V. PHYSICO-CHEMISTRY
V.1. Physico-chemical properties of the water

ANDRE ILTIS, JEAN-PIERRE CARMOUZE and
JACQUES LEMOALLE

The physical and chemical properties of the water of Lake Titicaca have
been subject to spot measurements during scientific expeditions and more
recently have been measured over much more extended time periods. Works
covering this field include Gilson (1939-40, 1964), Monheim (1956), Loffler
(1960), Kessler and Monheim (1968), Widmer et al. (1975), Richerson et al.
(1975, 1977), Hegewald et al. (1976), Lazzaro (1981), Hegewald and Runkel
(1981), Carmouze et al. (1981, 1983, 1984), Richerson er al. (1986), Iltis
(1987) and Quintanilla et al. (1987).

Although the data of these workers on the hydroclimate provide valuable
information on spatial and seasonal differences, the absence of long-term
measurements means that we are still uninformed at present about any
between-years variation.

The water temperature, dissolved oxygen content and transparency are
the three factors for which there are currently most measurements. All the
data collected demonstrate marked individualities in the major morphological
regions of the lake. The Lago Menor, with its shallow depth, and which is
similar in many respects to the large shallow bays in the Lago Grande such
as Puno Bay and Achacachi Bay, is very distinct from Lago Grande, typified
by seasonal stratification and a greater thermal inertia.

Water temperature
Seasonal changes in surface temperature

The mean monthly surface temperatures measured in the Lago Grande
between 1977 and 1979 (Carmouze et al., 1983) varied between 11.25 and
14.35°C, the lowest temperature being in August and the highest in March
(Table 1). The mean annual temperature (1977-1979) was 13.0°C.
Occasional measurements made in Lago Grande (Gilson, 1964; Iltis, 1987)
give minimum values of 10.9°C (end of July) and maximum values of 17.0°C
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Table 1. Seasonal changes in air temperature, surface water temperature in the Lago Grande,
wind speed at 2m above the ground (Carmouze et al., 1983), hours of sunshine per day
(Boulangé and Aquize Jaen 1981) and daily total incident radiation in Jem™2 d™' (Lazzaro,
1981). With the exception of water temperatures measured in the Lago Grande data come from
the Puno (Peru) meteorological station.

Parameters J F M A M J J A s o N D Mean
Air temp. 9.95 977 9.33 8.44 871 5.26 5.07 6.43 7.90 9.40 10.10 10.156 8.21
Water temp. 13.86 1430 1435 1385 13.0 12.0 11.5 11.25 11.75 129 13.35 13.85 13.0
wind speed 1.14 1.03 0.96 0.95 0.97 1.08 1.06 1.23 1.32 1.42 1.39 1.28 1.15
Solar duration 58 58 6.6 8.5 9.1 9.4 9.7 9.1 9.0 9.2 85 6.8 8.12
Global 2144 2065 2006 2190 1969 1.940 1.860 2,195 2320 2412 2420 2.307 | 2152
radiation J-1

(February), whereas the extreme values recorded in the Lago Menor are
8.5°C (June) and 18.5°C (February).

In Lago Grande the annual range of mean monthly temperature has a
mean value of 3.1°C with an observed maximum of 6°C. In Lago Menor,
where mean monthly data are absent, the recorded range of extremes is
10°C.

The factors likely to affect changes in the water temperature over the year
are the air temperature, the wind speed and the total incident solar radiation
(Fig. 1). Measurements made at Puno show that the mean air temperatures
range between 5.07°C in July and 10.15°C in December. Wind speeds are
rather low throughout the year, the average varying from 0.95m s ' in April
to 1.42m s~ " in October; winter can be considered as the most windy season.
Daily sunshine hours vary between 9.7 h d~ ' in July and 5.8 hd ' in January
and February and total incident radiation varies between 2420 Jcm 2 d™ ' in

November and 1860J cm™ d~' in July (Lazzaro, 1981). As a result, wind
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Figure 1. Seasonal changes in: top: air temperature at Puno (solid line) and surface water
temperature in the Lago Grande (dashed line); bottom: sunshine hours (solid line) and wind
speed at 2 m above the ground at Puno (dotted line) (from Carmouze et al., 1983).
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action can be considered as negligible and air temperature and incident
radiation are the two factors which are most influential in causing changes
in water temperature.

The seasonal range of variation at the surface is closer to that of the air
in the shallower areas and particularly in the Lago Menor, because of the
lower inertia related to a shallower mean depth.

Although the seasonal range and seasonal changes are closely correlated
with those of the air, the fact that the mean annual temperature of both
Lago Grande and Lago Menor is 13°C, whereas that of the air at Puno
(1964-1978) is only of the order of 8.1°C, implies that heat exchanges and
heat processes are occurring that are not found in more usual climatic and
altitudinal conditions.

Horizontal variations

The different behaviours of surface temperatures are reflected in variations
in temperature from one part of the lake to another: Lago Menor is colder
than Lago Grande in winter and warmer in summer. Between 1985 and 1987,
for example, five series of observations over the entire Bolivian part of the
lake (Iltis, 1987) showed that the mean surface temperature in Lago Menor
was 1°C higher in summer and 1.5°C colder in winter than in Lago Grande.
These differences obviously disappear at transitional seasons (April and
September-October).

Vertical variations

Published data referring to the temperature in the top hundred metres over
the period 1976-1978 (Carmouze et al., 1984) show that the surface waters
in the Lago Grande start to warm up from October onward. This warming
spreads gradually downwards until a well-defined thermocline is established
in December. The thermocline gets deeper until the month of May before
disappearing from June to September (Fig. 2). It would appear however that
turnover does not take place right to the bottom of the lake, or else that
water circulation is very slow there, because at the end of the period of
mixing (September) the temperature at 180m depth was 11 °C and the
oxygen saturation was only 70%.

From the available data, Lake Titicaca can be placed in the class of warm
monomictic lakes of Hutchinson’s (1957) classification, the greater part of
Lago Menor and the shallow bays (down to 20 m) being of the polymictic
type.
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Figure 2. Mean monthly vertical profiles of dissolved oxygen concentration in the water. The
shaded area indicates the position of the thermocline (Carmouze er al., 1984).

Dissolved oxygen

The main factors controlling the dissolved oxygen concentration are atmo-
spheric pressure and temperature.

The mean atmospheric pressure at the altitude of Lake Titicaca is 646 hPa
(compared to about 1010 hPa at sea level). The relatively low water tempera-
ture compensates in part for this effect of pressure so that the resulting
saturation concentration is of the order of 7mgl™"'. A saturation curve for
the range of temperature encountered in the lake, calculated from Montgom-
ery et al. (1964), is given in Fig. 3.

The surface waters of the Lago Menor have concentrations close to satur-
ation all the year round (=95% saturation). The highest values are recorded
in winter and are due to an increase in solubility of oxygen caused by the
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Figure 3. Relationship between mean monthly dissolved oxygen concentrations in the surface
water expressed in mmol 17! and water temperature in °C. The diagonal line divides the area
of supersaturation to the right and under-saturation to the left (Carmouze et al., 1984).

drop in water temperature. During summer stratification, the hypolimnion
in the Chua Depression becomes isolated and only contains 1 to 2mgl™"
(Lazzaro, 1981) with anoxia in the bottom layers in March 1979 and 1980.

Data published for Lago Grande for the period 1976--78 (Carmouze et
al., 1984) show an unusual temporal pattern in the percentage saturation of
the surface water (Fig. 3): the water is significantly more saturated during
vertical mixing than during the period of stratification. The opposite generally
occurs in temperate lakes when the cold season coincides most often with
the rainy season. Here, in contrast, most precipitation takes place between
December and March. This possible correlation does not however explain
the supersaturation that occurs in July, August and September.

The regular oxygen profile indicates that the hypolimnion in the Lago
Grande becomes deficient in oxygen during the period of stratification. The
vertical circulation from July to September over the period 1976-78 (Carm-
ouze et al., 1984) was insufficient to reoxygenate the deeper water layers. It
is possible that variation in the main meteorological factors between years
is reflected in a variable efficiency in the overturn of the water body.

Transparency

The transparency as measured by Secchi disk is greater in Lago Grande than
in Lago Menor. There is however great spatial and temporal variability in
both basins.

The extreme values recorded in Lago Menor are 1.2 and 9 metres (Laz-
zaro, 1981; Iltis, 1987), with lower transparencies in summer and autumn
and higher values in winter. As an example, five series of measurements,
each carried out at 28 stations in the Lago Menor gave mean values of 4.7 m



94 A. Iliis et al.

in June 1985, 4.5 m in December 1985, 5.6 m in April 1986, 5.4 m in October
1986 and 3.2 m in February 1987.

The relationship between Secchi disc transparency (S in metres) and the
photosynthetic available radiation m™' K (PAR, Ln base, flat receptor) is
K.S=1.12.

The euphotic depth therefore reaches to the bottom over most of the
Lago Menor, except in the deepest areas (the Chua Depression). At Chua,
light attenuation is closely correlated with the phytoplankton concentration.
In other, shallower stations, other particles in suspension also play an impor-
tant role (Lazzaro, 1981).

In the Lago Grande, Richerson et al. (1977) give Secchi disc values of
between 4.5 and 10.5m. Observations made in 1982 gave a maximum value
of 13.3m, whereas in 1984—85, the mean value was 15.7 m (Alfaro and
Roncal, unpublished data). Five series of measurements, each taken at 19
stations in the Bolivian part of Lago Grande, gave mean values of 11.8m in
June 1985, 11.9 m in December 1985, 13.2 m in April 1986, 12.4 m in October
1986 and 13.9 m in February 1987 (Iltis, 1987). These values are in agreement
with those of a series of 4 observations (Quintanilla er al., 1987) made
between August 1984 and May 1985 where the means were between 11.3
and 14.6 metres.

Chemical properties
pH

The pH values of the surface waters are relatively stable. Lazzaro (1981)
recorded values of between 8.55 and 8.65 in the Lago Menor in 1979-80.
Mean values at 28 stations between 1985 and 1987 gave mean values of 8.68
in December 1985, 8.40 in April 1986, 8.38 in October 1986 and 8.31 in
February 1987; the extreme values were 8.06 and 9.38 (Iltis, 1987).

Richerson et al. (1977) gave pH values of 8.6 in the stratified period and
8.5 in the period of isothermy in the Peruvian part of the Lago Grande. The
means recorded at 19 stations in the Bolivian part of the lake were 8.48 in
December 1985, 8.30 in April 1986, 8.31 in October 1986 and 8.20 in Febru-
ary 1987 (Iltis, loc. cit.).

pH is therefore on average a little higher in the Lago Menor than in the
Lago Grande, possibly because of the greater photosynthetic activity of
phytoplankton and very abundant benthic macrophytes.

Total dissolved solids (TDS)

This has been measured in terms of the electrical conductivity at 25°C. The
mean of 16 measurements made in April 1985 in the Lago Menor was 1343
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Table 2. Tonic composition (in mgl1™!) of the waters of Lake Titicaca published by various
workers (the dates given are the sampling dates).

NEVEU- | POSNANSKY | GILSON | LOFFLER | RICHERSON | HEGEWALD | CARMOUZE
LEMAIRE etal. et al. etal
1903 1908 1937 1954 1973 1974-77 1977
Ca 64,6 68,7 65,4 54,3 64,0 62,0 65,2
Mg 18 16 34,5 41 36 36,4 a5
Na 261 240 167,7 176 - 205,0 178.9
K 8 4 14,9 14 - 21,7 15,4
S04 392 285 246,2 251 282 265,7 253,4
Cl 287 339 247 244 260 272,0 253,8

S cm ', A later series of 28 measurements gave the following values: 1521
in December 1985, 1368 in April 1986, 1490 in October 1986 and 1366 in
February 1987. The means recorded at 19 stations in the Bolivian part of
the Lago Grande were 1501 pS cm ! in December 1985, 1448 in April 1986,
1490 in October 1986 and 1409 in February 1987 (lltis, loc. cit.).

As for temperature, the means recorded showed more marked changes
in Lago Menor, where dilution by water in the rainy season and evaporation
during the dry season had greater effects than in Lago Grande. At intermedi-
ate seasons such as in October 1986, the conductivity was identical in both
basins. Stations situated close to the mouths of the Rios Catari, Tiwanaku
and Suchez had conductivities 100 to 300 uS lower than those of other
stations.

The directly measured TDS in Lake Titicaca vary according to sources
from 1.2 g 1" (Lazzaro, 1981), to 1.03 (Hegewald ef al., 1976) and 0.78 g 17"
(Richerson er al., 1977).

Chemical composition of the water

This has been measured by various workers: Neveu-Lemaire (1906), Posnan-
sky (1911), Gilson (1964), Loffler (1960), Richerson ef al. (1977), Hegewald
et al. (1976, 1980) and Carmouze ef al. (1981) (Table 2).

The waters are dominated by chloride, sulphate and sodium ions, the
ranking of cations being Na > Ca > Mg > K.

The concentrations of nitrate and phosphate are the subject of a separate
chapter (Chapter V.6).

For silica, the majority of published values lie between 0 and 2.6 mg 1",
with a representative mean value of 1.8mgl™"' (Carmouze et al., 1981).
Concentrations of silica in the top five metres of the water column in Lago
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Menor vary between 0.2 and 1.8mg1~"' over the annual cycle. Maximum
values occur during the winter turnover in deep stations. In areas where the
depth is less than 5 metres, the concentrations remain low throughout the
year.

Loffler (1960) gave values varying of between 0.5 and 1mgl ' Si0, for
Puno Bay. Richerson et al. (1977) measured silica concentrations throughout
the annual cycle in the Peruvian part of the Lago Grande and found that
concentrations in the epilimnion were between 0.49 and 1.18 mgl™" from
January to the end of May, but then fell rapidly to 0.18 mg1~'. Concentra-
tions in the hypolimnion in this period (January to 15 June) varied between
1.82 and 2.60mgl1 '. In July, at the onset of isothermal conditions, the
silica concentration of the surface waters was between 0.28 and 0.46 mgl ",
whereas the concentration in the deep waters fell to 0.34 mg1~"'. The silica
concentration in the surface waters then increased slowly from September
to the end of the year but in the deeper water this increase was faster and
the highest value (3.7 mgl ') was reached at 150 m depth at the end of the
year.

Among the trace elements, Derkosh and Loffler (1961) mentioned the
presence of boron, iron and lead and traces of chromium, manganese, alu-
minium and arsenic. Cobalt, nickel and vanadium were absent. Gilson (1964)
recorded the presence of lithium (0.9 mgl™"') and aluminium (0.4 mgl™").
Hegewald ef al. (1976) and Hegewald and Runkel (1981) recorded traces of
iron, copper and zinc and 0.26 mg1™' of aluminium in the water of Puno
Bay.

Conclusions

Analysis of the physico-chemical properties of the waters of Lake Titicaca
shows a low seasonal variability. The lake environment can thus be con-
sidered as fairly stable.

The range of variation of surface temperature during the year is rather
low (3°C) in comparison with that recorded in African lakes at the same
latitude (Talling, 1969). This is partly explained by the altitude, but also by
the climate: the rainy season and maximum cloud over occur in the summer
and thus winter sunshine partly compensates for the lowering of the air
temperature.

The deep areas (Lago Grande, Chua Depression) behave as warm mon-
omictic lakes, whereas the shallow areas (Lago Menor and Puno Bay) can
be classified as rather independent environments with a polymictic cycle and
with more marked seasonal changes.

There are few data on the oxygen concentration at the bottom of the
Lago Grande and at Chua in the Lago Menor for periods of more than a year.
The variation between years in the oxygen concentrations at the bottom, both
in periods of stratification and isothermy, is therefore unknown.
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The rather high total dissolved salt concentration is attributed to heavy
chemical weathering of the catchment area. Its stability is a result of the long
retention time of water in the lake.

The range of variation in the values of some variables can be greater in
the vast shallow areas such as the Lago Huiflaimarca and Puno Bay, which
are relatively isolated from the central body of water in the Lago Grande,
especially as these regions are influenced by special local conditions (such as
inflow rivers and the presence or absence of macrophytes), which makes
them spatially heterogeneous. As a result, most of the variables studied have
a greater range than in the Lago Grande.



Physico-chemistry 157
References of chapter V

BAXTER (R.M.), PROSSER (M.V.), TALLING (J.F.), WOOD (R.R.), 1965. Stratification
in tropical African lakes at moderate altitudes (1,500 to 2,000 m). Limnol. Oceanogr., 10:
510-520.

BAZOBERRY (Q.), 1968. Balance hidrico del Lago Titicaca. Dir. de Irrig. Min. Fom., Lima.

BOULANGE (B.), AQUIZE JAEN (E.), 1981. Morphologie, hydrographie et climatologie du
lac Titicaca et de son bassin versant. Revue Hydrobiol. trop., 14 (4): 269-287.

BOULANGE (B.), VARGAS (C.), RODRIGO (L.A.), 1981. La sédimentation actuelle dans
le lac Titicaca. Rev. Hydrobiol. trop., 14 (4): 299-309.

CARMOUZE (J.P.), AQUIZE JAEN (E.), 1981. La régulation hydrique du lac Titicaca et
I’hydrologie de ses tributaires. Rev. Hydrobiol. trop., 14 (4): 311-328.

CARMOUZE (J.P.), MIRANDA (1.), 1978. Estudio de los factores de control de los carbonatos
disueltos en las aguas del lago Titicaca. Proceso de precipitacion de calcita. Rev. Boliviana
de Quimica, 2 (1): 57-67.

CARMOUZE (J.P.), ARZE (C.), QUINTANILLA (J.), 1977. Circulacién de materia (agua,
sales disueltas) a través del sistema fluvio-lacustre del Altiplano. Cah. ORSTOM., sér. Géol.,
10 (1): 49-68.

CARMOUZE (J.P.), ARZE (C.), QUINTANILLA (J.), 1977. La régulation hydrique des lacs
Titicaca et Poops. Cah. ORSTOM., sér. Hydrobiol., 11 (1): 269-283.

CARMOUZE (J.P.), ARZE (C.), QUINTANILLA (J.), 1981. Régulation hydrochimique du
lac Titicaca et I’hydrochimie de ses tributaires. Rev. Hydrobiol. trop., 14 (4): 329-348.

CARMOUZE (J.P.), ARZE (C.), QUINTANILLA (J.), 1984. Le lac Titicaca: stratification
physique et métabolisme associé. Rev. Hydrobiol. trop., 17 (1): 3-12.

CARMOUZE (J.P.), AQUIZE JAEN (E.), ARZE (C.), QUINTANILLA (J.), 1983. Le bilan
énergétique du lac Titicaca. Rev. Hydrobiol. trop., 16 (2): 135-144.

CARNEY (H.J.), 1984. Productivity, population growth and physiological responses to nutrient
enrichments by phytoplankton of Lake Titicaca, Peru-Bolivia. Verh. Internat.Verein. Limnol..
22: 1253-1257.

CARNEY (H.J.), RICHERSON (P.J.), ELORANTA (P.), 1987. Lake Titicaca (Peru/Bolivia)
phytoplankton: Species composition and structural comparison with other tropical and temp-
erate lakes. Arch. Hydrobiol., 110: 365-385.

CHURUTA SALLUgA (J.), MAMANI HUANCcA (L.A.), 1977. Hidrologia de la cuenca del
rio Ramis. Tesis Ing. Agron. UNTA, Puno: 173 p.

CSANADY (G.T.), 1973. Turbulent diffusion in the environment. Reidel, Dordrecht, 248 p.

DERKOSCH (1.), LOFFLER (H.), 1960. Spektrochemische Spurenanalyse Siidamerikanischer
Binnengewisser. Ark. Geofysik, 3: 337-345.

DUSSART (B.), 1966. Limnologie. L’étude des eaux continentales. Gauthiers-Villars, Paris,
677 p.

ELSER (J.J.), MARZOLF (E.R.), GOLDMAN (C.R.}, 1990. Phosphorus and nitrogen limi-
tation of phytoplankton growth in freshwaters of North America: a review and critique of
experimental enrichments. Can. J. Fish and Aquat. Sci., 47: 1468-1477.

GILSON (H.C.), 1939-40. The Percy Sladen Trust Expedition to Lake Titicaca in 1937. Trans.
Linn. Soc. London, ser. 3, 1: 1-357.

GILSON (H.C.), 1964. Lake Titicaca. Verh. Internat. Verein Limnol., 15: 112-127.

GOLDMAN (C.R.), 1981. Lake Tahoe: two decades of change in a nitrogen deficient oligo-
trophic lake. Verh. Internat. Verein. Limnol., 21: 45-70.

GOLDMAN (C.R.). JASSBY (A.), POWELL (T.), 1989. Interannual fluctuations in primary
production: meteorological forcing at two subalpine lakes. Limnol. Oceanogr., 34: 310-323.

GOLTERMAN (H.L.), 1975. Physiological limnology. Elsevier Scientific, Amsterdam, 489 p.

GUYOT (J.L.), BOURGES (J.), HOORELBECKE (R.), ROCHE (M.A.), CALLE (H.),
CORTES (J.). BARRAGAN (M.C.), 1988. Exportation de matiéres en suspension des
Andes vers I'’Amazonie par le Rio Béni, Bolivie. Proc. Porto Alegre Symposium, December
1988. IAHS, n° 174: 443-451.



158  Physico-chemistry

GUYOT (J.L.), CALLE (H.), CORTES (J.), PEREIRA (M.), 1990. Transport de matiéres
dissoutes et particulaires des Andes vers le Rio de La Plata par les tributaires boliviens (rios
Pilcomayo et Bermejo) du Rio Paraguay. J. Sci. Hydrol., 35 (6): 653-665.

GUYOT (J.L.), ROCHE (M.A.), NORIEGA (L.), CALLE (H.), QUINTANILLA (J.), 1990.
Salinities and sediment loads on the Bolivian Highlands. J. Hydrol., 113: 147-162.

GUYOT (J.L.), BOURGES (J.), Calle (H.), CORTES (J.), HOORELBECKE (R.), ROCHE
(M.A.), 1991. Transport of suspended sediments to the Amazon by an andean river: the
River Mamore, Bolivia. Fourth Internat. Symposium on River Sedimentation, Beijing, Nov-
ember 1989 (in press).

HECKY (R.E.), KILHAM (P.), 1988. Nutrient limitation of phytoplankton in freshwater and
marine environments: A review of recent evidence on the effects of enrichment. Limnol.
Oceanogr., 33: 796-822.

HEGEWALD (E.), ALDAVE (A.), HAKULI (T.), 1976. Investigations on the lakes of Peru
and their phytoplankton. 1: Review of literature, description of the investigated waters and
chemical data. Arch. Hydrobiol., 78 (4): 494-506.

HEGEWALD (E.), RUNKEL (K.H.), I981. Investigations on the lakes of Peru and their
phytoplankton. 6: Additionnal chemical analyses. Arch. Hydrobiol., 92 (1): 31-43.

HEIL (G.W.), WERGER (M.J.A.), de MOL (W.), van DAM (D.), HEIINE (B.), 1988.
Capture of atmospheric ammonium by grassland canopies. Science, 239: 764-765.

HOWE (M.R.), TAIT (R.1.), 1969. Some observations of the diurnal heat wave in the ocean.
Limnol. Oceanogr., 14: 16-22.

HUTCHINSON (G.E.), 1957. A treatise on Limnology. I. Geography, Physics, and Chemistry.
John Wiley & Sons, New York, 1015 p.

HUTCHINSON (G.E.), LOFFLER (H.), 1956. The thermal classification of lakes. Proc. Nar.
Acad. Sci. USA, 42: 84-86.

ILTIS (A.), 1987. Datos sobre la temperatura, el pH, la conductibilidad eléctrica y la transparen-
cia de las aguas de superficie del lago Titicaca boliviano (1985-1986). UMSA-ORSTOM, La
Paz, Informe 3: 19 p., multigr.

IVANOFF (A.), 1975. Introduction a I'Océanographie. Tome II. Vuibert. Paris, 340 p.

JACOBS (W.C.), 1951. The energy exchange between sea and atmosphere and some of its
consequences. Bull. Scrips Inst. of Oceanogr. Tech. Ser. Univ. of Calif., 6: 27-122.

KESSLER (A.), 1970. Uber den Jahresgang des potentiellen Verdunstung im Titicaca-Becken.
Arch. Met. Geoph. Biokl., Ser. B, 18: 239-252.

KESSLER (A.), MONHEIM (F.), 1968. Der Wasserhaushalt Titicacasees nach neueren Messer-
gebnissen. Erdkunde, Arch. fiir Wissenschaft. Geogr., Bonn, 22 (4): 275-283.

KITTEL (T.), RICHERSON (P.J.), 1978. The heat budget of a large tropical lake, Lake
Titicaca (Perd-Bolivia). Verh. Internat. Verein. Limnol., 20: 1203-1209.

LAZZARO (X.), 1981. Biomasses, peuplements phytoplanctoniques et production primaire du
lac Titicaca. Rev. Hydrobiol. trop., 14: 349-380.

LAZZARO (X.), 1985. Poblaciones, biomasas y producciones fitoplancténicas del Lago Tit-
icaca. Rev. Inst. Ecol., La Paz, 7: 23-64.

LEWIS (M.W., Jr.), 1973. The thermal regime of Lake Lanao (Philippines) and its theoretical
implications for tropical lakes. Limnol. Oceanogr., 18: 200-217.

LEWIS (M. W., Jr.), 1983. Temperature, heat and mixing in Lake Valencia, Venezuela.
Limnol. Oceanogr., 28: 273-286.

LOFFLER (H.), 1960. Limnologische Untersuchungen an Chilenischen und Peruanischen
Binnengewassern. Ark. Geofysik, 3: 155-254.

MEYBECK (M.), 1979. Concentrations des eaux fluviales en éléments majeurs et apports en
solution aux océans. Rev. Géol. Dynam. et Géogr. Phys., 21 (3): 215-216.

MONHEIM (F.), 1956. Beitrige zur Klimatologie und Hydrologie des Titicacabeckens.
Selbstverl. d. Geograph. Heidelberg: 152 p.

MONTGOMERY (H.A.C.), THOM (N.S.), COKBURN (A.), 1964. Determination of dis-
solved oxygen by the Winkler method and the solubility of oxygen in pure water and sea
water. J. Appl. Chem., 14: 280-296.



Physico-chemistry 159

NEALE (P.J.), RICHERSON (P.]J.), 1987. Photoinhibition and the diurnal variation of phyto-
plankton photosynthesis — I. Development of a photosynthesis-irradiance model from studies
of in situ responses. J. Plank. Res., 9: 167-193.

NEVEU-LEMAIRE (M.), 1906. Les lacs des hauts-plateaux de I'’Amérique du Sud. Imprimerie
nationale, Paris, 197 p.

PAERL (H.W.), 1982. Factors limiting productivity of freshwater ecosystems. In: Advances in
microbial ecology, Marshall ed.; Plenum Press, New York, 6:75-110.

PERRIN de BRICHAMBAUT (C.), LAMBOLEY (G.), 1968. Le rayonnement solaire au sol
et ses mesures. Cahiers de 'TAFEDES: 111 p.

PICK (F.), LEAN (D.R.S.), 1987. The role of macronutrients (C, N, P) in controlling cyanob-
acterial dominance in temperate lakes. New Zeal. J. Mar. Freshw. Res., 21: 425-434.

POSNANSKY (A.), 1911. El clima del Altiplano y la extensién del Lago Titicaca con relacién
a Tihuanacu en épocas prehistéricas. Tipografia comercial de Ismael Argote, La Paz, 29 p.

POWELL (T.). KIRKISH (M.H.), NEALE (P.J.), RICHERSON (P.J.), 1984. The diurnal
cycle of stratification in Lake Titicaca: eddy diffusion. Verh. Internat. Verein. Limnol., 22:
1237-1242.

QUINTANILLA (J.), CALLICONDE (M.), CRESPO (P.), 1987. La quimica de! lago Titicaca
y su relacién con el plancton. Documento de pesca 004, Oldepesca, Lima, 321 p., multigr.

QUISPE ZAPARA (L.L.), AMAN UI (A.A.), 1978. Caracterizacién hidrolégica de la cuenca
del rio Coata. Tesis Ing. Agron. UNTA. Puno: 143 p.

REYNOLDS (C.S.), 1984. The ecology of freshwater phytoplankton. Cambridge University
Press, Cambridge, 384 p.

RICHERSON (P.J.), WIDMER (C.), KITTEL (T.), 1977. The limnology of lake Titicaca
(Peru-Bolivia). Univ. California, Davis. Inst. Ecology, 14, 78 p., multigr.

RICHERSON (P.J.), WIDMER (C.), KITTEL (T.), LANDA (A.), 1975. A survey of the
physical and chemical limnology of lake Titicaca. Verh. Internat. Verein. Limnol., 19: 1498
1503.

RICHERSON (P.J.), NEALE (P.J.), WURTSBAUGH (W.A.), ALFARO TAPIA (R.),
VINCENT (W.F.), 1986. Patterns of temporal variation in Lake Titicaca, a high altitude
tropical lake. 1: Background, physical and chemical processes and primary production.
Hydrobiologia, 138: 205-220.

SCHINDLER (D.W.), 1977. The evolution of phosphorus limitation in lakes. Science, 195:
260-262.

SMITH (V.H.), 1982. The nitrogen and phosphorus dependence of algal biomass in lakes: an
empirical and theoretical analysis. Limnol. Oceanogr., 27: 1101-1112.

SMITH (V.H.), 1983. Nutrient dependence of primary productivity in lakes. Limnol. Oceanogr.,
28: 1051-1064.

S.N.D.C. G.T.Z., 1981. Programa de irrigacién Altiplano/valles. Estudio de factibilidad Huar-
ina. Salzgitter Consult GmbH, La Paz, multigr.

TALLING (J.F.), 1969. The incidence of vertical mixing and some biological and chemical
consequences in tropical African lakes. Verh. Internat. Verein. Limnol., 17: 998-1012.

TALLING (J.F.), 1969. The annual cycle of stratification and phytoplankton growth in Lake
Victoria (East Africa). Internat. Rev. ges. Hydrobiol., 51: 545-621.

TAYLOR (M.), AQUIZE JAEN (E.), 1984. A climatological energy budget of Lake Titicaca
(Peru/Bolivia). Verh. Internat. Verein. Limnol., 22: 1246-1251.

TEJADA CARI (A.), 1977. Caracterizacién hidrolégica de la cuenca del rio Ilave. Tesis Ing.
Agron. UNTA, Puno, 104 p.

VALLENTYNE (J.R.), 1957. Principles of modern limnology. American Scientist, 45 (3): 218-
244.

VINCENT (W.F.), 1989. Cyanobacterial growth and dominance in two eutrophic lakes: review
and synthesis. Arch. Hydrobiol., 32: 239-254.

VINCENT (W.F.), WURTSBAUGH (W.A.), VINCENT (C.L.), RICHERSON (P.].), 1984.
Seasonal dynamics of nutrient limitation in a tropical high-altitude lake (Lake Titicaca, Peru-
Bolivia): application of physiological bioassays. Limnol. Oceanogr., 29: 540-552.



160 Physico-chemistry

VINCENT (W.F.), VINCENT (C.L.), DOWNES (M.T.), RICHERSON (P.J.), 1985. Nitrate
cycling in Lake Titicaca (Peru-Bolivia): the effects of high-altitude and tropicality. Freshw.
Biol., 15: 31-42.

VINCENT (W.F.), WURTSBAUGH (W.A.), NEALE (P.J.), RICHERSON (P.J.), 1986.
Polymixis and algal production: latitudinal effects on the seasonality of photosynthesis.
Freshw. Biol., 16: 781-803.

VOLLENWEIDER (R.A.), 1976. Advances in defining critical loading levels for phosphorus
in lake eutrophication. Mem. Ist. Ital. ldrobiol., 33: 53-83.

WASSON (J.G.), GUYOT (J.L.), SANEJOUAND (H.), 1991. Premiéres données concernant
le carbone organique transporté par le Rio Desaguadero (Altiplano bolivien). Rev. Fr. Sci.
Eau (in press).

WASSON (J.G.), MARIN (R.), 1988. Tipologia y potencialidades biolégicas de los rios de
altura en la regién de La Paz (Bolivia). Congreso Iberoamericano y del Caribe sobre 1a Pesca
y la Acuicultura, Isla Margarita, Venezuela, 8-14 Mayo 1988: p. 120, multigr.

WETZEL (R.G.), 1983. Limnology. Saunders College Publishing, Philadelphia, 767 p.

WIDMER (C.), KITTEL (T.), RICHERSON (P.J.), 1975. A survey of the biological limnology
of Lake Titicaca. Verh. Internat. Verein. Limnol., 19: 1501-1510.

WURTSBAUGH (W.A.), HORNE (A.J.), 1983. Iron in eutrophic Clear Lake, California: its
importance for algal nitrogen fixation and growth. Can. J. Fish. Aquat. Sci., 40: 1419-1429.

WURTSBAUGH (W.A.), VINCENT (W.F.), ALFARO TAPIA (R.), VINCENT (C.L.),
RICHERSON (P.J.), 1985. Nutrient limitation of algal growth and nitrogen fixation in a
tropical alpine lake, Lake Titicaca (Peru/Bolivia). Freshwat. Biol., 15: 185-195.



C. DEJOUX and A. ILTIS / Editors

Lake Titicaca

A Synthesis of Limnological Knowledge

Kluwer Academic Publishers



Lake Titicaca
A Synthesis of Limnological Knowledge

Edited by

C. DEJOUX and A. ILTIS

KLUWER ACADEMIC PUBLISHERS
DORDRECHT / BOSTON / LONDON



Library of Congress Cataloging-in-Publication Data

Lake Titicaca : a synthes1is of
De joux and A, Iltis,
p. cm. -- (Monographiae biologicae ; v, 68)

Includes 1ndexes.

ISBN 0-7923-1663-0 (HB : alk. paper)

1. Limnology--Titicaca Lake (Peru and Bolivia) 2. Aguat:c
resources—-Titicaca Lake (Peru and Bolivia) I. Dejoux, Claude.
IT. I'tys, A, III. Sertes.
QP1.P37 vol. 68
[oH128]

574 s--dc20
[574.5°26322'098412]

1'mnological knowledge ¢/ edited by C.

82-7958

ISBN 0-7923-1663-0

Published by Kluwer Academic Publishers,
P.O. Box 17,3300 AA Dordrecht, The Netherlands.

Kluwer Academic Publishers incorporates
the publishing programmes of
D. Reidel, Martinus Nijhoff, Dr W. Junk and MTP Press.

Sold and distributed in the U.S.A. and Canada
by Kiuwer Academic Publishers,
101 Philip Drive, Norwell, MA 02061, U.S.A.

In all other countries, sold and distributed
by Kluwer Academic Publishers Group,
P.O. Box 322, 3300 AH Dordrecht, The Netherlands.

Printed on acid-free paper

All Rights Reserved
© 1992 Kluwer Academic Publishers
No part of the material protected by this copyright notice may be reproduced or utilized in any
form or by any means, electronic or mechanical, including photocopying, recording or by any
information storage and rctrieval system, without written permission from the copyright owner.

Printed in the Netherlands





