Korean J. Limnol. 39 (3) : 378~389(2006)

Zeash 79k

2

14wl 2lole} A Eel

Temporal and Spatial Distribution of Biomass and Cell Size of Bacteria and Protozoa in Lake
Paldang and Kyungan Stream. Son, Ju-Youn, Soon-Jin Hwang*, Dong-Soo Kong?
(Department of Environmental Science, Konkuk University, Seoul 143-701, Korea; 'Han River
Environment Research Laboratory, National Institute of Environmental Research, Gyeonggi
476-823, Korea)

Seasonal changes of biomass and cell size of bacteria and protozoa, and factors
affecting their distribution in Lake Paldang and Kyungan Stream were analyzed
from April to December, 2005. Bacterial abundance at Paldang Dam and Kyungan
Stream was similar, but it did not much increase during hot summer period.
Protozoan carbon biomass was much greater at Kyungan Stream compared to
Paldang Dam. HNAN generally accounted for the majority of total protozoan
biomass, but ciliates made up the highest proportion in April and November at
Paldang Dam and June at both sites. PNAN showed low biomass at both sites, but it
was high during spring and fall season. Small-sized HNAN (3~ 7 pm) numerically
predominated the protozoan community at both sites. Average cell size of HNAN was
bigger at Kyungan Stream where nutrients concentration was much higher than
Paldang Dam. Average cell size of ciliates varied seasonally; it was relatively small
during the summer. HNAN biomass significantly correlated with Chl-a concentra-
tion and ciliates biomass at Paldang Dam, indicating that HNAN increase might link
to the ciliates increase. At Kyungan Stream, HNAN biomass showed a significant
relationship with PNAN biomass, and Chl-a concentration was closely related with
both of HNAN and PNAN biomass. Ciliate biomass showed significant relationship
with nutrient (TN, TP) and particulate matter (SS) only at Kyungan Stream. At both
sites, protozoan biomass was significantly correlated with bacterial biomass, and
ciliates were additionally related flagellates. High biomass of microbial components
and the close relationships among them suggest that the energy transfer through
the microbial loop may important in the plankton food web of Lake Paldang
ecosystem.
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A ¥t} (Kennedy and Walker, 1990). T2 x3) of ol A
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& W= ez RuEw 9o} (Fenchel, 1982; Sherr et
al., 1983; Andersen and Fenchel, 1985). 3+, A&

& F2 ueeelg 20, A 2715 we AR
Foz 3] AelAe BA&nT dix 38E 224
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Carrick and Fahnenstiel, 1989; Sherr and Sherr, 1994).
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Fig. 1. Map of sampling sites in Lake Paldang and Kyung-
an Stream.
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Al25 100v] 3]A3le # F A= @A~2mL)E
&l 0.2 um Black Nuclepore filter2 o] 3}3}od 1.75M2]
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¢} 2A3}A 5L Van Dorn 32272 dAbe] w222 )
8 & dad 250 mL Z2jedd AR AsE ¥
a1, Glutaraldehyde €98 ¢ 2 (FZ%% 0.5%) 114 3}
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34|42 = PNANE 200 fgC um~3 (Strathmann, 1967),
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Table 1. Distribution of values of environmental factors in Lake Paldang and Kyungan Stream (2005).
. Temp. EC. SS Chl-a NH5-N NO,-N TN SRP TP
Site  Month ") (us-em) (mg LY (g-LY (gL (LY (mgoLY (g-LY (ug-LY
Apr 15.0 120.0 8.6+0.6 54.9+47 19.8+0.0 38.0+04 42+0.1 3.3+0.0 61.7+12.1
May 185 136.0 40+0.0 14.2+0.8 88.7%5.0 27.7+02 22+0.0 2.1+0.8 34.84+29
paldang Jun 24.0 169.0 6.2+0.2 19.1+0.4 128.9+2.6 27.3+0.2 24+0.0 9.0+0.0 53.9+0.8
Dam Aug 263 112.0 3.2+0.0 148+04 27.4+0.0 18.2+0.0 3.5+0.1 23.4+0.0 63.0+0.8
Oct 18.8 125.0 9.2+0.8 13.7+2.2 73.3+04 13.3+0.0 3.4+01 51+15 40.5+0.0
Nov  14.7 132.0 8.6+0.6 23.9+1.0 0.1+0.0 11.4+0.2 29+01 19+0.8 23.8+25
Dec 3.0 141.0 8.6+06 55+0.3 37.9+0.0 19.5+0.2 3.1+00 58+1.6 25.4+0.8
Apr 15.0 220.0 18.8+0.4 121.2+9.2 376.8+156 52.3+1.0 5.8+00 9.5+0.0 162.8+6.1
May 19.8 292.0 148+0.0 64.4+0.7 721.2+19 167.0+17 4.2+01 80.0+3.9 2105+74
Kyungan Jun 23.2 1440 1325+15 47.6+2.0 947.3+26.0 88.4+04 45+0.1 71.8+3.8 320.7+7.9
Stream Aug 265 167.0 5.8+0.6 8.3+0.5 199.4+9.5 62.2+0.7 4.8+0.0 78.9+0.8 126.3+2.5
Oct 18.9 192.0 11.6+04  3.6+0.0 396.9+5.7 71.7+11 544+0.0 675+0.0 1355+1.7
Nov 129 227.0 13.6+0.0 85+0.3 378.2+13.3 136.5+1.1 5.4+0.2 1149+1.6 208.2+3.3
Dec 2.4 271.0 13.6+0.0 15.8+1.7 494.6=+2.1 458+0.3 6.4+0.1 96.2+4.7 155.7+1.6
ok Al7lel \ls) 10v) o] A vebddth Chl-ays 2 64.6 X 10° cell - mL™*, 73k el A= 6.1~43.3 % 10° cell

Aok A] 55~54.9mg - LY, BF 20.9mg - L7197,
Ao M 36~121.2mg - LY, JF 385mg - L=
Aol 2v] A= 27 vepwdeh AP edA] 449
= vl AlBZetSE ploom o2 <late] 71t =
TEE vella, 2 F A Atashs %S velloh
224 (TN)S xx= Fofdicle] 2.2~ 42mg-L‘1,
QbAoA 42~6.4mg - L1 el

LR Y Wshs T A v]gt FAE B9A|
Tt (P=0.886, ANOVA) 6¥ol| = Akl A, 119ell &= 2
FRigkell A A el (Table 2).
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9 Aaxd 93 Aoz FoE ot 21 (TP)Y
-L% 2F 4339 -
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su o]} ¥ vehgeh Fle F
7o) 69 Fl FE
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Pond¢} B]4=38F ¥ 2]t} (Nakano and Kawabata, 2000).
ol FF3E FUHE F71ES Skl o8 HAH e
2 2 el dEg Hel Zlez gpuEldh Al &
(2001)9] AFeM = FFse} ZbHe] wielE]el U=
7F 10 A Aol wls) 2,10 F7HE S Hed st
g wiEs 5o Hegddde] AFse WA=

A& vt el

3408 oJoftAle] wE sHFH <l wtelE]ele] RExE
B wedekse A 0.5x10°~3.4%x10° cells - mL™0]
™ FooksolA] 4.5x10°~14.0 X 10° cells - mL™?, ¥-o]
SseAE 2.2Xx105~1.2%x 107 cells - mL™to] T}
(Rheinheimer, 1985). o|8]3 7|Fo=2 & u] Iv}s9}
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Table 2. Abundance (cell -

mL™1) and biomass (ugC - L™1) of bacteria and protozoa

in Lake Paldang and Kyngan Stream

(2005).
Abundance Biomass
Month Bac. Protozoa Bac. Protozoa
(% 10° PNAN HNAN Ciliate Total (x10°% PNAN HNAN Ciliate Total
Paldang Dam
Apr. 28407 0+0 6,330+688 156+9  6,486+697 37.3+0.1  0+0.0 55+6.6 18+3.3 73499
May  6.5+0.3 0+0 502+120 6+0 5094120 86.1+13.8 0+0.0 12+41  1+00 12+41
Jun.  17.2+0.2 0+0 1,168+13 35+4 1,203+8 227.1+116 0+£0.0 26+08 4+01 30409
Aug. 24.8+10  102+8 5354212 4046 677+227 326.7+127 2404 9431 3414 14+49
Oct. 26.2+3.0 58+81  1,681+590 104+33  1,843+705 3459+39.8 3+37 304158 13+1.8 46+21.3
Nov. 64.6+7.5 2774346 2121+1,027 89+62 2,487+1,436  853.3+99.0 8+87 23+7.4 13+49 444211
Dec. 22.9+0.3 0+0 2,008+10 46+3  2,063+14 302.2+ 40 0+0.0 28+02 6+0.8 35+0.9
Kyungan Stream
Apr.  6.1+04 1,778+381 4,186+219 33+14  5997+175 81.0+ 0.8 23+50 14+122 3+1.2 169+6.0
May  7.9+0.8 0+0 505+125 64+8 569+133 104.7+£19.4 0+0.0 21+12 6+04 27408
Jun. 433425 0+0 2,335+135 320+90 2,655+45 570.94+56.1 0+0.0 64+146 43+1.8 107+12.9
Aug. 16.0+29 67+32  1,356+108 59+10  1,482+130 211.4+387 1+04 22449 2406 26+47
Oct. 38.3%16 30+18  1,522+180 72+78  1,624+277 506.0+20.9 1+0.8 33+20.7 8+86 41+30.0
Nov. 324+05  101+7 2,995+ 496 70+18  3,167+507 4279+ 6.0 3+00 524137 15428 70+16.5
Dec. 28.2+0.5 0+0 1,983+18 57+4  2,040+22 3722460 0400 52+13 7405 59+1.8
AL Fookst Ao AR fdEw, AAEE 2 ZpolE BolA| ¢kSket(Table 2).
Fz o] ReJepywel ko) el A 4N A YA L] F AEF F HNANo| 2hsigrel A
o7 Z=AF} (4l 5, 2001) 53~95%, 7ZtHe A 59~87%=E Z H|FS A
(Fig. 2). T2} A w3o] w27} 23k Bkl A
3. YAANE WEe} WEG 44,10~ 1193} 7ol M 6Uell= 10um o] 4ke] A=
FF7h AR 25~41%F AAskedch A A A
2717 B QAT Axr Boreleke A HNANS A A2 AEae] 50% o) 4 b7kt o)
509~6,486 cells - mL™'2 R xslgx, AdAAAE= 2 ARZ7F7F HNANS] AEeke) H])3)] =2 7oz H
569~5,997 cells - mL™'2 Rx3lgjon, 27zt HJF 1% 7= 3t} (Auer, 2004). AR ZEFE PNANo
2,180 cells - mL™, 2,505 cells - mL™ & Z}H|A =& HNANGo] v]s) cfH oz AA Jeh}xar Al ze) =77}
deg Bgoh GARE] = JEFES PALAA =) e AEFS ARG o WA Yehbl=
12~73pgC - L2 #E3}g]x, Aol e 26~160 vk webA AEEFe) ¥ QRS Ho|uhl o]

pugC - Ltz Bxslgjon, Z+7t 4 36ugC - L 71
ugC - L= koM 2 AEFE B (Table 2,
Fig. 2). =3t & X4 BF 549 FEZTHIES Zvl=
Qlgk H471e] ofdFoz YMMEo| FA3 Fagew
A 443} 59 d F FH, HAaE B B> AtE
o F43 W33 nyir) 8Y o] F Az} Zrlslel YW
2Fo] & JeR) e (P<0.001, n=14, ANOVA), 7gF ]
A AEEFel A Jehde AAE HolE el
(P=0.045, n=14, ANOVA). o]= HNANS| ZAz}s} 7o
Aoz AA YYYE ZA Z= HNANo] 50% o] At
< 2AAE7] Wil Aoz sl ubd, v e ofe}
PNAN 9 Ciliate®] Mo} HEF2 A HH, 4=z Z

[e]

5l &
2004).
AA APNE ZAFAN AT F A =
F2 10um °]ake] WA (HNAN)EZ FA =,
AYAE whiwge] HF 60% o]AkS 2R 7 7Y
A B 2715 TFASelA 4.5~6.3um, 7 oA
5.4~7.7um= ZeHAA MA L HF =77} 7
Aoz BAE ) (Fig. 3). Botso] v)a)] o FAle)7}
74Pl A A EL] AETFe] ¥, ME =77}
A Uehd AL 5429] oJokale]r} QA B2 A5
oz}t 7+ A Z7] FAel = kg A= o
FerE o} (Kuuppo, 1994).
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Fig. 2. Temporal change of abundance and biomass of protozoa in Lake Paldang and Kyungan Stream.
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Fig. 3. Temporal distribution of the spherical diameter of protozoa in Lake Paldang and Kyungan Stream.
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Fig. 4. Tmporal distribution of the spherical diameter of HNAN in Lake Paldang and Kyungan Stream.

1) PNAN

SRojopy AEF(PNAN)S] A2 PBFE 44
Zo}dote A= 0~277cells - mL™t, 0~8pgC - L, 74
QFH o A]= 0~1,778¢cells - mL™%, 0~23pugC - L12 =
AtE|olel. Zodiere James Bay (3~246 cells - mL™%;
Tadonleke et al., 2005)0]| 4] 2] ZA3}¢} v]=3 WS W
9331, 7AerA-e Sandusky Bay (20~1,330 cells - mL™;
Hwang and Heath, 1997)¢|A]2] ZA3}e} nv]&3F W=
Hook AEE PNANS| F2= 53} 7Feol 2 U=
o} AEFFE vehll, 53] I st 114, gt
Aol M= 40 2 AEFS eRth(Table 2).

I~

2) HNAN
Faodof WEF (HNAN)S] AEwst AEae 247
gl gkel| 4] 502~6,330cells - mL™*¢} 9~55ugC - LY,
obH e A= 505~ 4,186 cells - mL ¢} 21~143 pgC -
L2 vepyict (Table 2). A A7 Akl oJ3pH =]
A Ao A} HNANE 1~115,000cells - mL™12 44
ule} chekst Wx= Bz st} (Laybourn-Parry et al.,
1994; Christaki et al., 2001; Callieri et al., 2002; Zhao et
al., 2003). Zdwiekzt okl A HNANS &2 o

o, ﬂ-l&‘a

2 AglA zAE W gt ZgHe) g, 53
Chrzanowski and Simek (1993)2] <} (Lake Arling-
ton; 300~ 5,500 cells - mL™) Nakano et al. (1998)¢] <
7 (Lake Biwa; 400~ 7,370 cells - mL™Y)o]| ] 2] Fxoek
3 mE FAEdsolM e vsF e Btk HNANS-
gA 2 24 (3~4Y)] Hd WE=S Ho]3 (Nakano et
al., 1998; Zhao et al., 2003), 2-oJoF x| FX|o| A of 2o
Al EEaEe] Hdd o FA44 3o} (Simek et al,,
1997h). ¥ oA 4¥H HNANS| R Z= 4%o 71&
o Uxet eSS el 593 8l vlwH
Boloh AT HNANS] " wo] Ajel=
FA] 9kgkor}(P=0.864, ANOVA) 7t oA B} =2
eli ol (P<0.05, ANOVA).

A7l 2AHE HNANS] o 322 (>65%) Ras-
soulzadegan and Sheldon (1986), Carrick and Fahnen-
stiel (1989), Sherr and Sherr (1991) 28] Weisse
(1991)¢] AFAFANHY Z7)7h w$ Aokw
um), AA HNANS] A5 F 8um o]4Fe] AR F= I
FHFelA 4~53%, ZHPHA M= 28~73%F AFA] 5
o} (Fig. 4).

7 NAT B 271 Ul 43~6.2um, A

S

Z}o) 7 (3~ 7
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o

FA A 5.3~7.3um=E 7] Alze] =77} HA &
Z Aoz BHHEA(Fig. 4). o) Feddzel e 2.6~
4.6 ymB.t} (Nagata, 1988) =37, #}odoFs gl o] Fu-
ruike pondel|A4]¢] 2.5~6.3 um (Nakano and Kawabata,
2000), ¥-odeks oA 2] 3.3~6.9 um (Simek et al., 1997a)
S R T CEST-

HNANZ®| /A it 275 2 3o)A = NH-N3}
2> ARAEE 2931 (r=0.817, P<0.05), A RZF2
= (r=-0.804, P<0.05), 2 (r=—0.823, P<0.05)2}=
o RS Jehlle APl ME Chl-agh f-2]3
{AE debleh (r=0.811, P<0.05). =3k #-3 (4~59)
ot wtelelebsl & AL vhERT (r=0.965,
P<0.05), 7L o] %o NH,-N (r=0.747, P<0.05), TP
(r=0.666, P<0.05) 12|32 PNAN<®] ¥ =% (r=-0.640,
P<0.05)9} AE2F (r=-0.643, P<0.05)3} §-2]3t 4
= Yelle] AAE Ao]E Mgt} Weisse (1991)2
Constance3ol|A] HNANE] Alo]= Bxr7} BAH o] 3o
= top-down control24] ZAE I, B o]H == B =
Qtolli= o] o]lgx2xi AT ek & dTelA
Ao HNANS| A HF Z7|71 Htelg]ele] U=
2 A fo3 ATAE Heowa I8 w9
AE<Ql HtelE]ote] oJsFe] 9l5S AlAMEHH (Weisse,
1991).

3) Ciliate

HeFie dEas Azge 474 29
6~156 cells - mL™ ¢} 1~18pugC - L%, Z gk A
33~320cells - mL™1¢} 2~43pugC - L2 Yehyton
(Table 2), ] Hwang and Heath (1997)2] <+
(Sandusky Bay, 11~10%cells - mL )1} Biyu (2000)2]
&3 (Lake Houhu, 35cells - mL™) & Z¢dok 5 o] 4] 9]
Aol w3 HelE Bgley Logy Bay (Putland,
2000)¢] QFAFEEE Wl § & ghololeh B3] Ak
Ao A o]Feizl & 5 (2004)2] ZAF}ETE °F 30~60
ol AE e ke moleh ol BAbge) Afelo] o8
Aoz AR, = A7oln Aol o okzke] 3
WG] AR E AE) ol Qudos Hw
2 TEA 7heel AA A vehdbs whH, ALl
ZH7x] e "Arzs yehfin (Muller et al. 1991),
o] 2 SheME 2 FI o] Al ¢

i)
74
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Fig. 5. PCA (principal component analysis) of bacteria,
protozoa and environmental factor in (a) Lake
Paldang and (b) Kyungan Stream.

AT ALHel e Az =77t 23 sl AE =

717} #Ze HAm o] LA 3o} (£ 5, 2004; Beaver and

Crisman, 1982; Pace, 1982). ¥ A FdAM = ARZE7F9]

NADG Hd 2715 SFASelA] 10.1~13.1pm, 73t

AolA) 83~15.0pme] W2 ehon] T A wx
226l 4 e epieh

4. We|2)okst YANES] B2 JHL ML 2T
AREA o] Aol olahw Bl vE|Z] o} A

FHE NOyNS| 557} obdss Z7hshga (r=

0.813, P<0.05), o] PNAN®] AJEeke] Z7}(r=0.943,
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Table 3. Correlation coefficient between environmental factors and plankton biomass in Paldang Dam and Kyungan

Stream (n=7).

Site Biomass Temp. EC SS Chl-a NH;N NO,N TN SRP TP Bac. PNAN HNAN Ciliate
Bac. -0.106 0.363 0.297 -0.243 -0.464 0.813*-0.118 -0.053 -0.540
Paldang PNAN 0.020 0.145 0.281 -0.026 -0.536 -0.716 -0.010 -0.121 -0.427 0.943**
Dam HNAN -0.382 -0.720 0.732  0.765* -0.213 0.508 0.642 -0.459 0.208 -0.259 -0.174
Ciliate -0.274 -0.672 0.806* 0.706 -0.505 0.070 0.700 -0.425 0.049 0.200 0.351 0.836*
Bac. -0.049 0.204 0534 -0.610 0.320 -0.105 0.064 0.455 0.409
Kyungan PNAN  -0.119 -0.834* -0.151  0.802* -0.283 -0.317 0.363 -0.817* -0.185 -0.531
Stream HNAN  -0.257 -0.826* 0.150 0.774* -0.033 -0.402 0.444 -0.741 0.082 -0.256 0.921**
Ciliate 0.222 -0.044 0.958**-0.045 0.775* 0.129 -0.359 0.169 0.915** 0.694 -0.295 0.024

*P<0.05, **P<0.01
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Fig. 6. Relationship between bacteria, PNAN, HNAN and Ciliates in Paldang Dam ( ) and Kyungan Stream ( ).

P<0.01)9}= AF#kA o] =it} HNANS] AJE2-2 Chl-
as} AFA o] 9133 (r=0.765, P<0.05), HNANS] =7}
= SS% %= (r=0.806, P<0.05)¢} 37 AmZHe =2
A B2k (r=0.836, P<0.05)2.2 o]o]%]t} (Table 3, Figs.
5, 6).

74 A wte g ole] AEFE SAGELo tE
RAEEF Aol vepta] gk diAl 2 PNANS
Chl-a7} Z71gel wet 2 "WxE ®elv (Kuuppo,
1994). & AFelA = PNANS} Chl-a¥}e] A7} 73k
Ao A =2 AFAAS BT} (r=0.825, P<0.05). HNAN
o] AEHF =3k Chl-ag} AAAe] NI (r=0.774,
P<0.05), PNANS] A E2Fo] Z7}a4~= HNANS A&

Mu=20

Fx Z7lsl o) (r=0.921, P<0.01). AR Z59] AEF
© oe AREIe AR deidd e ss
(r=0.958, P<0.01), NH,-N (r=0.775, P<0.05), TP
(r=0.915, P<0.01) 59| AY4d ¥ 424 EAES} ¥
2 AHAS el El (Table 3, Figs. 5, 6).

% A 2Rl QAAEe] REE vt ol} 27
ol b Zbshle AFE Jehlol (Fig. 6) 7129 2
FAFe} fAFHAl Yebgel (McManus and Fuhrman,
1988; Sanders et al., 1992; Auer, 2004). ®=3F AR ZH=
Hhe|glo} ¥ ohzl PNANo|Y HNANS] A E3Fit=
> A7 ol o= el microbial loop Wel A
olZe] B 7% (4ARA)E AA1skelch (Sherr and
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Sherr, 1994; Hwang and Heath, 1997).

q 2

¥ A7 20059 4R 12U7kA] Fede)st Ak
oA ulelE]ote}l UANAE YEFH A =278 ALA
w3ste} ool oS wiA= QQlEel wisle] EA 3
o 24717} gt whe|2jofe) W wepl) kA
Al Z+7; 2.8~64.6 X106, 6.1~43.3x10%cells - mL™12A4]
T ARl W5 FEF BT, o] ¥ AFF
ol Z7teHA st AYNBe) FAELGE s
(12~73ugC - LYo B3] AeHH (26~169 ugC - L9
A B ggron, BT AEr = AN A o
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o AAAA 6ol AmEFRel ¥Fe] 7MY Ak
PNAN-> Ztef- oz w9 vh2 QETFS ®Wolovt #3t

7hesbels w2 vEbdeh HNANS 5 AAela =
% 3~7um 27]9] 2H& A Ee] $45A0k HNAN 3
SR EXRE LA DRI TR G R

S

2

14 v 2A debsteh 4 E—.%—«l Mz B4 271E
5 Fdel Aokt el A HNAN £ Chl-a
=oh A o] ldlen, =3 ARFRel e A
o] &7 Yeh} HNANS 7Pt AREFe) 2 AE
goz A% o= werwgich AkdelA PNANT}
HNANS Chl-a %59} %o Aat g% B9l 7, PNANS]
AEF] F7HE5S HNANS] AE= F7hekaoh A

wERe AEFE vE AERae JU%d (N, TP
AR BA(SS)F ¥ WAL Bt =3 F A

0

¢

RN QAAES] ARFe vtelelol At Uy
¢ WAE By ARFFE el ®ut ohel

el ABgvie WD WA e Aee et
o 2s AAel £ Q7 Anh medE micro
%3} ol% 7o) WA
Bors el EY=E vol ol mic
5 Helw Tlwol FagE A,

bial loop 74 29152 =2 A=
AR{AE
robial loopE-

75 20059 “gA A7 22ARMYE B

ol

ol 8 2 3

54 1002, B9 ST A7 el

FHIA AT % 2003. Fe}5o] zRuk) Hy)E FHAT
(11). NIER No. 2003-87-700.

A=A, A, 1990. TF5] AxpAYAL S5
179.

2| 23(3): 177-

247, 1998, BGRY5| NBEATE ZHe] AhH B4,
g-2x] 31(3): 225-234.

AEH, e, La]a g 2002, 2ofse) ds Al
$-4=7] 35(1): 10-20.

_,_L_,_ s]—l:tl_/'\_ 2004. yJ-\:]—_@—_ A SRR

2 sty A7 847 37(2): 149-

WA, A3 A, AAE o] dAl 2002, 4 3= (3)
T3 2R 5420029 3%
F3] p. 173-178.

whe 7, 443k 2003, 2o A7)t HEEGIE W F
o). =287 8}3)2] 19(6): 673-684.

AR 7], A w], sk=xl 274, 2001, 7ok = B solA] 2
A5 B2 2 Ze]. 842 34(2): 119-125.

A7), 25, 3423, 274, 2000, HPH ~Bekse] 3o
oFsle} =2l e 9 EA) 8-4%] 33(4): 387-394.

2], WA, orelA. 1997, £cFsellA] A E59) BE &
4] 30: 377-383.

2735 1996. 54 0 F A A Fuk.

Andersen, P. and H.M. Sorensen. 1986. Population dynam-
ics and trophic coupling in pelagic microorganisms in
eutrophic coastal waters. Mar. Ecol. Prog. Ser. 33: 99-
109.

Andersen, P. and T. Fenchel. 1985. Bacteriovory by micro-
heterotrophic flagellates in seawater samples. Limnol.
Oceanogr. 30: 198-202.

APHA-AWWA-WEF. 1995. Standard methods for the
examination of water and wastewater. 19th ed., APHA-
AWWA-WEF. Washington D.C. USA.

Auer, B., U. Elzer and H. Arndt. 2004. Comparison of
pelagic food webs in lakes along a trophic gradient and
with seasonal aspects: influence of resource and preda-
tion. J. Plankton Res. 26(6): 697-709.

Azam, F., T. Fenchel, J.G. Field, L.A. Meyer_riel and F.
Thingstad. 1983. The ecological role of water-column
microbes in the sea. Mar. Ecol. Prog. Ecol. 10: 257-263.

Beaver, J.R. and T.L. Crisman. 1982. The trophic response

o
2
&%
A
[
H




388 PEE

of ciliated protozoans in freshwater lakes. Limnol.
Oceanogr. 27: 246-253.

Berk, S.G., D.C. Brownlee, D.R. Heinle, H.J. Kling and
R.R. Colwell. 1977. Ciliates as a food source for marine
planktonic copepods. Microb. Ecol. 4: 27-40.

Biyu, S. 2000. A comparative study on planktonic ciliates
in two shallow mesotrophic lakes (China): species
composition, distribution and quantitative importance.
Hydrobiol. 427: 143-153.

Borsheim, K.Y. and G. Bratbak. 1987. Cell volume to
carbon conversion factors for a bacterivorous Monas sp.
enriched from seawater. Mar. Ecol. Prog. Ser. 36: 171-
175.

Callieri, C., S.M. Karjalainen and S. Passoni. 2002. Graz-
ing by ciliates and heterotrophic nanoflagellates on
picocyanobacteria in Lago Maggiore, Italy. J. Plankton
Res. 24(8): 785-796.

Caron, D.A. 1983. Technique for enumeration of het-
erotrophic and phototrophic nanoplankton, using epi-
fluorescent microscopy, and comparison with other
procedures. Appl. Environ. Microbiol. 46: 491-498.

Carrick, H.J. and Fahnenstiel, G.I. 1989. Biomass, size
structure and composition of phototrophic and het-
erotrophic nanoflagellate communities in Lakes Huron
and Michigan. Can J. Fish. Aquat. Sci. 46: 1922-1928.

Christaki, U., A. Giannakourou, F. Van Wambeke and G.
Gregori. 2001. Nanoflagellate predation on auto- and
heterotrophic picoplankton in the oligotrophic Medi-
terranean Sea. J. Plankton Res. 23: 1297-1310.

Chrost, R.J. 1990. Microbial extoenzymes in aquatic environ-
ments. p. 47-78. In: R.J. chrost (ed.). Aquatic Microbial
Ecology. Springer Verlag, New York.

Chrzanowski, T.H. and K. Simek. 1993. Bacterial growth
and losses due to bacterivory in a mesotrophic lake. J.
Plankton Res. 15: 771-785.

Ducklow, H. 1983. Production and fate of bacteria in the
oceans. Bioscience 33: 494-501.

Fenchel, T. 1982. Ecology of heterotrophic microflagellates.
IV. Quantitative occurrence and importance as bac-
terial consumers. Mar. Ecol. Prog. Ser. 9: 35-42.

Fukami K., B. Meier and J. Overbeck. 1991. Vertical and
temporal changes in bacterial production and its
consumption by heterotrophic nanoflagellates in a north
German eutrophic lake. Arch Hydrobiol. 122: 129-145.

Gasol, J.M. and D. Vaque. 1993. Lack of coupling between
heterotrophic nanoflagellates and bacteria: a general
phenomenon across aquatic systems. Limnol. Oceanogr.
38: 657-665.

Hwang, S.J. and R.T. Heath. 1997. Bacterial productivity

0H

ST
and protistan bacterivory in costal and offshore com-
munities of Lake Erie. Can. J. Fish. Aquat. Sci. 54:
788-799.

Kennedy, R.H. and W.W. Walker. 1990. Reservoir nutrient
dynamics. In: Thornton, K.W., B.L. Kimmel and F.E.
Payne, (eds.) Reservoir limnology: ecological perspec-
tives. John Wiley & Sons, Inc. New York, NY. pp. 109-
131.

Kuuppo, P. 1994. Annual in the abundance and size of
heterotrophic nanoflagellates on the SW coast of Fin-
land, the Baltic Sea. J. Plankton Res. 16(11): 1525-
1542.

Laws, E.A., D.G. Redalje, L.W. Haas, P.K. Beinfang and
R.W. Eppley. 1984. High phytoplankton growth and
production rates in oligotrophic Hawaiian coastal
waters. Limnol. Oceanogr. 29: 1161-1169.

Laybourn-Parry, J., J. Olver, A. Rogerson and P.L.
Duverge. 1990. The temporal and spatial patterns of
protozooplankton abundance in a eutrophic temperate
lake. Hydrobiol. 203: 99-110.

Laybourn-Parry, J.L., M. Walton, J. Young, R.l. Jones and
A. Shine. 1994. Proto-zooplankton in a large oligotroph-
ic lake-Loch Ness, Scotland. J. Plankton Res. 16: 1655-
1670.

Lee, J.J. and J.A. Fuhrman. 1987. Relationships between
biovolume and biomass of naturally derived marine
bacterioplankton. Appl. Environ. Microbiol. 53: 1298-
1303.

Maker, A.F.H., E.A. Nusch, I. Rai and B. Riemann. 1980.
The measurement of photosynthetic pigments in fresh-
waters and standardization of methods: Conclusions
and recommendations. Arch. Hydrobiol. Beih. 14: 91-
106.

Marker, A.F.H. 1972. The use of acetone and methanol in
the estimation of chlorophyll in the presence of phaeo-
phytin. Freshwat. Biol. 2: 361-385.

McManus, G.B. and J.A. Fuhrmann. 1988. Control of
marine bacterioplankton populations: measurement
and significance of grazing. Hydrobiol. 159: 51-62

Muller, H., A. Schone, R.M. Pinto-Coelho, A. Schweizer
and T. Weisse. 1991. Seasonal succession of ciliates in
Lake Constance. Microb. Ecol. 21: 119-138.

Nagata, T. 1988. The microflagellate-picoplankton food
linkage in the water column of Lake Biwa. Limnol.
Oceanogr. 33: 504-517.

Nakano, S.I. and Zen' ichiro Kawabata. 2000. Changes in
cell volume of bacteria and heterotrophic nanofla-
gellates in a hypereutrophic pond. Hydrobiol. 428: 197-
203.



Temporal and Spatial Distribution of Biomass and Cell Size of Bacteria and Protozoa 389

Nakano, S.1., N. Manage, P.M. and Kawabata, Z. 1998.
Trophic roles of heterotrophic nanoflagellates and
ciliates among planktonic organisms in a hypereu-
trophic pond. Aquat. Microb. Ecol. 16: 153-161.

Pace, M.L. 1982. Planktonic ciliates: their distribution,
abundance and relationship to microbial resources in a
monomictic lake. Can. J. Fish Aquat. Sci. 39: 1106-1116.

Porter, K.G., M.C. Pace and J.F. Battey. 1979. Ciliate pro-
tozoans as lines in freshwater planktonic food chains.
J. Protozool. 27: 114-125.

Poter, K.G. and Y.S. Feig. 1980. The use of DAPI for iden-
tifying and counting aquatic microflora. Limnol. Ocea-
nogr. 25: 943-948.

Putland, J.N. 2000. Microzooplankton herbivory and
bacterivory in Newfoundland coastal waters during
spring, summer and winter. 2000. J. Plankton Res.
22(2): 253-277.

Rassoulzadegan, F., M. Laval-Peuto and R.W. Sheldon.
1988. Partioning of the food ratio of marine ciliates
between picoplankton and nanoplankton. Hydrobiol.
159: 75-88.

Rheinheimer, G. 1985. Aquatic microbiology. 3rd ed., p. 69-
93. John Wiley and Sons. Chichester.

Riemann, B. and M. Sgndergaard. 1986. Carbon dynamics
in eutrophic temperate lakes (eds), Elsevier Science
Publishers B.V., Netherland.

Sanders, R.W., D.A. Caron and U.G. Berninger. 1992.
Relationships between bacteria and heterotrophic
nanoplankton in marine and fresh waters; an inter-
ecosystem comparison. Mar. Ecol. Prog. Ser. 86: 1-14.

Sheldon, R.W., P. Nival and F. Rassouleadegan. 1986. An
experimental investigation of a flagellate-ciliate-
copepod food chain with some observation relevant to
the linear biomass hypothesis. Limol. Oceacogr. 31:
184-188.

Sherr, B.F. and Sherr, E.B. 1991. Proportional distribution
of total numbers, biovolume and bacterivory among
size classes of 2-20 um nonpigmented marine fla-
gellates. Mar. Microb. Food Webs 5: 227-237.

Sherr, B.F., E.B. Sherr and T. Berman. 1983. Grazing
growth and ammonium excretion rates of a hetero-
trophic microflagellate fed with four species of bacteria.
Appl. Environ. Microbiol. 45: 1196-1201.

Sherr, E.B. and B.F. Sherr. 1994. Bacterivory and her-
bivory: key roles of phagotrophic protists in pelagic food
webs. Microb. Ecol. 28: 223-235.

Sieburth, J. McN., V. Smetacek and J. Lenz. 1978. Pelagic
ecosystem structure: heterotrophic components of the
plankton and their relationship to plankton size frac-

tions. Limnol. Oceanogr. 23: 1256-1263.

Simek, K., P. Hartman, J. Nedoma, J. Pernthaler, D.
Springmann, J. Vrba and R. Psenner. 1997a. Commu-
nity structure, picoplankton grazing and zooplankton
control of heterotrophic nanoflagellates in a eutrophic
reservoir during the summer phytoplankton maximum.
Aquat. Microb. Ecol. 12: 49-63.

Simek, K., J. Vrba, J. Pernthaler, T. Posch, P. Hartman, J.
Nedoma and R. Psenner. 1997b. Morphological and
compositional shifts in an experimental bacterial com-
munity influenced by protists with contrasting feeding
modes. Appl. Envir. Microbiol. 63: 587-595.

Simon, M. and F. Azam. 1989. Protein content and protein
sunthesis rates of planktonic marine bacteria. Mar.
Ecol. Prog. Ser. 51: 201-213.

Sorokin, Y.l. 1977. The heterotrophic phase of plankton
succession on the Japan Sea. Mar. Biol. 41: 107-117.
Strathmann, R.R. 1967. Estimating the organic carbon
content of phytoplankton from cell volume or plasma

volume. Limnol. Oceanogr. 12: 411-418.

Tadonleke, R.D., D. Planas and M. Lucotte. 2005. Micro-
bial Food Webs in Boreal Humic Lakes and Reservoirs:
Ciliates as a major Factor Related to the Dynamics of
the Most Active Bacteria. Microbial Ecology 49: 325-
341.

Tobiesen, A. 1991. The succession of microheterotrophs
and phytoplankton within the microbial loop in
Oslofjorden, May-October 1984. J. Plankton Res. 13:
197-216.

Weisse, T. 1991. The annual cycle of heterotrophic fresh-
water nanoflagellates: Role of bottom-up versus top-
down control. J. Plankton Res. 13: 167-185.

Weisse. T. 1990. Trophic interactions among heterotrophic
microplankton, nanoplankton and bacteria in Lake
Constance. Hydrobiol. 191: 111-122.

Wetzel, R.G. and G.E. Likens. 2000. Limnological Analysis.
3rd ed. p. 429. Springer. New York.

Wetzel, R.G. 1983. Limnology. Saunders College
Publishing. pp. 487-518.

Wylie, J.L. and D.J. Currie. 1991. The relative importance
of bacteria and algae as food sources for crustacean
zooplankton. Limnol. Oceanogr. 36: 708-728.

Zhao, Y., Y. Yuhe, F. Weisong and S. Yunfen. 2003. Growth
and production of free-living heterotrophic nanoflagel-
lates in a eutrophic lake-Lake Donghu, Wuhan, China.
Hydrobiol. 498: 85-95.

(Manuscript received 1 August 2006,
Revision accepted 12 September 2006)



