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ABSTRACT 
Long term analyses of the microbial loop, centred on the picoplankton dynamics, were carried out over a five-year (1998 to 

2002) period in Lake Alchichica (Puebla, Mexico), a high altitude tropical athalassohaline lake. The hydrodynamics of the lake 
followed a warm-monomictic pattern with mixing at a minimum temperature during the early dry season while the stratification was 
pronounced in the late dry season and throughout the rainy season; anoxic conditions in the hypolimnion lasted <9 months. The 
annual mean concentrations of chlorophyll-a were below 4 μg L-1 in 1998, 1999 and 2001, however, 6.1 and 5.2 µg L-1 in 2000 and 
2002, respectively. Total picoplankton, TPP, displayed a temporal pattern that followed the mixing-stratification cycle. The highest 
TPP values (the whole water column ≥5×106 cells mL-1) were found during mixing and early stratification (January-March). The 
minimum numbers were present during late stratification (October-November). The maximum TPP numbers were observed within 
the layer 0-20 m, which corresponded to the epilimnion during the stratification period. Neither the thermocline nor the deep 
chlorophyll maximum showed an elevated TPP concentration. In the hypolimnion, TPP numbers were low (frequently <1×106 cells 
mL-1) apparently as a result of the long period of anoxia. Notwithstanding autotrophic picoplankton (APP) contributed even ≥30% of 
TPP (2001 to 2002); no significant correlation was found between TPP and chlorophyll-a. 
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1. INTRODUCTION 

During previous decades, the status of pelagic 
microbial assemblages in European mountain lakes 
(mostly dimictic) has been intensively studied (Patrick 
et al. 1998), namely within two European Projects: 
MOLAR (Mountain Lakes Research Program) and 
EMERGE (European Mountain lake Ecosystems: 
Regionalisation, diaGnostics & socio-economic Evalua-
tion). It was found that a significant proportion of the 
pelagic biomass (in terms of organic carbon) was 
covered by bacteria; Autotrophic picoplankton were 
very scarce in almost all studied mountain lakes (Strašk-
rabová et al. 1999, 2000a, b). On the other hand com-
prehensive studies on high altitude tropical lakes are 
scarce (e.g., Macek et al. 1994). The unpolluted deep 
tropical lakes of Mexico (State of Puebla) are generally 
warm-monomictic, i.e. mixing one time per year at a 
minimum temperature. Compared to temperate lakes, 
the relation among microbe numbers and activity and 
the dissolved oxygen stratification at metalimnion has 
not been completely understood (Macek et al. 1994; 
Lewis 1996; Oliva et al. 2001). Due to the combination 
of nutrient limitation and high transparency of oligotro-
phic waters, a metalimnetic deep chlorophyll maximum 
(DCM) reflecting important primary production was 
observed (Abbott et al. 1984; Padisak et al. 1997; 

Adame et al. 2007). However, deep tropical lakes rap-
idly develop an anoxic hypolimnion lasting the entire 
stratification period: this is the case of the deep crater 
lakes of the Mexican Plateau (Alcocer et al. 2000; 
Filonov & Alcocer 2002). 

Most of the available information describing total 
picoplankton (TPP) from unpolluted environments 
comes from temperate latitudes (e.g., Pernthaler et al. 
1998; Straškrabová et al. 1999; Søndergaard 2000). It 
has been found that autotrophic picoplankton (APP) 
could form an important part of total picoplankton bio-
mass in oligotrophic environments (Weisse 1993; 
Stockner 1991; Callieri 2008). Few studies have consid-
ered the picoplankton from the anoxic hypolimnion, 
particularly, the importance of sulphate reducing bacte-
ria (Caldell & Tiedje 1975; Jellison & Melack 1993). 

Generally, secondary substrates produced primary 
production control of the heterotrophic picoplankton 
(HPP) dynamics along with inorganic nutrient avail-
ability. In waters with low nutrient and carbon concen-
tration, APP may take advantage of the competition 
against either HPP (Drakare 2002) or phytoplankton 
because they might use low concentrations of nutrients 
and moreover very low light intensity for their devel-
opment (Vadstein 2000; Callieri et al. 2007). However, 
in ultraoligotrophic marine environments, bacteria could 
be phosphorus-controlled meanwhile APP is co-limited 
by phosphorus and nitrogen (Moutin et al. 2002; Zohary 
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et al. 2005). A direct relationship between total chloro-
phyll-a concentration and picoplankton numbers was 
formulated in early 80's (Bird & Kalf 1984), however, it 
was not generally confirmed (e.g., Rao et al. 1979; 
Straškrabová et al. 1999, 2000a, b); particularly, soda-
lakes showed quite a different behaviour (Zinabu & 
Taylor 1997.  

The aim of the study was to unravel the picoplank-
ton temporal and vertical dynamics in the warm-
monomictic Lake Alchichica, and find out if it is related 
to its hydrodynamics, i.e., mixing-stratification periods 
and/or to the presence of its protist consumers. The 
originality of this investigation relies on the long-term 
(i.e., 5 years) follow up of picoplankton dynamics rarely 
published from unpolluted tropical lakes. 

2. METHODS 

2.1.  Site description 

Lake Alchichica is at 19°24'N, 97°24'W and 2,340 
m above sea level. Climate is dry and temperate, with a 
mean annual temperature of 12.9 °C, and mean annual 
precipitation of less than 400 mm (García 1988), con-
centrated in the ("summer") rainy season. It is a deep 
lake (maximum depth 62 m, mean depth 40.9 m), with a 
surface area of 2.3 km2 and a volume of 94,214,080 m3 
(Filonov et al. 2006) of saline (8.5 g L-1) and alkaline 
(pH 9.5) water.  

2.2. Data collection 

The lake was sampled on approximately a one-
month basis for five years (1998-2002). The sampling 
station was at the central and deepest part of the lake. 
Sampling took place between 12:00 and 15:00 h (strong 
wind and/or rain occurred typically later). 

Profiles of temperature and dissolved oxygen, D.O. 
(Hydrolab DS4/SVR4 Water Quality Monitoring Sys-
tem), photosynthetic active radiation, PAR and natural 
fluorescence (Biospherical Instruments PFN-300 pro-
filer) were analysed to select discrete sampling depths. 
Biological samples were taken using Niskin (USA) or 
IHE (Czech Republic) water samplers at five (1998 and 
1999) or at 10 depths (2000 to 2002), covering the water 
column from 2 m to 50 and 60 m, respectively. 

The samples for total picoplankton enumeration 
were fixed with formalin to 2% (Straškrabová et al. 
1999). 

2.3. Procedures 

Throughout the study, direct numbers of total 
picoplankton (TPP) were evaluated in the samples 
concentrated onto polycarbonate membranes (0.2 µm 
pore-sized), DAPI-stained and mounted in immersion 
oil (Porter & Feig 1980). Autotrophic picoplankton 
(APP) were evaluated regularly from October 2001 
through to 2002. APP was concentrated onto 
polycarbonate membranes (0.2 µm) and mounted in 

glycerol (to 20%) or in immersion oil and was 
counted via autofluorescence (microscopes Zeiss and 
Leica, Germany, respectively). Optimum fluo-
rescence provided the Cy3 filter-set (green excitation 
- and red observation-light); commonly used yellow 
fluorescence of APP upon AO and FITC sets 
(MacIsaac & Stockner 1993; Callieri & Stockner 
2002) was too low for counting. 

Chlorophyll-a (Chl-a) concentration was determined 
fluorometrically in samples filtered onto GF/F 
(Whatmann, USA) filters. Pigment extraction was car-
ried out by placing the filters in 90% acetone at 4 °C 
overnight. Samples were analyzed using a 10AU Turner 
Designs Fluorometer, which was calibrated using a 
Turner Designs Chl-a primary standard, and at each 
field trip with a Turner Designs Chl-a secondary solid 
standard (Arar & Collins, 1997). For details, see Adame 
et al. (2007). 

2.4. Data analysis 

All data were used to construct depth profile graphs 
(Surfer 6, Golden Software, USA) and to correlate a 
position of maximum TPP/APP with maximums of 
Chl-a and with a temperature/dissolved oxygen maxi-
mum gradient. To describe annual dynamics, depth-
weighted means were used, calculated from the top 20 
m (approximating a euphotic zone), the whole water 
column and the layer below 35 m (anoxic, except for the 
mixing period). 

Chl-a and temperature data, used to consider the re-
lationship with TPP, were transformed using a linear 
interpolation between two sampling points. Non-linear 
regression analysis of the logarithmic transformed data 
of picoplankton numbers was performed using a Graph-
Pad Software (USA) programs Prism 4 and InStat. All 
data were used as single points to find the best fit curve, 
this was done by employing a selected program-incor-
porated equations. One-way analysis of variance 
(ANOVA) and Dunnett multiple comparisons test 
(against a control) was used to compare the results. 
Akaikes Information Criteria was used to compare dif-
ferent curve models of the annual development (Motulsky 
1999). 

3. RESULTS 

3.1. Physical and chemical variables 

Lake Alchichica circulated at water temperatures 
between 14.2 and 15 °C from late December or early 
January through March (Fig. 1). The epilimnion was 
well defined from May (steep thermocline below 10 m) 
through to October (thermocline between 25-29 m). 
Maximum differences between the surface and bottom 
temperatures >6 °C were observed in May (1999, 2001); 
generally, a difference >5 °C could be found from May 
to October. The most pronounced gradient of tempera-
ture (about 2 °C m-1) was observed during late stratifi-
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cation, from September to November or early Decem-
ber. However, the annual temperature variation was 
lower than 5 °C for the weighted mean in the upper 20 
m, and 2 °C for the water column-mean. Bottom tem-
peratures remained quite constant at 14.2 to 15 °C. 

During periods of stratification, D.O. in the top 20 m 
was quite stable, mostly near the saturation value (Fig. 
1). Over-saturation (103%) was reached during early 
stratification while the lowest surface D.O. concentra-
tions (slightly below 5 mg L-1) were observed at the 
start of the mixing period (late December or early Janu-
ary). Even during the mixing period, on days with calm 
wind, an oxycline could be observed, although an 
homogeneous D.O. distribution along the water column 
could rapidly develop again. During the period of pro-
nounced stratification, D.O. decreased rapidly around 
the top of the thermocline reaching microaerobic (≤1 
mg L-1) or anoxic conditions (≤0.2 mg L-1, i.e., a mem-
brane electrode accuracy limit) a few metres below the 
metalimnion. The hypolimnion was completely anoxic 
from May to December. In August a very steep oxycline 
developed which finished at anoxia and followed a 
similar pattern to the thermocline. An extensive 
description of the characteristics of annual temperature 
and D.O. dynamics in Lake Alchichica could be found 
elsewhere (Alcocer et al. 2000). 

According to photosynthetically active radiation 
(PAR) values, the euphotic zone ranged between 15 and 
20 m during the mixing period and reached up to 35 m 
during the stratification period (Fig. 2). During stratifi-
cation, the limits of the euphotic zone was frequently 
found in the metalimnion. 

3.2. Chlorophyll-a 

The yearly mean Chl-a concentrations were below 4 
μg L-1 in 1998, 1999 and 2001, and 6.1 and 5.2 µg L-1 in 
2000 and 2002, respectively (Fig. 2). The highest Chl-a 
concentrations (>10 µg L-1) were reached regularly 
throughout the water column in January, coinciding 
with the lake mixing period. Phytoplankton samples 
from this period showed abundant diatoms (e.g., 
Cyclotella alchichicana (Oliva et al. 2006) and C. 
choctawhatcheeana).  

During the cyanobacteria bloom, due to Nodularia 
sp., which appeared by the end of the mixing- and 
beginning of the stratification period (March to May), 
maximum Chl-a concentrations were obtained at the 
surface layer (20 cm depth) on bright and calm days. 
The intensity of the cyanobacteria bloom varied from 
year to year. During early stratification, however, the 
mean Chl-a concentration (weighted through the upper 
20 m) was frequently lower than the one calculated 
from the entire water column. The contribution of pico-
phytoplankton to the total Chl-a was not elevated (on 
average, 27.7%; Adame et al. 2007). According to in 
situ natural fluorescence measurements the characteris-
tic deep chlorophyll maximum (DCM) was found dur-
ing the stratification period, at the bottom of 
metalimnion, between 20 and 30 m. When analysed, it 
was composed mainly of diatoms such as Cyclotella 
alchichicana and Chaetoceros elmorei. Further infor-
mation regarding the pattern of phytoplankton dynamics 
of Lake Alchichica is presented in Oliva et al. (2001). 

 

Fig. 1. Isopleths of dissolved oxygen (top panel) and isotherms (bottom panel) in Lake Alchichica. 
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3.3. Picoplankton 
The dynamics of total picoplankton in Lake 

Alchichica followed a regular pattern, linked to the 
hydrodynamics of the lake (i.e., stratification and circu-
lation periods) (Figs 1 and 3). Along the stratification 
period, the depth distribution of TPP followed a regular 
pattern with a peak close to the bottom of the 
epilimnion. During the mixing period, TPP were dis-
tributed in the water column without a distinctive pat-
tern (Fig. 3) both associated to particles and free-living. 

However, the absolute maxima during this period were 
found in patches somewhere along the water column 
and appear to be associated with particulate matter 
resembling clay particles observed in the preparations.  

The TPP seasonal pattern were quite similar across 
the five years. The highest mean values occurred in the 
year 2000 (3.0×106 cells mL-1) and the lowest in 2002 
(1.8×106 cells mL-1), when exceptional dynamics were 
observed. In fact the TPP-peak observed during mixing 
periods was very low and similar to that formed during 
the stable, rainy season in July. 

 

Fig. 2. Space-time distribution of chlorophyll-a in the water column. The line indicates the depths with % of surface solar radiation. 
 

 

Fig. 3. Space-time distribution of total picoplankton (TPP) in the water column of Lake Alchichica (top panel). In the bottom panel:
dynamics of TPP in the water column, within the top 20 m and its sine-wave approximation. 
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The depth-weighted means of TPP of the whole 
water column (Fig. 3) reached the annual maximum 
during the mixing period between January and April 
(1.98 to 6.9×106 cells mL-1) but varied from year to 
year. Along with stratification, TPP decreased regularly, 
even following filamentous cyanobacteria peaks. TPP 
reached the minimum between October and December 
along with the weakening of the thermocline, decreasing 
from 0.59 to 1.3×106 cells mL-1.  

The APP numbers peaked (1×106 cells mL-1) just at 
the onset of the stratification period (Fig. 4). In 2001 
and 2002, the minimum APP numbers were observed 
during pronounced stratification (September-October) 
but increased when the metalimnion weakened by the 
end of the year and the mixed layer became thicker. A 
sharp APP increase was observed just after the complete 
mixing of the water column in 2001. 

In the top 20 m (Fig. 3), TPP means increased dur-
ing stratification development (March to May) reaching 
a maximum of 6.7×106 cells mL-1. APP maximums up 
to 1.4×106 cells mL-1 were observed during the mixing 
period in the upper 10 m, and throughout the top 20 m 
epilimnion in the early stratification period (maximum 
in April). Additionally, local peaks of APP were found 
between 10 and 20 m, i.e., in the layer of oxygen deple-
tion (e.g., 15 m in March 2002). 

TPP numbers in the hypolimnion showed no pattern, 
which could be related to seasonality. Due to the large 
volume of the layer which is below 35 m (data not 
shown), the weighted mean TPP numbers were close to 
those of the water column mean (five year mean: 
1.6×106cells mL-1). During stratification, an anoxic 
hypolimnion was included there. The 60 m samples, the 
deepest, gave repeatedly higher numbers. Hypolimnetic 
minima (0.24 to 1.0×106 cells mL-1) was found at the 
end of the stratification period (November-December) 
and/or in the early stages of the stratification (May).  

TPP includes autotrophic picoplankton (APP) which 
have been analysed since March 2001 (Fig. 4). Accord-
ing to the observed autofluorescence pattern (comparing 

Cy3, AO/FITC and Chl-a filter sets), APP were com-
posed by unicellular (frequently in doublets) and colo-
nial picocyanobacteria and both morphotypes were 
counted. We did not confirm if the cells, single and 
colonial, were of the same species. Both phycoerythrin 
and phycocyanin picocyanobacteria were observed, and 
cells with brighter fluorescence were found below 1% 
PAR limit. Picoeukaryotes were below a detection limit 
(i.e., <103cells mL-1). According to different reports, the 
single-cell Synechococcus nidulans and Synechocystis 
sp., and the colony-forming Cyanodictyon planctoni-
cum, Epigloesphaera glebulenta, Lemmermanniella 
flexa and Eucapsis cf. starmachii dominated APP in 
Lake Alchichica (Tavera & Komárek 1996; Oliva et al. 
2001; Komárek & Komárková-Legnerová 2002; 
Rosiles-González 2005). However, according to recent 
findings, the majority of picophytoplankton should be 
composed of Aphanotece -type cells (Jezberová, per-
sonal communication). 

APP numbers below the oxycline, dropped drasti-
cally; however, during the stratification period, APP 
increased again (≥104 cells mL-1) at 60 m. APP were 
also found near the bottom: exceeding 104 cells mL-1 
during the mixing and 103 cells mL-1 during the stratifi-
cation. 

4. DISCUSSION 

4.1. The lake stratification 

The hydrodynamics (mixing-stratification; see Fig. 
1) of Lake Alchichica followed a warm-monomictic 
pattern (c.f., Alcocer et al. 2000), commonly observed 
in deep tropical lakes (Lewis 1996). It means that the 
lake was mixed at a minimum temperature (coinciding 
with the early dry season), while stratification was pro-
nounced at warm temperatures (coinciding with the late 
dry season), throughout the rainy season, with the 
maximum superficial temperature over 20 °C. However, 
the differences in temperature throughout the water col-
umn were small (maximum differences between the sur-

 

Fig. 4. Seasonal variation of autotrophic picoplankton (APP) abundance in the water column of Lake Alchichica (histograms). APP 
percent contribution to TPP (%) in the water column, in the top 20 m, and below 35 m layers. 
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face and bottom temperature >5 °C could be found from 
May to October). A temperature gradient of over 0.5 °C 
m-1 (observed from March-April to November or 
December) was enough to maintain a distinctive 
metalimnion (compare, Alcocer et al. 2000).  Similar 
warm-monomictic behaviour was found both in the 
region (e.g., Lake Atexcac, Puebla, Mexico; Macek et 
al. 1994)  and at other latitudes and/or altitudes, e.g., in 
the Italian crater Lake Martignano (Margaritora et al. 
2003) with similar morphometric characteristics.  

At the surface layer, D.O. near-to saturated concen-
tration was common. The D.O. over-saturation (103%) 
was found at the early stratification period associated to 
the filamentous cyanobacteria bloom (cfr., Oliva et al. 
2001). Extended hypolimnetic anoxia are quite common 
in tropical lakes: in this sense Lake Alchichica was not 
an exception. The relatively high hypolimnetic tem-
perature (>14 °C) and salinity, reduce the oxygen-hold-
ing capacity of water. The microbial activity in such 
conditions leads to the removal of D.O. Due to the large 
volume of anoxic hypolimnetic water before mixing, 
low values of D.O. could be expected in the whole 
water column at the start up, however, the lowest D.O. 
concentration observed in the surface was slightly 
below 5 mg L-1. The lake D.O. deficit, i.e. redox poten-
tial, never reached values typical for strict anaerobic 
processes. 

Maximum gradients of oxygen depletion coincided 
with the maximum gradient of temperature, generally, 
during the late stratification period (from Au-
gust/September). On the other hand, until March-April, 
including the period after mixing (from January-Febru-
ary), a pronounced gradient of D.O. was observed with-
out a clear relation to an existence and/or the position of 
metalimnion. Apparently, even with an homogeneous 
temperature profile, the lake was not permanently mixed 
and biological processes produced such oxygen deple-
tion. 

4.2. Picoplankton annual and spatial development 
According to annual mean chlorophyll-a concentra-

tion throughout the water column and the nutrient con-

centrations (Tab. 1; Sánchez-Silva 2004), Lake 
Alchichica can be considered as oligo- to mesotrophic. 
The TPP numbers (about 2.0×106 and 2.7×106 cells 
mL-1 in the whole water column and in the top 20 m, 
respectively) were higher than those observed in 
oligotrophic lakes (Straškrabová et al. 1999, 2000 a, b), 
and among the range reported from mesotrophic to 
eutrophic-temperate water bodies both dimictic (Šimek 
et al. 1995) and monomictic (Gurung & Urabe 1999). 

The annual fluctuation of the mean TPP numbers in 
the water column, particularly in the top 20 m, showed a 
periodicity related to the lake's hydrodynamics. With all 
the datasets, it was possible to model the seasonal TPP 
oscillation using a third order polynomial model starting 
in October, when the TPP reached minimum numbers, 
before late stratification. In the top 20 m, R2 varied from 
0.690 to 0.907 in 2001 and 2002, respectively, while for 
the water column weighted average, R2 from 0.485 to 
0.826 in 2002 and 2001, respectively. The model did not 
apply for the repeatedly observed, one sampling-date 
TPP depletion (see Fig. 3), occurring within May-July 
and coinciding with the start of the rainy season (early 
stratification). For the statistical treatment of such a 
depletion without a well defined position within the 
Julian date-axis we have not got a sufficiently robust 
data set. 

Throughout the whole study, we were able to model 
a sine wave equation using the mean concentration and 
the standard deviation as a baseline and an amplitude 
first approximation, respectively. The estimated model 
(Fig. 3) applied in the epilimnion (R2 = 0.570; baseline 
and amplitude 2.4×106 and 1.4×106 cells mL-1, respec-
tively) was not significant for the whole water column 
means. On the other hand, in the freshwater tropical res-
ervoirs it was observed that the periodicity in TPP 
development is quite insignificant during dry/wet season 
(Peduzzi & Schiemer 2004). 

The last studied year (2002) showed different TPP 
dynamics compared with the previous four years. It has 
been shown that El Niño/La Niña phenomena influ-
enced Alchichica (Alcocer & Lugo 2003) during the 
study period, and the 2002 TPP dynamics seems to be 

Tab. 1. Epilimnetic and hypolimnetic dissolved inorganic nutrient concentrations
± SD in Lake Alchichica from 1999 to 2002 (ammonium, N-NH3 and nitrate, N-
NO3

- nitrogen: dissolved reactive phosphorus, DRP, silica, Si-SiO2); modified 
from Sánchez-Silva (2005). 

  Stratification period 
Nutrient Mixing period epilimnion/hypolimnion 

  Early Established Late 
     

2.2 ± 1.6 2.3 ± 2.6 2.9 ± 2.2 N-NH3 (μmol L-1) 6.3 ± 2.9 9.0 ± 6.8 15.6 ± 8.7 26.4 ± 11.2 
     

0.3 ± 0.6 0.3 ± 0.3 0.4 ± 0.3 N-NO3
- (μmol L-1) 0.8 ± 0.2 1.1 ± 1.0 0.3 ± 0.2 0.2 ± 0.2 

     

0.3 ± 0.2 0.3 ± 0.1 0.3 ± 0.1 DRP (μmol L-1) 0.06 ± 0.02 1.1 ± 0.5 1.6 ± 0.7 2.3 ± 1.1 
     

3.2 ± 2.1 4.6 ± 2.1 4.3 ± 1.7 Si-SiO2 (μmol L-1) 2.2 ± 2.5 12.1 ± 8.1 14.8 ± 7.1 20.3 ± 8.7 
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related to a common inter-annual variation during such 
periods. 

Comparing common APP composition (Callieri & 
Stockner 2002; Wakabayashi & Satoshi 2004), pico-
cyanobacteria from Alchichica showed different fluo-
rescence behaviour: Prevailing red- orange fluorescence 
was excited upon Cy3 filter set, while UV/blue excita-
tion gave very low signal; yellow-orange fluorescence 
excited with green light was present but at low levels. 
Intensity of fluorescence signal varied along with the 
sampled layer depth: low signal coinciding with low 
numbers of APP found, e.g., in August 2001, might 
reflect APP damage by UV radiation (Bertoni & Callieri 
1999; Medina-Sánchez et al. 2002). On the other hand, 
APP observed around the limit of the euphotic zone 
were much brighter, which could be connected with 
changes of photosynthetic pigment concentrations in 
low-light conditions (Callieri & Stockner 2002). Chl-a 
signal of the APP fraction was very low, in agreement 
with the findings of Adame et al. (2007) . APP biomass 
estimation based only on Chl-a could underestimate the 
true value of this fraction, which is characterised by the 
presence of cyanobacteria with phycobiliproteins and 
other pigments. 

4.3. Picoplankton relation to other parameters 

We could not relate the depth distribution pattern of 
TPP directly to the temperature gradient pattern. The 
metalimnion was not found to be the layer with maxi-
mum TPP numbers as expected due to the potential 
decay of primary production there (e.g., Šimek et al. 
1995). In Lake Alchichica, phytoplankton could be 
active in a metalimnion still having ≤1% of the surface 
PAR. The light limit level coincided frequently with the 
upper limit of hypolimnion but it was above the DCM 
during the late stratification. However, maximum TPP 
was frequently found above the metalimnion. 

The absolute TPP maximums of 107 cells mL-1, 
found during the mixing period, could be related to the 
microscopically observed inorganic - seemingly allochtho-
nous seston, which was found in distinct layers not 
related to the column stratification, and settling along 
with bacteria. Such events occurred during the dry 
season (particularly during February and March) with a 
windy climate but also could be observed after the first 
precipitations, which transported fine particulate mate-
rial (particles of a soil which is based on a volcanic ash) 
from the crater surroundings. On two occasions, TPP 
numbers were analysed for 3 consecutive days, follow-
ing abundant rainfall: a continuous sinking of the TPP-
rich layer was observed (data not shown). Regarding 
TPP numbers from DAPI, estimates do not highlight 
heterogeneity of bacterial community (Søndergaard 
2000), it was impossible to prove directly, the origin of 
maximum TPP. Equally, pronounced peaks of TPP in 
the water column of constant temperature, sometimes 

along with a local D.O. depletion, might be explained 
on the same basis.  

On the other hand, no TPP response was observed 
after an extraordinary large rainfall event in the end of 
the rainy season on October 1999, which was lim-
nologically described (Alcocer & Filonov 2007). A sin-
gle day event delivered 1.8×106 m3 of water to the 
basin, raising the lake's water level by about 1 m. 
Transparency and pH were slightly altered, but dis-
solved oxygen, nutrients and chlorophyll-a concentra-
tions were not changed apart from the upper half of the 
epilimnion. During the rainy season, the rapid leakage 
of the runoff minimized any long-term effects of the 
large rainfall. 

We could not statistically test the TPP vs D.O. 
because, particularly when only 5 samples were taken, 
we did not analyse microbes from the exactly sampled 
phase-boundaries in the water column. 

The production of dissolved organic carbon (DOC) 
by phytoplankton along with inorganic nutrients is 
expected to be the most important bottom-up controlling 
factor for bacterioplankton. However, this overwhelm-
ing control could be modulated by predators (e.g., zoo-
plankton) particularly in more oligotrophic environ-
ments (e.g., Šimek et al. 1995; Gasol et al. 2002). In 
Alchichica, maximum phytoplankton biomass was 
found during the mixing period (expressed as Chl-a, 
from 7 to 15 µg L-1) but it was not reflected in much 
higher TPP numbers, being lower than 3×106 cells mL-1 
in the upper 20 m layer (approximating a euphotic 
zone). To explain the phenomenon, we are lacking pri-
mary production parameters.  

The peaks of TPP were apparently shifted after the 
Chl-a peaks in the plots (compare, Figs 2 and 3) but no 
significant relationship was found between TPP mean 
numbers and Chl-a either using instantaneous data or 
the consecutive sampling averages (geometrical average 
was applied for TPP). Additionally, we tried to correlate 
TPP numbers to 2-weeks-preceding, linear-interpolated 
data of Chl-a. Within the stratification period, a signifi-
cant correlation between TPP and Chl-a was found (Fig. 
5) in the 0-20 m layer (Pearson r = 0.455, **). An 
inverse, however, weaker correlation was found (Pear-
son r = -0.372, *) when the data from the whole water 
column were analysed. 

A competition between APP and TPP (e.g., Drakare 
2002) could explain a drop of TPP observed in April-
May 2002, which coincided with maximum of APP 
(Fig. 4). During this period, APP contributed 31 to 37% 
of the TPP in the epilimnion and from 18 to 24% 
throughout the water column, meanwhile, another peak 
of APP related to the fall in TPP numbers was observed 
before the mixing start up in December 2002, when 
APP formed 48 and 34% in the top 20 m and in the 
water column, respectively. Decreasing TPP numbers 
were accompanied with an increased contribution of 
APP to TPP. It could be explained by the availability of 
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nutrients (Tab. 1), upon which bacteria and APP (both 
included in TPP) compete in the epilimnion, as far as 
bacteria could have become dependent upon secondary 
substrates produced by phytoplankton. Upon such con-
ditions, cyanobacteria could compete for phosphorous 
and could be, therefore, able to reach higher numbers 
relative to bacteria in waters with high P:DOC ratio (cf., 
(Drakare 2002). Such behaviour might be expected at 
the mixing start up period (December-January) when 
nutrient concentrations were higher than the annual 
average. 

In an ultraoligotrophic marine environment it was 
recently shown that picocyanobacteria were both N and 
P co-limited while bacteria were only P limited (Zohary 
et al. 2005). Also in Alchichica, in the end of the mixing 
and beginning of the stratification periods, TPP devel-
opment became seemingly nitrogen-limited; nitrogen 
fixing Nodularia sp. blooms appeared in the same 
period (compare, Oliva et al. 2001; Falcón et al. 2002). 
APP number-increase at the end of such blooms in sur-
face waters could be explained as a result of succession 
/ competition with these filamentous cyanobacteria 
(Callieri & Stockner 2002). Upon exhausted nutrients 
and possible UV inhibition in a high altitude lake (Ber-
toni & Callieri 1999; Medina-Sánchez et al. 2002), the 
cyanobacteria rapidly died and settled down without an 
apparent effect on TPP development. Also Escobar et 
al. (1999) showed that particulate biogenic carbon 

originated from Nodularia sp. in Alchichica, was not 
transferred within the pelagic system. 

Contrary to marine systems, DOC in the lake could 
be allochthonous (i.e., of terrestrial origin), imported 
from the catchment area. On the other hand, bacteria 
development in temperate clear water lakes was shown 
to depend more on the primary production than on 
direct utilization of an allochthonous organic carbon 
that is typical for a humic lakes (Jansson et al. 2000). 
However, such allochthonous carbon could be important 
in the semi desert lake Alchichica at the end of the dry 
period, when first abundant precipitations might leach 
the surrounding area where goats graze throughout the 
year; also fine soil/volcanic-ash particles were appar-
ently transported into the lake. Moreover, during mix-
ing, the 1% PAR depth was the lowest, which could 
decrease the primary production. Even though it was 
shown that settling seston concentrations were not 
directly related to Chl-a, APP and TPP after the Lake 
Maggiore flooding (Bertoni et al. 2004), high TPP could 
be related to the seston input to an oligotrophic lake 
(Straškrabová et al. 1999). Then, an allochthonous ori-
gin of some TPP maxima in Alchichica could be 
accepted, although not proven yet. 

Besides nutrient limitation, water temperature may 
control the TPP growth (e.g., Gurung & Urabe 1999). 
Also in this case, we use an interpolation of temperature 
preceding two weeks of the sampling date. Significant 

 

Fig. 5. Total picoplankton numbers related to chlorophyll-a concentration (A, B) and temperature (C, D) in the top 20 m layer (A, C) 
and the whole water column (B, D). 
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negative correlations were found  both in the upper 20 
m layer (Fig. 5 C, r = 0.645, ***; 0.411, ** and -0.668, 
*** during the stratification, mixing period, and 
throughout the year, respectively) and throughout the 
water column (Fig. 5 D, r = -0.529, ***). It reflects the 
fact that maximum TPP numbers were observed during 
mixing periods and during the early stratification, which 
coincided with the lowest mean water temperatures but 
also with dry and windy seasons in the region. We 
might suggest that the correlation is fictitious and that 
the key factor for the highest TPP numbers during the 
season is a nutrient balance.  

5. CONCLUSIONS 

In an oligo-mesotrophic, warm monomictic, tropical 
high altitude lake, picoplankton annual development 
was found to be periodical with well defined spatial 
position of the peaks within the water column. TPP fol-
lowed roughly preceding Chl-a peaks, however, many 
discrepancies were found looking for a correlation. 
Neither filamentous cyanobacteria, Nodularia sp. occa-
sional peaks or the deep chlorophyll maximum position, 
were reflected in elevated TPP numbers. 

The maximum TPP peaks during the mixing period 
coinciding with dry season were not explained; alloch-
thonous origin of them was speculated because of very 
high TPP number 5×106 cells mL-1. It was found that 
APP could form a very important part of TPP, particu-
larly during the period of low Chl-a concentration, 
apparently competing for nutrients. 
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