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A bstract— V ertical d istribu tions and relative con tribu tions of distinct trophic guilds o f  ciliates were 
investigated in an o ligotrophic system  with a deep  chlorophyll m axim um  (D C M ) in early  sum m er. 
C iliates w ere classified as heterotrophic : m icro and  nano  ciliates, tin tinnids and predacious form s or 
p hotosyn the tic : large m ixotrophic oligotrichs (Laboea strobilia. Tontonia  sp p .) , and the  auto- 
troph ic  M esodinium  rubrum . V ariability  betw een vertical profiles (0-200 m) was relatively low 
with sta tion  to  sta tion  d ifferences (C .V .s o f  —30% ) generally  larger th an  tem poral (1 -4  day) 
differences (C .V .s o f  —15% ), fo r in tegra ted  concentrations. T ota l ciliate biom ass, based on 
volum e estim ates in teg ra ted  from  0-80 m , averaged —125 mg C u T 2 , com pared  to  —35 mg m“ 2 for 
chlorophyll a (chi a), yielding a ciliate to chi ra tio  o f 3.6, well w ithin the range o f  1 to  6 rep o rted  for 
the euphotic  zones o f m ost oceanic system s. H ete ro tro p h ic  ciliate concen trations w ere corre la ted  
with chi a concen tra tion  (r — 0.83 and 0.82, biom ass and cells 1"1, respectively) and averaged —230 
cells I“ 1 in n ear surface sam ples (chi a = 0 .1 /rg I " 1) to —8 5 0 cells L 1 at 50 m d ep th , coinciding with 
the  D C M  (chi a =  \ - 2 p g  I- 1 ). T in tinnid  ciliates w ere diverse (36 species in 19 genera) bu t a m inor 
p a rt o f  h e tero troph ic  ciliates. N anociliates rep resen ted  < 1 %  o f h e tero troph ic  o r to ta l ciliate 
biom ass, in con trast to  repo rts  on near-shore ciliate com m unities. P redacious ciliates w ere very 
ra re . L arge m ixotrophic o ligotrichs, while a m inor po rtion  o f  ciliate cells L 1, w ere an im portan t 
pa rt of to tal ciliate biom ass, represen ting  63%  at 5 m and 21 % in tegra ted  over 0-80 m. M esodinium  
rubrum  was found th roughou t the  w ater colum n, usually with a sub-surface peak  (—100 cells I“ 1 ). 
C oncen trations o f  n e ith er large m ixotrophic oligotrichs, nor the  au to troph ic  M . ru b ru m , were 
co rre la ted  with chi a. E stim ates o f the  con tribu tion  o f photosyn thetic  ciliate chi (m ixotrophic and 
au to troph ic ) to  to tal chi a (based  on lite ra tu re  values o f  chi a cell“ 1) ranged from  —20% in some 
surface sam ples to  < 0 .5 %  in the  D CM .

IN T R O D U C T IO N

In diverse m arine systems, subsurface chlorophyll maximum layers are com m on, and a 
variety of governing m echanism s such as nutrient supply, differential grazing, and cell 
sinking have been proposed to account for them  (e .g ., Bienfang et al., 1983). In the 
oligotrophic Catalan Sea, a deep chlorophyll maximum (D CM ) is present from  early 
spring to  autum n, betw een 40 and 60 m depth , coinciding with depth  of both  n itrate and 
phosphate nutriclines (E strada et al., 1993). Production in the D CM  ranges from 15 to
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30% of to tal carbon fixation, and in situ grow th has been suggested as the prim ary 
m echanism  m aintaining the D C M  (E strada, 1985a). H ow ever, the role of phytoplankton 
grazers in the system is unclear. A  relatively small contribution of phytoplankton to  total 
plankton was invoked recently to  explain a poor correlation betw een D N A  and chloro
phyll in this system when the D C M  is present (B erdalet and E strada , 1993). While 
significant diatom  populations are occasionally found (e .g ., E strada , 1985a,b), phyto
p lankton com position during the stratified period is generally dom inated by nano and 
picoplanktonic forms (D elgado et al., 1992; Latasa et al., 1992). H ence, one would expect 
a significant population of grazers on small phytoplankton. Grazing on picoplankton is 
usually a ttribu ted  to  nano and micro-sized protists (nanoflagellates and ciliates), and 
grazing on nanoplankton is generally assigned to  micro-sized ciliates (Pierce and T urner, 
1992).

Ciliates are commonly considered as herbivores, but ra ther than being a hom ogenous 
assem blege they are actually a com m unity com posed of variable proportions of m ore or 
less distinct trophic guilds (D olan, 1991a). A m ong oligotrich ciliates, for exam ple, are 
species which are strict he tero trophs which feed on pico and nanophytoplankton, as well as 
m ixotrophic species which, in addition to  phagotrophic feeding, sequester and exploit 
chloroplasts from  ingested algae (see reviews by Stoecker, 1991; D olan, 1992). M ixotro
phic oligotrichs fix carbon at rates estim ated to  represen t a substantial (> 5 0 % ) fraction of 
cell carbon dem and, 2 .5-7 .5%  of total body carbon h ~ ‘ (S toecker and M ichaels, 1991). 
Estim ates of the contribution of m ixotrophic oligotrichs to total ciliates (%  cell m P 1) 
range from <10%  for a Norw egian Fjord (V erity and V ernet, 1992)inJune to  over 70% in 
surface waters of the N. A tlantic during the spring bloom  (Stoecker e ta l. , 1994a) and up to 
100% in surface samples from  the coastal L igurian Sea during spring and sum m er 
(B ernard  and R assoulzadegan, 1994). M ixotrophic oligotrich ciliates can form  an im port
ant part of the chlorophyll crop; estim ates of their contribution to  total chlorophyll range 
up to 24% for surface samples from  the Nordic Seas (P utt, 1990).

The o ther type of photosynthetic ciliate, the autotrophic M esodinium  rubrum , has a 
cosm opolitan distribution (C raw ford, 1989). Bloom s of this species have been noted  in 
nearshore w aters for over a hundred  years (see Taylor et al., 1971), and as a m ajor 
com ponent of upwelling ecosystem s, M . rubrum  has been the focus of intensive studies 
(e .g ., Packard e ta l., 1978; D ugdale eta l., 1987; W ilkerson and G runseich, 1990). In near
shore w aters, it is often a m em ber of the ciliate com m unity year-round (e .g ., M ontagnes 
and Lynn, 1989; V erity et al., 1993; B ernard  and Rassoulzadegan, 1994). H ow ever, very 
little data exists on M . rubrum  in oligotrophic systems in general, and M . rubrum  is 
reputed  to  be rare in the open M editerranean (L indholm , 1985).

A m ong heterotrophic ciliates, different types can be distinguished. H erbivorous oligo
trichs and tintinnids have received the greatest am ount of atten tion  (e .g ., Pierce and 
T urner, 1992). In recent years, nanociliates (cell size < 2 0 ¿um long) have been identified as 
potentially im portan t grazers of picoplankton, both hetero trophic  bacteria  and ultraphy
top lankton  (Sherr an d S h err, 1987; Sherr eta l., 1991). These grazers on small particles are 
com petitors of microflagellates, bu t unlike m icroflagellates, nanociliates are efficiently 
consum ed by copepods (G ifford and Dagg, 1988;Tiselius, 1989; D olan, 1991b) and also by 
o ther, predacious, ciliates (D olan and Coats, 1991a). The abundance of predacious ciliates 
has been linked to  the  abundance of nanociliates (D olan, 1991a). R ecently , the loricate 
tintinnid ciliates have been proposed as distinct form s which depend on “patches” of 
relatively high nanoplankton abundance (R assoulzadegan, 1993).
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A dded to  the complexity of the ciliate com m unity, little is known concerning w ater 
colum n distributions of ciliates, relative to  our know ledge of m esozooplankton (Long- 
hurst and H arrison, 1989). There is a lim ited am ount of da ta  on ciliate distributions 
relative to  D C M s (e .g ., C hester, 1978; Beers et al., 1980; Tsuda et al., 1989) and w ater 
colum n distributions of different trophic groups in productive w aters (e .g ., S toecker et al. , 
1989; P u tt, 1990; D olan, 1991a). H ow ever, data from different systems are needed on the 
different groups of ciliates to assess the relative im portance of the various roles which these 
protists may assum e, roles ranging from  grazers on prokaryotic phytoplankton (e .g ., 
Synechococcus, Prochlorococcus) to  potentially significant contributors them selves to  the 
chlorophyll crop. The present study concerns the vertical distribution and relative 
contributions of different groups of ciliates in an oligotrophic environm ent with a 
pronounced D CM . To our knowledge, no com parable data exist despite the w idespread 
nature of DCM s and the predom inance, on an areal basis, of oligotrophic m arine system s.

M E T H O D S

Sampling

B etw een 11 June and 15 June 1993, as part of the M E SO SC A LE 93 cruise, w ater 
sam ples w ere obtained from  six stations located along a transect betw een the coast of 
Spain and the Balearic Islands in the W estern Basin of the M editerranean  Sea (Fig. 1 and 
Table 1). W ater colum n depth  range from  ~500 m at Sta. 1 to  —2000 m at Sta. 6. All six 
stations were sam pled on 14 June, with additional w ater column samples taken  from  two 
stations at 1-4 day intervals, yielding a to ta l of nine w ater colum n profiles. Sam ples for 
ciliates and chlorophyll a determ inations w ere obtained with a CTD -N iskin bo ttle  rosette 
using 5 1 Niskin bottles. D epths sam ples were usually 5 ,1 0 , 20, 30, 40, 50, 60, 70, 80, 100, 
200 m.

larcelona,

fenorcb

40
30 0  2  30 0  3  30 E

Fig. 1. Sam pling sta tions along a transect of approxim ately  100 nautical m iles betw een  B arcelona 
and the island of M inorca in th e  N .W . M ed ite rranean  Sea.
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Table 1. Station locations and sam pling tim es ; fo r  
station orientations see Fig. 1. Thin lines represent the 

500 m and  1000 m isobaths

Station L ocation D ates T im e

1 41°11.2 'N , 2°19.5 'E 14 June 16:05
2 41°7.2 'N , 2°22.7 'E 10 June 7:45
2 41°6.3 'N , 2°23.4 'E 14 June 10:00
3 40°57.6 'N , 2°30.5 'E 14 June 17:54
4 40°48.4 'N , 2°37.7 'E 14 June 19:45
5 40°39'N , 2°45.0 'E 11 June 7:43
5 40°39.4 'N , 2°44.8’E 14 June 21:41
5 40°39.4 'N , 2°45.4’E 15 June 7:52
6 40°35.0 'N , 2°48.5 'E 14 June 22:58

Sample treatment

For chlorophyll determ inations, 25-200 ml from  each bottle were filtered through G F/F 
filters. The filters were hom ogenised in 90% acetone, the suspension cleared by centrifu
gation, and fluorescence determ ined with a T urner Designs fluorom eter following 
standard  protocols (Y entsch and M enzel, 1963).

For ciliate enum eration , 500 ml of whole w ater from  each Niskin bottle was preserved 
with acid Lugol’s (1-2%  final concentration) and stored refrigerated  and in darkness, 
except during transport and sedim entation. Samples were concentrated  via sedim entation 
in 500 ml graduated cylinders. A fte r settling for 2—4 days, the top 400 ml o f sam ple was 
slowly siphoned off with sm all-bore (0.5 cm dia.) tubing. Exam ination of sedim ented 
supernate revealed a negligible quantity  of ciliates (< 1 %  of to tal cells). 50 or 100 ml of 
concentrates, representing 250-500 ml whole w ater, were settled  in standard  Ziess settling 
cham bers and the entire surface of the settling cham ber was scanned at 480 x  with an 
inverted microscope equipped with phase-contrast optics.

O ligotrich ciliates, were identified to genus when possible (following M ontagnes and 
Lynn, 1991) and placed in cell-length categories ranging from 10 to  70 in 10 p m  
increm ents. Large (60-150 p m  long) m ixotrophic oligotrich species with very distinctive 
gross m orphologies (see Laval-Peuto and R assoulzadegan, 1988), Laboea strobila, Tonto
nia appendiculariformis, T. gracillima and the autotrophic ciliate M esodinium  rubrum  
were enum erated  separately. T intinnids were identified via lorica m orphology using 
species descriptions found in Balech (1959), Cam pbell (1942), Jörgensen (1924), Kofoid 
and Cam pbell (1929,1939) and the taxonom ic scheme of Corliss (1979). Em pty lorica were 
not enum erated.

Biomass estimates

Taxa w ere placed into trophic categories: (1) Nanociliates— ciliates less than 20 p m  in 
length, (2) A utotrophic— M esodinium  rubrum , (3) Large m ixotrophic oligotrichs—  
Laboea strobila, Tontonia appendiculariform is, T. gracillima, (4) Predacious ciliates— 
forms which feed on large particles (e .g ., Cyclotrichium) o r raptorially  (e .g ., D idinium , 
Lacrymaria), (5) H etero trophic— the default category. The use of Lugol’s fixative 
precluded identification of m ixotrophic oligotrichs w ithout distinctive gross m orphologies
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(e .g ., Strom bidium  spp.). H ence, the hetero troph  group likely contained some m ixotro
phic form s. For some analyses, all non-photosynthetic taxa w ere pooled.

Biovolum es of non-tintinnid hetero trophic  ciliates w ere estim ated from  m edian dim en
sions of the size classes. For biovolum e estim ates of large m ixotrophic oligotrichs, 50 cells 
each of the 3 species w ere m easured with an ocular m icrom eter. The average cell volume 
of M esodinium  rubrum  was calculated from  the average dim ensions of 100 cells. The 
biovolum e estim ates w ere converted to carbon equivalents by the factor experim entally 
derived for Lugol’s-fixed m arine oligotrichs, 0.2 pg C per um 3 (Putt and Stoecker, 1989), 
except for tintinnid carbon, which was estim ated from the experim entally derived factor, 
0.053 pg C « m 3 lorica volume (Verity and Langdon, 1984).

Regression analyses

Pearson’s correlation coefficients were calculated to  exam ine the relationship of chi a 
concentration to  the num erical abundance and calculated biom asses of heterotrophic 
ciliates, tintinnids, large m ixotrophic oligotrichs, and M esodinium  rubrum . For these 
analyses, concentrations in discrete samples w ere used with no data  transform ation. Use 
of square roo t o r log transform ations resulted in very m inor changes in correlation 
param eters.

Tintinnid diversity

From  casual observations, the tintinnid fauna appeared  unusually species-rich. Species 
diversity of tintinnids was exam ined with plots of cum ulative num bers of species versus 
cum ulative num bers of individuals, a com m on m ethod in m arine studies (G ray, 1994). 
Starting with the first dep th  sam pled at the first station , cum ulative to tal tintinnids counted 
was p lo tted  against cum ulative to tal num ber of species encountered  from  the first to  the 
90th sample. For com parison, data from a eutrophic coastal plain estuary, the  Chesapeake 
Bay (detailed in D olan and C oats, 1990, 1991b; D olan, 1991a), was also plotted. 
C hesapeake data w ere from  June-A ugust from three stations, separated  by 10 nautical 
miles, sam pled at two week intervals. As tintinnids w ere restricted to  oxygenated w aters 
(D olan and Coats 1991b), only data from  samples from  surface w aters (4-5 depths per 
station) w ere used, yielding a total num ber of 65 samples over a sam pling period  of 2.5 
m onths. It should be noted tha t, for both  data sets, tintinnids were enum erated  in samples 
of sedim ented whole w ater, which yields significantly higher tintinnid cell counts than 
screened , or sieved, or net concentrated  sam ples (Brow nlee and Jacobs, 1987 ; Buck et a l. , 
1992).

Estimates o f  photosynthetic ciliate chlorophyll

Estim ates of the chi a contents of m ixotrophic and autotrophic ciliates were m ade with 
values from  the literature. For M esodinium  rubrum , chi a p e r cell was calculated as 3 x  
IO” 5 pg  cell“ 1, based on an average cell volum e of 8.5 x  103 /¿m3 (n  =  100 cells) and a 
conversion factor of 3.6 fg chi a per p m i  for Lugol’s-fixed M . rubrum  (Stoecker et al.,
1991). For large m ixotrophic oligotrichs, avalué  of 1.5 x  lO 'V g c h la c e l l “ 1 was used, the 
average of —0.5 x  IO“ 4 reported  by P utt (1990) for m ixotrophic oligotrichs from the
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Nordic Seas and —2.5 x  10 4 reported  by Stoecker et al. (1988) for cultured Laboea  
strobila. U nless otherw ise no ted , all data  repo rted  are ± S .D .

RESU LTS

Ciliates o f  the Catalan Sea

O f the ciliate taxa com m only found (present in > 10%  of the sam ples), 15 non-tintinnid 
or aloricate form s w ere distinguished (Table 2). The autotrophic M esodinium  rubrum  was 
often presen t th roughout the w ater colum n; th ree species of large m ixotrophic oligotrichs 
were found, generally restricted to w aters above 60 m depth . O f the th ree  m ixotrophs, 
Tontonia appendiculariformis was the m ost com m on. The ciliate com m unity was nu
merically dom inated  by oligotrichs of the genus Strom bid ium , considered in this study as 
exclusively heterotrophic. B oth cell num bers and biomass of heterotrophic ciliates were 
usually dom inated by Strom bidium  sp. e , a cone-shaped species, 50-60 p m  in length. 
Am ong the nanociliates, forms ranging in length from  10 to  20 p m , were species of 
Strom bidium , Strobilidium , Balanion  and Cyclidium. N anociliates w ere presen t in most 
samples, including those from  200 m , but rarely in excess of 50 cells U 1 and w ere a m inor 
com ponent hetero trophic  ciliate biomass. The tintinnid fauna was diverse with 32 species 
in 19 genera. H ow ever, there were relatively few com m on species, only 9 out of 32 (Table 
3) and tintinnids usually represen ted  < 5 %  of hetero trophic  ciliate cells o r biomass. 
A m ong the com m on tintinnid species, most form s had lorica diam eters of —40 pm .

Table 2. Ciliate species, or fo rm s , com m only  encountered  (> 1 0 %  o f  the sam ples) 
with “L ” referring to length in m icrons and  “m ax eone” m axim u m  concentration in

organism s P 1

G roup Species o r type L (um ) Max eone D ep th

A uto troph ic
Ciliate

M esodinium  rubrum 30 180 70 m

M ixotrophic Laboea strobila 150 135 5 m
O ligotrichs Tontonia appendiculariform is 100 44 5 m

T. gracillima 60 26 5 m
H etero troph ic Strom bidium  sp. a 15 56 50 m
O ligotrichs Strom bid ium  sp . b 25 176 20 m

S trom bidium  sp. c 35 176 40 m
S trom bidium  sp. d 45 400 50 m
Strom bid ium  sp. e 55 596 40 m
S trom bidium  sp. f 85 68 60 m
Strobilidium  sp. a 15 88 20 m
Strobilidium  sp. b 25 104 70 m

Tintinnids (See T able 3) 35-300 304 45 m
Prostom id Balanion  sp. a 25 72 40 m
Ciliates Balanion  sp. b 15 24 20 m
Scuticociliates Cyclidium  sp. 20 16 5 m
R adiolarians A canthocorys  sp. 100 24 40 m

M onocyrto in id  sp. 75 8 20 m
C opepods nauplii — 80 44 m

post-naupliar — 20 40 m
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Predacious ciliates w ere very rare with only one specim en of Cyclotrichium  and three 
specimens of Lacrymaria  encountered.

Water colum n distributions

W ater colum n profiles from  the 14 June transect showed m arked DCM s at all six stations 
(Fig. 2). The average chi a concentration (jug I-1 ) increased from  0.11 ±  0.03 at 5 m to 
1.12 ±  0.19 at 40-50 m depth. C orresponding with chi a, hetero trophic  ciliate concen
trations increased with depth  from  190 ±  67 cells P 1 at 5 m to 850 ±  298 cells I“ 1 in DCM  
samples and then decreased to 50 ±  17 cells 1 1 at 200 m depth. N anociliates and tintinnids 
both form ed only m inor contributions to  the cell num bers and biom ass of heterotrophic 
ciliates. Large m ixotrophic oligotrichs were usually m ost abundant in samples from  5 to 
20 m dep th , 44 ±  22 cells r \  and absent from  sam ples below 60 m depth . The depth  of 
peak m ixotroph cell concentration varied from  station to  station and was not clearly 
related  to  the tim e of day the w ater column was sam pled. M esodinium  rubrum  distri
butions varied from  an almost even distribution (—80 cells 1“ ')  th roughout the top  60 m of 
the w ater colum n (Sta. 4) to  displaying subsurface maxima of very similar m agnitudes 
(1 L0± 17 cells I“ 1) but at different depths ranging from  20-80 m; again, the variability was 
not clearly related  to  the tim e of day sam ples were taken  (Table 1).

W ater colum n profiles of Sta. 5 (Fig. 3), sam pled on 11,14 and 15 June , showed the same 
trends found am ong the six transect stations. A lthough the D CM  appeared m ore 
pronounced in the 11 June samples relative to  the 14 or 15 June sam ples, stocks integrated 
over the top 20 or 80 m of the w ater column were very similar (Table 4). V ariability was 
lower am ong the three profiles of Sta. 5 than am ong the six transect stations in term s of chi 
and hetero trophic  and m ixotrophic ciliate biom asses (Table 4). Station 2 profiles were not 
com pared due to the loss of the D CM  sam ple from  the 10 June profile.

Relationships with chlorophyll a

The relationships betw een selected ciliate groups and chi in discrete depth sam ples are 
shown in Fig. 4. Significant correlations were found only with cells T 1 (r =  0.82; n = 88; 
p <  0.01) o r biom ass (r =  0.83; n =  88; p <  0.01) of hetero trophic  ciliates. C oncentrations 
of large m ixotrophic oligotrichs, when present (n = 43), were not re la ted  to  chi, nor were 
concentrations of M esodinium  rubrum  (n =  80).

Tintinnids

Tintinnid ciliate abundance was not correlated  with chi a concentration. Plots of 
cum ulative tintinnid species encountered  versus cum ulative num ber of individuals 
counted (Fig. 5) showed a m uch higher num ber of species in Catalan Sea samples 
com pared to  C hesapeake Bay samples. The shape of the C atalan Sea curve indicates that 
the num ber of species would likely continue to  increase with the num ber of individuals 
counted. In contrast, da ta  from  the Chesapeake Bay showed a p lateau in the num ber of 
species after approxim ately 250 individuals, despite the  larger tem poral coverage of the 
sam ples (2.5 m onths for the C hesapeake Bay versus 4 days for the C atalan Sea).



JU
NE

 
14

C iliates relative to  a deep  chlorophyll m axim um 1973

IO»-tn -01 3

r1 -O

io
'  5

Ui

OOOC
0001

n

0001

s rOOOl

oooc

001«►z
CL

8
2

:<u g
Z
O

H
Ui

Fi
g.

 2
. 

Sp
at

ia
l 

va
ria

bi
lit

y 
of 

w
at

er
 

co
lu

m
n 

pr
of

ile
s 

of 
ch

lo
ro

ph
yl

l 
a 

an
d 

ci
lia

te
s 

of 
di

st
in

ct
 

tro
ph

ic
 

gu
ild

s.
 L

ar
ge

 
m

ix
ot

ro
ph

ic
 

ci
lia

te
s 

(L
ab

oe
a, 

T
on

to
ni

a 
sp

p.
) 

we
re

 
m

ax
im

al
 i

n 
ne

ar
 

su
rf

ac
e 

w
at

er
s:

 t
he

 
au

to
tr

op
hi

c 
ci

lia
te

 
M

es
od

in
iu

m
 

ru
br

um
 

sh
ow

ed
 

va
ria

bl
e 

di
st

ri
bu

tio
ns

 
wi

th
 

m
ax

im
a 

oc
ca

si
on

al
ly

 
be

lo
w 

th
e

D
C

M
. 

H
et

er
ot

ro
ph

ic
 

ci
lia

te
s 

w
er

e 
m

os
t 

ab
un

da
nt

 i
n 

the
 

DC
M

 
la

ye
r.



1974 J. R . D olan  and C. M arrase
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Fig. 4. R elationships betw een chlorophyll a concen trations and the d ifferen t ciliate groups in 
discrete dep th  sam ples: (A ) abundance and biom ass o f he te ro tro p h ic  ciliates as a function of 
chlorophyll concen tra tion ; (B) abundance and biom ass o f large m ixotrophic oligotrichs as a 
function o f chlorophyll in sam ples from  5-50 m dep th ; (C) abundance and biom ass of the au trophic 
ciliate M esodinium  rubrum  as a function  o f chlorophyll concen tra tion . Both cell num bers and 
biom ass o f he tero troph ic  ciliates w ere corre la ted  with chi a concen tration  (ciliate cells l_I =  540 x 

chi a / i g P '  +  127, r = 0.82; ciliate fig  C  I“ 1 =  1.83 x  chi a/ «gl  1 +  0.24, r = 0.83).

Chlorophyll o f  photosynthetic ciliates

Estim ates of the contribution of photosynthetic ciliate chlorophyll to  total chlorophyll 
are given in Fig. 6. The peak values of —20% reflect the low concentration of chlorophyll 
in surface w aters coupled with the peak abundances of large m ixotrophic oligotrichs. In 
the D CM , estim ated ciliate chlorophyll represen ted  a very small fraction (0.1-1 % ) of total 
chi a. In the chlorophyll maximum samples ciliate chlorophyll was largely M esodinium  
rubrum.

D ISCU SSIO N

Ciliate com m unity composition

The ciliate com m unity in the Catalan Sea shows som e similarities as well as singularities 
com pared to  o ther m arine systems. Total ciliate biom ass, relative to chi concentration, is 
very similar to o ther oceanic systems (Table 5). The ratio of ciliate carbon to chi a 
concentration for the Catalan Sea is 3.6 com pared to  ratios from —1 to 6 for systems
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C hesapeake Bay. C hesapeake Bay data  from  sam ples gathered  from  th ree  sta tions from  Ju n e  to  
A ugust 1986 (details on sam pling in D olan , 1991). T he cum ulative volum es o f w ater exam ined 
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Fig. 6. E stim ates o f the  con tribu tion  o f photosyn thetic  ciliates to the chlorophyll crop  as a 
function o f chlorophyll concen tra tion  in discrete dep th  sam ples from  the top  80 m of the w ater 
colum n. Chlorophyll con ten ts o f ciliates w ere calculated from  lite ra tu re  values; see M ethods for 
details. N ote th a t ciliate chlorophyll is a m uch larger percen tage (up  to  20% ) of the chlorophyll 

crop  in surface w aters (5-15 m) relative to  sam ples from  the D C M  layer (20-80 m ).

ranging from  the subarctic Pacific to  the  W eddell Sea, with the exception of a recent study 
of an unusual Pacific Seam ount com m unity (Sim e-Ngando et al., 1992). The ratios are 
surprisingly consistent when possible sources of variability in ciliate estim ates are con
sidered (e .g ., m icroscope m easurem ent errors, differential fixative effects, differences in 
conversion factors) and differences in the depths of the w ater colum ns com pared.

The relative contributions of different trophic groups to the C atalan Sea com m unity are 
considerably m ore difficult to  com pare to  o ther systems than total biomass values. For 
exam ple, nanociliates, those species < 20  /<m in length which are thought to  feed on
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heterotrophic bacteria and ultraphytoplankton (Sherr et al., 1986), are a very m inor 
com ponent of the ciliate com m unity in the C atalan Sea (Table 4). Com parison of 
nanociliate stock with o ther systems is ham pered as nanociliates have been described as 
underestim ated when samples are exam ined at magnifications < 2 5 0 x , which is commonly 
the case (Sherr et al., 1986), and in any event nanociliates are very rarely enum erated  
separately (Lynn et al., 1991). The few available estim ates of nanociliate abundance are 
from  shallow coastal systems (Table 7) in which nanociliate abundances appear to be in 
excess of total ciliate abundances for the Catalan Sea. Unless the C atalan Sea is unusual 
am ong open w ater systems, and judging from concentrations of total ciliates and chi the 
system is not (Table 5), nanociliates may be much less im portant in deep w ater systems 
than in coastal systems, both as a com ponent of the ciliate com m unity, and as com petitors 
of microflagellates for picoplanktonic prey.

Equally problem atic is com paring the role of m ixotrophic oligotrichs in the Catalan Sea 
to o ther systems. The fixative we used in our study, acid Lugol’s, was em ployed as it 
minimises oligotrich cell loss (O hm an and Snyder, 1991 ; Leakey et al., 1994; Stoecker et 
a l., 1994a,b) and is much m ore agreeable to work with than an aldehyde-based fixative 
when a large num ber of large-volume samples is processed. The distinct disadvantage of 
Lugol’s relative to aldehyde-fixed m aterial is the loss of chi a autofluorescence. M ixotro
phic oligotrichs, in Lugol’s-fixed m aterial, can be identified only from characteristics of 
gross m orphology. Thus, the m ixotrophic taxa enum erated in this study were restricted to 
large taxa with very distinctive gross m orphologies (Laboea strobila and Tontonia  spp.) 
and likely represent an under-estim ate of the im portance of m ixotrophic species in the 
ciliate com m unity. D espite this probable underestim ation in our analysis, m ixotrophic 
taxa in the C atalan Sea appear to be a very significant com ponent of the ciliate com munity.

Large m ixotrophic oligotrichs dom inated ciliate biomass in shallow depths (5 m), 
form ed about half the ciliate biomass in the segm ent 0-20 m. and represen ted  about 20% 
of total ciliate biomass from 0 to 80 m. D irect com parison to  o ther systems is difficult due to 
differences in: (a) m ethodologies used (i.e ., enum eration of all plastidic oligotrichs via chi 
autofluorescence), (b) types of data reported  (i.e ., cell num bers or biovolum es, or simply 
proportions), and (c) depths sam pled. H ow ever, despite these problem s, percentage 
biomass values for the Catalan Sea ciliate com m unity do not appear unusual relative to 
o ther systems. In studies which report taxon-specific biomasses (taxa identified via gross 
m orphology), known m ixotrophic taxa represent 7-70%  of total ciliate biom ass, while 
studies reporting  data on all plastidic oligotrichs (identified via chi autofluorescence) have 
yielded average figures of 51-60%  of total biomass (Table 6). In contrast to  biom ass, the 
num ber of m ixotrophic oligotrichs in cells U 1 appears low (24-70 cells D 1) in the Catalan 
Sea sam ples, as it does in reports on o ther systems in which only Laboea  and Tontonia are 
considered as m ixotrophic taxa. This suggests again that consideration of only the large, 
distinctive forms of m ixotrophs results in underestim ation of m ixotrophic ciliate cell 
num bers. H ow ever, the similarity in relative im portance of m ixotrophs (% total ciliate 
biom ass), w hether calculated as all plastidic oligotrichs or only Laboea  and Tontonia, 
suggests that the large distinctive species may often dom inate m ixotrophic biomass.

The autotrophic ciliate. M esodinium  rubrum , was generally present throughout the 
w ater column down to 200 m, despite its reputed  rarity in M editerranean w aters 
(L indholm , 1985). A bundance in the C atalan Sea ( 10—100 cells 1 ') is m odest relative to 
concentrations in upwelling systems, for exam ple, IO6 cells U 1 reported  for the Baja 
California upwelling system (Packard e ta l., 1978). H ow ever, reports of concentrations of
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M . rubrum  outside of upwelling systems or under non-bloom  conditions are very rare 
(C raw ford, 1989). Several studies of near-shore w aters have found M . rubrum  to  be a year- 
round  com ponent of the p lankton  (B ernard  and Rassoulzadegan, 1994; M ontagnes and 
Lynn, 1989; V erity et al., 1993). M odest concentrations, sim ilar to  those found in the 
C atalan Sea, may be com m on to m any m arine systems. D uring the sum m er, in the Iceland/ 
G reenland seas, M . rubrum  concentrations w ere found to  average 50 cell I“ 1 at 0 m and 15 
cell P 1 at 50 m , while in the  B arents Sea/N orth Svalbard average concentrations were 199 
cells I” 1 a t 0 m and 32 cells I-1 at 50 m (P utt, 1990). In N .W . A tlantic shelf and slope 
w aters, M . rubrum  concentrations were found to  vary from  8 to  1258 cells I-1 (integrated 
averages from  0 to  —35 m depth) during early sum m er (S toecker e ta l., 1989).

Relationships with chlorophyll

H etero trophic  ciliate distribution appears to  be closely linked to  chi in the C ata lan Sea 
(Figs 2 ,3 ) , and highly significant linear correlations were found betw een chi and both cells 
and biom ass (Fig. 4A ). In o ther systems, tight linkages have been found. For exam ple, in 
the coastal w aters of the N E  Pacific, m arked increases of ciliate concentrations were noted 
in “pigm ent layers” (Beers and Stew art, 1970) or, m ore specifically, chlorophyll maximum 
layers (C hester, 1978). R ecently , correlations of ciliate carbon and phytoplankton carbon 
in discrete depth  samples were reported  for the Subarctic Pacific (B ooth et al., 1993). In 
contrast, m arkedly higher ciliate biom asses w ere reported  for surface w ater relative to the 
D CM  in the subtropical northern  Pacific (Tsudi et al., 1989). W hen ciliate and chi a 
concentrations represen t w ater column integrations, lack of correlations have been 
reported  for systems as diverse as G eorges Bank (S toecker et al., 1989) and Pacific 
seam ounts (Sim e-Ngando et al., 1992). D iscrepancies am ong reports may represent 
distinct differences betw een systems (for exam ple, in the size-structure of the chlorophyll 
crop) or be the result of considering relationships at different spatial scales, i.e ., the whole 
w ater column.

For large m ixotrophic oligotrichs, the lack of a relationship betw een concentrations and 
chi a in the Catalan Sea echoes findings from  previous studies of o ther systems (Stoecker et 
al., 1989; Sim e-Ngando eta l., 1992) and is reasonable, as m ixotrophic oligotrichs appear to 
be largely restricted to  near-surface depths. W hile the abundances of m ixotrophic 
oligotrichs generally decline with depth , distributional patterns are quite possibly com pli
cated by vertical m igrations; furtherm ore, the vertical m igration patterns of a given 
m ixotrophic oligotrich species may vary from system to system. For exam ple, the 
maximum concentrations of Laboea strobila in near surface samples occurred at 14:00 in 
Long Island Sound (M cM anus and Fuhrm an, 1986) and at 4:00 in G eorges Bank (S toecker 
et al., 1989). If m ixotrophic oligotrichs display diverse m igrational habits, lack of a 
consistent relationship with chi a is not surprising.

Like m ixotrophic oligotrichs, abundances of the autotrophic ciliate. M esodinium  
rubrum , showed no relationship to  chi concentration (Figs 2, 3, 4C). Peak concentrations 
of M . rubrum  am ong the nine profiles were surprisingly consistent in m agnitude, 110 ±  17 
cells-1 , but variable in depth location. The depths of the population maxima were not 
clearly related  to the tim e of day. Similar to Laboea strobila, the autotrophic M . rubrum  is 
known as a vertical m igrator, but also with apparently  variable m igration patterns. It may 
react to  light cues in some systems (Lindholm  and M ork, 1990; Passow, 1991) and 
turbulence in o ther systems (Craw ford and Purdie, 1992).
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Tintinnids

For the C atalan Sea sam ples, tintinnid abundance (average 80 ±  64 cells I“ 1) varied little 
over chi concentrations ranging from 0.15-2 .0  pg  I " 1. The lack of relationship betw een 
abundance and chi tends to support the idea tha t, in contrast to oligotrichs, tintinnids 
exploit patches of high prey density (R assoulzadegan, 1993), so that bulk m easurem ents 
such as chi a l_1 are of very lim ited predictive value even when the chi represents small 
cells. The com parison of curves of cum ulative num bers of species as a function of num bers 
of individuals (Fig. 5) show ed, not surprisingly but for the first tim e, that diversity was 
higher in the N .W . M editerranean  com pared to a coastal plain estuary. W hile the findings 
with regard to  tintinnid diversity are not unreasonable, it should be noted  that there is no 
com parative data , and furtherm ore, estim ating diversity in tintinnids is com plicated by 
uncertainties in species identifications.

T intinnid species identifications are always based on lorica m orphology, because the 
infraciliature, the basis of alpha-level ciliate taxonom y (Corliss, 1979), is known for only a 
handful of species (Choi et al., 1992; Petz and Foissner, 1993). H ow ever, some tintinnid 
species are apparently  capable of expressing different lorica m orphologies (G old and 
M orales, 1976; D avis, 1981; Laval-Peuto, 1983; W asik and M ikolajczyk, 1993). The 
m agnitude of this problem  is difficult to judge but appears m inor, as studies of field 
populations have rarely shown co-existence of different lorica m orphotypes of the same 
species.

Estimated grazing impact o f  heterotrophic ciliates

For the C atalan Sea, estim ates of ciliate ingestion rates can be made with some 
assum ptions concerning ciliate energetics. O ne may assume an average growth efficiency 
estim ate of —50% for m arine oligotrichs (V erity, 1991) and calculate ingestion over a 
range of growth rates. A  probable in situ grow th rate can be identified, based on 
established num erical response curves (V erity, 1985, 1991) and literature values of 
phytoplankton carbon concentrations for the C atalan Sea in sum m er (D elgado et al.,
1992). The results of such calculations, com bined with values of prim ary production in 
surface and D CM  (E strada, 1985a) w aters, are presen ted  graphically in Fig. 7. O ur 
calculations yield estim ates of ciliate ingestion rates equivalent to 25 and 40% of prim ary 
production in the surface w aters and D C M , respectively.

Com parison of grazing estim ates am ong systems is m ost often done in term s of percent 
prim ary production consum ed, which reveals a range of values from near zero to  over 
100% (see reviews in G ifford, 1988; C ap riu lo e ia /., 1991; Pierce and T urner, 1992). Given 
the variety of m ethods em ployed, and groups considered (i.e ., X m icrozooplankton, only 
tintinnids or oligotrichs), such a range is not unexpected, especially since such figures 
necessarily com bine errors in estim ating grazing as well as prim ary production. The large 
range of reported  values m akes choosing a typical figure hazardous. H ow ever, averaging 
the m eans of each range presen ted  in the latest available review (Pierce and T urner, 1992, 
Table 3), yields an estim ate of 44 ±  21.6% prim ary production consum ed by m icrozoo
plankton on a daily o r annual basis am ong systems ranging from  the C anadian Arctic to the 
eastern tropical Pacific. O ur estim ate of ciliate ingestion of 40% prim ary production in the 
D CM  approaches the grand average, while our estim ate for surface w aters, 25% of 
prim ary production, comes in below. It should be noted that the surface w ater com m unity 
contained, in addition to heterotrophic grazers, an approxim ately equivalent biomass of
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Fig. 7. E stim ates o f  h e tero troph ic  ciliate grazing, in term s of carbon and percen t daily prim ary 
p roduction  fo r the  surface (5 m) and D C M  (40-60 m ) segm ents o f the  w ater colum n, as a function 
o f ciliate grow th ra te . V alues w ere calculated based on (a) average ciliate stocks (n =  9) for 5 m 
(0.5 ±  0.25 mg C m 3) and in tegra ted  from  40 to 60 m ( 1.8 ±  0.78 mg m3), (b) a ciliate gross grow th 
efficiency of 50%  (V erity , 1991) and (c) prim ary  p roduction  estim ates to r 5 m dep th  (4 ±  2.28 mg C 

m 3 d ~ ')  and the D C M  layer (3 ±  1.0 mg C m 3 c T 1) from  E strada  (1985a).

m ixotrophic oligotrichs, which do ingest phytoplankton. Thus, if m ixotrophs and hetero- 
trophs are pooled to calculate ingestion, their com bined consum ption would equal about 
50% of prim ary production, similar to  the figure for the DCM .

C hlorophyll contribution o f  photosynthetic ciliates

The estim ates of photosynthetic ciliate chlorophyll presented here should be considered 
as approxim ate. Only large, m orphologically distinct forms were categorised as m ixotro
phic oligotrichs, which most likely yielded underestim ates. Values of chi a cell were 
drawn from the literature (see M ethods) and averaged; using the high or low values would 
shift the estim ates provided here by a factor of 5. W ith these caveats in m ind, our findings 
still indicate a role of some im portance for photosynthetic ciliates, especially in surface 
w aters w here large m ixotrophic oligotrichs w ere dom inant.

O ur estim ates indicate tha t, while insignificant contributors to the D C M , a large part of 
the chi crop (> 2 0 % ) in surface w aters of the C atalan Sea may be in the form  of ciliates 
(Fig. 6). As these ciliates are cells > 20  /<m in size, their prim ary production would be 
directly available to  m etazoan grazers such as copepods, in contrast to  the dom inant 
com ponent of the phytoplankton com m unity, which is com posed of cells /<m in size 
(D elgado e ta l., 1992). C onsidered in these term s, even if photosynthetic ciliates provide 
only m odest contributions to prim ary production, they may be disproportionately im port
ant in carbon flux to  higher trophic levels.

The C atalan Sea is probably not unusual with regard to the potentially im portant role of 
photosynthetic, especially m ixotrophic. ciliates based on recent abundance data from 
other systems (Table 6). In term s of the contribution of mixotrophic oligotrichs to  the chi 
crop, com parative data are sparse. In the N ordic Seas, Putt (1990) noted that in near
surface samples w here chi concentrations are low <0.2/<g D 1, a single m ixotrophic species
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could represen t 24% of the chi crop. For the shelf and slope w aters of G eorges B ank, 
ciliate chi (m ixotrophic and M esodinium  rubrum ) were estim ated to equal 7% of total chi 
for values in tegrated  th roughout the euphotic zone (Stoecker et al. , 1989).

In many m arine systems, photosynthetic ciliates may represen t a significant, previously 
overlooked, part of the chlorophyll crop in surface w aters. T heir contribution is easily 
underestim ated or not detected. T here is ample evidence that ciliate chi can not be 
determ ined by traditional chi size-fractionation techniques, as filtration of w ater samples 
results in the lysis of ciliates (Putt, 1990).

C O N C LU SIO N

D ata presen ted  here show that different types of planktonic ciliates display different 
vertical distributions, relative to  chi a , in a system with a well-defined D CM . H e te ro tro 
phic ciliate biom ass appeared  closely linked to chi a concentration. In contrast, large 
m ixotrophic forms were largely restricted to  the surface layer, w here chi a concentrations 
were low. In near surface sam ples, they form ed an im portant part of total ciliate biomass 
and likely contributed  significantly to  the chi a crop. The autotrophic species M esodinium  
rubrum  displayed variable vertical distributions. The ciliate com m unity differed in some 
fundam ental respects com pared to better-know n near shore com m unities with relatively 
few nanociliates found and diversity, at least that of tintinnid ciliates, high. In the N .W . 
M editerranean, ciliate biomass relative to phytoplankton biomass as m easured by chi a, is 
largely similar to stocks of oceanic systems. R ough calculations of grazing im pact for 
ciliates suggest tha t about 50% of prim ary production is probably consum ed by planktonic 
ciliates.
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