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Abstract: This article presents a review of the studies carried out over a 10-year period in Lake 
Caviahue, a natural acidic lake located in Patagonia. The main patterns of the phytoplankton populations 
are described.

Five extremophiles phytoplanktonic species were studied in relation to the zooplankton and nutrients 
bioavailability under the environmental conditions registered in Lake Caviahue: very low pH (~ 3), 
high concentrations of iron (18.4 mg L-1) and sulphur (130 mg L-1). During the 10-years studies, the 
biomass (0.2 and 1.4 mg fw L-1) and the biodiversity were very low being Keratococcus rhaphidioides 
the dominant species (60 to 100% of the total biomass). Philodina sp. (Bdelloidea) was the only 
zooplankter responsible of the zooplankton biomass. From the lack of relationship between phyto-
zooplankton biomass, as well as from the results obtained in the feeding experiments, we conclude that 
no control of algal abundance by the zooplankton occurs.

The microalgae were nitrogen limited in the lake and according to the results from experiments with 
nutrient addition, the phytoplankton showed nitrogen limitation on growth rate and yield. The species 
have also the capacity to use mixotrophically alternative sources of organic and inorganic carbon and 
organic nitrogen. The importance of the uptake and the expression of CO2 concentrating mechanisms 
(CCMs) were demonstrated in Euglena and in the ellipsoidal form of Watanabea but not in the spherical 
form of Watanabea and in Palmellopsis. The two forms of Watanabea differed in their possession of 
a CCM.
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Introduction

Only exceptional organisms among the planktonic communities can tolerate extreme envi-
ronmental conditions such as those registered in Lake Caviahue: very low pH (~ 3), high 
aluminium (Al), iron (Fe), and sulphate (SO4 

=) contents (Pedrozo et al. 2001, 2008). These 
organisms growing at extreme environments have been named acidophilic extremophiles 
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258     Acidophilic phytoplankton in Argentina

(Pick 1999). From the point of view of their metabolism, the extremophiles photoautotrophs 
of Lake Caviahue have to thrive besides the high protons concentration with, high phospho-
rus (P) concentrations (0.45 mg P L-1), very low nitrogen (N) concentrations (70 μg N L-1), 
low N:P ratio (ranging between 0.1–0.2) and relative low concentrations of pure carbon (C) 
dioxide dissolved in the water (0.5–1.7 mg C L-1). As a consequence of the low pH, the inor-
ganic carbon is only present as dissolved CO2 and HCO3

- is unavailable in extremely acid 
waters. The 1% of the surface PAR irradiance is located at 16 m depth, including only the 
epilimnion, but there are no differences between the epi- and hypolimnetic phytoplankton 
biomass.

Microalgae satisfy their inorganic carbon requirements through photosynthesis, although 
it is well known that some autotrophic algae are able to take up particulate and/or dissolved 
carbon directly (Rivkin & Putt 1987). Mixotrophy is the capability of one organism to com-
bine the two nutrition strategies at the same time: phototrophy and heterotrophy. The faculta-
tive heterotrophy has been reported for a number of photosynthetic algae able to switch in 
darkness from photosynthetic carbon fi xation to nutrition by direct absorption (osmotrophy) 
or uptake of organic molecules (Vincent & Goldman 1980, Jones 1994, Glibert & Legrand 
2006). The mixotrophic strategy could be advantageous in environments were light and inor-
ganic carbon are low such as acidic lakes. The CO2 concentration in Lake Caviahue is in the 
range of the half-saturation concentration (0.2 to 2.4 mg C L-1) of the primary carboxylation 
enzyme Rubisco (ribulose bis-phosphate carboxylase-oxygenase) which fi xes CO2 into sta-
ble C3 products  but which will also competitively undergo an oxygenation reaction leading 
to a net loss of CO2 (Falkowski & Raven 2007). This, coupled with the relatively low affi nity 
of all eukaryotic Rubisco for CO2, has led many species of photoautotrophs to operate a CO2 
concentrating mechanism (CCM) that elevates the concentration of CO2 around Rubisco, 
suppressing the oxygenase reaction and promoting photosynthesis (Raven 1997, Giordano 
et al. 2005). 

Most of the existing works on the ecology of phyto- and zooplankton living in acidic lakes 
are based on lakes that were acidifi ed by the input of anthropogenic emissions (Kwiatkowski 
& Roff 1976, Olaveson & Nalewajko 1994, Geller et al. 1998, Nixdorf et al. 1998, Kamjunke 
et al. 2004). These acidic lakes were formed by acid rain deposition, acid mine drainage or 
the fi lling of large-scale excavations caused by mining exploitation. Their waters shown an 
orange-red colour due to the high concentrations of dissolved ferric iron (up to 500 mg L-1), 
low P and high N concentrations (< 10 μg P L-1; > 1 mg N L-1), as well as low inorganic 
carbon content (IC = 0.3–0.6 mg C L-1) (Tittel et al. 2005). Besides, evidence of phytoplank-
ton nutrient limitation has been obtained, both from the N:P ratios as from added nutrients 
experiments, especially for inorganic carbon (Olaveson & Stokes 1989, Tittel et al. 2005). 
Because of these characteristics, mainly C and secondarily P were considered the nutrients 
controlling phytoplankton growth in acidic lakes (Olaveson & Nalewajko 1994, Beulker et 
al. 2003, Tittel et al. 2005). At the naturally acidic Lake Caviahue (the lake described in this 
article), the C and N are scarce, but the P is abundant, driving to a low N:P and C:P relation-
ships. The consequent N limitation for algal growth was evidenced in the studies carried on 
both in the lake (Pedrozo et al. 2001, Beamud et al. 2007, 2010b) as well as in its acid tribu-
tary: River Agrio (Baffi co et al. 2004).

The present article summarizes the results obtained over a 10-year period of work car-
ried on at the naturally acidic Lake Caviahue. We present here the main patterns of the 
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phytoplankton populations. After considering the biomass with relation to environmental 
and biotic factors, we also evaluate the importance of nitrogen and carbon on the growth rate 
and yield of phytoplankton, the capacity of several acidophilic microalgae to use alternative 
sources of carbon and assess the effect of CO2 on the rate of photosynthesis in order to test 
whether or not there is any evidence for a CCM. 

Study area

Lake Caviahue is a deep glacial and volcanic lake located in Andean Patagonia’s north-
western region, at 1600 m above sea level, within the Copahue Provincial Park. It has a pH 
~ 3, similar to that of acidic mining lakes, although it is naturally acidifi ed by the waters 
of the Upper Agrio River. Its acidity springs from the headwaters close to the crater of the 
Copahue Volcano and results in high aluminium (Al), Fe, and sulphate (SO4 

=) contents in 
the lake. A full description about study area was presented in Pedrozo et al. (2001, 2008) 
and Beamud et al. (2010b). The lake has a horseshoe shape, with a North and a South 
arm (Fig. 1). The morphometric features along with some chemical characteristics (metals 
and sulphate), chlorophyll a and dissolved oxygen contents are shown in Table 1. Water 
temperature in summer reaches 17.0°C (surface) and 6.5°C (bottom). In winter, the long-
est season (from early June to later October), the entire water column is mixed and the 
temperature ranges from 4 to 8°C.

Fig. 1. Map of the study area of the Copahue – Rio Agrio – Lake Caviahue Basin.
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Phytoplankton composition

Lake Caviahue is characterized by a very low diversity of phytoplankton species and the 
prevalence of green algae. Five planktonic species have been found since the fi rst sampling 
in 1998 until nowadays, although two dominant populations were present over the years: the 
small green algae (37 μm3 of biovolume) Keratococcus rhaphidioides (60–100% to the total 
biomass) and the two cell forms of Watanabea sp.: spherical cells: 170 μm3 and ellipsoidal 
cells: 25 μm3 of biovolume (0–22% of the total biomass). K. rhaphidioides and Watanabea 
sp. are non-motile species that colonized the lake in all depths during the period under evalu-
ation. Other species present were less important quantitatively or rare: chlorophytes motiles 
Chlamydomonas sp. (80 μm3; 0–5% total biomass) and Palmellopsis sp. (282 μm3; 0–25% 
total biomass), and one euglenophyte: Euglena mutabilis (4890 μm3; 0–40% total biomass). 

Keratococcus rhaphidioides was the dominant species for almost the whole studied period 
(1998–2006), with the exception of March 2001 (sampling after the Copahue Volcano erup-
tion) where Watanabea sp. (previously determined as Viridiella sp.) had the greater biomass 
(Pedrozo et al. 2001, Beamud et al. 2007, 2010b). It is important to point out that there is no 
replacement of species over the time, which means that no seasonal succession as is expected 
in the freshwater plankton of the lakes occurs in Lake Caviahue (Beamud et al. 2010a). 

Phytoplankton biomass, nutrients variation through the years and 
zooplankton control

The Figures 2 and 3 show the epilimnetic (average of six samples taken between 0 to 30 m) 
and hypolimnetic nutrients (P, N and C) concentrations (average of six samples taken between 

Table 1. Morphometric and chemical characteristics, and chlorophyll a contents of Lake Caviahue. 
From Pedrozo et al. (2001, 2008), Beamud et al. (2010b), Rapacioli (1985).

Lake North arm South arm
Max length (km) 9.75
Max width (km) 4.72
Z max (m) 95
Z mean (m) 51.4
Area (km 2) 9.22
Volume (Hm3) 0.474
Tw (years) 2.6
Al (mg L-1) 30.3 31.1
SO4

= (mg L-1) 402 362.3
Fe (mg L-1) 22.2 21.7
Ca (mg L-1) 23.6 21.7
K (mg L-1) 6.7 5.9
Chl a (mg m-3) 0.21 0.27
DO (mg L-1) 10.2 10.8
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Fig. 2. Epilimnetic and hypolimnetic seasonal variation of the nutrient concentrations at the North Arm 
(A, B) and South Arm (C, D) of Lake Caviahue from 2000 to 2006: SRP in mg P L-1 (A, C) and N-NH4 
(B, D) in mg N L-1.
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Fig. 3. Carbon seasonal variation at the epliminion and hypolimnion of the North Arm (A, B) and South 
Arm (C, D) of Lake Caviahue from 2004 to 2006: DOC in mg C L-1 (A, C) and DIC in mg C L-1 (B, D). 
Modifi ed from Beamud et al. (2010a).
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40 to 90 m depth) of the North and South arms of the lake. N and P concentrations showed 
similar values at the water column (Figs. 2 A to D). SRP (Soluble Reactive Phosphorus) was 
always the main fraction (50–90%) of the TP (Total Phosphorus) on account of acidity (Pedro-
zo et al. 2008, Beamud et al. 2010a). High concentrations of SRP were measured along the 
water column, both in the epilimnion as well as in the hypolimnion. Two periods can be split 
along the years: the fi rst one (1998–2004) with highest SRP concentrations and a second one 
where the P contents decreased and remained constant through the sampling dates (Figs. 2A 
and 2C). N-NH4 (ammonium) concentrations registered lower values than P ones, and the 
contents through the years were not constant (Figs. 2B and 2D). The highest values were 
mostly observed at early autumn and a severe decrease was observed after November 2004 
in the concentrations in both arms. The decrease in soluble phosphorus content was related to 
changes in magmatic activity of the Copahue Volcano (Pedrozo et al. 2008), and possibly the 
drop of the ammonium concentrations could also be infl uenced by a decrease of the volcanic 
fl uids. The average N:P ratio calculated from the measured concentrations in the 1998–2006 
period ranged from 0.02–0.19, and these values led to a N defi ciency for the phytoplankton of 
the lake (Beamud et al. 2007, 2010b). 

Organic and inorganic carbon had different patterns over the time, but each form of carbon 
had the same pattern in the lake as a whole, independently of the arm (Figs. 3A to D). Dis-
solved organic carbon (DOC) had low values and showed a seasonal pattern with maximum 
values in autumn and winter, and minimum contents in summer (Figs. 3A and C). The values 
of dissolved inorganic carbon (DIC) were also low and the concentrations of the epi- and 
hypolimnion for the studied period were constant (Figs. 3B and D). In most of the sampling 
dates epilimnion contents for both DOC and DIC were greater than the hypolimnion ones. 
The dissolved carbon content in the lake was low, coinciding with those reported in other 
environments of low pH (Kamjunke et al. 2004). The major source of the dissolved CO2 is 
the atmosphere, but CO2 can also come from groundwater, photo-oxidation of organic com-
pounds in the respiratory activity of microorganisms (Gross 2000) or volcanic gases (Satake 
& Saijo 1974). Photosynthesis under an acidic pH is strongly dependent on the DIC avail-
able. All the DIC is present as CO2, rapidly depleted in the absence of bicarbonate and only 
counterbalanced by a high rate of exchange between CO2 and atmospheric CO2. In the case 
of the photic zone of Lake Caviahue, the measurements of inorganic carbon concentrations 
averaged 0.5 mg C L-1. This is three times the calculated air-equilibrium concentration for a 
lake temperature of 15ºC, 630 mm Hg and an altitude of 1600 m. This suggests that in this 
acid lake, inorganic carbon is probably not limiting if other environmental factors such as 
light and other nutrients are sub-optimal (Diaz & Maberly 2009).

The total phytoplankton biomass in the water column of the lake was low: between 0.2 and 
1.4 mg fw L-1 (Fig. 4), both at the epilimnion (showed as the average of six depths from 0 to 
30 m; Fig. 4 A) as  well as at the hypolimnion (showed as the average of six depths from 40 to 
90 m; Fig. 4B). Although the magnitude in the variation of the biomass values is low, it could 
be observed certain seasonality, with maximum values in late spring-early summer and mini-
mum in autumn. The lowest value was found in March 2001 (less than 0.2 mg fw L-1) after 
the eruption of the Copahue Volcano, which took place in July 2000. The eruption brought 
an important change in underwater light penetration due to the great amount of volcanic ash 
coming from the crater distant 11 km, increasing the suspended material and decreasing the 
Secchi disc depth and the algal biomass. 
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Fig. 4. Secchi depth in m (A, C) and phytoplankton biomass in mg fw L-1 (B, D) variation in Lake 
Caviahue from 1998 to 2006: (A, B) North arm and (C, D) South arm.

eschweizerbart_xxx



M. M. Diaz & G. Beamud     265

The vertical distribution of the phytoplankton biomass was distinctive with similar values 
at all depths, even in strata where light is no longer available for algae (Beamud et al. 2010b). 
Seasonal variation in the biomass values was lower than that observed in temperate (Wetzel, 
2001) and acidic mining lakes (Beulker et al. 2003).

Philodina sp. (Bdelloidea) was the only rotifer recorded throughout 1998–2006 period 
and responsible for the zooplankton biomass measurement. Occasionally some ciliates were 
found (Pedrozo et al. 2001). Besides zooplankton quantifi cation, laboratory experiments 
were performed with removal of radioactively labelled particles (algae) to check if zooplank-
ton species feed on phytoplankton species. Radioactivity of zooplankton and suspended 
algal food source was determined. Filtration and ingestion rates were calculated according 
to Haney (1973). The Ingestion rate of the rotifers (I, in cells ml-1 h-1) for the North arm was 
0.61 (± 0.006, n = 3) and 0.58 (± 0.006, n = 3) for the South arm. When the biomass was used 
for the calculations, approximately the same values were found in both arms: 2.7 x 10-5 mg 
fw ml-1 h-1 (± 3 x 10-7, n = 3) for the North and 2.9 x 10-5 mg fw ml-1 h-1 (± 3 x 10-7, n = 3) for 
the South. None of the calculated rates was high enough to suggest that there is a substantial 
top-down control by zooplankton. Similar results emerge from the relationships between 
the biomass of phytoplankton and zooplankton obtained for 2004–2006 (Fig. 5). There is no 
clear relationship between both variables, which can be an indication of no control of algal 
abundance by the zooplankton. In addition, by comparing the ingestion rate of zooplankton 
and phytoplankton abundance, we may deduce that the rotifers consumed per day around 
0.004% of the density and/or biomass of phytoplankton. This value would support the argu-
ment that there is no control on primary producers.

The biomass maxima of phytoplankton in relation to nutrients availability (N, P and C) 
and zooplankton content are consistent with those of other Patagonian lakes, but in Lake 
Caviahue are related to ammonium, organic and inorganic carbon, and not to phosphorus 
or zooplankton (Beamud 2009). A multifactorial analysis (MFA) was performed to identify 
interrelationships between different parameters or environmental variables (zooplankton bio-
mass, chlorophyll a, SRP, TP, NH4, dissolved oxygen, conductivity, pH, organic and inorgan-
ic carbon) on the vertical distribution of phytoplankton (Beamud et al. 2010a). The analysis 
revealed differences among superfi cial, intermediate and deep layers of the lake. Different 
variables (or values thereof) characterized each group of depths obtained in the MFA. It 

Fig. 5. Rotifer biomass (mg L-1) versus 
phytoplankton biomass (mg L-1) in 
Caviahue Lake (2004–2006). Both axes 
are in logarithmic scale.
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was observed that the superfi cial depths were grouped by high values of phytoplankton and 
zooplankton biomass, organic and inorganic carbon, dissolved oxygen and pH for all sea-
sons. Deeper strata were grouped by high values of chlorophyll a, NH4 and P (dissolved and 
particulate) over the seasons. The joint analysis of the variables and depths confi rmed that 
there was no clear marked seasonality based on physical, chemical or biological variables. 
The lake is very different to any other temperate lake in so many ways that, for instance, the 
PEG model (Sommer et al. 1986), which describes step by step the seasonal events which 
occur in phyto- and zooplankton of an idealized standard lake does not fi t for Lake Caviahue.

Nutrient limitation: algal bioassays 

Several bioassays were performed with unialgal non-axenic cultures of the dominant algal 
species isolated from Lake Caviahue: Keratococcus rhaphidioides (inorganic and organic 
nutrient experiments), Watanabea sp. (inorganic nutrient experiments) and Euglena mutabi-
lis (inorganic nutrient experiments). 

Inorganic nutrient (N, P and C) experiments: The N+P experiments consisted in the 
addition of ammonium (NH4), nitrates (NO3) and phosphates (P) separately or combined (P + 
NH4 and P + NO3) to algal cultures. In the N + IC experiments we added ammonium and/or 
bicarbonates to the cultures. The growth rate (μ) per day (d-1) of each species was measured 
and the results are showed in Figure 6.

Fig. 6. Growth rates (d-1) for Euglena mutabilis, Watanabea sp. and Keratococcus rhaphidioides 
for inorganic nutrient experiments (N + P and N + IC). Treatments: control (C), plus ammonium (+ 
NH4), plus nitrates (+ NO3), plus phosphorus (+ P); plus phosphorus and ammonium (+ P + NH4), 
plus phosphorus and nitrates (+ P + NO3). Each point represents three replicates average (± 1 standard 
deviation). Modifi ed from Beamud et al. (2010b).
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Keratococcus rhaphidioides: After the addition of N and P, the species showed the highest 
growth rates for NH4 (0.33 d-1), followed for the other two non-combined treatments (NO3 = 
0.28 and P = 0.25 d-1). Again, when ammonium and bicarbonates were added, the fi rst treat-
ment had the highest μ (0.24 d-1), followed by the treatment containing bicarbonates (μ = 
0.17 d-1).

Euglena mutabilis: The species better grow up when NH4 was added as the only nutrient 
(0.34 d-1), followed by treatments with P (0.28 d-1) added alone or in combination with NH4 
(0.30 d-1).

Watanabea sp.: The treatment NO3 had the highest growth rate (0.30 d-1), followed by NH4 
(0.28 d-1) and P combined treatments (P+NO3 = 0.19 d-1, P + NH4 = 0.17 d-1).

The nitrogen addition produced the highest growth rates in the experiments suggesting 
that the CO2 availability is suffi cient to meet the carbon requirements of phytoplankton in 
the lake, and that the experiments and algae growth should not be limited by carbon. The 
response to the addition of NH4, NO3 and/or PO3 was different for every species. K. rhaphidi-
oides showed higher growth rate with NH4 addition (in fi rst place), alone or together with 
phosphates or inorganic carbon. For E. mutabilis the N and P jointly addition resulted impor-
tant for the greatest growth rate. Finally, Watanabea sp. showed a different behaviour than 
the other species, since the highest growth was observed in the treatments containing NO3 
(Beamud et al. 2010b). One of the factors that could explain the prevalence of K. rhaphidi-
oides and the quite-low Watanabea sp. biomass in Lake Caviahue was the availability of NH4 
and NO3. Since nitrates are not available in the lake, Watanabea sp. can not develop high bio-
mass or have a signifi cant growth rate. In laboratory cultures, we observed that Watanabea 
sp. grew faster than K. rhaphidioides (μ = 0.63 d-1, μ = 0.26 d-1, respectively), when using 
acidic media enriched with NO3. 

Organic nutrient (N and C) experiments: For these bioassays, the dominant algal spe-
cies were incubated with different radioactively labelled substrates: 3H-leucine, 3H-glucose, 
3H-thymidine, 14C-aspartic acid, 14C-acetic acid and bicarbonate. Assimilation rates of the 
organic substrates were determined after light and dark incubation of the cultures. The results 
showed that Keratococcus rhaphidioides, Euglena mutabilis and Watanabea sp. reached the 
50%, 40% and 10% of total biomass, respectively. The total autotrophic biomass during the 
incubations was 0.31 μg fw ml-1 and 5.94 μg fw ml-1, for light and dark, respectively (Beamud 
2009). 

Table 2 shows the assimilation of organic substrates according to the fraction of the cell 
sizes. Algae fraction (≥ 2 μm) was able to incorporate between 85 to 92% of available organic 
carbon (μg C L-1 h-1) under light and dark conditions. Higher uptake rates were found in the 
light compared to dark incubations. Particularly, the assimilation of organic C sources in the 
dark was higher for leucine (0.5 μg C L-1 h-1). This was also found in light incubations for leu-
cine (0.39 μg C L-1 h-1), but also high uptake rates for acetate (0.17 μg C L-1 h-1) and aspartic 
acid (0.17 μg C L-1 h-1) were encountered. Primary production rate (IC assimilation) of the 
cultures was high (8.44 μg C L-1 h-1). The results from the experiments indicate that the three 
species studied were able to assimilate thymidine, acetate, aspartic acid and leucine under 
lab conditions. Keratococcus rhaphidioides, Euglena mutabilis and Watanabea sp. utilize dif-
ferent sources of organic carbon and nitrogen in the light and/or in the dark. In experiments 
carried out in situ at 0–10 m depth in Lake Caviahue, where the algae were incubated with 
radiolabelled leucine and bicarbonates, K. rhaphidioides and Watanabea sp. had an important 
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Table 2. Incorporation rate (μg C L-1 h-1) 3H-glucose (glu), 14C-aspartic acid (asp), 14C-acetic acid 
(ace), 3H-thymidine (thy) and 3H-leucine (leu) and photosynthetic incorporation of inorganic carbon 
NaH14CO3 (IC) during light and dark incorporation. Size fractions from Lake Caviahue cultures: 
0.2 μm: total (bacteria and algae), > 2 μm and > 5 μm: algae. IC in the dark was not determined. Each 
value represents three replicates average with standard deviation.

0.2 μm > 2 μm > 5 μm
Light (μg C l-1 h-1)
glu 0.07 (± 0.00) 0.07 (± 0.00)
asp 0.20 (± 0.01) 0.17 (± 0.02)
ace 0.20 (± 0.01) 0.17 (± 0.02)
thy 0.09 (± 0.02) 0.08 (± 0.02)
leu 0.56 (± 0.01) 0.39 (± 0.05)
IC 8.44 (± 0.00)
Dark (μg C l-1 h-1)
glu 0.04 (± 0.03) 0.04 (± 0.03)
asp 0.06 (± 0.01) 0.05 (± 0.01)
ace 0.06 (± 0.01) 0.05 (± 0.01)
thy 0.11 (± 0.01) 0.08 (± 0.01)
leu 0.82 (± 0.03) 0.51 (± 0.01)

assimilation of these substrates. The algal growth in the dark together with the in situ results, 
are indicative of a possible use and metabolisation of organic carbon and nitrogen at deeper 
strata.

The genus Watanabea sp. was established by Hanagata et al. (1998) to separate some 
species of Chlorella. Several species of Chlorella are able to grow using different forms of 
dissolved organic nitrogen and glucose (Droop 1974, Wheeler et al. 1974, Timperley et al. 
1985, Vincent & Goldman 1980, Graneli et al. 1999), similarly to the Watanabea species 
found at Lake Caviahue. The euglenophyte E. mutabilis is able to enhance its growth under 
light incubations using different kind of aminoacids and glucose (Olaveson & Stokes 1989). 
No dark growth was determined for this species with different organic substrates. In the case 
of K. rhaphidiodes, it is the fi rst time that its ability to assimilate organic substrates has been 
studied. 

The limited availability of nitrogen and carbon at Lake Caviahue, leads to the phytoplank-
ton to exploit different sources of organic carbon and nitrogen, according to the requirements 
of the species. Thus, it is clearly indicated that besides photosynthesis, algae can meet simul-
taneously their matter and energy requirements by mixo- and heterotrophic uptake of organic 
carbon and nitrogen. Nevertheless, the addition of N in lab experiments yielded maximum 
growth, which suggests that this nutrient limits productivity after Liebig’s law of the mini-
mum. 

Carbon, though scarce, could be in suffi cient concentrations to many species of algae iso-
lated from the River Agrio – Lake Caviahue Basin. The ionic dissociation rates of CO2 spe-
cies and the exchange between atmospheric CO2 and water CO2 take place suffi ciently fast, 
that is unlikely a severe C limitation in pelagic regions with good mix, even under low TIC 
(Total Inorganic Carbon) conditions (Wetzel 2001). Some species have a CCM while others 
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appear to lack one. CCMs are known to be present or absent depending on growth condi-
tions, but air-levels of CO2 have always been suffi cient to activate the CCM (Giordano et al. 
2005). In Lake Caviahue two species have been found with CCM (Fig. 7) and where a high 
affi nity for CO2 was demonstrated: Euglena and the ellipsoidal form of Watanabea (Diaz 
& Maberly 2009). This investigation on the two growth forms of Watanabea sp. suggests 
that the ellipsoidal form has a CCM while the spheroidal form does not. Interestingly, this 
appears to be the fi rst time that different forms of the same species have been shown to have 
different abilities to use inorganic carbon even when grown under identical conditions. The 
chlorophyte Palmellopsis appears to lack a CCM. The presence or absence of CCMs in the 
other two species of the lake (Keratoccocus rhaphidioides and Chlamydomonas acidophila) 
has not been studied yet. The high affi nity for CO2 in all the species studied suggests that 
inorganic carbon does not strongly-limit photosynthesis even at air-equilibrium.

Fig. 7. Rate of photosynthesis vs. concentration of CO2 at 100 mmol photon m-2 s-1 for three species or 
forms at low (•) and atmospheric (¡) concentrations of oxygen: Watanabea sp. S-form (spheroidal) 
and E-form (ellipsoidal), Euglena mutabilis and Palmellopsis sp. Triplicate experimental results shown 
and modelled response using the Michaelis-Menten equation for low (- - - -) and atmospheric (—) 
levels of oxygen or for combined data (-·-·-·-) where responses do not vary signifi cantly with oxygen. 
The vertical line at 15 CO2 μmol represents the air equilibrium concentration. Modifi ed from Diaz & 
Maberly (2009).
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