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ABSTRACT

A strong socio-economic development pressure in South Chile will more and more cause an impact to the present
lakes and rivers. Nevertheless, our knowledge concerning the ecological structure and the microbial self-purification
capabilities of these lacustrine water bodies is scant but essential for a future sustainable development of land and
water use. We studied Lake Laja, a lake already heavily impacted by water diversions for hydropower generation and
irrigation. Typical for the Andean region Lake Laja is an oligotrophic water body, limited by nitrogen nutrients. Only
very low chlorophyll a and particulate organic carbon (POC) concentrations and a small abundance and biomass of
bacteria (mainly ultramicrobacteria) and heterotrophic flagellates were encountered. Weak trophic interrelations were
derived from a high bacteria-to-heterotrophic flagellate ratio. For the ten investigated extracellular enzymes (alkaline
phosphatase, leucine-, arginine-, glycine- and tyrosine-aminopeptidase, a-, f-D-glucosidase, a-, -D-galactosidase, N-acetyl-
B-D-glucosaminidase), with the exception of a-D-glucosidase, a broad range of organic matter degradation activities
was proven. Probably, due to the N-limitation, organic nitrogen hydrolysing extracellular enzymes reached activities
on average of 45 % compared to other studies in oligotrophic waters. The possible effect of N-limitation on extracellular
enzyme activities was more pronounced by cell specific extracellular enzymatic activity rates, which exceeded those of
other oligotrophic water bodies on average by factor 2. The overall activities of all microbial extracellular enzymes studied
proved to be dominated by the dissolved free external enzymes (up to 98 %) over the ectoenzymes which are associated
with particulate organic matter (bacterial cell walls, particles, and aggregates). It is concluded that future socio-economic
changes, dealing with watershed human intervention (accelerating inorganic and organic loads) as well as global change
(temperature and precipitation changes) could lead to significant changes in the ecology of Lake Laja.
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RESUMEN

La gran presion generada por el desarrollo socioeconomico del sur de Chile, estd causando cada vez mas un mayor impacto
en los lagos y rios alli presentes. Sin embargo, el conocimiento de la estructura ecoldgica y la capacidad microbiana de
autodepuracion de los cuerpos de agua lacustres es escasa, pero esencial para un futuro uso sostenible de los recursos
agua y suelo. Se estudio el lago Laja, por ser un cuerpo de agua muy afectado por la extracciéon de agua para la generacion
de energia hidroeléctrica y el riego. Como es caracteristico de la region andina, el lago Laja es oligotrofico limitado por
nutrientes nitrogenados. Se encontraron bajas concentraciones de clorofila a y carbono orgéanico particulado (POC),
asi como bajas abundancias y biomasa de bacterias (principalmente ultramicrobacteria) y de flagelados heterotréficos.
Interrelaciones troficas débiles se determinaron de la relacion bacterias y flagelados heterotroficos. Para las diez enzimas
extracelulares estudiadas (fosfatasa, leucina-, arginina-, glicina- y tirosina-aminopeptidasa, a-, b-D-glucosidasa, a-, b-D-
galactosidasa, N-acetyl-b-D-glucosaminidasa), con la excepcién de a-D-glucosidase, se analiz6 un amplio rango de actividad
de degradacion sobre la materia organica. Probablemente, debido a la limitacién de nitrégeno, el N-organico hidrolizado
por enzimas extracelulares alcanzé una actividad promedio de 45 %, comparada con otros estudios en aguas oligotroficas.
El posible efecto de la limitaciéon de N en la actividad enzimatica extracelular, fue mas pronunciado en las tasas de la
actividad enzimatica extracelular especificas, las cuales excedieron en un factor promedio de dos a las de otros cuerpos de
aguas oligotroficos. En general, la actividad de todas las enzimas extracelulares microbianas estudiadas resultaron estar
dominadas por enzimas externas disueltas libres (hasta el 98 %), mas que por ectoenzimas asociadas a particulas de materia
organica (paredes celulares de bacterias, particulas y agregados). De esta manera es posible concluir que los futuros
cambios socioecondmicos, reflejados en el incremento de cargas orgéanicas e inorganicas, asi como el efecto del cambio
global (cambios en temperaturas y precipitaciones), podrian provocar cambios significativos en la ecologia del lago Laja.

Palabras clave: bacterioplancton, enzimas extracelulares, fitoplankton, flagelados heterotroficos, limitacion de N.
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INTRODUCTION

Viruses, bacteria, autotrophic phytoplankton,
protozoans, and microzooplankton as main
components of pelagic ecosystems, are
responsible for the production and transfer of
carbon and energy within the water column
(e.g., Cole et al. 1988, Fuhrman 1999). In
these processes the relative importance of the
microbial food web is linked to the trophic state
of the water attaining its highest significance
in oligotrophic systems where nutrients are
rapidly limited and regenerated (Azam et al.
1983, Burns & Schallenberg 1998).

The role of bacteria in aquatic ecosystems
is in the first place, defined by their enzymatic
capacities which represent the first step of
organic matter degradation (Overbek 1991,
Romani & Sabater 1999, Karrasch 2003a).
Extracellular enzyme activities are essential
for the regeneration of nutrients and the
breakdown of polymer particulate and dissolved
organic compounds (Hoppe 1983, Chrost 1991,
Karrasch et al. 2003b). These processes are
a rate-limiting step for both the growth of the
bacteria and for the microbial breakdown of
particulate and dissolved organic material in
aquatic systems (Chrdst 1991, Karrasch et al.
2003a, 2003b).

Since the ecological structures and
functioning, as well as energy and material
fluxes of planktonic systems strongly depend
on the nutrient composition and concentration
(e.g., Azam et al. 1983, Weisse 1991, Stockner
& Maclsaac 1996) oligotrophic waters are
highly sensitive to changes in nutrient loadings,
especially eutrophication processes (Weisse,
1991, Burns & Schallenberg 1998). Any
intensification of use of a watershed or an
oligotrophic lake can induce an increase
of the trophic condition in various forms of
eutrophication and contaminant enrichment
(Weisse 1991).

The structure, assimilative capacities and
ecological functioning of plankton in lakes
and reservoirs, particularly in the northern
hemisphere as well as in Australia and Africa,
have been fairly well investigated (e.g.,
Baigin & Marinone 1995, Wetzel 2001).
However, scant attention has been paid so far
to the geomorphological and physico-chemical
features of lacustrine systems in South America,
especially from ecoregions within the Andes

(Pedrozo et al. 1993, Diaz et al. 1998). Due to
the high altitude, these lakes are subjected
to strong winds, pronounced temperature
variations during the day and strong intensities
of solar and UV radiation (Villafane et al. 1999,
Aguilera et al. 2006 and literature cited therein)
and exhibit a high scientific and conservation
challenge (Myers et al. 2000). This eminently
applies to knowledge of their microbial food
web structures and ecosystem services. Hence
this study ought to contribute to an enhanced
knowledge about Andean water bodies and to
compare and review their physicochemistry and
ecomicrobiology.

For this reason we have chosen the Andean
Lake Laja in Southern Central Chile, which
suffers from heavy physical and hydrological
interventions in the form of water diversions for
hydropower generation and irrigation, affecting
the natural limnological properties of the lake
since 1958. Thus, a further emphasis of this
study was to carry out a baseline investigation
of the planktological state of the Lake Laja
as a starting-point for the ascertainment of
the future ecological development of this
lake. This is especially required in terms of
the expected socio-economic development
pressure for its watershed and the lake itself.
The prospective land use changes at Lake Laja
will be accompanied, besides elevated inputs
of inorganic, by augmented introductions of
organic matter. Therefore, we additionally
conducted quantifications of the first step
of the biological assimilative capacities via
extracellular enzymes within this Andean
lake. In order to achieve an upper limit
of the microbial degradation activities of
organic matter, we conducted the investigation
during the end of the summer period. Due to
warm water temperatures during summer the
ecological sensitivity to inorganic nutrient loads
is also elevated.

METHODS

Study site

The Lake Laja (Fig. 1) is located at 36°54’ S and 71°05’ W
in the Chilean Andes (altitude 1346 m) and represents,
within the Biobio region of South Central Chile (region
VIII), the largest and socioeconomically (generation
of hydropower, reservoir for irrigation of agriculture
and forestry) most important lake (Parra 1996). Its
watershed comprises 975 km? with very little human
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settlement. Hydrological features are an annual average
precipitation of around 2170 mm, a maximum lake
length over 33 km, a surface area up to ca. 87 km? with a
corresponding water volume of 4.7 km?3, a maximal depth
of 134 m (mean depth 54 m) during periods of low water
abstraction and high-precipitations and/or high amounts
of meltwater. The Lake Laja basin is an elongated river
valley with lateral tributaries, drowned by a natural
lava-dam built up during an eruption episode of Antuco
Volcano, about 130000 B.P. (Briiggen 1941).

The lake receives water mainly by small streams and
the water is draining off through the porous lava-dam at
the end of the lake branch with sample station 1 and 3
(Fig. 1). For the generation of hydropower since 1959,
water is released through two artificial tunnel channels
into the Laja River (Parra 1996). Overall lake water
discharges of approx. 320 m3s! takes place resulting
in a water residence time of 170 days. Lake stage data
reveal fluctuations of 15 to 40 m among years (Vargas &
Alarcén 2001, Valdovinos et al. 2007).

Sampling

The sample locations were selected in order to reflect
different pelagic areas of Lake Laja from a profound
water column (station 3; 70 m) across medium water
depths (station 1; 45 m) to two shallow locations,
station 2 (15 m) and station 4 (12 m) located in the
lee of the Antuco volcano. The investigations were
carried out during 16 and 17 March 2001. Profiles
of temperature and conductivity were recorded
with an Idronaut multi-probe Ocean Seven 316. The
water samples were taken with a Ruttner sampler

and immediately analysed in a laboratory which was
installed near by the lake.

Laboratory analysis

All nutrient analyses (NO;: cadmium reduction method;
NO,: colorimetric method; NH,: phenate method;
ortho-phosphate (0-POy): ascorbic acid method)
were determined according to APHA (1998). For the
calculation of dissolved inorganic nitrogen (DIN) partly
no ammonia values were available (below the detection
limit of 7 pg N-NH,). In this circumstance, the detection
limit was used, thus in these cases the DIN values as
well as DIN:oPO, ratios are overestimated in Table 1.

The particulate organic carbon (POC) concentration
was determined by the catalytic oxidation of the samples
and subsequent infrared spectrometry (Sharp 1974). As
a measure of the phytoplankton biomass chlorophyll
a (Chl. a) was determined according to Parsons et al.
(1984) by the fluorometric technique using a Turner
Designs Model 10-005 fluorometer (665 nm corrected
by turbidity [750 nm] and phaeopigments [after
acidification]). Samples for POC and Chl. a analyses
were filtered (1-2 L) onto Whatman GF/F glass fibre
filters (for POC annealed at 450 °C for two hours) and
stored frozen (-18 °C) until the determination. Chl. a
was extracted (at 20 °C in the dark for 24 hours) with
acetone.

Bacterial abundance and biomass were determined
according to Hobbie et al. (1977) using the acridine
orange direct count technique (AODC). 5 mL of the
samples (preserved with 0.2 pm filtered glutaraldehyde,
2 vol%) were filtered (< 180 mm Hg) onto irgalan
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Fig. 1: Study area location at Lake Laja.

Area de estudio y localizacién del lago Laja.
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black stained polycarbonate Nuclepore filters (0.2 ym
pore size) and 1 mL acridine orange (Sigma Aldrich,
final conc. 0.01 %) was added. After a staining time of
five minutes, the filters were vacuum-filtered, dried,
and immediately counted using a Zeiss Axioplan
epifluorescence microscope. A minimum of 250 bacteria
cells per sample were counted. Bacterial biomass was
calculated from cell size measurements (50 cells per
sample) (New Porton grid G12, Graticules Ltd.) using a
non-linear equation derived from Simon and Azam (1989):

cell carbon = cell volume®*x 88.6 x 1.04878

The AODC counts didn’t include structured cells,
which were identified in a subsequent Lake Laja
investigation (2002) as picocyanobacteria (Karrasch et
al. in preparation). Additionally, the picocyanobacteria
could be distinguished from the bacteria by their
significantly larger cell dimensions leading to an average
cell volume + SD (0.2 + 0.03 pym3) compared 0.04 + 0.01
pm3 (n = 1000) of bacteria.

The abundance and biomass of heterotrophic
flagellates (preserved with 0.2 pum filtered
glutaraldehyde, 2 vol.%) were determined using the
proflavine method (Haas 1982). With the exception of
the filtered volume (20-50 mL) and fluorochrome (circa
0.3% proflavine; Sigma Aldrich), the same filter type,
handling and microscopic equipment were used as
described for the bacterial counts. A factor of 0.22 pg C
pm= (Bersheim & Bratbak 1987) was applied to convert
the cell volume to cell carbon. For the ascertainment
of the phytoplankton abundance we used the Utermohl
(1958) technique.

The maximum hydrolysis rates of extracellular
enzymes (alkaline phosphatase, leucine-, arginine-,
glycine- and tyrosine-aminopeptidase, o-, B-D-
glucosidase; a-, p-D-galactosidase; N-acetyl-B-D-
glucosaminidase) were determined fluorometrically in
accordance with Hoppe (1983) using the fluorescence
tracer 4-methylcoumarinyl-7-amide (MCA) for the
analogue substrates containing amino acids and
4-methylumbelliferyl (MUF) for the remaining substrate

TABLE 1

Vertical distribution of nitrate (NO3), nitrite (NO,), ammonium (NH,), dissolved inorganic nitrogen
(DIN), orthophosphate (0-POy), silicate (SiO,) DIN:o-PO, ratio, particulate organic carbon (POC)
and chlorophyll a in Lake Laja. * = DIN calculation using the ammonia detection limit concentration
(7 ng NH; pg N L) thus the values are overestimated and representing the upper possible DIN
concentration, * = due to DIN concentration which are based on the use of the ammonia detection
limit raised DIN: oPO, ratios, n.a. = not analysed.

Distribucién vertical de nitrato (NOs), nitrito (NO,), amonio (NH,), nitrégeno inorganico disuelto (DIN), ortofosfato
(0-POy), silicatos (SiO,), DIN:razén o-PO,, carbono organico particulado (POC) y clorofila a en el Lago Laja. * = DIN
calculo considerando el limite de deteccién de concentracién de amonio (7 pg NHy ug N L1), por lo que los valores

estan sobreestimados y representan la concentracion DIN mas alta posible, # = debido a la concentracién DIN, la cual
se baso en el limite de deteccion de amonio, razones DIN: oPO, proporciones, n.a. = no analizado.

Station  Depth NO; NO, NH, DIN o-PO, Si0,  DIN:o-PO, POC Chl. a
m  @gNL) (gNLY) ugNL) @gNL) ugPLY) (mgSiO,L?) (mgCLY) (@ugLh
0 0.68 0.91 <7 8.59" 0.49 13.97 7.92% 04 0.63
5 1.70 0.24 11 12.94 0.39 13.48 14.98 0.5 1.32
1 10 0.69 0.21 <7 7.90" 0.60 13.44 5.95% 0.4 1.94
20 1.00 0.21 26 27.21 0.51 13.33 24.09 0.3 1.53
45 29.4 0.09 <7 36.49" 3.21 13.38 4.85% 0.1 0.31
1 0.79 0.33 14 15.12 1.04 12.92 6.57 0.3 0.55
2 8 0.85 0.18 12 13.03 0.74 13.02 7.95 0.5 1.53
15 1.19 0.30 60 61.49 1.04 13.11 26.70 04 0.72
1 0.40 0.21 <7 7.617 0.77 12.84 4.46* 04 1.28
3 8 0.72 0.24 <7 7.96" 0.77 12.80 4.67* 0.3 0.97
15 0.56 0.18 10 10.74 0.87 12.81 5.58 0.4 0.56
70 n.a. n.a. n.a. n.a. n.a. 12.90 n.a. 0.2 n.a.
1 0.45 0.21 78 78.66 0.91 12.76 39.04 0.3 1.07
4 6 0.53 0.24 <7 777 0.75 12.77 4.68* 0.6 1.38

12 2.17 0.27 <7 9.44” 141 13.07 3.02# 0.5 0.53
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analogues. Determinations of the extracellular enzyme
activities were carried out by adding 1000 pM of the
analogue substrates to 200 uL samples and incubated in
micro-plates for 24 h in the dark at in situ temperatures.
Enzyme activities were measured using a micro-plate
fluorescence reader (Labsystems, Ascent) at 364 nm
(excitation) and 445 nm (emission). The maximum
hydrolysis rates were calculated using internal standard
additions.

To divide the overall extracellular enzyme activities
into ectoenzyme and free dissolved external enzyme
activities, a size-fractionated ‘prefiltration’ (< -24 kPa)
was performed using 0.2 pym Nuclepore polycarbonate
filters. The enzyme activities were determined as
described above. The < 0.2 pm fraction defines
extracellular enzymes, which are free dissolved in the
water (external enzymes). The fraction of ectoenzymes
was calculated from the difference of overall extracellular
enzyme activity versus the activity of free dissolved
external enzymes. Ectoenzymes represent enzymes,
which are associated with particles (free living bacteria,
particle-bound bacteria, and originally free dissolved
enzymes adsorbed onto particle surfaces).

RESULTS

For the deeper stations we determined a
strong thermal stratification between 10 to
35 m (Fig. 2) of the water column. The more
shallow stations exhibit only a very weak
thermocline commencing at around 5 to 10 m.
Overall temperature profiles (station 1 and 3)
ranged from summertime 18 °C down to 5 °C
(“wintertime” deepwater). With around 9-24 uS
cm! a very low conductivity was estimated.
Referring to Table 1 N and o-PO, showed
no strong vertical gradients, mainly for the
sediment near sampling points where elevated
concentrations were found. In all very low N
(0.4-29.4 pg NOs-N L1 0.1-0.9 ug NO,N L1,
< 7.0-78.0 ng NH,N L) and 0-PO, (0.4-3.2 g
0-PO,P L) concentrations were determined.
Concerning the molar ratio of DIN:o-PO, only
at station 1 (20 m), station 2 (15 m), and station
4 (1 m) a molar DIN:o-PO, quotient of > 16
(range: 24-39), were calculated. For all other
sample locations, a strong N-limitation (3-8,
once 15) predominated. With 12.8-14.0 mg SiO,
very high and vertically, almost uniformly,
distributed silicate concentrations were found.
POC concentrations (Table 1) exhibited a
relative homogenous vertical and horizontal
distribution ranging from 0.1-0.6 mg POC L1
with highest concentrations at the lower limit
of the epilimnion. A more pronounced vertical
distribution can be observed for chlorophyll
a attaining a concentration range of 0.3-

1.9 pg Chl. a L' with highest values at the
surface (station 3) or at the beginning of the
thermocline (Table 1).

For the abundance (0.6-1.7 x 109 cells L?)
and biomass (6.9-24.1 ug C L1) of bacteria
(Fig. 3) a weak distinct vertical structuring
was found. Generally, highest concentrations
were determined for the upper water column,
but with one exception, not matching the
Chl. a maxima. The distribution of abundance
(0.4-0.6 x 108 cells L'}) and biomass (0.05-0.12
ng C LY of heterotrophic flagellates (Fig. 4)
exhibited only slight differences within their
vertical pattern and between the stations. The
resulting abundance ratios of bacteria versus
heterotrophic flagellates ranged between 1400-
4000 (mean + SD [2600 + 760, n = 15]).

Overall, a low pico- and microphytoplankton
abundance with 21-404 cells mL! were
estimated (Table 2). The phytoplankton was
dominated by Bacillariophyceae (29-90 %) and
Chlorophyceae (7-70 %). Significantly lower
shares to the phytoplankton abundance were
attained from Chrysophyceae, Cyanophyceae,
Cyrptophyceae, and Dinophyceae.

Except for a-D-glucosidase, where only
once a hydrolysis activity was measurable
(data not shown), all other determined total
extracellular enzyme activities were detectable at
every station. Highest total enzymatic activities
were determined for the four aminopeptidase
activities (Fig. 5-7) ranging overall from 2.0-
4.4 (glycine-aminopeptidase, Fig. 6),
-11.9 (leucine-aminopeptidase, Fig. 5), -16.3
(arginine-aminopeptidase, Fig. 5), -19.4 ng C
L! h! (tyrosine-aminopeptidase, Fig. 5). Lower
importance with maximum enzymatic activities of
< 2.5 ug C L1 h'! were established in a decreasing
sequence of their means (Fig. 6-7) for N-acetyl-
B-D-glucosaminidase (0.9, maximum = 2.45 ug C
L1 hl), B-D-glucosidase (0.8, maximum = 1.9 pg
C L1 hl), a-D-galactosidase (0.4, maximum = 0.8
ng C L1 hl), alkaline phosphatase (0.4, maximum
= 0.5 pg C L1 hl), and p-D-galactosidase (0.3,
maximum = 0.8 ug C L1 hl).

A comparison (Table 3) of EEA minimum
and maximum rates as well as specific
EEA (related to the bacterial abundance)
with published results from lakes and
from the Biobio river (to have at least one
reference for glycine-, tyrosine-, arginine-
and aminopeptidases as well as for a-D-
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galactosidase) displays the following: With to the degradation of a-(maximum) and p-D-
two exceptions (N-acetyl-p-D-glucosaminidase galactose 1.1 to 58.4 (mean + SD [5.8 + 15.2,
[minimum] and B-D-galactosidase [maximum]) n = 16]) times higher degradation rates were
overall lower EEA extreme values (factor 0.1 determined for Lake Laja. For the cleavage of
to 0.8, mean + SD [0.2 + 0.14, n = 22]) were all other applied hexoses and of phosphate the
determined in this study. Concerning the specific hydrolysis rates remained lower than in
specific EEA connected to the hydrolysis of other studies (factor 0.1 to 0.6, mean + SD [0.4
nitrogen containing POM and DOM (N-acetyl- + 0.3, n = 7]). Among all determined parameters
B-D-glucosaminidase and all peptidases) and no significant Pearson correlations were found.
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Fig. 2: Vertical distribution of temperature and conductivity in Lake Laja.

Distribucion vertical de la temperatura y conductividad en el lago Laja.
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Fig. 3: Vertical distribution of total bacterial numbers (TBN) and total bacterial biomass (TBB) in Lake Laja.

Distribucion vertical del numero total de bacterias (TBN) y de la biomasa bateriana total (TBB) en el lago Laja.
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Fig. 4: Vertical distribution of heterotrophic flagellates abundance (HFA) and h heterotrophic flagellates bio-
mass (HFB) in Lake Laja.

Distribucion vertical de la abundancia de flagelados heterotréficos (HFA) y de la biomasa de flagelados heterotroficos (HFB)
en el lago Laja.
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TABLE 2

Vertical abundance of phytoplankton groups in Lake Laja. Bac. = Bacillariophyceae, Chl.
Chlorophyceae, Chr. = Chrysophyceae, Cyan. = Cyanophyceae, Cry. = Cryptophyceae, Dino.

Dinophyceae, Abund. = abundance, % = relative abundance in percentage.

Distribucién vertical de grupos de fitoplancton en lago Laja. Bac. = Bacillariophyceae, Chl. = Chlorophyceae, Chr.
= Chrysophyceae, Cyan. = Cyanophyceae, Cry. = Cryptophyceae, Dino. = Dinophyceae, Abund. = abundancia, % =
abundancia relativa en porcentaje.

Station Depth Bac. Bac. Chl. Chl. Chr. Chr. Cyan. Cyan. Cry. Cry. Dino. Dino Total
(m) Abund) %) (Abund) %) (Abund) %) (Abund) (%) (Abund) %) (Abund) (%)
0 52 294 123 68.8 2 11 0 0.0 0 0.0 14 08 178
5 42 33.5 79 63.5 3 2.2 0 0.0 0 0.0 1.0 0.8 125
1 10 119 474 123 488 6 2.6 0 0.0 0 0.0 31 1.2 251
20 137 781 34 19.1 3 1.8 0 0.0 0 0.0 1.8 1.0 176
45 19 89.6 1 6.7 1 3.0 0 0.0 0 0.0 0.1 0.7 216
1 111 54.6 42 20.8 6 2.9 5 2.5 17 8.2 0.4 0.2 2034
2 8 146 677 58 27.1 7 3.2 0 0.0 0 0.0 4 20 216
15 233 86.6 32 11.8 1 0.5 0 0.0 0 0.0 3 1.1 268
1 95 68.4 31 224 10 7.2 0 0.0 0 0.0 3 20 139
3 8 52 28.6 120 66.6 7 3.8 0 0.0 0 0.0 2 0.9 180
1 224 71.8 49 15.8 8 2.7 14 4.5 0 0.0 2 0.7 312
4 6 215 681 87 27.7 8 25 0 0.0 0 0.0 5 1.7 315
12 321 795 78 19.2 4 11 0 0.0 0 0.0 1 02 404
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Fig. 5: Vertical distribution of hydrolysis rates of ectoenzyme and external enzyme activities in Lake Laja. leu =
leucine aminopeptidase activity, tyr = tyrosine aminopeptidase activity, arg = arginine aminopeptidase activity.

Distribucion vertical de las tasas de hidrolisis de ectoenzimas y actividades enzimaticas externas en el lago Laja. leu = actividad

de leucina aminopeptidasa, tyr = actividad de tirosina aminopeptidasa, arg = actividad de arginina aminopeptidasa.
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Fig. 6: Vertical distribution of hydrolysis rates of ectoenzyme and external enzyme activities in Lake Laja. gly =
glycine aminopeptidase activity, n-acet = N-acetyl-p-D-glucosaminidase activity, p-glu = p-D-glucosidase activity.
Note the compared to Fig. 5 different abscissa scale of 0 to 5.

Distribucion vertical de las tasas de hidrolisis de ectoenzimas y actividades enzimaticas externas en el lago Laja. Gly = actividad
de glicina aminopeptidasa, n-acet = actividad de N-acetil-b-D-glucosaminidasa, b-glu = actividad b-D-glucosidasa. Tenga en cuen-
ta en la comparacion con la Fig. 5, la diferente escala de abscisas de 0 a 5.
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Fig. 7: Vertical distribution of hydrolysis rates of ectoenzyme and external enzyme activities in Lake Laja. phos =
alkaline phosphatase activity, a-gal = a-D-galactosidase activity, p-gal = p-D-galactosidase activity. Note the com-
pared to Fig. 5 different abscissa scale of 0 to 5.

Distribucion vertical de las tasas de hidrdlisis de ectoenzimas y actividades enzimaticas externas en el lago Laja. phos = activi-
dad de fosfatasa 4acida, a-gal = actividad de a-D-galactosidasa, b-gal = actividad de b-D-galactosidasa. Tenga en cuenta en la com-
paracion con la Fig. 5, 1a diferente escala de abscisas de 0 a 5.
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Main hydrolysis rates can be attributed to
the action of free dissolved external enzyme
activities (means: 51-74 %) spanning a range
of overall 0-98 %. Only the degradation of
B-D-galactosides (mean: 47 %) and tyrosine
containing peptides (mean: 17 %) were
dominated by ectoenzymes.

DISCUSSION

As for the season expectable a strong thermal
stratification of the water column was detected
in the deeper parts of the lake (Fig. 2). Within
the shallow parts of the lake due to enhanced
mixing and current processes more or less no
stratification was encountered.

The conductivity of Lake Laja is in a good
accordance with other lakes as well as rivers
in the southern parts of the Andes, which
are characterised by a very low conductivity
(22-156 pS cml; Campos 1984, Campos et
al. 1992a, 1992b, Parra et al. 1993, Pedrozo
et al. 1993). Hence, except for silicate, the
surface waters represent very diluted solutions
caused by the igneous nature of the bedrock,
small watersheds with restricted inputs of
weathering products, minor anthropogenic
emissions as well as minor inputs of marine
aerosols and terrestrial dust (Pedrozo et al.
1993). The bedrock nature could also explain
the silicate concentrations (12.8-14.0 mg SiO,
LY), which are significantly higher than the
world average of silica (4.9 SiO, L1; Meybeck
1979).

A further joint feature of Lake Laja with
other lakes located in the South Andean region
is the oligotrophy of their water bodies (e.g.,
Campos et al. 1987, 1990, Parra et al. 1993,
Pedrozo et al. 1993, Steinhart et al. 2002, Woelfl
et al. 2003). With o-PO, up to 3.2 ng P-PO, L!
and epilimnion concentrations of < 1.4 ug P-PO,
L1 as well as DIN results of < 78.7 ug N L1 their
concentrations remained below the upper range
of oligotrophic classification of 0-PO,4 of < 15.0
png P-PO4 L1 and nitrogen nutrients of < 300.0
ng N L1 (Klapper 1991) and of < 1630 pg N L!
(Wetzel 2001).

Very noticeable is the high share of
ammonia as the main inorganic nitrogen
source. While, due to ammonia assimilation
by bacteria and phytoplankton and because
of nitrification, some samples showed NH;-N

concentrations below the detection limit, other
samples are featured with elevated ammonia
concentrations. One explanation could be
recent grazing and excretion activities of
layered zooplankton. In subsequent Lake
Laja investigations (2002 and 2003) very high
abundances of crustacean and rotifers of up to
280 and 3960 individuals L1, respectively, and a
very high zooplankton biomass (crustacean and
rotifers) of up to 0.35 pg C L' were encountered
(Karrasch et al. in preparation).

Of particular importance are the low molar
DIN:oPO, ratios of < 16 (range: 3-15, mean
+ SD [6.5 + 3.2, n = 11]), which in cases of
non detectable ammonia concentrations for
the DIN calculation could be lower. These
depressed DIN:oPO, ratios underline the
important role of nitrogen nutrients for their
control of the phytoplankton productivity, and
in consideration of the oligotrophic state the
extreme sensitivity of this ecosystem to any
changes, especially of the inorganic nitrogen
regime of the lake.

The dominating oligotrophic character and
N-limitation of Andean water bodies (Pedrozo
et al. 1993, Soto 2002, Karrasch et al. 2006)
could be derived from minor livestock farming
and a, more or less, absent agricultural activity
with mainly N emissions (Oyarzan et al.
2002). In addition a lesser economic activity
(transport, industry, energy production) as
further N source (mainly NO,; Bragazza et
al. 2005) contributes also to the low inorganic
nitrogen concentrations in the lakes as well
as remote depositions of N disposals within
this region (Hedin et al. 1995, Galloway et al.
1996). Due to the oligotrophic state only a small
biomass can be produced autochthonously,
which normally is in a causality with good
oxygen conditions (Seitzinger 1988) therefore,
we can assume that the depressed nitrate
concentrations and low DIN:oPO, ratios are
probably not, or hardly, resulting from N losses
via denitrification. A filling of the N pool by the
activity of N-fixing cyanobacteria, which could
contribute a significant proportion of the N
budget (Smith 1990 and literature cited herein),
was not derivable. From our Uterméhl counts
of microphytoplankton only for two surface
samples (station 2 and 4) we encountered
a cyanobacteria abundance (Anabaena sp.)
of 30 and 55 cell ml! with no nitrogen-fixing
heterocysts.
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TABLE 3

Comparison of total bacterial abundance (TBN), total extracellular enzyme activities (EEA) and
bacterial cell specific EEA (spec. EEA) of lakes (except Karrasch et al. 2006); min = minimum, max
= maximum, n.a. = not available, n.c. = not calculable.

Comparacién de abundancia bacteriana total (TBN), actividad total de enzimas extracelulares (EEA) y EAA especifico

de células bacterianas (spec. EAA) de lagos (except Karrasch et al. 2006); min = minimum, max = maximum, n.a. = no
disponible, n.c. = no calculable.

Enzyme/Author(s) TBNyin TBNjax EEA i EEAax Spec. EEA;,  Spec. EEA .«
(10%ells L) (10%ellsLY) (g C/PL'hY) (ugC/PL1h?Y) (fgcell'h?l)  (fg celll hl)

N-acetyl-pD-glucosaminidase

This study 0.59 1.73 0.49 2.45 0.29 1.62
Vrba et al. (1997) n.a. n.a. 0.014 0.893 n.c. n.c.
Vrba et al. (2004) 0.40 1.90 0.058 2.088 0.144 1.099
Nedoma et al. (1994) 7.54 7.54 0.027 0.074 0.004 0.001
Karrasch et al. (2006) 2.07 10.69 0.973 7.381 0.261 1.016
Leucine-aminopeptidase

This study 0.59 1.73 4.46 11.88 5.20 14.27
Miinster (1994) 1.00 9.00 0.072 5.544 0.007 2.808
Richardot et al. (2001) 0.35 2.45 0.360 14.760 1.029 6.024
Chroést & Siuda (2006) 2.20 6.10 0.007 12.960 0.003 2.125
Karrasch et al. (2006) 2.07 10.69 25.496 117.322 4.571 17.012
Glycine-aminopeptidase

This study 0.59 1.73 2.009 4.348 1.341 4.993
Karrasch et al. (2006) 2.07 10.69 8.786 18.288 1.082 4,973
Tyrosine-aminopeptidase

This study 0.59 1.73 1.312 19.421 1.678 20.813
Karrasch et al. (2006) 2.07 10.69 11.306 52.906 1.886 7.898
Arginine-aminopeptidase

This study 0.59 1.73 4.017 16.261 2.391 17.427
Karrasch et al. (2006) 2.07 10.69 15.018 42.630 2.118 8.415
a-D-glucosidase

This study 0.59 1.73 0.000 0.230 n.c. 0.190
Richardot et al. (2001) 0.35 2.45 0.014 1.296 0.041 0.529
Vrba et al. (2004) 0.40 1.90 0.022 1.800 0.054 0.947
Karrasch et al. (2006) 2.07 10.69 0.000 3.589 0.000 0.336
B-D-glucosidase

This study 0.59 1.73 0.310 1.901 0.341 1.740
Miinster et al. (1992) 2.60 4.15 2.170 9.765 0.835 2.353
Miinster (1994) 1.00 9.00 0.007 8.280 0.007 1.584
Richardot et al. (2001) 0.35 2.45 0.007 1.440 0.021 0.588
Vrba et al. (2004) 0.40 1.90 0.058 5.616 0.144 2.956
Nedoma et al. (1994) 7.54 7.54 0.125 13.464 0.017 1.786
Karrasch et al. (2006) 2.07 10.69 1.619 10.727 0.416 1.452
a-D-galactosidase

This study 0.59 1.73 0.013 0.792 0.007 0.852
Karrasch et al. (2006) 2.07 10.69 0.521 3.878 0.144 0.732
B-D-galactosidase

This study 0.59 1.73 0.040 29.173 0.030 31.264
Karrasch et al. (2006) 2.07 10.69 0.054 3.953 0.025 0.535
AKkaline phosphatase

This study 0.59 1.73 0.272 0.530 0.170 0.750
Miinster et al. (1992) 2.60 4.15 9.610 27.280 3.696 6.573
Miinster (1994) 1.00 9.00 4.154 52.866 1.240 8.370
Chroést & Siuda (2006) 2.20 15.80 0.648 7.200 0.295 1.180

Karrasch et al. (2006) 2.07 10.69 0.140 1.430 0.016 0.383
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As a consequence of the oligotrophic
conditions, likewise low chlorophyll a
concentrations (max = 1.9 pg Chl. a L)
were determined. This range is largely in
consilience with chlorophyll a levels for other
Andean Lakes published e.g., from Baigun
& Marinone (1995), Soto (2002), Villalobos
et al. (2003), Baigun et al. (2006) and Woelfl
(2007). Analogous to remote chlorophyll a
concentrations also low POC concentrations
were determined. From both sum parameters
low lake productivity and low sedimentation/
export rates can be derived (Baines et al. 1994),
which are positively influencing the oxygen
budget in the water column and sediment.

In accord with the physicochemical general
frameworks, the abundance and biomass
stocks of pico- and nanoplankton reached
relatively low values. Although the abundance
of bacterioplankton with 0.6-1.7 x 10° cells L1
attained typical concentrations for oligotrophic
/ mesotrophic habitats, we estimated extremely
low bacterial cell volumes of around 0.04 pm?
celll, which led to a small bacterial biomass
(up to 24.1 pg C LY. Compared to cell sizes
estimated for lake bacteria (summarized by
Jugnia et al. 1998) this average cell volume is in
most cases lower than the minimum values of
other lakes. With this size, the bacterioplankton
made up solely ultramicrobacteria defined with
a volume of < 0.05 pm? (Boenigk et al. 2006) and
< 0.1 pm3 (Schut et al. 1997, Hahn et al. 2003),
respectively. Here a frequency of bacterial cell
volumes of < 0.05 ym? cell! = 77 % and < 0.1
um3 celll = 96 %, respectively was estimated.
From executed estimations of viral abundances
for this investigation (data not shown), carried
out with 0.015 um filters, we found no concrete
information for ultramicrobacteria with cell sizes
below < 0.2 ym.

Some authors believe that ultra-
microbacteria represent starvation-induced
miniaturised forms of bacteria with no (Morita
1985) or no continuous growth (Kjelleberg
et al. 1987) but the estimated relatively high
extracellular enzyme activities, which are
originating mainly from bacteria, indicating
metabolically active bacteria. This is also
supported by repeated studies of Lake Laja
(2002 and 2003), where likewise a domination
of ultramicrobacteria was encountered. Besides
relatively high bacterial cell and biomass
production rates Karrasch et al. (in preparation)

estimated in addition by means of micro-
autoradiography a for aquatic systems relatively
high share (39-97 %, mean + SD [68 + 18 %, n =
16]) of leucine assimilating bacteria. Thus, the
bacteria are very well metabolically involved in
the conversion of substances and matter fluxes
of the microbial loop.

A further microbiologically important
criterion of pelagic eco-structures is the
abundance of heterotrophic flagellates, which
were determined for this lake within the
typically published range (105-106 cells L1;
e.g., Carrias et al. 1998). But, likewise to the
bacteria, a low maximum biomass of 0.12 ug C
L1 was encountered. The determined flagellate
biomass is significantly located under the
average value of 9.6 pg C L1 (e.g., from Carrick
and Fahnenstiel 1989) given for oligotrophic
environments.

The relationship of bacterial versus
heterotrophic flagellate abundances was
investigated by Sanders et al. (1992), who
demonstrated a remarkably consistent
numerical relationship (approx. 1000 bacteria:1
heterotrophic flagellate) in the euphotic zone
of a variety of marine and freshwater systems
within the oligotrophic-eutrophic continuum.
With a ratio of 1400-4000:1 (mean + SD [2650
+ 760, n = 15]) our results display only a weak
coupling of trophic interactions between these
organism groups. An effective “top-down”
control of the heterotrophic flagellates by
predation of metazooplankton (e.g., Tzaras
and Pick 1994, Carrias et al. 1998) could be
an important vector for this estimated weak
trophical relationship. It cannot be judged
if additionally the small-size of bacteria is
abating the grazing pressure. Observation
(e.g., from Gonzalez et al. [1990], Auer and
Arndt [2001] and Boenigk et al. [2006]), points
to a relationship that small bacteria (< 2 pm)
and ultramicrobacteria respectively are to a
lesser degree utilisable for the nutrition of
heterotrophic flagellates.

In concordance with the limiting nutrient
conditions, we estimated with 21-404 cells mL?!
only a low phytoplankton abundance. Relatively
high abundances were achieved from Fragilaria
crotonensis (12-81 % of Bacillariophyceae;
11-62 % of total phytoplankton abundance)
and Sphaerocystis schroeteri (0-99 % of
Chlorophyceae; 0-58 % of total phytoplankton
abundance). From a subordinate importance
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were the appearances of, for example,
Asterionella Formosa (Bacillariophyceae),
Oocystis elliptica (Chlorophyceae), Dinobryon
sp. (Chrysophyceae), and Ceratium
hirundinella (Dinophyceae). Comparable low
phytoplankton densities were estimated for
lakes in the geographical vicinity of Lake Laja
(Regién X de los Lagos) e.g., Lake Llanquihue
(Soto 2002), Lake Rancho (Campos et al.
1992a), Lake Todos Los Santos (Campos et al.
1990), Lake Villarrica (Campos et al., 1983).
Except for Soto (2002) where Chrysophyceae
received during January and March a dominant
importance, these studies reported for the
summer season likewise, a dominance of
diatoms and green algae as a common feature.

Highest phytoplankton abundances
within the water column were achieved at
the beginning of the thermocline. This is a
frequent feature of oligotrophic water bodies
because the thermocline is associated with the
nutricline and the light intensity still is above
the compensation depth enabling a net primary
productivity.

The activity of extracellular enzymes
represents a key factor for the capability of
aquatic systems to manage and eliminate non-
living autochthonous and allochthonous organic
matter. The extracellular enzyme activity
constitutes the first step of the microbiological
self-purification process (Karrasch 2003a,
2003b) and concurrently the rate-limiting step
in the microbial utilisation of dissolved and
particulate matter in aquatic environments
(cf. Chroést 1991 and cited references). Except
for a-D-glucosidase, hydrolytic activities were
proven for all other determined extracellular
enzyme activities. This indicates a broad range
of enzymatic degradation capabilities within
the water column and in reverse that the
corresponding substrates also might commonly
appear in the pelagic zone of this lake. This
is deducible from the facts that ecosystems
thermodynamically have to be organised
very economical (Odum & Barrett 2004).
Hence it can be assumed that the synthesis of
extracellular enzymes occurs purposive (Chrést
1991) because of the high material (e.g., C, N)
and energetic costs (reduction equivalents)
which are required for the production of
extracellular enzymes.

Besides particulate organic matter (POM),
especially dissolved organic matter (DOM) is

the target of extracellular enzymes. The main
DOM bulk is considered not to be readily
utilizable for bacteria (e.g., Geller 1985, Wetzel
2001), particularly in inland waters where
a high share of DOM has an allochthonous
origin (soils and stream runoff) and already
was exposed to some degradation and
transformation processes (Tranvik 1992). Only
a few percent < 5 % of the DOM (Chrést 1991
and literature cited herein), consisting of labile
oligo- to monomeric molecules originating
mainly from autochthonous processes like
viral lysis (Fuhrman 1999) exudations from
phytoplankton (Fogg 1977, Baines & Pace 1991)
and zooplankton excretions (Lampert 1978,
Jurmars et al. 1989), are easily accessible for
extracellular enzymes.

The results of the EEA measurements
are quoting the upper limit of the ‘in-situ’
assimilative capacity (Karrasch 2005) thus
the results of this study can be used directly
to make policy on discharge limits and as
parameters for sustainable management
measures for the summer season (cp. Table
3). Although Lake Laja is characterised by
a relatively low abundance and biomass of
bacterioplankton, the determined maximum
EEA achieved, on average, one-third (for
organic nitrogen hydrolysing extracellular
enzymes 45 %) of the activity range reported for
other oligotrophic water bodies (citations within
Table 3). Only the maximum activity of p-D-
galactosidase exceeded other lake activities by
far (factor 7.4).

Partly another picture has to be derived
from specific EEA of Lake Laja that has
to be divided in two clusters. Cluster one
contains enzyme activities (N-acetyl-B-D-
glucosaminidase, all aminopeptidases and
a- as well as B-D-galactosidase), which were
on average about factor 10 + 21.4 (without p-D-
galactosidase: 1.9 + 0.6) higher than maximum
specific EEA from other oligotrophic water
bodies (Table 3). The second cluster consists of
specific EEA for the hydrolysis of glucose and
phosphate and reached a lower specific activity
(mean factor 0.5 + 0.4) compared to other
oligotrophic environments. An approximate
explanation for cluster one could be, at least for
the organic nitrogen degrading EEA, the overall
nitrogen limitation of the lake. The hydrolysis
of proteins and polypeptides, as well as of amino
sugars (chitin) offers an accessory nitrogen
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source for the microorganisms. Furthermore,
the direct use of nitrogen rich amino acids
and peptides saves energy and material which
otherwise would be required for the reduction
of nitrogen oxides to ammonium and for the
amino acid synthesis.

Compared to other investigations, the
lower specific enzyme activities of a-, p-D-
glucosidases and alkaline phosphatases can
be explained as follows: based on the fact that
a relationship between enzyme activities and
the polymeric composition of the sources of
organic matter could exist (Boetius & Lochte
1996, Boscker & Cappenberg 1998, Sala & Giide
1999) it could be inferred that the availability of
the corresponding substrate molecules or the
organismic demand for these substrates (e.g.,
for ortho-phosphate) was probably low.

The proportion of extracellular enzyme
activities associated to cells and particles
(ectoenzymes) versus dissolved free external
enzymes represents an important ecological
ratio (Karrasch et al. 2003a, 2003b, Karrasch
2005). A more particle-related degradation
of organic material is subjected to a higher
sedimentation probability, resulting in an export
(sedimentation) of organic matter and of self-
purification capacities, while dissolved external
enzymes remain more or less unaffected by
the hydrographical situation (Karrasch et al.
2003b, Karrasch 2005). With up to 98 % of the
extracellular enzyme activity, the encountered
1st step of the self-purification capacities of
Lake Laja was mainly realised via external
enzymes. The outcome of this is a relative
constant level of degradation capacities within
the water column, because enzyme losses via
sedimentation are reduced.

In addition to this, physiological there can
be derived lesser energetic costs and material
requirements for the expression and synthesis
of new extracellular enzymes by bacteria
in order to balance enzyme losses due to
sedimentation (Karrasch 2005), immobilization
(Wetzel 1991) and enzyme decay (Wild et al.
1995). This can achieve a high importance
during phases when extracellular enzyme
producing processes are low. These processes
are comprising bacterial synthesis of
extracellular enzymes (e.g., Hoppe 1983, Chrést
1991) as well as the release of intracellular
enzymes into the water phase like cell death
(Berman & Wynne 2005 and literature cited

herein), viral lysis (e.g., Bratbak et al. 1994,
Fuhrman 1999), and “sloppy feeding” and
excretions of zooplankton (Lampert 1978,
Jurmas et al 1989, Hoppe 1991).

With some exceptions the vertical patterns
of the extracellular enzyme activities show
overall an equal distribution with only a few
aberrations. Indeed complex processes are
involved in both the vertical distribution as
well as the proportioning of the extracellular
enzyme activities in size classes and
their absolute activities (Overbeck 1991).
In contrast to the intracellular milieu and
its compartmentalisation, the activity of
extracellular enzymes is controlled by a
multitude of physico-chemical and biological
interactions and antagonistic reactions, which
mostly act suboptimally on the enzymes and
their activities (Chrést 1991, Miinster 1991).
For aquatic systems the most relevant bio-
physico-chemical processes are pH (Francoeur
& Wetzel 2003), water chemistry and biological
variables (e.g., Chappell & Goulder 1994,
Romani & Sabater 1999), photochemical effects
on the interaction of enzymes and dissolved
organic matter (Lindell & Edling 1996,
Scully et al. 2003) induction and repression
of enzyme production and release (Chrést
1991, Priest 1984), supply of organic matter
(Vrba 1992, Mallet & Debroas 2001), and by
the complexation and interaction with humic
substances (Boavida & Wetzel 1998) as well as
clay particles (Tietjen & Wetzel 2003).

The expected rapid socio-economic
development in South Chile (Steinhardt
et al. 2002) will result in significant land
and water use changes and could lead to
heavy environmental impacts. Due to the
beautiful landscape of Lake Laja with very
good conditions for skiing along the hillside of
the Antuco volcanic cone and a huge zone of
attraction in the vicinity (approx. 190 km from
the cities Concepcion, Talcahuano, and Hualpén
(approx. 514000 habitants) we can expect for
the Lake Laja watershed an intensified touristic
use. Already now the diversions for hydropower
generation and irrigation are burdening the
system.

From the touristic development of the
region, we can derive a higher emergence
of inorganic nutrients for the Lake Laja
(Yajima 1995). Additionally, an increase of
atmospheric deposition of oxidised nitrogen
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compounds to this region (Galloway et al.
1994) is predicted for the next decades. The
general vulnerability of oligotrophic waters
(Weisse 1991) makes them very sensitive to
increasing nutrient loadings, especially when
the limiting nutrient (here, nitrogen) is rising
and probably leading to an eutrophication of the
lake. Undesirable effects of eutrophication are,
among others, the disturbance of the oxygen
budget (Wetzel 2001), changes of species
compositions, elevated biomass as well as
primary and secondary productivity (Klapper
1991), formation of unaesthetic (diazotrophic)
cyanobacteria blooms (Berman 2001) and an
increased risk for harmful algal blooms (Sellner
et al. 2003, Smith 2003).

Furthermore, the emerging tourism
would produce high amounts of organic
sewage. Although, it could be demonstrated
that the lake exhibits a relatively good self-
purification potential, the predominantly
organic loads in the sewage of hotels and
the municipal infrastructure could, if not
fully or even only insufficiently treated,
overcharge the assimilative capacity of Lake
Laja. For a more sound determination of
the microbial degradation potential future
investigations have to include the quantification
of assimilation, bacterial production, and
respiration rates (= elimination = the final step
of the microbiological self-purification process).
Respective radiochemical methods are available
but could not organisationally be deployed
in this investigation. Additionally, we have to
account for seasonal dynamic of the assimilative
capacities. Winter tourism connoted a high
organic waste formation during a season
with low temperatures, which also reduces
extracellular enzyme activities significantly.
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