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Cilates from sub-surface waters of the Argentine shelf and the Drake Passage under austral
summer and autumn conditions were examined and compared for the first time. In both environ-
ments, the taxonomic structure of ciliates was related to temperature and salinity, and aloricate oli-
gotrichs dominated in density (80%) over loricate oligotrichs, litostomatids and prostomatids,
while the microplanktonic fraction prevailed in terms of biomass (90%) over the nanociliates.
Mpyrionecta rubra was found all along the Argentine shelf only in autumn, but showed isolated
peaks of abundance (1 0’ ind. L) during summer. Mean values of density and biomass of total
ctliates decreased ca. 2-fold from the shelf-slope to oceanic waters, while potential maximum pro-
duction of aloricate oligotrichs decreased 9-fold, in relation with the drop i chlorophyll a concen-
tration and the latitudinal decline of temperature, also reflected in maximum growth rates. Fifty
percent of total ciliate abundance was represented by local increases (maximum: 20 000 ind. L~
and 25 pg C L), which were spatially superimposed with ranges of seawater temperature and
chlorophyll a concentrations of 10—15°C and 0.6—6 ug L™, respectively, and were found in
the nearby of fronts located on the shelf and the slope.

INTRODUCTION

phytoplankton production (Leakey et al.,

1996; Modigh,

Ciliates play a key role in the transfer of nutrients and
energy through planktonic food webs, acting as
top-down regulators of pico- and nanoplankton, as
primary producers in the case of autotrophic and mixo-
trophic species (Myronecta rubra and some aloricate oli-
gotrichs, respectively), and as a food source for micro-
and mesozooplankton (Pierce and Turner, 1992). The
spatial and seasonal distribution of their density and
biomass usually follows the fluctuations of bacterial and
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2001; Chiang et al., 2003; Kim et al., 2007). The taxo-
nomic and size structure of ciliates is usually shaped by
the size composition of the food resources (Montagnes
1988; Setdld and Kivi, 2003; Johansson et al.,
2004). Temperature is also known to markedly affect

el al.,

ciliates, mainly by controlling their growth rates
(Montagnes, 1996; Montagnes and Lessard, 1999).
Finally, other factors, such as grazing (Nielsen and
Kierboe, 1994) as well as current circulation and frontal
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processes (Montagnes et al., 1999; Safi et al., 2007;
Zarauz el al., 2008), are also known to have some
bearing on the qualitative and/or quantitative attributes
of a given ciliate community.

Marked changes in practically all of the above biotic
and abiotic factors are well exemplified by the sharp
neritic-to-oceanic transition observed for the sector
extending from the Argentine shelf to the proximity of the
Antarctic Peninsula (Fig. 1), which is accompanied by the
latitudinal decrease in temperature. Although previous
studies suggest that planktonic ciliates generally show
abundance levels at least one order of magnitude higher
in neritic than in oceanic waters (Pierce and Turner,
1992), there is little information on the contrast of ciliate
abundance and structure in both environments.

The Argentine shelf is one of the most productive
(Behrenfeld and Falkowsky, 1997) and largest in the
World Ocean, with a width up to 800 km and an area
of ca. 1 x 10° km? (Acha et al., 2004). Tt €ncompasses
temperate to cold waters and is characterized by a
strong scasonality, a latitudinal delay of phytoplankton
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Fig. 1. Geographical position of oceanographic stations.

VOLUME 31

NUMBER 8 | PAGES 837-851 | 2009

spring blooms (Rivas et al., 2006; Romero et al., 2006),
and several thermohaline and/or tidal fronts often
linked to high concentrations of chlorophyll, picoplank-
ton, phytoplankton, mesozooplankton and other organ-
isms, including species of ecological and commercial
relevance (Acha et al., 2004; Alder and Franzosi, 2004;
Sabatini et al., 2004; Almandoz el al., 2007). Its main
hydrological inputs are those of the diluted waters
derived from continental run-off and from the Pacific
Ocean via the Cape Horn Current and through the
those of the cold,
nutrient-enriched subantarctic waters of the Malvinas

Magellan ~ Strait, and saline,
Current, a branch of the Antarctic Circumpolar
Current (Piola and Rivas, 1997). At ca. 55°S, the shelf
ends in the oceanic Drake Passage, a complex and
dynamic oceanographic sector which includes waters of
subantarctic and antarctic origin and is characterized
by strong eddy activity and at least three permanent
oceanographic fronts (Orsi et al., 1995), often associated
with relative increases in chlorophyll ¢ (Moore and
Abbott, 2002).

Although the Argentine shelf and the Drake Passage
provide an ideal scenario to analyse variations in biologi-
cal communities along a bathymetric and thermal gradi-
ent, planktonic ciliates have never been studied in this
region. The information available on these organisms is
restricted to estuaries (Barria de Cao et al., 2003; Kogan,
2005) and adjacent oceanic waters of the south-western
Atlantic (Fernandes and Brandini, 1999). Consequently,
the aim of the present work was to examine, for the first
time, the major ecological trends related to ciliates
inhabiting sub-surface waters of those neritic and
oceanic waters under austral summer and autumn con-
ditions. The abundance and cell size of major taxonomic
classes, as well as potential metabolic rates, were est-
mated in relation to bathymetry, temperature, salinity
and chlorophyll @ concentration. In this context, we
hypothesized that the taxonomic and size structure of
ciliates and their levels of abundance are clearly different
between both environments, as a response to the
environmental conditions and food availability.

METHOD

Three latitudinal transects were performed on the
Argentine shelf and the Drake Passage (Fig. 1) during
austral summer (January—February 2002 and 2003) and
autumn (April 2002) on board the icebreaker Almirante
Irizar, where sub-surface (9 m) seawater was continu-
ously provided by a centrifugal pump specially designed
to preserve fragile microorganisms. The transects carried
out during autumn 2002 and summer 2003 covered
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Fig. 2. Environmental parameters (A—D), density (E) and biomass (F) of ciliates on the Argentine shelf and Drake Passage waters under
summer and autumn conditions. Arrows indicate decreases of temperature (B) and salinity (C). Bottom depth was plotted on a logarithmic scale.

both iner (<50m) and middle (50—100m) shelf In summer 2002, only waters from the subantarctic
waters, and are characterized by a sharp transition to the regime were surveyed, covering the outer shelf (100—
oceanic subantarctic—antarctic environment (Fig. 2A). 200 m), the slope (200—600 m) and the oceanic domain.
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Temperature and salinity were measured by a con-
tinuous automated system (ARGAU Project: http://
dataipsl.ipsl.jussicu.fr/ ARGAU/argau.htm),
bathymetric information and plankton samples were

while

obtained at 111 oceanographic stations with a spatial
resolution of 0.5-0.8° of latitude. Both filtered (100—
200 L; 20 pm mesh size) and non-filtered (0.5 L)
samples were preserved with Bouin’s solution 10 and
5% (f.c.) to study loricate and aloricate ciliates, respect-
vely. In addition, at 83 stations, 2—4 L. of water were
concentrated on GF/F filters and frozen untl spectro-
photometric quantification of chlorophyll a (Strickland
and Parsons, 1972).

Over 15 000 individual ciliates were examined under
upright and/or inverted microscopes (250 % —1000X)
and classified at the class level (Lynn and Small, 2002).
Mpyrionecta rubra was classified up to the specific level due
to its unique trophic mode. Density was estimated
under an inverted microscope (Utermohl, 1958), count-
ing at least 100 individuals per sample and reaching a
standard error <30%. Biomass was assessed first by
measuring 40 specimens per station to calculate their
volume, and then by applying the regression formula
(0.053 lorica volume+444.5) or the conversion factor
(0.19 pg C wm ™) proposed for estimating the content
of organic carbon in loricate ciliates (Verity and
Langdon, 1984) and aloricate ciliates fixed with acid
Lugol’s solution 2% (Putt and Stoecker, 1989), respect-
ively. Since Bouin’s solution 5% can cause cell shrink-
age, on average, 7% higher than acid Lugol’s solution
2% (Stoecker et al., 1994), our biomass values for alori-
cate ciliates may be slightly underestimated. The contri-
bution to density and biomass according to size was
evaluated by differentiating between nanociliates
(<20 pm) and microciliates (20—200 pm).

Potential maximum values of growth rate (Miller
and Geller, 1993) and ingestion rate (Hansen et al.,
1997) of aloricate oligotrichs at each station were calcu-
lated using the following equations:

Inp=152In7T —-027InV — 1.44
logIR = 0.10 — 0.20log V'

where W is the maximum growth rate (day” '), IR the
maximum ingestion rate (h~'), 7 the temperature (°C)
and V the cell volume (pm®). Subsequently, the biomass
was multiplied by either IR or w to estimate potential
maximum values (in pg C L™" day™ ") of consumption
(Verity et al., 1996) and production (Montagnes et al.,
1988), respectively.

The data were statistically analysed by: (i) the non-
parametric Spearman’s coefficient (R), to evaluate the
bottom  depth, latitude,

correlation between
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temperature, salinity and chlorophyll a with the density
and biomass of total ciliates, the potential production of
aloricate oligotrichs, the proportion of each class and
size fraction and the absolute abundance of M. rubra.
Correlations in oceanic waters were omitted for some
taxonomic classes which were recorded only at a few
stations. (ii) Non-parametric, one-way ANOVA (Mann—
Whitney’s test and Kruskal—Wallis’ test for two or more
means, respectively), to compare ciliate abundance
between different groups of stations (Zar, 1999). (iii)
Non-metric multi-dimensional scaling (MDS) (Field
et al., 1982) using a Bray—Curtis dissimilarity matrix
based either on the relative density or biomass of ciliates
according to taxonomic classes and size fractions, to
analyse their spatio-temporal trend.

RESULTS

Environmental variables and ciliate
abundance

For the three transects analysed, temperature ranged
from 0.3°C (autumn 2002, 61.5°S) to 23.9°C (summer
2003, 37.5°S) (Fig. 2B). Considering the same latitudi-
nal range (41-57°S) for the three periods, the mean
temperature was found to decrease from 13°C in
summer to 11°C in autumn. Salinity varied between ca.
28 psu at the northernmost sector (36—36.7°S) and ca.
34 psu at 41-42°S and in the Drake Passage (Fig. 2C).
Simultaneous drops of temperature (2—3°C) and salinity
(0.2-5.0 psu) were only detected in autumn 2002 and
summer 2003 (Fig. 2B and C). The lowest mean chloro-
phyll @ concentrations (Fig. 2D) were detected in
oceanic (0.21 pg L") and outer shelf waters (0.65 pg
L"), while maximum figures corresponded to inner
and middle shelf waters, where the value recorded for
summer (2.79 pg L") doubled that of autumn (1.34 ug
L.

Spatial and temporal variations in ciliate abundance
are summarized in Fig. 2E and F and Table I. During
summer 2002, the highest values of density and
biomass were found in outer shelf-slope and middle
shelf waters, respectively, whereas in autumn of the
same year, these two parameters peaked in the middle
shelf. The lowest values during 2002 were detected in
oceanic waters. In contrast, both maximum and
minimum abundances during summer 2003 were found
in middle shelf waters. When considering all stations
pooled together, abundance ranges were found to be
wider for shelf-slope (38-19 739 ind. L™' and 0.01—
25.05 wg C L™") when compared with oceanic waters
(196-1102 ind. L™' and 0.07-230wg C L7,
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Table I: Cihate abundance in each period and bathymetric zone examined

Density (ind. L™") Biomass (wg C L")
Area Season n Mean Range Mean Range
Shelf-slope Inner shelf Summer 2002 1 1766 - 1.28 -
Autumn 2002 4 1283 573-2280 2.51 0.62-4.09
Summer 2003 9 826 171-2496 1.87 0.43-3.97
Middle shelf Summer 2002 6 1076 434-1667 3.22 0.62-7.59
Autumn 2002 26 1435 392-4949 3.12 0.27-13.65
Summer 2003 17 2777 38-19 739 4.07 0.01-25.05
Outer shelf Summer 2002 15 1056 126-5371 0.96 0.09-3.75
Slope Summer 2002 6 1113 282-2880 0.57 0.33-0.82
Total 84 1520 38-19739 2.60 0.01-25.05
Ocean Subantarctic Summer 2002 5 529 199-1102 0.46 0.07-1.01
Autumn 2002 8 557 196-944 1.22 0.563-2.30
Summer 2003 3 1456 384-3086 2.67 0.52-6.87
Antarctic Autumn 2002 7 575 192-1000 1.08 0.28-2.16
Summer 2003 4 563 376-999 1.17 0.63-2.00
Total 27 640 196-3086 1.20 0.07-6.87

n, number of stations.

Table II: Contrast of ciliate abundance between periods and bathymetric zones by means of
non-parametric ANOVA (Mann—Whtney’s and Kruskal-Wallis® tests; statistics=U and H, respectively)

Contrast Density Biomass
Shelf-slope versus ocean U=629 U=776
P=0.00 P=0.03
Shelf-slope: all bathymetric bands, all periods H=28.34 H=13.4
P=0.30 P=0.06
Shelf-slope: all bathymetric bands, summer 2002 and 2003 H=4.12 H=0.96
P=0.53 P=0.06
Shelf-slope: middle shelf, autumn 2002 and summer 2003 U=210 U=220
P=0.80 P=0.99
Ocean: subantarctic and antarctic waters, all periods H=1.98 H=6.10
P=0.74 P=0.19

Significant results (P < 0.05) are shown in bold.
Averages, ranges and number of stations according to Table I.

excluding the exceptional values of 3086 ind. L™ and
6.87 pg C L7 found at 57°S—63°W during summer
2003). The transition from neritic to oceanic waters
implied a significant decrease (Mann—Whitney’s test,
P<0.05) in the mean values of density (58%) and
biomass (54%) (Tables I and II). In contrast, spatial and
temporal variations in abundance either within the
shelf-slope region or within the Drake Passage were not
significant (Mann—Whitney’s and Kruskal—Wallis’ tests,
P> 0.05; Table II).

Total ciliate density showed a significant and positive
correlation (Spearman’s coeflicient, P <<0.05) with
temperature and chlorophyll @ concentration, but
covaried negatively with bottom depth, latitude and
salinity (Table III). Biomass followed the same trend,
except for salinity When the stations carried out
in shelfsslope and oceanic waters were considered
independently, both density and biomass correlated

841

significantly and positively only with chlorophyll «
concentration.

Throughout the area and periods surveyed, we found
three sectors and eight points where ciliates reached
values of density >2000 ind. L~' and/or biomass
>6pug C L™ (Fig 2E and F), including one station
(49.5°S—66.5°W; summer 2003) with values one order
of magnitude higher (10" ind. L™'; 107 ug C L7
mainly caused by  Stombidum spp. (60%) and
Helicostomella subulata (15%). The plot of ciliate abun-
dance per station in relation to environmental variables
(Fig. 3) shows that almost all these stations were located
in shelf and slope waters (12—280 m; except at 57°S—
63°W in summer 2003), and were spatially overlapped
with ranges of temperature of 10—15°C and chlorophyll
a concentration of 0.6-6 ug L™' (80 and 95% of the
increases, respectively). The abundance of ciliates was
significantly higher (Mann—Whitney’s test, P<<0.05;
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Table III: Spearman’s correlations of density and biomass of total ciliates and potential maximum
production of aloricate oligotrichs with environmental factors

Bottom depth Latitude Temperature Salinity Chlorophyll a

All the area

Density -0.27 —-0.27 0.22 -0.23 0.49

Biomass -0.26 -0.25 0.22 -0.16 0.46

Production —-0.49 —0.61 0.58 -0.13 0.46

n 111 11 111 11 83
Shelf-slope

Density —0.06 -0.02 —0.05 -0.05 0.33

Biomass -0.22 -0.18 0.13 -0.04 0.41

Production -0.35 —0.53 0.47 0.18 0.30

n 84 84 84 84 62
Ocean

Density 0.13 -0.31 0.03 0.04 0.51

Biomass 0.24 0.02 —0.01 -0.19 0.41

Production 0.00 -0.11 0.18 -0.17 0.38

n 27 27 27 27 21

Significant results (P < 0.05) are shown in bold. n, number of stations. Production was not estimated when temperature was out of the range of 4—
23°C (Mdiller and Geller, 1993): 2 and 10 stations of shelf-slope and oceanic waters, respectively.
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Fig. 3. Bubble plots of ciliate density (A) and biomass (B) in relation to environmental variables. Bottom depth was plotted on a logarithmic
scale. Number of stations: 83 for chlorophyll @ concentration and 111 for other variables.

Table IV) within such ranges than in the rest of the
shelf-slope.

Taxonomic and size structure of ciliates

The ciliates recorded consisted of aloricate and loricate
oligotrichs  (class litostomatids ~ (class
Litostomatea), prostomatids (class Prostomatea) and an

Oligotrichea),

unidentified taxon. In terms of their mean absolute
abundances, we found that: (i) aloricate oligotrichs
(1080 ind. L™" and 1.71 pg C L") reached values

842

higher by one order of magnitude with respect to lori-
cate oligotrichs (116 ind. L' and 0.38 pg C L™"), and
by two orders of magnitude when compared with litos-
tomatids (65 ind. L' and 0.08 pg C L™, represented
by a 90% of M. rubm), prostomatids (9 ind. L™' and
0.02 wg C L™") and the unidentified taxon (37 ind. L™
and 0.03 wg C L™"); (ii) microciliates (including some
aloricate oligotrichs and all loricate oligotrichs, litosto-
matids and prostomatids) and nanociliates (comprising
exclusively aloricate oligotrichs) reached similar mean
densities (745 versus 562 ind. L™, respectively), but the
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Table 1V: Ciliate abundance in waters with temperature of 10—15°C and chlorophyll a of 0.6—6 ug

I
(statistic=U)

as compared to that found i the rest of the shelf-slope by means of Mann—Whitney’s test

Density (ind. L™") Biomass (ng C L")
Mann-Whitney Mann—-Whitney
Number of >2000 B >6 (% of B
Factor Range stations (% of stations) Mean U P stations) Mean U P
Temperature 10-15°C 42 33 2180 528 0.001 17 3.48 626 0.022
< or >10-15°C 42 7 864 2 1.65
Chlorophylla ~ 0.6-6 wg L™ 47 26 1942 155  0.001 15 3.41 147 0.001
<or>06-6ug L’ 15 7 628 7 1.28
Significant results (P < 0.05) are shown in bold.
former fraction represented a relative contribution to ——
. . |,_Nimo— Il Micro-ciliates |
biomass of 90% over nanociliates (2.05 versus 0.18 pg A omcaie z 3 P =
_ . R f . = = S
C L7"; (i) when passing from shelf-slope to oceanic 10000 oligotrichs = g 5 3
waters, the abundance of nano- and micro-aloricate oli- 8000 T S| g E 3
gotrichs decreased two times, while loricate oligotrichs, 6000 LT o £ £ =
. . . ; - 5| 49 5
litostomatids and the unidentified taxon decreased 4, 10 T, 4000 ,:3 =
and 3 times, respectively, and prostomatids were no S 2000 T3 =
. s - X i
longer detected (Fig. 4). 54 10007 -l I
Based on the relative density and biomass of the Z 800
taxonomic classes and size fractions of ciliates, the fol- A o W
lowing aspects were elucidated. First, the ordination of e "
all the stations by multi-dimensional scaling reflected a
relatively homogeneous distribution independent of the fgg b3 . i | T
environment and period surveyed: the cloud of points Igg J_ IE * i ‘*E
based on density (Fig. 5A) tended to prolong towards 0 - E XI¥0,
two extremes due to the prevalence of micro- and 18 - _
nano-aloricate oligotrichs in 50 and 38% of the stations, B
respectively. The more compacted gathering of points 12 | B Mean inArgunting stietk
. . . . D Mean in Drake Passage
yielded by the biomass (Fig. 5B) was also attributed to _ Not detected in
micro-aloricate oligotrichs (87%), whereas nanociliates I 6 T |IT X Drake Passage
dominated only in 1% of the points. The remaining ¥  af bl L Range
points (12%), which escaped the central trends, were >
localized in shelf waters and responded to the domi- g 5
nance of the other microciliates. =2 [ |
Second, the contribution of each group of ciliates to 14
density as a function of latitude (Fig. 5C, E and G) = = (LT I T
reflected a higher contribution of micro-aloricate oligo- 0 mX |

trichs in waters of the north of the shelf untl approxi-
mately 47-48°S (2002) or 43°S (2003) and in oceanic
antarctic waters. On the other hand, nano-aloricate
oligotrichs prevailed from those latitudes until 53 or
48°S, respectively, and in oceanic subantarctic waters.
Loricate oligotrichs and litostomatids dominated in
density and biomass (Fig. 5D, IF and H) in the north of
the transects during the summer (37°S and 41°S) and
in the south of the middle shelf (53—55°S), where the
contribution of the unidentified taxon also increased
(51-52°S). The summer of 2003 was characterized by
ca. 100% of micro- and nano-aloricate oligotrichs at 41

Fig. 4. Contrast of the absolute density (A) and biomass (B) of ciliates
according to taxonomic classes and size fractions in shelf-slope and

oceanic waters.

and 43.5°S, respectively, and the maximum contribution
of prostomatids in biomass (17%; 48°S), whereas the
autumn showed an increase in the presence of almost
all taxonomic classes on the shelf.

Finally, correlation results with environmental vari-
ables (Table V) showed that significant positive covaria-
tions within shelf-slope waters were limited to those of
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temperature and salinity with microplanktonic aloricate
oligotrichs and those of chlorophyll a concentration
with loricate oligotrichs and prostomatids, while signifi-
cant negative covariations were obtained for nanoplank-
tonic aloricate oligotrichs, loricate oligotrichs and the
unidentified taxon with temperature, and for litostoma-
tids with bottom depth. In oceanic waters, a significant
and positive correlation was found for the relative
density of nano-aloricate oligotrichs with temperature
and salinity, together with an opposite trend for micro-
aloricate oligotrichs.

The spatio-temporal distribution of M. rubra
(Fig. 5C—H) revealed that in shelf waters, the species
reached mean abundances of 90 ind. L™" and 0.10 pg
C L7', with maximum values ca. three times higher
during both summers (up to 962 ind. L' and 1.16 pg
C LY than during autumn (337 ind. L™" and 0.5 pg
C L7, although it was found more frequently in this
last period. Besides, its abundance on the shelf corre-
lated significantly (Spearman’s coefficient, P << 0.05)
with bottom depth (R= —0.29 and —0.28 for density
and biomass respectively; n=84) and chlorophyll «
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Table V- Spearman’s coefficients between environmental factors and the relative density (D) and biomass

(B) of taxonomic classes and size fractions

Bottom depth Temperature Salinity Chlorophyll a
Shelf -slope
Nanoplanktonic aloricate oligotrichs D 0.13 —0.33 -0.19 -0.17
B 0.15 -0.25 -0.12 -0.29
Microplanktonic aloricate oligotrichs D -0.07 0.51 0.42 0.01
B -0.04 0.36 0.40 -0.04
Loricate oligotrichs D 0.07 —0.35 -0.18 0.39
B 0.07 -0.33 -0.21 0.34
Litostomatids D —-0.29 0.03 -0.12 0.16
B -0.31 0.04 -0.12 0.17
Prostomatids D —-0.10 0.02 0.01 0.23
B —0.11 0.03 0.02 0.23
Unidentified taxon D 0.21 —-0.35 —0.09 0.02
B 0.22 —-0.40 -0.13 0.00
Number of stations 84 84 84 62
Ocean
Nanoplanktonic aloricate oligotrichs D -0.14 0.67 0.69 0.19
B -0.20 0.18 0.38 0.02
Microplanktonic aloricate oligotrichs D 0.14 —0.66 -0.69 -0.34
B 0.31 -0.03 -0.14 -0.10
Loricate oligotrichs D 0.1 -0.13 -0.02 0.15
B 0.19 -0.37 -0.09 0.02
Number of stations 27 27 27 21
Significant results (P < 0.05) are shown in bold.
concentration (only in biomass, R=0.21; n=62). Maximum production covaried significantly and nega-

Oceanic waters, instead, were characterized by isolated
increases (up to 89 ind. L™ and 0.06 ug C L") only
in the subantarctic sector (55 and 57°S: autumn 2002;
58.5°S: summer 2003).

Potential metabolic rates of aloricate
oligotrichs

The expected linear relationship between the maximum
growth rate of aloricate oligotrichs (Fig. 6A) and sea-
water temperature (Fig. 2B) encompassed a southward
latitudinal decrease from 2.73 to 0.20 dayfl, although
such rates were much more variable from the north of
the area to 50—51°S than at the south of this latitude.
Maximum consumption and production were, on
average, 10.1 and 2.7 pg C L™ day™' for the shelf-
slope, and 4.7 and 0.3 ug C L' day™' for oceanic
waters, respectively. As shown in Fig. 6B, the micro-
planktonic aloricate oligotrichs had mean values of
biomass, consumption and production ca. 7 and 3.5
times greater (in neritic waters and oceanic waters,
respectively) than nanoplanktonic cells. In both environ-
ments, however, the mean growth and ingestion rates
were ca. 2-fold higher for the smaller fraction. The
station carried out at 57°S—63°W in summer 2003 was
excluded from this analysis, as it yielded biomass,
consumption and production values one order of
magnitude higher than the average for oceanic waters.

tively (Spearman’s coefficient, P<<0.05) with bottom
depth and latitude, while it correlated positively with
temperature and chlorophyll ¢ concentration (Table III).

DISCUSSION

Contrast of ciliate abundance and potential
metabolic rates in neritic and oceanic
waters

The relevance of the environments examined in this
study is related to the circulation of the Antarctic
Circumpolar Current, for which the Drake Passage rep-
resents its major chokepoint, and its impact on the rich
subantarctic waters of the Argentine shelf through the
Malvinas Current (Fig. 1). The transition from the
Drake Passage to the Argentine shelf encompasses two
sectors of clearly different bathymetric gradients, a very
sharp one at the tip of Tierra del Fuego (ca. 55°S) and
a gentler one west of the Burdwood Bank (52—55°S).
The Malvinas Current flows along the outer shelf and
the adjacent slope, also influencing the inner and
middle shelf south of 51°S, a sector which shows a
quasi-homogenous water column all along the year
(Guerrero et al., 1999; Sabatini et al., 2004). The vertical
homogeneity of the upper water column in both the
south of the shelf and the Drake Passage would imply

845



JOURNAL OF PLANKTON RESEARCH

VOLUME 31

NUMBER 8 | PAGES 837-851 | 2009

A B~
g ;
Siinias L Nanoplanktonic i Microplanktonic
2002 o Shelf-slope
—e— Autumn :;‘«E 10 2.50
40°+ 2002 = 2
—— Summer g Y 2.00 =
2003 5 e
3 6 1.50 ¢
& o
g I, L 1.00 §+
45° = £
S 0.50 £
N Bl g :
2 o . i i L0.00 £
| Summer  Autumn  Summer | Summer  Autumn  Summer =
— 2002 2002 2003 2002 2002 2003 5..
o =
&0 =
50° = E
= =
2 =
[=9 ~Ng ‘/‘\
g [I 5 Ocean 1.25 g
g2 4 100
Shelf-slope o — ;
55° = 3 0.75 %‘
Oces: - _ E
e U2 050 =
20 ] E|
A 7 —| (0258
Z il =
EH(}_ [LF =D_ [ I__-|_ L0.00 =
60°S i ¥ ! é Summer  Autumn  Summer } Summer  Autumn  Summer
0.00 1.00 2.00 3.00 2002 2002 2003} 2002 2002 2003
Maximum growth rate (day‘])

Fig. 6. Potential metabolic rates estimated for aloricate oligotrichs. (A) Latitudinal fluctuation of the maximum growth rate (averages per
station). (B) Biomass and maximum values of growth rate, ingestion rate, consumption and production (averages for each size fraction in

shelf-slope and oceanic waters).

that our sampling performed at 9m depth reflects
actual ciliate abundances quite satisfactorily, although
these organisms have been observed to concentrate
either in the upper 10-20 or 40—50 m in neritic and
oceanic waters, respectively (Leakey et al, 1996;
Garrison et al., 1998).

In this context, our data confirm that the mean
density and biomass of ciliates decrease significantly
when passing from neritic to oceanic waters (Figs 2E
and F and 3; Tables I and II). Maximum values of
ciliate abundance commonly found on the Argentine
shelf (10° ind. L™" and 10" pg C L7") and in the
Drake Passage (107 ind. L™" and 10°pg C L7") are
comparable with those of other shelves (Verity et al.,
1996; Chiang et al., 2003) and oceanic environments
(Dolan and Marrasé¢, 1995; Dolan et al., 1999;
Fernandes and Brandini, 1999; Pitta et al., 2001), while
values one order of magnitude higher are found only
exceptionally. In general, values of 10* ind. L™, and
even 10° ind. L', are reported for coastal environ-
ments linked to high levels of biological productivity,
such as estuaries, bays and gulfs (Sanders, 1995;
Modigh, 2001; Barria de Cao et al., 2003; Kogan, 2005;
Kim et al., 2007). On the other hand, a drop of one

order of magnitude from neritic to oceanic waters was
also estimated for the potential maximum production of
aloricate oligotrichs (Fig. 6B), which represented ca.
80% of total ciliate abundance in both environments.
The relationship of the bottom depth and latitude
with the density and biomass of total ciliates was
reflected only when considering the  whole
neritic-to-oceanic latitudinal range (Tables II and III).
Instead, the potential maximum production of aloricate
oligotrichs showed such trends when considering either
all the area surveyed or only the shelf waters (Table III),
in agreement with previous reports which indicate that
ciliate production reaches higher values near the coast
and as latitude decreases in a similar range in the
northern hemisphere (Lynn and Montagnes, 1991). The
difference in the trends detected for abundance and
potential production may be attributed to the decrease
in the maximum growth rates, which tends to be paral-
lel to the latitudinal decrease in temperature (Figs 2B
and 6A). However, while there is no evident change in
maximum growth rates with bottom depth, the constant
and gradual decrease in values estimated south of 51°S
agrees with the more stable environmental conditions
found in this sector due to the permanent influence of
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the Antarctic Circumpolar Current (Sabatini et al.,
2004).

In addition to the expected higher temperatures, the
Argentine shelf waters were characterized by a mean
chlorophyll a concentration ca. 10 times higher than the
oceanic realm (Fig. 2D), thus partially explaining the
differences in ciliate abundance and production
between these environments. The direct relationships of
both environmental factors with ciliate abundance and
potential production in the whole area under study
(Table II) are a clear trend that may be attributed to
the positive effect of both food concentration and
temperature on the numerical response of ciliates

(Montagnes and Lessard, 1999).

Increases in ciliate abundance

Mechanisms and factors that regulate ciliate abundance
are complex and still under debate. Top-down or
bottom-up regulation, interactions between environ-
and food
resources, and their influence on metabolic rates have
examined (Nielsen and Kierboe, 1994
1996; Montagnes 1999;
Weisse et al., 2002). In this study, increases in ciliate
abundance (>2 10” ind. L' and/or 6 pwg C L™") were
found under combined, probably optimum, and rela-

mental conditions, mainly temperature
been

Montagnes, and Lessard,

tively intermediate ranges of temperature and chloro-
phyll @ concentration (Fig. 3; Table IV). Although we
did not test statistically possible interactions between
factors, the trend found based exclusively on field data
seems to be consistent enough for temperate shelf
waters under late summer and early autumn conditions.

The increases were detected only at 15% of the
stations examined throughout the study, but represented
50% of total ciliate abundance, and practically all of
them were located in Argentine shelf waters. As a con-
sequence of the strong seasonality of this region, and in
coincidence with the productivity levels based on
satellite-measured surface chlorophyll ¢ (Rivas et al.,
2006), both the ranges of temperature and chlorophyll a
as well as the ciliate peaks were displaced in relation to
latitude (Fig. 2B, D-F): in late summer, they were
found in southern Patagonian waters (at 47—52°S and
45-53°S in 2002 and 2003, respectively), relatively
later than the period when the phytoplanktonic bloom
develops (November to December), whereas in early
autumn they were found in northern Patagonian waters
(43—45°S), when secondary peaks of chlorophyll a are
detected, although the spring
(September to October). As the main peaks of ciliates

bloom occurs in

are detected immediately after the phytoplankton
bloom in other temperate environments (Nielsen and

PLANKTONIC CILIATES IN NERITIC AND OCEANIC ENVIRONMENTS

Kierboe, 1994; Sanders, 1995; Modigh, 2001; Barria de
Cao e al., 2003; Johansson et al., 2004; Kim et al.,
2007), ciliates may reach the highest abundances during
austral spring and early summer in the Argentine shelf.
On the other hand,
increases were located close to the historical position of

almost all the abundance

fronts of the Argentine shelf and the slope (Fig. 7), such
as the Valdés Front, Adantic Patagonia Cold Estuarine
El Rincon Front, tidal fronts
Patagonian waters and the shelf-break Front (Bava et al.,
2002; Acha et al., 2004; Lucas et al., 2005). However,
only a few of such ciliate peaks coincided with the

Front, of southern

simultaneous drops of temperature and salinity detected
in this study (Fig. 2B, C, E and ), possibly because
fronts may be evident in deeper strata than the waters
here examined.

Although fronts tend to be related to increased abun-
dances for all the biological communities (Olson, 2002),
our results also suggest that this trend may be altered.
For instance, the effect of top-down regulation on ciliate
density and biomass may be reflected by the lowest
values detected in summer 2003 (Fig. 2E and F) both in
the vicinity of the Valdés Front (42—44°S), where poten-
tial maximum growth rates are as high as in the north
of the shelf due to the prevalence of nanociliates
(Figs 5G and H and 6A), and in Grande Bay (51—
52°S), since copepods and other metazoans reach the
highest biomass in the same season and sectors
(Ramirez and Sabatini, 2000; Sabatini and Alvarez
Colombo, 2001; Sabatini et al., 2004).

Moreover, the strongest evidence that fronts are not
always related to high abundances emerges from those
of the Drake Passage, such as the Subantarctic Front,
Polar Front and Southern Antarctic Circumpolar
Current Front (Orsi et al., 1995), where both ciliate and
chlorophyll a concentrations were low and homo-
genecous (Figs 2D—F and 7). Once again, this may be a
consequence of seasonality: in these waters, satellite-
measured surface chlorophyll @ reflects that the phyto-
plankton bloom is mainly restricted to the vicinity of
the Polar Front during early summer (December), while
during the seasons surveyed here the bloom formation
1s limited principally due to low nutrient availability in
the water column (Moore and Abbott, 2002). Instead,
the only oceanic increase in ciliates (57°S—63°W,
summer 2003) was located between the Subantarctic
Front and the Polar Front, coinciding with an increase
in temperature of ca. 1°C higher than the southern
station and, according to loricate oligotrich species,
comprised waters of subantarctic origin. This local
increase may be associated with eddy activity, a
phenomenon well documented in the Drake Passage,
even in the same geographical position (Sprintall,
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2003), and which is known to influence the abundance
and distribution of loricate oligotrichs in the area (Alder
and Thompson, 2000).

Environmental factors related to the
taxonomic and size structure of ciliates

Sub-surface temperature and salinity helped to explain
the latitudinal distribution of taxonomic classes and size
fractions of ciliates from shelf-slope and oceanic waters,
while, with a few exceptions, a practically null effect of
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bottom depth and chlorophyll « concentration was
reflected (Table V). On the shelf, microplanktonic alori-
cate oligotrichs prevailed when temperature and salinity
reached relatively higher values, showing maximum
contributions in the mixed, coastal waters surrounding
Buenos Aires during 2003, although extending their
dominance to the south of San Jorge Gulf during 2002
(Fig. 2B and C and 5C—H). Considering the evidence
obtained mostly from the same sampling cruises exam-
ined in this study, which indicates that in sub-surface
shelf waters the mean value of net primary production
was 34 ug C L' day™ ' (Schloss e/ al., 2007) and the
phytoplankton biomass was dominated by cells
<10 pm (Almandoz e al, 2007), the main food
resource for micro-aloricate oligotrichs (Rassoulzadegan
et al., 1988), our theoretical estimations suggest a poten-
tial to consume ca. 30% of primary production for
these organisms, with maximum consumption and pro-
duction ca. one order of magnitude higher than nano-
ciliates (Fig. 6B).

The proportions of other microciliates (loricate oligo-
trichs, litostomatids and prostomatids) also increased
where the water column is permanently mixed, such as
restricted points of the coast of Buenos Aires and near
Blanco Cape, which are subject to wind action or tidal
forces, and in the southern border of the shelf. Ciliates
other than oligotrichs were relatively rare, and prosto-
matids were not detected in oceanic waters (Fig. 4),
possibly because of their fragmentary distribution,
although they may be able to reach high abundances in
some periods (Pierce and Turner, 1992).

In contrast, nanoplanktonic aloricate oligotrichs pre-
vailed on the stratified side of the Valdes Front
(summer 2003) and in the Low Salinity Coastal Water
band (autumn 2002), which is caused by the flux of
diluted waters entering from the Pacific Ocean
(Bianchi et al., 2005). Both sectors are characterized by
the highest densities of bacterioplankton on the
Argentine shelf (Alder and Franzosi, 2004). On the
other hand, the drop in the abundance of nano-
aloricate oligotrichs in oceanic waters from the suban-
tarctic to the antarctic regime followed the decrease in
both temperature and salinity (Fig. 2B and C), and the
bacterioplankton: nanoflagellate biomass ratio reported
for the Drake Passage (Pedros-Ali6 et al., 1996). Thus,
in agreement with previous conclusions (Montagnes
et al., 1988; Setdld and Kivi, 2003; Johansson et al.,
2004), the structure of ciliate assemblages according to
taxonomic classes and cell size may be defined by
quality rather than quantity of food, and by the avail-
ability of larger or smaller cells which can develop
under permanent mixing of the water column or strati-
fied conditions.
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Finally, the distribution and abundance of M. rubra
was described for the first time in the south-western
Atlantic, being only detected in the inner and middle
bands of the Argentine shelf, and less frequently in sub-
antarctic waters of the Drake Passage (Fig 5C—H).
Although the positive relationship found for its biomass
with the chlorophyll ¢ concentration in the shelf waters
may suggest a contribution of the species to this variable,
such a contribution was estimated as very low (mean =
0.3%), considering a specific cellular content of chloro-
phyll @ of 10-60 pg cell ™' (Johnson and Stoecker, 2005).
The maximum contribution (5%) was estimated for the
scarce stations where the species reached density values
of 10* ind. L™". Both on the Argentine shelf and in the
Drake Passage, densities were one order of magnitude
lower than in other neritic (Nielsen and Kierboe, 1994;
Montagnes et al., 1999) and oceanic environments
(Montagnes et al., 2008), including antarctic waters
(Edwards et al., 1998), possibly because this autotrophic
species generally peaks in spring (Sanders, 1995).

In conclusion, the main contrast found for ciliates
between Argentine shelf and Drake Passage waters,
along a range of ca. 30 degrees of latitude, is the
decrease in density, biomass and potential production,
due to the reduction in food availability and the
latitudinal decline in temperature. At the taxonomic
level, aloricate oligotrichs are clearly dominant in both
environments, the most evident difference being the
absence of prostomatids in oceanic waters. Instead, their
size structure seems to be related to the quality of food
associated with the stability of the water column, as
nano- and microciliates tend to predominate under stra-
tification and mixing conditions, respectively. Local
increases in ciliate abundance were significantly linked
to combined ranges of temperature and chlorophyll «
concentration, and also to fronts and eddies of the shelf
and oceanic waters, respectively. Finally, the estimations
based on aloricate oligotrichs suggest that microplank-
tonic cells may be quantitatively relevant in the transfer-
ence of carbon through the planktonic food web of the
Argentine shelf waters in summer and autumn, showing
the potential to consume more than a quarter of the net
primary production. Although food availability, intra-
and interspecific variability, mixotrophy or predation are
not considered by the empirical equations used here to
estimate the potential metabolic rates, and in spite of
methodological differences, our estimations are compar-
able with the values obtained by means of similar theor-
etical procedures (Dolan and Marrasé¢, 1995; Montagnes
et al., 1999; Modigh, 2001; Johansson et al., 2004) or
in situw experiments (Nielsen and Kierboe, 1994).

The trends found for the structure and abundance

of ciliates and for the metabolic rates of aloricate

PLANKTONIC CILIATES IN NERITIC AND OCEANIC ENVIRONMENTS

further
approaches centred on the evaluation of the abundance

oligotrichs constitute a field baseline for
of mixotrophic ciliates, the relevance of the ciliate peaks
in relation to growth or biomass accumulation and for
experimental studies aimed at enhancing the knowledge
of their role in both carbon flux and the microbial food
web of south-western Atlantic waters.
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