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ABSTRACT

In a fishless oligotrophic Alpine lake (Lago Paione Superiore: LPS), with a simple trophic food web, the relationships between
microorganisms and zooplankton have been studied. During the ice-free period 1999, bacterial grazing by mixotrophic flagellates
(MxF1), autotrophic carbon fixation and excretion (EOC), bacterial production, and zooplankton abundance and biomass were
measured weekly. After ice-melt, MxFI, which constituted 94% of total phytoplankton, increased in number until the appearance of
Daphnia longispina, the dominant crustacean zooplankton species in LPS. Gross primary production and EOC ranged from 0.2 to
2.5 and from 0.1 to 1.8 ug C I'' b”', respectively. EOC accounted for 45 to 90% of total autotrophic production. Community grazing
rate of MxFI was higher at 9 m in comparison with 1 m and ranged from 3 to 62 x 10° bact mI' k. MxF1 ingested 0.2 to 8% of the
natural bacterioplankton per hour, in summer. The community grazing rate of mixotrophic flagellates was significantly correlated
with the phytoplanktonic photosynthetic activity (P = 0.006) and with the bacterial production (P = 0.037). In August, Daphnia
grazing caused a rapid decrease of both bacteria and MxFI and of their activities. Phytoplankton photosynthetic efficiency increased
in late summer after a phosphorus pulse. Although P excretion by zooplankton was not measured, it is speculated that Daphnia play
an important role in the availability of this element firstly by grazing bacteria and MxFI in the water column and, after the exhaus-
tion of such food, by browsing algae at the water-sediment interface.
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1. INTRODUCTION

High mountain lakes, situated above the timberline,
are generally oligotrophic, due to the small catchment
area with poor vegetation, and have a rather simple pe-
lagic food web (Straskrabova et al. 1999). This is the
case of Lago Paione Superiore (LPS), a small (0.014
km?, max depth: 11.7 m), glacial lake in the Central
Italian Alps (Val Bognanco, Pennine Alps, 2269 m
a.s.L.). It is a fishless oligotrophic lake, acidic due to low
alkalinity and the acidification processes common to
many European lakes (The MOLAR Water Chemistry
Group 1999). LPS has been intensively studied in recent
years and is the site selected within the Italian Alps by
different groups of the European Community upon
which to evaluate effects of acid rain on lakes (AL:PE
and MOLAR Project). Previous studies (Callieri &
Bertoni 1999) showed that in LPS approximately 75%
of the total organic carbon is in the dissolved form
(DOC) and fluctuates greatly during the season. The
microbial food web is composed mainly of bacteria and
mixotrophic flagellates (MxFI), while ciliates, hetero-
trophic flagellates and strictly autotrophic phytoplank-
ton are lower in both number and biomass (Callieri &
Bertoni 1999; Pugnetti & Bettinetti 1999). Immediately
after thaw, bacteria and mixotrophic flagellates prevail;
then follows a development of considerable zooplankton
biomass comprising mainly Daphnia longispina (Manca

& Comoli 1999). We chose this small Alpine lake to
study MxFI and their relationships with bacteria and
zooplankton. Studies on mixotrophic phytoplankton
based on laboratory experiments have clarified func-
tional aspects of Chrysophytes (e.g. Ochromonas: An-
dersson et al. 1989; Rothhaupt 1996, 1997; Dinobryon:
Jones & Rees 1994) and of Cryptophytes (Gervais 1997,
Tranvik et al. 1989) and a classification of MxF] based
on their behaviour has been proposed (Jones 1997,
Jones 2000), which integrated also results from the
field. MxF1 have been studied in different freshwater
environments: from humic lakes of northern Europe
(Jansson et al. 1999; Jansson et al. 1996; Salonen &
Jokinen 1988) to Antarctic lakes (Roberts & Laybourn-
Parry 1999) or eutrophic lakes and ponds (Urabe et al.
2000; Hitchman & Jones 2000). So far no study has
been performed on the functional ecology of MxFI in
high mountain lakes although the presence and impor-
tance of MxFI in the phytoplankton of such lakes has
been widely recorded (Simona ef al. 1999; Medina-
Sanchez et al. 1999; Pugnetti & Bettinetti 1999). In this
paper we discuss the role of phagotrophic activity of
MxF1 on bacteria and of Daphnia longispina on micro-
bial communities.

2. MATERIAL AND METHODS

Samples were taken during the ice-free period of
1999 from a station above the point of maximum depth.
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Fig. 1. Dynamics of mixotrophic flagellates in LPS during summer 1999. The histograms are the number of organisms for the more
representative species and the line is the total phytoplankton abundance.

A total of 10 sampling occasions were performed from
July to October (see figure 1 for the sampling dates).
Activities were not measured on the first and the last
sampling dates. Two sampling depths were chosen: 1 m
below the surface and 1 m above the bottom (which of-
ten corresponded to 9 m). Underwater radiation and
temperature were measured at each sampling date. Re-
active phosphorus was determined (molybden blu, Mo-
sello R. and Tartari G., personal communication).
Samples for abundance counts were fixed following
the protocols presented in Straskrabova et al. (1999).
The dry weight of zooplankton, collected by vertical net
hauls (126 pm mesh), was measured and the carbon
content determined with CHN analyser (ANA 1500, C.
Erba). The photosynthetic activity was determined from
"C uptake in light and dark bottles, after four hour in

situ incubation of replicate samples pre-filtered through
a 126 pm net (Steeman Nielsen 1951). Net primary pro-
duction was measured on 2 um Nuclepore filters. Since
autotrophic picoplankton are negligible in LPS (Callieri
& Bertoni 1999) we used a filter of 2 um to concentrate
phytoplankton and measured the extracellular produc-
tion (EOC) in the filtrate. The heterotrophic bacterial
activity was determined from *H-Thymidine uptake af-
ter one hour in situ incubation of triplicate samples pre-
filtered through a 126 um net. The mixotrophic grazing
of bacteria was estimated from direct-uptake experi-
ments, counting the fluorescently labeled bacteria (FLB)
inside the vacuoles of the MxF1 over time (0, 6, 10, 20,
30 min) (Sherr & Sherr 1993). Bacteria were labeled
with DTAF [5-(4,6-diclorotriazin-2-yl) aminofluores-
cein]. The FLB were added (up to 10-25% of lake-bac-
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teria abundance) to 1.5 | replicate samples, and incu-
bated in situ under low light immediately after sam-
pling. After DAPI staining, 200-300 MxFI were in-
spected under epifluorescence microscopy. Total phyto-
plankton was counted by inverted microscope in a
sedimentation chamber and distinction made between
mixotrophic and strictly autotrophic species. Bacteria
were enumerated under epifluorescence microscopy
(DAPI stained) and measured with image analysis (Op-
timas, Bioscan). Conversion factors and other meth-
odological specifications are summarized in Strask-
rabova et al. (1999).

3. RESULTS

From June to September 1999 phytoplankton was
mainly composed of potentially mixotrophic species
(MxF1) with dominance of Chrysophyceae (Chromulina
spp., Dinobryon sertularia and Ochromonas sp.) both at
1 and 9 m (Fig. 1). Dinophyceae (Gymnodinium ordi-
natum, Peridinium sp.) appeared in June/July as well as
Chlorophyceae (Chlamydomonas sp.) whereas Crypto-
phyceae (Rhodomonas sp. and Cryptomonas sp.) peaked
in August. During the ice-free period the MxFI consti-
tuted on average 94% and 79% of the total phytoplank-
ton number and biomass respectively. Only one strictly
autotrophic species, Mallomonas alveolata, was abun-
dant in August (2.7 x 10° cells mI™"). The highest phyto-
plankton abundance (18 x 10° cells ml") as well as
biomass (1.1 x 10° mm® m”, data not shown) were
found at 9 m in August.

Bacteria, both cocci and rods, were quite constant in
size (range: 0.33-0.75 pum’ ). Occasionally filamentous
forms appeared, in coincidence with heavy rain. These
never exceeded 5% of total bacterial number and their
biomass was not measured separately. The mean total
bacteria abundance was 650 x 10° cells ml" (range:
450-820 x 10° cells ml™). Bacterial and MxFI biomass
(1-9 m average) decreased from July to September and
the cell specific photosynthesis increased in late August
/September (Fig. 2).
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Fig. 2. Daphnia longispina population density, zooplankton
biomass, reactive phosphorus, bacterial plus MxF] biomass,
cell specific photosynthetic activity, calculated as a mean of
the two depths, in LPS during summer 1999.
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Zooplankton were composed of rotifers (Keratella
quadrata), copepods (Cyclops abyssorum tatricus), and
the cladoceran Daphnia longispina which was the
dominant species. Daphnia abundance increased from 1
ind I'' (August 4™) to 8 ind I'' (August 30™) with a cor-
responding increase in biomass (238 pg C 1", Fig. 2).
This situation was similar to that reported by Manca &
Comoli (1999). Reactive Phosphorus (RP) (1-9 m aver-
age) showed low values, around 1-3 pg 1", from July to
September and an unexpected peak on 17" August (Fig.
2).

Community grazing rate of MxF1 was higher at 9 m
relative to 1 m and ranged from 0.2 to 3.96 pg C 1" h™".
In summer MxFI ingested from 0.2 to 8% of the total
bacterial population per hour. Net primary production
ranged from 0.03 to 0.94 ug C I'' ™', EOC from 0.12 to
1.79 ug C I'' h™" and gross primary production from 0.2
to 2.5 ug C I h™. On average the photosynthetic rates
measured at 9 m were higher than those at 1 m and the
EOC production accounted for 46 to 91% of the total
production. Photosynthetic activity of total phytoplank-
ton (net production >2 pm) and MxF1l community graz-
ing rate fluctuated simultaneously, with higher MxFI
grazing rate measured during peaks of production (Fig.
3). Production (PP >2 um plus EOC): grazing ratio was
always higher than 1.0 at 1 m, while at 9 m ranged from
0.5 to 7.6.
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Fig. 3. Activities of mixotrophic flagellates: carbon produc-
tion of >2 pum fraction, excreted carbon (EOC) and MxFI1
community grazing rate at 1 and 9 m in LPS, during summer

1999.
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Pooling all data together (1-9 m), a significant cor-
relation between photosynthetic activity of total phyto-
plankton and the phagotrophic activity of MxFl was
found (individual grazing, bact ind”' h™': p Spearman =
0.755, d.f. =10, P = 0.006; community grazing, bact ml”
h': p Spearman = 0.800, d.f. =10, P = 0.002). No sig-
nificant correlation was found between grazing activity
and EOC production. Furthermore the community
grazing rate of MxF1 (ug C I'' h™) and the bacterial pro-
duction (BP Thymidine) were significantly correlated (p
Spearman = 0.610, d.f. =10, P = 0.037). Maximum
bacterial production (5.1 pmol I h™) and community
grazing rate (range: 3-62 x 10’ bact ml™" h™") were found
in August, and afterwards there was a gradual decrease
until September (Fig. 4).
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Fig. 4. Total bacterial activity measured with *H-Thymidine
incorporation (BP Thy) and MxFI community grazing rate at 9
m, in LPS during summer 1999.

4. DISCUSSION
4.1. Mixotrophic flagellates and bacteria

Immediately after ice-melt, bacteria were the only
organisms able to exploit the large amount of DOC pre-
sent in the lake. At that time the high C:P values
(around 350:1) indicated a P limitation (Bertoni ef al. in
press), similarly observed in other lakes (Hochstidter
2000). At low P concentrations bacteria out-compete
phytoplankton, owing to their higher affinity for phos-
phate (Currie & Kalff 1984; Jansson 1993). During this
period bacterial production reached maximum values
(5.1 pmol 1" h™"). To overcome nutrient limitations,
phytoplankton (mainly composed of mixotrophs), had to
supplement photosynthetic activity with phagotrophy.
The significant correlation between MxFI] grazing and
bacterial activity corroborates this supposition. Mixo-
trophic species were favoured under conditions of nutri-
ent depletion as they were able to obtain P and N from
bacteria as substitutable nutrients (Nygaard & Tobiesen
1993; Urabe et al. 2000). A similar situation has been
described for a humic lake in Sweden (Jansson et al.
1999), where MxFI assume dominance via bacterivory.
Our new data on mixotrophic flagellate activity demon-
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strate the significant role they have in the microbial
food web of a clear Alpine lake.

In September C:P ratio of seston was low, P was
therefore less limiting, bacteria less competitive with
phytoplankton and the result was an increase of photo-
synthetic activity. The bimodal pattern of MxFI activity,
with a prevalence of phagotrophy in July/August and of
photosynthetic activity in September corresponded to a
succession of different phytoplankton species. Dino-
bryon sertularia and Gymnodinium ordinatum prevailed
in early summer followed by Ochromonas sp. and Rho-
domonas sp. Two species of Chromulina were continu-
ally present reaching a maximum ingestion rate on July
21% (7 bact ind™" h™'; C. Callieri, unpublished data).

Whilst the Chrysophycean Ochromonas sp. is con-
sidered a mixotrophic species with heterotrophy as the
primary mode of nutrition (Pringsheim 1952; Anderson
et al. 1989; Jones 2000), Rhodomonas lacustris (Cryp-
tophyceae) has been classified as potentially mixotro-
phic (Jansson ef al. 1996), that is to say primarily pho-
totrophic but with some degree of bacterivory. Working
with natural assemblages under epifluorescence micros-
copy, it was not possible to distinguish absolutely be-
tween the two genera but a general increase in the indi-
vidual grazing rate with the appearance of Ochromonas
was observed. The rise of photosynthetic efficiency af-
ter 17" August can be attributed to the effect of a P
pulse on mixotrophic species more phototrophically ori-
ented, such as Rhodomonas sp.

It was assumed that in LPS, phytoplankton photo-
synthesis was due mainly to MxFI as they represented
94% of total algal abundance during summer 1999. The
direct correlation between photosynthetic and phagotro-
phic activity of MxF1 therefore indicates 1) a balance in
the species composition of MxF1 with regard to their
primary mode of nutrition; 2) simultaneity of photo-
synthesis and grazing, not mutually exclusive in mixo-
trophic species. From the study of species succession
we noticed both in July/August and in September the
presence of primarily phototrophic (Dinobryon sertu-
laria or Rhodomonas sp.) and primarily heterotrophic
species (Chromulina spp. or Ochromonas sp.). Dino-
bryon sertularia has been included in group C (Jones
1997; Jones & Rees 1994) as an obligate phototroph
with bacterial ingestion proportional to light intensity.
Rhodomonas has been classified as mostly autotrophic,
but potentially mixotrophic. Chromulina and Ochromo-
nas (group A) have been described as efficient phago-
trophic species in a highly humic lake (Salonen & Joki-
nen 1988).

Extracellular primary production (EOC) was high in
LPS and exceeded the net primary production (fraction
>2 um). This situation is typical for oligotrophic high
mountain lakes: in a study on nine mountain lakes the
gross primary production ranged between 0.7 and 2.7
ug C 1" h'" and EOC accounted for between 5 and 75%
of the total gross production (Straskrabova et al. 1999)
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and the values obtained fell within the range reported in
other studies (e.g. La Caldera, Reche et al. 1996). Yet
the amount of excreted carbon released can be highly
variable if the winter time is also considered, as reported
in Lake Red6 (EOC: 5-80% of total production, Camar-
ero et al. 1999).

4.2. Microorganisms-Daphnia interactions

The majority of non-detritic organic carbon of LPS
trophic chain originates from bacteria, mixotrophic
flagellates and zooplankton, in the water free period
(Bertoni et al. in press). The carbon allocation between
the dominant microorganisms of the microbial food web
and the zooplankton showed that bacteria constitute a
fairly constant carbon reserve, whereas MxFI are a con-
sistent carbon reserve in July, replaced by Daphnia in
late August. Before August 17", much of the biomass
was confined at 9 m with 8-18% of surface PAR (C.
Callieri, unpublished data), protected from the harmful
UV radiation and high PAR intensities. On August 17",
throughout the water column, there was a decrease of
phytoplankton and bacteria with a minimum of autotro-
phic and heterotrophic activity, suggestive of a clear-
water phase. Daphnia grazing (measured in concurrent
experiments; Riccardi, in press) ranged from 19 to 192
x 10% cell ind" h™' (for algae) and from 700 to 3300 x
10° cell ind" h™' (for bacteria). Previous studies per-
formed during 1996-97-98 (Callieri et al. 1999) showed
that the diet of Daphnia in LPS can extend to protozoa
and bacteria. In other lakes it has been shown that Cla-
docerans consume bacterial production during popula-
tion peaks (Vaqué & Pace 1992; Jirgens 1994) like in
LPS, where the maximum Daphnia grazing on bacteria
was just in early August (data not shown), when bacte-
rial production was high.

The increase of reactive phosphorus (RP) at 1 and 9
m on August 17" cannot be explained by allochthonous
inputs nor by resuspension from the sediments, because
of the absence of heavy rain and the presence of thermal
stratification (Bertoni et al. in press). Zooplankton ex-
cretion could have caused P increase in the lake. It is
known from literature the role of zooplankton in in-
creasing the availability of inorganic and organic nutri-
ents via excretion or sloppy feeding (Sterner ef al. 1995;
Reche et al. 1997). Carrillo et al. (1996) measured the
rate of P recycling in a high-mountain oligotrophic lake.
They assessed an high rate which reached 1.6 ug P 1"
d”, with maxima in midsummer. Although P excretion
by zooplankton was not measured, it is speculated that
Daphnia plays an important role in the availability of
this element firstly by grazing bacteria and MxFlI in the
water column and, after the exhaustion of such food, by
browsing algae at the water-sediment interface. The
subsequent phosphorus excretion by Daphnia during the
diel vertical migration could explain the increase of this
element throughout the water column. P mobilization by
microzooplankton was deemed negligible since neither

181

ciliates (G. Corno, unpublished data) nor the main roti-
fer species, Keratella quadrata, reached significant
biomass.

In conclusion the small oligotrophic Lago Paione
Superiore proved ideal for studying microbial loop rela-
tionship with Daphnia due to the absence of fish, the
simplified food web and the almost exclusive presence
of Daphnia longispina as the dominant zooplankter. The
research performed during summer 1999 clarified vari-
ous aspects of the role of bacteria, mixotrophic flagel-
lates and zooplankton:

- Immediately after ice melt, bacteria were the most
active organisms and out-competed phytoplankton in
an environment poor in P and rich in dissolved or-
ganic carbon.

- Phytoplankton developed due to predominantly
mixotrophic species which were able to ingest bacte-
ria to obtain the necessary nutrients.

- MxF1 grazing was positively correlated to bacterial
activity and to phytoplankton photosynthesis.

- The increase of mixotrophs supported the develop-
ment of zooplankton and in particular of Daphnia
longispina, leading to a clear-water phase in mid
August.

- The shallow depth of LPS and the transparency of
water column allows photosynthetic organisms to
thrive near the bottom of the lake. By vertical mi-
gration through water column, Daphnia can graze
when food is scarce in the uppermost layer.

- Phosphorus mobilization from the water-sediment
interface resulted in a pulse of P in the whole water
column favouring photosynthetic activity of mixo-
trophs.
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