—0.15h™" Rose (2013)
2.83 um 5%, 0.21 pm Strombidium sp. 0.0510—
Bernard (1990) s 0.187 h' Kamiyama (2005) Favella
0.49x107° ( ) 30 um taraikaensis 3.5d°
174.3 pm*/h, Nannochloris
3125.3 um’/h, 1 4
3.2.2 (quality) 4.1
«C ) ; ;
Christaki  (1998) Dolan  (2003) 5 )
(plain fluorescent microsphere, pMS) )
(carboxylate microsphere, cMS)
, Strombidium sulcatum Favella azorica
, Heterocapsa triquetra , 300—400
cells/'mL 18.2 uL/(ciliate h),
Chen (2010) Nannochloropsis sp. ) )
Isochrysis galbana 6000—7000 cells/mL 0.9 pL/(ciliate h);
( ) , F. azorica H. circularisquama
(equivalent spherical diameter, ESD) C N , 300—400 cells/mL
, Chen (2010) 27.5 pL/(ciliate h), ,
, 6000—7000 cells/mL
Nannochloropsis sp. , L galbana 4.1 pL/(ciliate h), 10* cells/mL
, (Kamiyama, 1997) Verity(1985)
(Tintinnopsis)
33 , 80pgC/L ,
) ) , 400—500
(specific ingestion rate) pngC/L Amphorides
(Rose et quadrilineata (Isochrysis galbana)
al, 2013) (volume-specific clearance 100 ugC/L ,
rate) 600 pgC/L (Jakobsen et al, 2001)
(Christaki et al, 1998) Kamiyama (2005) Favella
taraikaensis Alexandrium
[(0.06—52)x10* h'']  Strombidium sulcatum tamarense ,  A. tamarense

(0.06—1.2)x10* h'

(Christaki et al, 1998)  Chrisataki (1999)
Strombidium sulcatum Prochlrococcus

(0.29—0.34)x10* h ', Synechococcus

(3.29—3.64)x10* h™'  Chen
(2010) Strobilidium sp. 1. Galbana
52x10*h ™, Nannochloropsis sp.
18x10* h™!

Verity(1991) Strombidium

100 cells/'mL , F. taraikaensis
Western Hiroshima Bay,
( Heterocapsa circularisquama) (
3950 cells/mL),
Favella
Amphorellopsis, Heterocapsa circularisquama
260 cells/mL 1170 cells/mL R

Tontonia , Tintinnopsis

Tontonia Eutintinnus  Tintinnopsis

Favella
Amphorellopsis

Heterocapsa circularisquama 100 cells/mL
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5%—75%,
2000 cells/mL R
1%—3% (Kamiyama et al, 2005) Rassoulzadegan
(1981) Stenosemella ventricosa
24 h
, S. ventricosa 2.3 cells/mL,
S S. ventricosa
s 4x10° um® (wet vol food)/
(ciliate d) 20 30
4.6x10* pm® (wet vol food)/(ciliate d),
66% 43%
Strobilidium sp. Isochrysis
galbana

ngCL

Nannochloropsis sp. 1000
Nannochloropsis sp.
500 pgC/L ,
, 2000 pgC/L (Chen et al,
2010) Banse(1982) ,

, Verity(1985)
(Tintinnopsis)
(10—700 pgC/L)
4.2
Rassoulzadegan(1982) 15—26 °C ,
Verity(1985)
(Tintinnopsis)
) , 15°C
5°C 1.5—1.7
5—2.9  Aeclion (1985) Favella sp.
8—12°C , 12—16°C ,
16—19°C ,21°C
Stoecker (1982)
80—800 cells/mL s
8—20°C ,
Capriulo(1982) 7

Favella sp. R

4.3

, )
, Christaki  (1998)
Strombidium sulcatum
Taniguchi
(1985) 45 min ,
Rassoulzadegan  (1981)
, Favella
ehrenbergii
4.4
Rassoulzadegan(1978)
Favella ehrenbergii R
Stoecker  (1982)
Favella sp. ,
Strom(2001)
2—7
Chen (1999) FLA Lohmanniella sp.,
, 0.4 FLA/(ciliate min), 115
uE/(m? s) , 0.07 FLA/(ciliate min),
Heinbokel(1978a)
Blackbourn(1974)
Tintinnopsis parvala T.
cylindrica Paviova lutheri,
4.5
Helicostomella sp. 10 s
0.42 Favella sp.

(Shimeta et al, 1995) ,

Strombidium sulcatum

5
(assimilation)
(egestion)
5.1
Rassoulzadegan(1978) Favella
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ehrenbergii 70%
Heinbokel(1978a)
240%, Rassoulzadegan (13.7 min—24 h)
(1981) Stennosomella ventricosa s
43% >
5.2
Stoecker(1984) Heterocapsa triquetra
Favell Aelion C M, Chisholm S W, 1985. Effect of temperature on
aveila sp., ’ growth and ingestion rates of Favella sp. Journal of
4 S Plankton Research, 7(6): 821—830
19x32 um C N 21% Apple J K, Strom S L, Palenik B ez al, 2011. Variability in protist
H grazing and growth on different marine Synechococcus
8%, C:N 26, (C:N=9.1) isolates. Applied and Environmental Microbiology, 77(9):
21%—22% 3074—3084
’ Azam F, Fenchel T, Field J G et al, 1983. The ecological role of
Favella 5 water-column microbes in the Sea. Marine Ecology Progress
78%—79% Rassoulzadegan(1978) Series, 10: 257—263
. o Banse K, 1982. Cell volumes, maximal growth rates of
Favella ehrenbergii 67% unicellular algae and ciliates, and the role of ciliates in the
53 marine pelagial. Limnology and Oceanography, 27(6):
1059—1071
Bernard (1990)

Strombidium sulcatum S. sulcatum
2.5 um
[(13.7+£2.2) min] FLB,

Emiliania huxleyi

Nannochloris sp.
Synechococcus sp.,

Isochrysis galbana

(20.1£3.1), (23.1+6.0), (21.4£2.6) (20.1%
3.7) min Dolan  (1997) [ ,
(Isochrysis galbana)]
Strombidium sulcatum
75min
Rassoulzadegan  (1988) 2 h
Favella 50 pm ,
0.22 pm ,
) 12 h ,
24 h Kopylov  (1987)
1 h (60£10 min)
6
[0.1—920 cells/(ciliate h)]
[0—110 pL/(ciliate h)] ,

Beers J R, Stewart G L, 1967. Micro-zooplankton in the euphotic
zone at five locations across the California current. Journal
of the Fisheries Research Board of Canada, 24(10):
2053—2068

Bernard C, Rassoulzadegan F, 1990. Bacteria or microflagellates
as a major food source for marine ciliates: possible
implications for the microzooplankton. Marine Ecology
Progress Series, 64: 147—155

Bernard C, Rassoulzadegan F, 1993. The role of picoplankton
(cyanobacteria and plastidic picoflagellates) in the diet of
tintinnids. Journal of Plankton Research, 15(4): 361—373

Blackbourn D J, 1974. The feeding biology of tintinnid Protozoa
and some other inshore microzooplankton. Canada: PhD
Thesis, University of British Columbia

Campbell A S, 1926. The Cytology of Tintinnopsis nucula (FOL)
Laackmann with an Account of Its Neuromotor Apparatus,
Division, and a New Intranuclear Parasite. Berkeley, Calif:
University of California Press, 179—236
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zooplankton on natural food. Marine Biology, 71(1): 73—86

Capriulo G M, Carpenter E J, 1980. Grazing by 35 to 202 um
micro-zooplankton in Long Island Sound. Marine Biology,
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Chen B Z, Liu H B, Lau M T S, 2010. Grazing and growth
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MARINE PLANKTONIC CILIATES GRAZING: A REVIEW

ZHANG Wu-Chang"? ~ CHEN Xue"?*?, LI Hai-Bo"*?, WANG Chao-Feng"?*? ~LIANG Chen"*?,
ZHANG Shan"?, XIAO Tian"?

(1. Key Laboratory of Marine Ecology and Environmental Sciences, Institute of Oceanology, Chinese Academy of Sciences, Qingdao
266071, China; 2. Laboratory of Marine Ecology and Environmental Science, Qingdao National Laboratory for Marine Science and
Technology, Qingdao 266071, China; 3. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Marine planktonic ciliates are important components of microbial food web. They are the key link between
microbial food web and classical food chain. Research on planktonic ciliates grazing is important to understand the role of
planktonic ciliates on material cycling and energy flow in marine planktonic ecosystem. Food composition and ingestion
intensity, including ingestion rate and clearance rate, food selectivity, the influencing factor of ingestion, assimilation and
egestion after ingestion are the main research contents. Two methods were used to investigate food composition: the first
one is to observe the food particles in ciliate food vacuoles, and the second one is to observe the growth of ciliates cultured
in different foods. In laboratory, the batch culture feeding experiments and the method of detecting the increase of food
particle inside the ciliates cells were used to measure ingestion rate and clearance of ciliates. Volume-specific clearance
rate and specific ingestion rate were used to compare the ingestion rate and clearance rate of different ciliates. Ciliates can
graze smaller ciliates, diatoms, dinoflagellates, nanoflagellates, Synechococcus, Prochlorococcus and bacteria. Ingestion
rate of ciliates ranged from 0.1 to 920 cells/(ciliate h), and clearance rate ranged from 0 to 110 pL/(ciliate h). Ciliates show
food selectivity according to food size and chemical quality. Food concentration, temperature, light and disturbance and the
growth phase of ciliates itself can influence the ingestion rate of ciliates. The assimilation rate (67%—79%) and egestion
time (13.7 min—24 h) were different when different ciliates and food were concerned.

Key words planktonic ciliates; food composition; ingestion rate; clearance rate; assimilation rate



