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ABSTRACT

Jori Lake Ill (2512 m a.s.l.,z= 22 m, A = 57.81x 10° nf, V = 601.1x 1C° n?) is situated in the Vereina region in the eastern
part of the Swiss Alps. We studied microbial grazing on bacteria and bacterial productivity during the ice-free perioc fitve lak
mally gets thermally stratified for two months between July and September. In 1996, chlaaphgkntrations varied from 0.5 to
2.0 pg ™* with maximum values just below the thermocline (6 m depth), in 1997, they were between 0.6 and\Bith prgakimum
values at 10 m depth — several meters below the thermocline. Bacterial densities varied between 0.4 Hfichi7with maxima
in the thermocline, one to two meters above the chlorophyll maximum. The areal bacterial biomass (volume béreatdépth
of 8 m) was 10 pug Ctlwhich remained more or less constant for the periods investigated. In 1997, bacterial growth rate and pro-
duction rates were determined usirfgi]-thymidine incorporation. The rates were as low as 0.002 to 0.00d 0.01 to 0.03 pg C
I h?, respectively. We found a carbon ratio of bacteria, phytoplankton, and autotrophic picoplancton (APP) of 1.5:1.1:1 which
shows a rather high abundance of bacteria and autotrophic picoplankton (APP) compared to larger phytoplankton. Bacterial growth
followed a temperature dependence similar to the one observed for bacteria from Lake Zurich, a prealpine and mesotrophic lake
which was studied for comparison. Microbial food web in Jori Lake 11l was not top down controlled during the periods afyour stu
and mixotrophic algae likBinobryon cylindricumvar. alpinumand autotrophic nanoflagellates (ANF) were the dominant bacterial
grazers observed.
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lease of oxidizable organic carbon by photosynthetic
organisms (Vrede 1996; Laybourn-Parry & Walton
1998). This was found by Tilzer (1972) in the Vorderer
Productivity and nutrient cycling in high mountain  Finstertaler Lake (Austria), and it was reported for ultra-
ecosystems are governed by the extremely variable me- oligotrophic Antarctic lakes (Laybourn-Parrgt al
teorological conditions. One of the characteristics of 1995). There is a contradiction in reports which state
high mountain lake ecosystems is the long period of ice that the significance of bacteria increases at low primary
cover which may persists from October to July. High productivity and that bacterial production can temporar-
mountain lakes normally have low concentrations of jly exceed primary production (Scavia & Laird 1987;
nutrients as long as the drainage area is not fertilized Lavandier 1990; Coveney & Wetzel 1995). This implies
and no wastewater is released to the catchment (Nieder-that the ratio of phytoplankton and bacterial biomass
hauser 1993; Meet al 1998). In some lakes the nutri-  depends on other sources of organic carbon than exu-
ent budget is further affected by high turbidity due to dates of phytoplankton. In oligotrophic lakes, bottom-up
suspended erosion particles from nearby glaciers. Theseforces are strong compared to top-down grazing control.
inorganic particles can adsorb nutrients and affect the Algal taxa capable of mixotrophic modes of nutrition
nutrient balance of the entire lake. Moreover, organic become more important and replace heterotrophic nano-
and inorganic matter transported over long distances as flagellates (HNF) and ciliates in the foodweb (Jones
dust via the atmosphere from highly fertilized agricul- 1994). Similarly, the importance of autotrophic pico-

1. INTRODUCTION

tural land can carry substantial amounts of nutrients
with it (Schanz 1984). Suspended particles not only di-
minish light penetration, they also change the light
quality thereby affecting growth and composition of the
phototrophic plankton (Wyman & Fay 1986; Glowr

al. 1987; Talling 1971).

Primary production is low in oligotrophic high
mountain ecosystems (Tilzer 1972) and low productiv-
ity of bacterial biomass is expected as well since the
heterotrophic bacterial production depends on the re-

plankton (APP) is expected to increase in nutrient-lim-

ited habitats, since small organisms have a higher sur-
face to volume ratio than larger phytoplankton species.
One might expect 40-60% of the total phytoplankton

carbon being contributed by APP in oligotrophic eco-

systems (Stockner 1991).

The scientific interest in the limnology of the Jori
lakes dates back to the beginning of the century. Kreis
(1921) studied the fauna in 13 Jori lakes and ponds and
described the morphology of the lakes for the first time.



Microbial food web in an oligotrophic lake

When Messikommer investigated the phytoplankton in
lakes of the Davos region in 1942, he included two of
the Jori lakes (Messikommer 1942). Renewed interest in
studying the Jori lakes emerged in connection with in-
vestigations on climate change impacts on the hydro-
logical cycle in mountain regions. Comprehensive
physical, hydrological, chemical and biological studies

have been conducted in the Jori catchment since 1996

(Hinderet al 1999).

In the frame of the European Project MOLAR
(Mountain Lake Research, Patriek al. 1998) the dy-
namics of the bacterioplankton was investigated in Jori
Lake Ill. We studied growth and loss rates of hetero-
trophic bacteria in order to understand the significance
of the microbial loop in oligotrophic lakes as outlined
by Azamet al (1983) for sea ecosystems. Lake Zirich
was investigated to check the methodology of the de-
termination of the bacterial production.

2. STUDY SITE
Jori Lake 1l is one of 21 small lakes and ponds situ-

ated at elevations between 2489 and 2730 m a.s.l. in the

Vereina region in eastern Switzerland. Crystalline rocks
dominate in the drainage area. All lakes get formed as
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var. tatricug are also abundant, whiféhydorus sphae-
ricusis very scarce (pers. comm. J. Fott & J. Cejkova).

3. MATERIAL AND METHODS
3.1. Sampling

Samples in Jori Lake Il were taken at the location
of maximum depth with a 3 liter home-made plexiglass
sampler (Charles University, Prague) from July to Oc-
tober 1996 and in July and August 1997. Alkalinity, pH,
and total phosphorus were determined as described by
Niederhauser (1993). Chlorophgl{chl-a) concentra-
tion was measured using the fluorometric determination
after Schanz (1982). Bacterial numbers in Jori Lake Il
were determined in layers from the surface to 8 m depth
(63% of the total water volume). Due to the large num-
ber of erosion particles it was difficult to recognize the
bacterial cells in deep layers.

3.2. Bacterial and autotrophic picoplankton (APP)
densities and biomass

Bacteria samples were fixed with glutaraldehyde
(2% final concentration, v/v) immediately after sam-

the Jori Glacier retreats. Today, the glacier ends several pling and stored in 50 ml polyethylene bottles at 4° C in

hundred meters behind Lake Il but turbid glacial ero-
sion water percolates through the front moraine and en-

the dark. Bacteria were stained with DAPI (final con-
centration 1 - 1.5 mg?| Porter & Feig 1980), filtered

ters the lake at subsurface springs. Lake Ill has a maxi- through membrane filters (25 mm diameter, 0.2 pm
mal depth of 22 m. The water level is highest during the pore size) and counted using an epifluorescence micro-
ice and snow melt period and falls continuously by up to scope (Leitz Dialux 20, objective 100x). For the sam-
3 m during fall and early winter. The maximal surface ples collected in 1996 Anodisc filters (Whatman, U.K.,
area and volume are 57,818 amnd 601,100 fi respec- Nr. 6809 6022) and for the 1997-samples Black Nu-
tively. Surface temperatures may reach 15 °C in August clepore filters (Costar, U.S.A., Nr. 8242) were used.
when a stable thermocline gets established. The high Anodisc filters were shown to give up to 30% higher
concentration of suspended erosion particles creates tur-cell counts (Jonest al 1989). At least 400 cells were
bidity which causes strong light attenuation. In August counted in eight or more randomly chosen grids. Bacte-

1996 Ky was 0.5 rit, in July and August 1997 it was 0.6
m. Alkalinity and pH were 65 to 80 ped and 6.4 to
6.9, respectively, during the sampling periods. Conduc-
tivity (25 °C) was 14 to 20 puS chtotal phosphorous
<0.7 pM, and total organic carbon 0.7 mg'CThe al-

gal division Chlorophyta (e.deutetramorus fottii, Dic-
tyosphaerium subsolitarium, Monoraphidium subcla-
vatun) represents the major fraction of the total phyto-
plankton biomass in Jori Lake 1l (Hindet al 1999,

this issue). There are also representatives of the divi-
sions Chrysophyta (e.@inobryon cylindricunvar. al-
pinum, Kephyrion doliolujp and Cryptophyta (e.g.
Rhodomonas lacustjis It is striking but ecologically
meaningful that some of them are flagellates and poten-
tially mixotrophic: e.g.Dinobryon cylindricumvar. al-
pinum and Kephyrion doliolumThe lake is regularly
stocked with fish $alvelinus namaicush, Salmo trutta
var. fario). The zooplankton community is dominated
by rotatoria Polyarthra sp. andKeratella sp.). Cope-
poda Arctodiaptomus alpinusind Cyclops abyssorum

rial volume was estimated by semi-automatic image
analysis (Psenner 1993). An allometric model was used
(Loferer-Kroessbacheat al. 1998) for the conversion of
measured biovolumes (in frh') to biomass (in mg C
IY). For studies on short time dynamics of the bacterial
population, we sampled at six depths every three hours
over several days during the period from July to Sep-
tember 1996. APP-counting was performed by flow
cytometry with samples collected in August and Octo-
ber 1996. For this purpose samples were first filtered
through a 50 um-net, 1.5 ml of the filtered sample were
then fixed in a 2 ml cryotube with 150 pl of a parafor-
maldehyde/glutaraldehyde solution (Mage al 1996)

and stored at —80 °C until analyzed. The analysis was
carried out at the Biological Station in Roscoff (F). The
APP biovolume was calculated from the counted cell
numbers using an estimated cell diameter of 2 um (av-
erage value for eukaryotic picoplankton, Reynolds
1984). The biovolume was transformed to carbon using
the conversion factor of 200 fg C [friWeisse 1993).
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3.3. Phytoplankton biomass

For Jori Lake Ill, phytoplankton biomass was cal-
culated from the micro- and nanophytoplankton bio-
volumes (Hindeet al 1999, this issue).

3.4. Bacterial activity and bacterial production rate

The PH]thymidine method (rate of’f]thymidine
incorporation, pmolt h?) described in detail by Strask-
rabovaet al. (1999, this issue) was used. To convert the
[*H]thymidine-incorporation rate (pmof*Ih?) into cell
production rate (cells'lh%), a factor of 2x 10° (cells
pmol* [*H]thymidine) was used for Jéri Lake Il sam-
ples (Bell 1990). Cell production rate was converted to
bacterial production rate (in pg C h) using the al-
lometric model factors (ug C céjl determined for Jori
Lake IIl after Loferer-Kroessbachet al. (1997).

3.5. Specific bacterial growth and loss rate

The specific bacterial growth rate pi*fhwas calcu-

lated based on the number of cells produfdd (cells
Iy during the incubation time t, and the cell concentra-
tion at the beginning Ncells I') as:

H=t'xIn(1 + AN x Ng*)) 1)

Alternatively, specific bacterial growth was deter-
mined by the dilution culture method after Painchatid
al. (1996). Two cultures from each water sample are
needed: 750 ml of undiluted sample, and 750 ml of a
mixture (1:4) of undiluted sample and 0.2-um-filtered
water were incubated for 66 h at the sampling depth.
Each experiment was sampled five times. From the net
growth rates, b, Oof each sample one calculates gross
growth and loss ratesgiks andv, respectively. At the

same time, a second experiment was carried out replac-

ing the untreated water by 3-um-filtered water in order
to measure loss rates caused by grazers <3 um an
autolysis.

4. RESULTS
4.1. Bacterial morphology, biomass and abundance

In 1996 Jori Lake 1l began to stratify in July. At the
beginning and at the end of August the depth profiles of
temperature and cld-concentration were not subjected
to daily changes (Fig. 1). During this period, bacterial
numbers fluctuated between 0.7 and A 7 cells mi*.

A pronounced maximum was found between 4 and 6 m
in the thermocline. On August 22 this maximum was
displaced from5 mat 7 a.m. to 4 m at 1 p.m., and back
to 5 m by 7 p.m. Temperature changed up to 1° C in the
depth interval from 4 to 6 m which points to activities of
internal seiches. CH- concentrations varied between
0.5 and 2.0 pgl Its maximum was at the bottom of the
thermocline in 6 m depth, usually 1 m below the maxi-
mum of the bacteria. By the beginning of September the
thermocline and stratification of bacteria and altlad
vanished.
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The differences of the areal bacterial concentration
(integral over the depth interval from 0 to 8 m, in cells
m?) determined in three hour-intervals on ten days
between July and September 1996 fluctuated between -
0.06 and +0.04 hbut the so calculated net growth rates
were insignificant at the 5%-confidence level. For two
dates, August 9 (between 7 a.m. and 10 a.m.) and Sep-
tember 10 (between 1 p.m. and 4 p.m.) statistically sig-
nificant net growth rates could be determined as=u-

0.06 + 0.03 H and e = -0.06 + 0.02 1, respectively.

The bacterial biomass at depths between 0 and 8 m
was 12 + 2.3 pg C(n = 4) during the ice free period
of 1996. Bacteria were rod-shaped and rather small
(0.028-0.034 prhcell) (Tab. 1). Their mean cellular
C-content was 10.9 fg C céll

4.2. Bacterial activity, growth and loss rates

Due to the late ice melt, Jori Lake Ill was only
weakly stratified on the sampling days in July and
August 1997 (Fig. 2). Bacterial densities, specific
growth rates, and production rates did not differ signifi-
cantly at the depths considered. Bacterial numbers were
between 6.1 and 8<10° cells mi*. The specific growth
rates varied between 0.002 to 0.006 dnd only very
low amounts of JH]thymidine were assimilated. Two
out of ten samples showed uptake rates which differed
significantly from zero tftest, P <0.02), the ones
determined for July 29 at 6 m and the ones from August
7 at 1 m depth. For both cases a bacterial growth rate of
0.003 R was calculated resulting in production rates
between 0.01 and 0.03 pug €H™. The bacterial growth
and loss rates determined by the dilution culture method
were equal in the non filtered samples and in a fraction
after filtering through 3 um pore-size filters. The values
were 0.008 + 0.002 hwhich is the same order of mag-

dnitude as the values found witfH]thymidine incorpo-

ration.

4.3. Phytoplankton biomass and abundance

The phytoplankton biomass (without autotrophic pi-
coplankton) at depths from 4 to 5 m during the ice free
period in 1996 amounted to 9.1 + 0.5 pg g = 3).
The flow cytometric analyses of the APP showed red
(>650 nm) but almost no orange (585 x 21 nm) cell
fluorescence. This suggests that the Jori Lake Il APP
consisted mostly of eukaryotic algae while cyanobacte-
ria represented a minor portion of the phytoplankton
community. The cell density of APP was 1.0 ¥ ¢6lls
ml™ in the average with a maximum at the same depth
as the chbh maximum. In August 1996, the calculated
al/erage APP biomass for the depth 4 to 5 m was 8 pg C
I~

5. DISCUSSION

Although the bacterial growth rates determined by
the PH]thymidine method show considerable uncer-
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in Jori Lake Ill. Bars are 95% confidence intervals of the means of bacterial density.

Tab. 1. Average length, width, volume and C-content of bacteria from Lake Zirich and Jori Lake Il in 1997.

n is the number of measured cefl,is the mean an&

the standard error.

sample length width volume C-cont.
(um) (um) (uncell®) (fg C cell)
date depth n X X X X, X X X X
29 July 2m 447 0.470 0.009 0.305 0.003 0.028 0.001 10.2 0.3
31 July im 557 0.618 0.017 0.292 0.003 0.034 0.001 12.1 0.3
5m 495 0.537 0.014 0.281 0.003 0.028 0.001 10.0 0.3
7 Aug 2m 662 0.544 0.022 0.304 0.003 0.033 0.001 11.5 0.3

tainty due to the low incorporation rates, they indicate

The carbon ratio of bacteria, phytoplankton, and

the order of magnitude. They were all in the same range autotrophic picoplankton (APP) was 1.5:1.1:1, a rather

which was also confirmed by the dilution culture re-
sults. To check the reliability of the results, we did the
same experiments in the prealpine, mesotrophic Lake
Zurich (unpublished results). As expected, we found
higher specific growth rates (0.008 to 0.04% hvith
lower standard errors (9%, n = 3). The reliable results
obtained with the H]thymidine method for Lake
Zurich give evidence that the high uncertainty of the
Jori Lake Il results was not caused by methodological
errors but rather by sensitivity of théHJthymidine
method when applied to the low bacterial activity in Jori
Lake IlI.

high abundance of bacteria and APP compared to larger
phytoplankton. This result corroborates observations by
Simonet al (1992) for different lakes and it allows to
conclude that bacterial biomass and phytoplankton bio-
mass are in the same order of magnitude when phyto-
plankton biomass is low. The biomass of larger phyto-
plankton and the APP biomass were approximately the
same in Jori Lake lll. This confirms that APP have a
selective advantage in oligotrophic environments which
is due to their high surface to volume ratio (Stockner
1991). Nevertheless, APP and in particular picocyano-
bacteria are generally negligible in mountain lakes due
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to photoinhibition. Jori Lake Ill is an exception as the

! respectively (K. Simek, personal communication, B.

suspended erosion particles diminish the light penetra- Hinder, unpublished). This suggestion is supported by

tion significantly and change the underwater light cli-
mate.

In Jori Lake Ill, APP might contribute an important
part of extracellular carbon, from which bacteria can
profit. An the other hand, the rather high TOC content
suggests that allochthonous input of organic carbon
might be a major C-source for heterotrophic growth.
Since TOC is 0.7 mg*land the sum of bacterial, APP
and phytoplankton biomass is about 0.03 mg'Cohe
might assume an allochthonous input of slowly degrad-
able carbon from the watershed which could promote
bacterial growth independently of extracellular carbon
release by algae.

Bacterial production and loss rates were in balance

the observation that the maximum bacterial humbers
were always found just above the ehlmaximum
within the thermocline. Since bacterial production is en-
hanced by the release of organic carbon from phyto-
plankton, bacteria are expected to be abundant where
phytoplankton densities are high. Algae are not ex-
pected to release more organic carbon in upper layers as
a consequence of photoinhibition, as the photosynthetic
active radiation (PAR) at four meters depths amounts to
250 uE m? s* maximally. Bacterial numbers were low

at the site of the cld-maximum where mixotrophic al-
gae, the most important bacterial grazers, are most nu-
merous. Since water densities are lower than biomass
densities and since water density differences are small at

during the sampling periods, since the loss rates did not low temperatures there are no physical reasons to justify

differ significantly from the production rates. In Jori
Lake Ill the main grazers were smaller thamBwhich
was in contrast to Lake Zurich. Similar results were re-
ported for other eutrophic and mesotrophic systems
(Simek et al 1997, Jurgens & Giide 1991). Possible
bacteria grazers af@aphnia species, protozoa (hetero-
trophic nanoflagellates HNF, ciliates), and mixotrophic
algae likeDinobryon species or autotrophic nanoflagel-
lates (ANF, Paceet al 1990). Daphnia species were
never observed in Jori Lake 11l and HNF and ciliates are
very scarce (<28 cells thland 0.04 cells i respec-
tively; K. Simek & M. Macek, personal communica-
tion). Probably the most important bacterial grazers in
Jori Lake Il are mixotrophic algae. BotiRinobryon
species and ANF were frequent in 1997 in Jori Lake IlI
with concentrations up to 50 cells hénd 182 cells ml

why bacteria and phytoplankton prefer to accumulate in
the thermocline of J6ri Lake Ill. UV-radiation is also of
little importance for the vertical distribution of phyto-
and bacterioplankton at the depths where they are ob-
served since the lake’s turbidity prevents UV-radiation
to reach deeper than 1 m below the surface. Mixotrophic
algae seem to be the major players in the microbial loop
of this ecosystem.

Temperature is about 2° C higher at depths where
bacteria are most abundant compared to the depth of the
chl-a-maximum (Fig. 2). The two pairs of data sets from
Jori Lake Il (Fig. 3), obtained by théH]thymidine
method, fit well into the Lake Zirich data, suggesting
that the same temperature control might apply to bacte-
rial growth in Jori Lake ll. It could not be shown, how-
ever, that slightly enhanced bacterial activity would lead
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to higher biomass production as observed in Lake
Zirich where bacterial growth was clearly temperature
dependent up to 22 °C with ad@f 3.2 (Fig. 3).

1.0 T
y =0.05x - 2.59; r2=0.9082, PY
1.5 4+ n=9; P<0.0001
= 20 4 0%
)
E]
- [ ]
25 —+ n
-390 i l i : !
0 5 10 15 20 25

temperature [°C]

Fig. 3. Correlation between temperature and specific bacterial
growth rates for Lake Zirich with two data points from Jori
Lake Il for comparison. Circles represent Lake Zirich data,
squares the Jori Lake lll data; open symbols are results ob-
tained by the dilution culture method, closed symbols are re-
sults obtained by théHi]thymidine method (for Jori Lake 1lI

the averaged value of the statistically significant experiments
are represented).

The measured bacterial production rates of 0.01 to
0.03 pg CT h' are in the same range as those found in
a Spanish high mountain lake (Reche al 1996),
where the primary production was 10 times the bacterial
production (0.2 to 1.5 pg C'Ih?). For Jéri Lake IlI
primary production differs from the one observed in the
Spanish mountain lake since alkalinity, conductivity and
phosphate concentrations are lower.

6. CONCLUSIONS

The microbial loop in Jori Lake IIl is not mainly top
down controlled since bacterial grazing is very low. The
carbon ratio of bacteria, phytoplankton, and autotrophic
picoplankton (APP) was 1.5:1.1:1 which shows a rather

167

Lake Il it is interesting to note that purely heterotrophic
nanoflagellates and ciliates are virtually absent. Our ob-
servations suggest that mixotrophic algae of the genus
Dinobryon and other mixotrophic nanoflagellates are
the major bacterial grazers. Their mode of nutrition
must provide advantages for survival and competition in
oligotrophic high mountain lakes.
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