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Editors’ Note

This work is a compilation of more than a century of limnological work on
Lake Titicaca, to which has been added much original data obtained over
the last few years.

We have wanted this compilation to be as exhaustive as possible in order
to combine the dispersed and often difficult-to-find information in a single
volume. It is possible that some documents which were impossible to find or
have escaped the literature search, have not been included. We apologize to
both our readers and to the authors involved for any such omissions. None-
theless we consider that we have, either directly or indirectly, reported almost
all the scientific information existing at present on the lake.

The author(s) of each chapter were entirely responsible for the scientific
content of their papers and the changes that we occasionally made only
concerned the style and length of the texts, with the aim of bringing more
consistency and homogeneity to the book. We have however left the choice
of place names up to individual authors, as the spelling of certain geographi-
cal sites can vary according to sources of reference. For this reason, you will
sometimes find the Rio Suchez spelt with a z and sometimes with an s
(Suches), although these are the same watercourse. There are also synonyms:
Huifaimarca, Lago Menor and Lago Pequeiio are the same body of water
as are Lago Chucuito, Lago Mayor and Lago Grande, corresponding respec-
tively to the smaller, shallow southern basin of Lake Titicaca, and the vast,
deep northern basin. Some chapters mentioning place names do not include
a map showing their location. We suggest the reader refer to the general
map of the lake at the inside of the front cover of this book for this purpose.

The reader may also find slight differences from chapter to chapter in the
altitude, surface area and maximum depth of the water body. It is evident that
these are measurements that vary over the course of time and unfortunately it
has not always been possible for authors to give a precise reference date to
accompany these data. Only those chapters dealing specifically with these
variables systematically associate a date with the values mentioned.

The original version of this work is in English. The loose translation into
Spanish is mainly intended for the two Latin American countries in which
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the lake lies. The original texts were written either in English, Spanish or
French. The translation into Spanish was carried out by Mrs Rina Risacher
and that into English by Mr Bob Britton. Our North American colleagues,
and particularly Heath Carney, have kindly provided us with help on certain
very technical texts.

We would also like to thank all the authors who have agreed to participate
in this synthesis volume by writing chapters summarising their specialist
knowledge of Lake Titicaca. Our thanks also go out to the Rector of the
Universidad Mayor de San Andres {UMSA) in La Paz who has accepted to
preface this book and to the Director General of ORSTOM* who provided
finance from this organisation for all of this work.

We would finally like to express our gratitude to the heads of the Depart-
ments of Geology and Biology of the UMSA in La Paz who, within the
framework of an agreement signed between the UMSA and ORSTOM,
provided the opportunity for staff from this institute to discover and work
on a high altitude tropical lake, which is undoubtedly one of the most unusual
and beautiful in the world.

C. Dejoux and A. Iltis

*Institut Frangais de Recherche Scientifique pour le Développement en Coopération; pre-
viously: Office de Recherche Scientifique et Technique Outre-Mer.



Preface

Research on Lake Titicaca is essential for the conservation and development
of the entire Bolivian Altiplano ecosystem. The influence of Titicaca is not
restricted to the area adjoining the shoreline, but covers a vast region where
animal and plant life depends on the climatic conditions which are to a large
extent determined by the relationship between the water and atmosphere
existing at the lake’s surface.

The heavy concentration of human population around the shores demon-
strates the major life-supporting function of the lake, for the economy of the
shoreline communities is one of the most prosperous of those living on the
Altiplano. In addition, the beauty of the landscape makes it one of the main
tourist attractions both nationally and internationally. For all these reasons,
Lake Titicaca forms part of the Bolivian Republic’s most valuable heritage,
a part shared by the neighbouring Republic of Peru.

However, as our knowledge and understanding of the Altiplano grows as
a result of rigorous research, the fragility of this ecosystem becomes increas-
ingly evident. For this reason, the exploitation of the economic potential of
such a large water body as Lake Titicaca is not possible without adopting
precautionary measures, essential for preserving the equilibrium.

A few decades ago when the accumulated knowledge was still rudimen-
tary, it was thought that the possibilities for irrigation using the lake’'s water
were practically unlimited and that all that was needed was to create the
infrastructure required to transport the water over several hundreds of kilo-
metres of distance. Nowadays opinions have changed because we have ar-
rived at the scientifically-based conclusion that the potential is in fact limited.
We now know precisely what terrible effects would be brought about by an
accelerated drop in the water level. It is no exaggeration to say that just a
10% a decrease in the volume of water could provoke a rapid desertification
of the Altiplano and a highly unfavourable climatic change for animal and
plant life.

As research progresses and new understanding is achieved, the importance
of the lake becomes more evident. At the same time an increasing need is
felt for the adoption of policies aimed at precise and rigorous management
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of the entire basin. Human errors can cause irreversible damage in a short
space of time.

The book “LAKE TITICACA™ will be of immense help in bringing about
this new awareness. The two scientists Claude Dejoux and André Iltis have
here compiled the main scientific works recently carried out in the varied
disciplines concerning this important life-support system. By the same token,
it constitutes an intellectual heritage which will enrich the people of Bolivia.

It must be stressed that French and Bolivian scientists have for a long
time been working diligently, observing and analysing the various aspects of
the lake. On reading this book, the great value of the results is confirmed,
and it is certain that this book will in future be the essential reference work
for scientists wanting to make progress in revealing the lake's secrets. We
can state unequivocally that this work constitutes a complete review of the
present state of knowledge on Lake Titicaca and that it provides the latest
results of research on this habitat.

Of course, science has no final resting point; what we see now is just the
culmination of a certain stage, but others will follow which will represent the
next episode and an advance on present knowledge. Despite this, anyone
wishing to make progress must analyse the contents of this book. In the
same way, those responsible for economic and social policy must base them-
selves on its conclusions in setting up and implementing actions which could
in any way compromise the spheres of influence of Lake Titicaca.

The Universidad Mayor de San Andrés thanks ORSTOM (Institut Frangais
de Recherche Scientifique pour le Développement en Coopération) for having
contributed in such an effective manner in the study of Lake Titicaca. The
research workers of the ORSTOM have left and continue to leave a deep
impression by their scientific work, both at UMSA and in the country as a
whole. The most important aspect of the activities of this Institute is that
they are undertaken in a coordinated way, in complementarity with those of
Bolivian research workers, which contributes in consolidating the national
capacity to acquire new knowledge.

I would like to thank Claude Dejoux and André Iltis for this important
contribution to Bolivian culture, and at the same time thank them for having
given me the opportunity to write these few lines in which I express the
sentiments of the teaching staff, researchers and students of the Universidad
Mayor de San Andrés, who are constantly striving to obtain an ever deeper
understanding of the true nature of our nation.

Pablo Ramos Sanchez, Universidad Mayor de San Andrés
rector LA PAZ



Introduction

CLAUDE DEJOUX and ANDRE ILTIS

At the latitude of 14° S, the Andes chain divides into two Cordilleras which
enclose a high plateau, the Altiplano, covering about 200,000 square kilo-
metres and with an altitude varying between 3700 and 4600 metres above
sea level.

Lake Titicaca occupies the northern part of this plateau. It is both vast
and deep and is designated as the highest navigable lake in the world.

It is divided into two lake basins: the Lago Pequefio (or Huiflaimarca)
and the Lago Grande, more rarely known as the Chucuito. These two parts
are connected by the approximately 800 metres wide Tiguina Strait. The
maximum depth of the Lago Grande is 285 metres whereas that of the Lago
Pequeiio is only 40 metres. More than two-thirds of the former has a depth
greater than 150 metres whereas the latter is only 5 to 10 metres deep over
most of its area.

Because of its geographical location, the lake is subject to the climatic
conditions belonging to the tropical zone, especially insofar as insolation
remains relatively stable throughout the year. Because of its high-altitude
situation, it is influenced by conditions belonging to montane climates (high
luminous intensity, low temperatures, low air humidity) which interfere with
those factors related to its tropical nature. To this is added the unusual
morphometry of the lake basin, in which coexist, often poorly connected to
one another, large shallow areas (Lago Pequefio, and the large Puno, Ramis
and Achacachi Bays) and deep areas, more typical of alpine type lakes.

The entire hydrological system of the Altiplano is endorheic, with all the
consequences that such a system can have on the biological components of
the habitat. The lake itself functions almost as a closed system; its only
outflow river under the present hydrological situation accounts for less than
5 % of the total water losses. The lake water is subject to strong evaporation,
has a retention time of the order of 63 years and has a total dissolved salt
content of close to one gram per litre, which distinguishes it from the much
fresher waters of the majority of the Andean mountain lakes.

It should finally be noted that it stands at the transition point between
two very distinct geographical regions: the desert fringe of the Pacific coast



xvi  Introduction

to the west and the great Amazonian forest extending to the Atlantic coast
to the east.

In addition to its unusual limnological features, it is, according to Indian
mythology, one of the birthplaces of mankind. The sun, the moon and the
stars were born within its bounds according to the wishes of Viracocha,
creator of the world. Here, after the Great Flood that destroyed the world,
mankind took its first steps. The lake was a sacred site for the Incas, who
saw it as the end of the earth and a point of fusion where the two concepts
of time and space came to be expressed.

Although the Spaniards had for a long time roamed over the Altiplano,
it was probably a Frenchman, Alcide D'Orbigny, who was the first scientist
to take an interest in Lake Titicaca and he brought back biological collections
to Europe following one of his expeditions to South America from 1826 to
1833. The first descriptions of the molluscs came from these samples.

At about the same period, another scientist, J.B. Pentland, at the time
British Consul in Bolivia, studied the unusual aquatic habitat during two
expeditions undertaken at ten years’ interval (1827-28 and 1837-38). As a
geographer he made the first precise maps of the lake and its region and
also collected biological specimens, which he sent back to Europe. Among
these were fish which were used by Cuvier and Valenciennes to describe the
first species of Orestias. Other collections of biological specimens arrived in
Europe following the visits of Castelnau and Weddel (1843-47). Further
visitors (Squier, 1870; Orton, 1873; Marcoy, 1877; Puente, 1892; Tovar, 1892
and Basadre, 1894) only paid scant attention to the true study of the lake.
But in 1875, over a period of less than two months, Agassiz and Garman
carried out the first coordinated study of this environment, including bathy-
metric, hydrographic and biological surveys, which were published in 1876
and 1877.

It was not before the start of the twentieth century that more structured
expeditions were organised, and particularly that of Créqui-Montfort and
Sénéchal De La Grange (1903), in which the zoologist Neveu-Lemaire parti-
cipated. It is to him that we owe the first extensive faunal inventory, which,
after all the species collected had been identified, confirmed the low species
diversity already reported by Agassiz and Garman (1876).

The first expedition whose aim wasn’t simply to bring back further collec-
tions of specimens, but rather to study the relationships existing between the
flora and fauna, was organised under the direction of H.C. Gilson in 1937.
The publications resulting from the collections made by this British ex-
pedition did not however provide a very detailed ecological description of
the various ecosytems studied - in particular that of Lake Titicaca. In many
cases the publications were restricted to species lists with brief descriptions
of the sampling locations. This ‘Percy Sladen Trust Expedition to Lake
Titicaca’ did nevertheless have the merit of including a hydrologist, a chemist,
three zoologists, an entomologist and a botanist and their full and detailed
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publications are still authoritative to the present day; in many fields they
represent one of the main sources of reference for this synthesis.

After a hiatus of ten years because of the Second World War, a number
of specialised studies were carried out providing further information to that
already acquired on the biology of the lake (Vellard, 1951 to 1954; Nie-
thammer, 1953; Brundin, 1956; Ueno, 1967) and on its geology, physico-
chemistry and general limnology (Newell, 1945; Schindler, 1955; Monheim,
1956; Loffler, 1960; Derkosch and Loffler, 1961).

It was not until 1972, the year of the setting up of the laboratory of the
Instituto del Mar del Perd (IMARPE) at Puno, that coordinated studies
started to be carried out again. From 1973 the University of Davis (Califor-
nia) carried out a regular programme of observations in Puno Bay and in
the Peruvian part of the Lago Grande, in liaison with this institute. In 1974,
the Universidad Mayor de San Andrés (UMSA) at La Paz and ORSTOM
(then known as the Office de la Recherche Scientifique et Technique Outre-
Mer, but later to become the Institut Francais de Recherche Scientifique et
Technique pour le Développement en Coopération) started a joint limnolog-
ical research programme on the Bolivian part of the lake, firstly on the
Huifiaimarca and then on the Lago Grande. This began with morphometric
and sedimentological studies before going on to cover biological subjects.

In spite of the setting up of cooperative research arrangements and the
relative ease of access to the Andes and its aquatic habitats, scientific ex-
peditions have not yet become a thing of the past. In June-July 1978, North
American scientists organised a scientific expedition known as the ‘Cather-
wood Bolivian-Peruvian Altiplano Expedition’ involving two invertebrate
specialists, an entomologist, an algologist and a botanist. Their main results
were published a few years later (Roback er al., 1980; Roback and Coffman,
1983) and represent a major contribution to our knowledge of the aquatic
insects of this region of Latin America.

A Peruvian-Bolivian programme of assessment of Lake Titicaca’s re-
sources was carried out from 1983 to 1985, under the auspices of SELA
(Sistema Economico Latino-Americano) and OLDEPESCA (Organizacion
Latino-americana de Desarollo Pesquero). The University of La Paz then
developed research on the spatio-temporal variations in physico-chemical
variables and on the plankton during 1984-1985. The Instituto del Mar del
Pert at Puno turned its work towards estimating the present fish stocks.

We should also mention the setting up in 1988 of an experimental piscicul-
ture station on the edges of LLago Pequeno near the Tiquina Strait, as part
of the economic cooperation programme between Japan and Bolivia. This is
particularly aimed at the production of trout fry and at the study of the
biology of this species in the lake.

It is certain that increasingly extensive understanding of Titicaca will be
required in the forthcoming years, especially as this area is the subject of
several present and future regional development projects. For this reason, it
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seemed to us essential in this work to take stock of the data accumulated
from over a century of work on this lake basin, as the results of the numerous
studies carried out up until now were very disconnected, fragmentary and
scattered over several countries.

We have therefore attempted to make an exhaustive as possible review
of current knowledge from the existing literature and from the results of
more recent observations, the aim being to produce a sort of database on this
unusual ecosystem. This synthesis, which highlights gaps and imperfections in
existing knowledge, should help in guiding future research. Future work
should aim at filling in the gaps of the descriptive part of this work and
then go on to study the dynamics of the relationships between the various
communities and their habitat, an aspect that has scarcely been touched up
until now.

The following chapters describe the lake’s animal and plant populations
and their high degree of endemism which has frequently been reported in
the literature. This concept of endemism needs to be qualified and used with
a certain amount of discretion, as it only in fact concerns certain groups. It
shows itself to its fullest extent in the molluscs, of which the majority of
spccics (Taphius montanus excluded) are only known from Lake Titicaca.
The same is true for the amphipods among which only Hyalella inermnis is
found in other habitats on the Altiplano. The fish occurring in the lake also
have a high degree of endemism, with only a few species of Orestias and
Trichomycterus being recorded in other aquatic habitats neighbouring the
lake.

For the majority of other taxonomic groups the flora and fauna consist of
species that are widespread either throughout the Andes or South America,
or are even cosmopolitan. Although some newly named species are only
currently known from Lake Titicaca, it is highly likely that more intensive
and extensive surveys will widen their distribution range.

The more motile species occurring in Lake Titicaca have often colonised
other habitats around the lake, but in contrast, animal species living in
neighbouring aquatic habitats are not always capable of adapting to the
slightly saline waters of the lake, this being particularly the case with the
insect fauna.

In terms of population dynamics, the older data are too short-term and
too scanty to provide a description of the temporal changes and especially
long-term changes that have occurred to the flora and fauna of the lake.
However, some species previously recorded as dominant are now only re-
corded sporadically (certain molluscs and amphipods) and other taxa have
not been found recently. In the last case, insufficient sampling may be the
cause, but it is certain that the changes in dominance have more complex
causes. With the exception of the fish fauna which has been and continues
to be highly influenced by fishing pressure and species introductions, it is
unlikely that human activities are the direct cause of the radical changes that
have occurred to the species composition.
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Perhaps internal rhythms belonging to Lake Titicaca itself could be cited,
although for many groups it is difficult to demonstrate marked intra-annual
seasonal cycles. At the interannual level, the few studies covering at least
two years demonstrate frequently acyclical variations which seem to be the
direct consequence of the variability of abiotic factors rather than major
rhythms of a biological nature.

In the applied field, three subjects appear to have been given particular
attention, the study of the beginnings of pollution being the most important.
Although the closure for economic reasons of most of the mining operations
in the catchment is a positive factor on this front, the increase in the human
population along the shoreline recorded in recent years is already leading to
contamination in certain almost enclosed bays.

The second applied subject to be studied with great attention is the long-
term changes to the lake’s hydrology. Several development projects envisage
the taking of sometimes large quantities of water from this environment, and
it is important to know with precision the variations in the potential available
water resources caused by meteorological variability.

Finally, estimates of the overall fish production and its variability are still,
if not quite non-existent, at least very approximate for a system which
contributes greatly to feeding the population of the neighbouring areas. The
population dynamics of trout and pejerrey (since they were introduced into
the lake more than forty years ago) are still practically unknown over the
lake as a whole and knowledge of the indigenous fish species is scarcely
better. Information needed for a rational management of the fish resources
should be collected as soon as possible.

Publicising the value of further developing research on this very special
lake is also one of the aims of this book, and we sincerely hope that this
objective will be fulfilled.
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I. ORIGINS
[.1. Formation and geological evolution

ALAIN LAVENU

The Altiplano is a vast intermontane basin in the Central Andes of Peru.
Bolivia and Argentina. lying between the Western and Eastern Cordilleras
(Fig. 1). It is about 2000 km long and 200 km wide with an altitude varying
from 3700 to 4600 metres. It is an endorheic basin. The north and centre
of the Altiplano are occupied by large permanently flooded lakes: Lakes
Titicaca and Poopo. The southern part is more arid and is the site of
“salares™™: Coipasa and Uyuni.

Since the early Quaternary, the Altiplano has always been occupied by
lakes, but these have not always had the same extent as the present-day
lakes. Studies of ancient lake sediments have enabled the history of these
lakes to be studied (Orbigny, 1835-1847; Neveu-Lemaire, 1906: Bowman,
1909: Troll, 1927-1928; Moon, 1939; Ahlfeld, 1946: Newell, 1945; Ahlfeld
and Branisa, 1960).

Although the Pliocene is characterised by fluviatile and lacustrine deposits
corresponding to a relatively warm environment, the transition to the Quat-
ernary is marked by a major climatic change. The climate underwent a
sudden cooling and glaciation appeared at about 3 million years BP. Glaci-
ation developed throughout the Quaternary. The climatic change led to
profound changes in the type of deposits. The Quaternary sediments of the
Altiplano take the form of high altitude facies: glacial and interglacial de-
posits in the Cordillera and on the piedmont. torrential fluviatile deposits on
the piedmont and high plain and lacustrine evaporite deposits in the centre
of the basin.

Studies of these ancient lakes and of the main glacial stages in the Eastern
Cordillera have allowed the establishment of relationships between the three
lake formations and the three most recent stages of glacial recession (Servant,
1977 Servant and Fontes, 1978) (Fig. 2). Recently, the discovery in the
north of the Altiplano of two ancient lacustrine episodes has established the

* Vast saltpans with a more or less thick crust of salt covered locally or periodically with
shallow water.

C. Dejoux and A. 1tis (eds.). Lake Titicaca. 3-15.
© 1992 Kliwer Academic Publishers. Printed in the Netherlands.
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Figure 1. Situation of the Altiplano in the Central Andes chain (from Lavenu e¢r al.. 1984). C:
Cochabamba: CR: Crucero: LP: Lake Poopo: LPZ: La Paz: LT: Lake Titicaca: SC: Salar de
Coipasa: SU: Salar d'Uyuni.

same relationships between lake levels and the two first Quaternary glaci-
ations (Lavenu er al., 1984) (Fig. 3).

Periods of maximum lake extent correspond to the end of glaciations or
to the end of glacial stages and are due to the melting of glaciers (Servant
and Fontes, 1978). Discontinuities between different stages are marked by
ablation surfaces which coincide with the end of the morphological evolution
of each interglacial stage.

Quaternary deposits postdate a polygenic ablation surface S6 of complex
history. On the piedmont of the Eastern Cordillera this surface follows a
volcanic layer (Chijini tuff) dated at 2.8 million years BP (Lavenu et al.,
1989).

The extent and limits of these water bodies are directly related to climatic
and tectonic changes (Fig. 3). For this reason the various lacustrine deposits
are not superimposed but rather inset one another. The study of the lake
levels will be done in chronological order from the most ancient to the most
recent.
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Figure 3. Stratigraphical, morphological and tectonic relationships during the Pleistocenc.

The Lower Pleistocene

The existence of the two most ancient lake levels is clearly evident to the
north-west of Lake Titicaca in both Peru and Bolivia (Lavenu et al., 1984).
The outcrops are marked by coarse torrential and fluviatile sediments at the
basin margins and by fine lacustrine deposits towards the centre of the basin
(Fig. 4).

The most ancient deposits, called Mataro (Fig. 4). take the form of a
series of fluviatile detrital deposits showing alternating beds of ochre-col-
oured clayey sand and gravelly sand. This incomplete series outcrops over a
thickness of about 50 metres. The presence of a fossil deer antler indicates
an undifferentiated Quaternary age. The top of the Mataro deposits is an
ablation surface developed at a present-day altitude 3950 metres around the
paleo-basin (surface S5) (Fig. 5). This lake reached its maximum extension
after the Calvario glaciation (Dobrovolny. 1962) after 2.8 My BP (Lavenu
et al., 1989). It is the equivalent of the Purapurani Formation of the La Paz
basin dated from the lower Pleistocene at 1.6 My BP (Lavenu er al., 1989)
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Figure 4. The extent of lakes in the north and centre of the Altiplano (from Lavenu er al..
1984). 1: Lake Mataro: 2: Lake Cabana: 3: Lake Ballivian (Ulloma and Azangaro formations):
4: Lake Minchin: 5: Glacial and fluvio-glacial formations in the piedmont and Eastern Cordillera.
A: Ananca: AA: Ayo Ayo: C: Callapa; CR: Crucero; D: Desaguadero; DC:Deustua-Cabana:
E: Escoma: EP: Estacion Pando: J: Juliaca: LPZ: La Paz: MC: Mataro Chico: UL: Ulloma:
UM: Umala: UU: Ulla Ulla: V: Viacha. Lakes Escara and Tauca are not represented. In the
arca of Lake Poopo and Salar de Coipasa. the limits of Lake Tauca are included within the
boundaries of Lake Minchin. 1n the north. the limits of Lakes Minchin and Tauca are almost
the same as those of the present-day Lake Titicaca.
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Figure 5. Spatial relationships of various lake levels in the north of the Altiplano (from Lavenu
et al., 1984).

and the equivalent of the Ayo Ayo lower Pleistocene deposits further south
(Hoffstetter et al., 1971).

The Cabana Formation, which formed after the Kaluyo glaciation (Ser-
vant, 1977), insets the previous series. This spatial relationship shows that
the Cabana water body had a smaller area and volume than the previous
one. The lacustrine deposits, which again include fluviatile beds, outcrop
over a thickness of about 50 metres. This formation has been eroded to form
the surface S4 at an altitude of 3900 metres.

On the piedmont and in the Cordillera, the surfaces S5 and S4 usually
stand above the valleys of the present-day streams by several tens of metres.
The existence of these two surfaces in the north and centre of the Altiplano
suggests that the Ulloma-Callapa sill, now crossed by the river Desaguadero
in a gorge, did not exist in the lower Pleistocene and that the two lakes,
Mataro and then Cabana, thus each formed a single water body on the
Altiplano (Fig. 6).

The Upper Pleistocene

The sediments of Lake Ballivian, which formed after the Sorata glaciation
(Ulloma Formation in Bolivia and Azangaro Formation in Peru), insets the
Cabana deposits (Bowman, 1909).

These deposits are very fossiliferous and recent works have enabled them
to be attributed to the lower Pleistocene age: Ensenadian or lower Lujanian
in the South American chronology (Hoffstetter, 1986; Marshall et al., 1991;
Marshall and Salinas, 1991). A comparable fauna exists in the Tarija basin
in southern Bolivia, where a volcanic stratum has been given an Ensenadian
age of 0.7 My BP (McFadden et al., 1983). The sediments of Lake Ballivian
correspond to a water body situated at a present-day altitude of 3860 metres.
At the foot of hills and in the Cordillera, the ablation surfaces corresponding
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Figure 6. Communications between the Northern and Central Altiplano (from Lavenu et al.,
1984).

to these sediments form alluvial terraces (t3) covering considerable areas.
These terraces usually lie 5 to 6 metres above the level of present-day
streams.

A few signs of lacustrine terraces around Lake Titicaca at an altitude of
3840 metres could correspond to a postglacial episode of the first Choqueyapu
stage.

In the southern Altiplano, the lacustrine layers of the Escara formation
could correspond to those of Lake Ballivian (Servant, 1977). These layers
are at a lower present-day altitude (3780 metres) and demonstrate the exis-
tence of the Ulloma-Callapa sill.

The end of the Pleistocene is marked by the Lake Minchin deposits which
inset those of Lake Ballivian. This water body is characterised by an ablation
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surface and terraces (t2) situated at 3825 metres altitude, between 10 and 15
metres above the present level of Lake Titicaca. Upstream on the Altiplano
these terraces form alluvial terraces situated 3 to 4 metres above the present-
day streams.

This lake, divided into two water bodies by the Ulloma-Callapa sill, was
very reduced in extent in the north of the Altiplano, but greater in area in
the south. Incomplete fossils have enabled it to be assigned to the undiffer-
entiated Lujanian age (Lavenu, 1984; Marshall and Sempéré, 1991; Marshall
et al., 1991). In the south, an intermediate lacustrine terrace has been dated
to 27,000 years BP (Servant and Fontes, 1978).

The Holocene

The Holocene of the Altiplano is characterised by Lake Tauca (Servant,
1977), also divided into two water bodies by the Ulloma-Callapa sill. Its area
was reduced compared to Lake Minchin. Low alluvial peaty terraces are
found all around this paleolake throughout the Altiplano and in the Cordil-
lera. This is the t1 system, situated 1 metre above the level of the thalwegs.
In the centre of the Altiplano, Servant and Fontes (1978) have assigned it
an age of between 12,500 and 10,000 years BP.

Lakes Minchin and Tauca are related to the melting of the glaciers of the
Choqueyapu glaciation which included two main stages, (Troll, 1930; Troll
and Finsterwalder, 1935) Choqueyapu I before Minchin and Choqueyapu II
before Tauca.

Lake Tauca stabilised at 5 metres above the present level of Lake Titicaca.
In the north of the Altiplano, it was at a level of 3815 metres, and in the
south at 3720 metres. The area of the lake can be estimated at a minimum
of about 52,000 km®. Servant and Fontes (1978) gave it an area of 43,000
km” in the south of the Altiplano. In the north the Tauca water body must
have covered about 9000 km®. These water bodies progressively reduced in
size, so that all that remains is Lake Titicaca (8560 km?) at 3810 metres
altitude in the north of the Altiplano, Lake Poopo (3686 m) in the centre
and the salares (3650 m) in the south. Over the same period the glaciers
have also decreased in volume and area.

Neotectonics

The Andean Cordillera had practically acquired its present-day altitude in
the Pliocene. Between 2 and 3 My BP the upper Pliocene deposits were
subjected to tectonic compression. This shortening, trending NE-SW to E-
W, was responsible for reverse faulting and folding (Lavenu, 1988; Lavenu
and Mercier, 1992). In the early Quaternary a second minor compressional
deformation affected deposits aged from the upper Pliocene to the early
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Figure 7. Structural diagram of the Eastern Cordillera piedmont between La Paz and Lake
Titicaca (from Lavenu, 1981). 1: undifferentiated pre-Pleistocene formations; 2: Quaternary
volcanic formations; 3: pre-Sorata glacial formations; 4: (a) Sorata moraines, (b) Ulloma Forma-
tion; 5: Choqueyapu moraines; 6: Recent Quaternary.

Quaternary. This deformation led to the formation of reverse faults resulting
from a N-S shortening.

Following these compressional events, the Altiplano and particularly the
piedmonts of the Western and Eastern Cordilleras were affected by tectonic
extension in a N-S to NNE-SSW direction. This deformation, which has
affected all Quaternary deposits up to the present, is due to a high topography
effect. This special state of stress is described for the Central Andes of Peru
by Sébrier er al. (1985).

These deformations caused major fracturing in the Plio-Quaternary de-
posits between Lake Titicaca and La Paz. The normal faults have a WNW-
ESE to NW-SE trend (Fig. 7).
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Figure 8. Cross-section of the Eastern Cordillera north-west of Pefnas. Quaternary faults with
throws of hundreds of metres (from Lavenu, 1981). 1: undifferentiated pre-Pleistocene forma-
tions; 2: lower Pleistocene formations; 3: recent Quaternary.

After the formation of surfaces S6 and S5 and the accumulation of Purapu-
rani interglacial deposits dated at 1.6 My BP (Lavenu er al., 1989), the
extensional deformation trending N-S affected lower Pleistocene deposits
(Fig. 8). Steep scarps in the La Paz region demonstrate the existence of a
first period of extension in the Pleistocene (before S6 and S5). Near La Paz
the vertical throw of some normal faults trending 120°E attains 400 metres
(Fig. 9; points 1 and 2 on Fig. 7). The same is true on the shores of the lake
to the west of Huarina, at the foot of the Eastern Cordillera, where deposits
of Pliocene age are uplifted to abnormally high altitudes. On the north-east
shores of the lake at Escoma the S4 surface is situated at altitudes of between
3900 and 3960 metres (Fig. 10). The differences in aititude between S5 and
S4 of 200 metres and between S5 and S6 of 100 metres are also abnormally
high compared to those in the centre of the Altiplano where they are only
50 metres.

Before the development of S4, an extensional tectonic movement occurred
at the foot of the Eastern Cordillera, which caused the Cordillera to be
uplifted relative to the Altiplano. This extensional deformation, by causing
sinking of the land surface, favoured the establishment of Lakes Mataro and
Cabana. It was certainly at this epoch that the lowest part of the Altiplano,
the trough in which Lake Titicaca is now situated, was really created. The
deepest part of the present lake reaches nearly 284 metres near to Soto
Island in Peru (Boulangé and Aquize, 1981).

SW m

Figure 9. Section of the Quebrada Minasa (point | Figure 7) (from Lavenu, 1988). squares:
Sorata moraines; circles: pre-Sorata glacial formations; dots: La Paz Pliocene formation.
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Figure 10. Spatial relationships of ablation surfaces in the central Altiplano (Pando) and on the
Eastern shore of Lake Titicaca (Escoma) (from Lavenu er al., 1984).

A later extensional tectonic deformation affected the S4 surface. In the
Eastern Cordillera the moraines of the Sorata glaciation intrude deeply into
the valleys, another sign of the relative uplifting by comparison with the
Altiplano.

The extensional deformations of the upper Pleistocene and the Holocene
are weaker and the morphological displacements less important. Numerous
indicators show that this N-S extension is continuing: at Llojeta (point 3 on
Fig. 7), the S3 surface which represents the topographic surface of the
Altiplano has a vertical throw of nearly one metre; to the east of Peiias the
Choqueyapu moraines are cut by normal faults; on Cojata island, the level
of Lake Minchin deposits is raised by faulting to more than 17 metres above
the present lake level.

Conclusion

The present lake system on the Altiplano is the result of the evolution of a
more ancient system which began from the lower Pleistocene, with the
transition at the end of the Pliocene from a relatively warm climate to a cool
damp climate.

The presence and size of the lakes are directly related to the recession of
glaciers at the start of the interglacial periods. As in the case of the glaciers,
the areas of successive lacustrine water bodies decreased considerably over
the course of the Quaternary.

Plio-Quaternary tectonic deformations fractured the piedmont of the East-
ern Cordillera. Neotectonic extensional activity trending N-S has typified all
the Quaternary. The tectonic trough which was to be occupied by the present-
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day Lake Titicaca was created in the lower Pleistocene, following Lake
Cabana and before Lake Ballivian.
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II. GEOMORPHOLOGY AND
SEDIMENTATION
II.1. Morphology and bathymetry

DENIS WIRRMANN

At an altitude of 3809 metres above sea level, Lake Titicaca, the northern
lake basin on the Altiplano (a high endorheic plateau in Peru and Bolivia)
is the largest navigable water body in the world lying at over 3000 metres.

Following brief descriptions by Spanish chroniclers, the first scientific
observations were undertaken by A. d’Orbigny during his voyage in South
America (1826-1833). Until the turn of the century the map considered to
be the most reliable was that made by Pentland, following two voyages on
the lake (1827-28/1837-38). Further brief or multidisciplinary expeditions
then took place, notably those of Agassiz and Garman (1876) and Créqui
de Montfort and Sénéchal de la Grange, reported by Neveu-Lemaire in 1906.
Each of these attempted to describe the precise geographical setting, with
greater or lesser success. Following the last great multidisciplinary ex-
pedition, the Percy Sladen Trust Expedition (1936-39). more specialised
studies started to be carried out.

Only the most recent data are taken into account in this synthesis chapter.
The main reference work is that of Boulangé and Aquize Jaen (1981), the
cartographic material used being the 5 maps at 1/100,000 published in 1978
by the Hydrological Services of Peru and Bolivia (Hidronav, 1978) which
were drawn from 7000 soundings to the nearest 0.1 m, based on the average
measurements over 41 years of observations.

The catchment area

This is shared unequally between the Republics of Peru and Bolivia, with its
long axis running NNW-SSE, the coordinates of its extreme points being as
follows (Fig. 1):
14°09'06"-17°08'29" latitude south
68°03'34"7-71°01'42" longitude west

To the north, the catchment area is bounded by the Vilcanota Cordillera
culminating at 5480 m, at a point where the eastern and western Cordilleras
join and which marks the limit of the Altiplano.

C. Dejoux and A. lltis (eds.), Lake Titicaca, 16-22.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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Figure 1. The Lake Titicaca catchment arca (adapted from Boulangé and Aquize Jaen, 1981).

The eastern boundary follows the line of the summits of the Carabaya
and Aricoma Cordilleras (altitudes over 4800 m) then curves in towards the
south to follow the Cordillera Apolobamba whose general level slopes down
to 4800 m.

Further south, the limits of the catchment approach within 10 km of the
lake and the altitude is of the order 4500 m. This narrowing of the catchment
area is related to the heavy erosion on the Amazonian flanks by the Rio
Beni, which penetrates the Cordillera up to the foot of the Illampu peak
(highest point of the catchment at 6322 m), between the Apolobamba and
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Real Cordilleras. The eastern boundary continues along the Cordillera Real
and then follows the edge of the Altiplano in the La Paz region (4000 m
altitude).

The southern flank of the catchment area runs along summits ranging in
height between 4500 and 4800 m and is open to the south by the sole outflow
from the lake, the river Desaguadero, which then flows south to drain into
Lake Poopo.

The western boundary runs north-west — south-east along the western
Cordillera, whose summits do not exceed 5000 m altitude.

The lake basin

The Lake Titicaca basin, having the same orientation as that of the catchment

area, is divided into two sub-basins (Fig.2):

—in the north the Lago Grande or Great Lake,

—in the south, the Lago Menor or Lago Huiflaimarca, joined by the Tiquina
strait which is about 850 metres wide with a maximum depth of 21 metres.

The geographical limits of the lake are as follows:
15°13'19"-16°35'37" latitude south and 68°33’36"-70°02’13" longitude west.

The 915 km long shoreline is poorly defined to the north and west where
it merges with the flood plains of the main inflow rivers. The eastern shore-
line, in contrast, is better defined since it follows a fault line.

The greatest length over water measured between the furthest points on
the shore along NNW-SSE line passing through the Tiquina strait is 178 km,
and the greatest width at right angles to this axis is 69 km in Lago Grande
and 41 km in Lago Huiflaimarca.

Measurements of the area and volume of Lake Titicaca vary slightly
depending on the methods of calculation used -planimetry (Tables 1 and 2)
or direct calculation from the Hidronav data (Table 3). These differences
lead to estimates which are not incompatible with one another, since a drop
in water level of 1 m from the current level (3809 m above sea level) would
lead to a decrease in water area of 1000 km? and a decrease in volume of
about 8 km”.

From direct calculations from cartographic data, the total area of the lake
is 8562 km? and the volume of water 903 km?, the area of the islands being
negligible (1.3 % of the total area).

Lago Grande

Block diagrams made from sounding points enable 4 bathymetric zones in
Lago Grande to be differentiated (Figs 2 and 3): (Figure 3 can be found as
a separate figure at the end of the book)

— a deep water zone over 200 metres deep in the central part of the lake;
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Figure 2. Bathymetry of Lake Titicaca (adapted from Boulangé and Aquize Jaen, 1981).

the deepest point measured by Boulangé and Aquize Jaen (1981), situated
near Soto island, was 284 m deep;

— a zone of moderate depths of between 100 and 200 metres depth, best
developed along the western margins of Lago Grande;

- a zone of intermediate depths of between 100 and 20 metres, occupying
parts of Puno and Achacachi Bays;

- and finally the littoral margins, with less than 20 metres water depth, very
narrow along the eastern shore but well developed in the Puno, Rio Ramis
and Achacachi Bays.

As a general rule, Lago Grande is characterised by a steeply shelving
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Table 1. Morphological parameters of the lake (from Boulangé and Aquize Jaen, 1981)

Lago Mayor Puno Bay Total Lago Menor Lake Titicaca
Akm? ..ol 6542 589 7131 1428 8559
49 1 50 61 1
0.7 0.1 0.7 4.2 13
6493 588 7081 1367 8448
151 41 62 178
69 30 41 69
43 14 47 23 48
284 51 42 284
135 8 125 9 105
0.47 0.16 0.44 0.21 0.37
455 155 610 305 915
DC=C/vmn A 1.59 1.80 2.04 2.28 279
V x 100m3 878.7 4.8 883.5 12.36 895.86

Table 2. Relation between surface area/depth and volume/depth (from Boulangé and Aquize
Jaen, 1981)

Lago Mayor and Puno Bay

Depthin m Water surlace area Volume

km@? % m3 x 10° %

0 6493 100 1245 14.1

20 5407 76.3 153.3 17.4

50 4816 €8 217.2 24.6

100 3886 54.8 180.3 20.4

150 3332 47 130.5 14.8

200 1948 275 66.6 75

250 800 11.3 114 1.2
284

883.5 100

Puno Bay

0 588 100 1.95 40.3

5 221 376 0.91 18.8

10 146 248 1.09 225

20 75 12.8 0.89 18.4

50 2 0.3 0.002 0

52

4.84 100

Lago Menor

0 1367 100 527 427

5 768 56.2 297 240

10 434 3.7 2.90 235

20 167 12.2 0.98 79

30 44 3.2 0.20 1.6

40 4 0.3 0.04 0.3
42

12.36 100
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Table 3. Relation between surface area/depth and volume/depth (from Boulangé and Aquize

Jaen, 1981)
Lake Titicaca
Depthin m AREAS Volume
km? % m3 x 109 %
0 85627 100 903.7 100
1 75415 a8 896.2 99
2 7304.7 85 888.9 98
3 7052.7 82 881.8 975
4 6889.5 80 875 97
5 6754 79 868.2 96
10 6269.5 73 836 925
15 5963 70 805.5 89
20 5714 67 776.5 86
25 56086.5 65 748.2 83
30~ 5500.7 64 720.5 80
35 5411.2 €3 €93.3 77
40 5320.7 62 €66.5 74
45 5249.2 61 €640.1 7
50 5167.2 60 614.1 €8

bottom from straight off the shore and its mean depth is 135 metres. The
islands represent less than 1 % of the total area of 7132 km?, which itself
represents 84% of the total area of lake Titicaca. The volume of Lago
Grande is 889 km>, or 98.5% of the total water volume.

Lago Huifiaimarca

From the figures given above it can be seen that Lago Huifiaimarca only
makes up a very small proportion of the total water volume, although its
area of about 1470 km” represents 16 % of the area of Lake Titicaca. This
reflects its shallow mean depth (9m) and the large area (of the order of
56%) less than 5 m in depth.

Three bathymetrical zones are differentiated (Figs 2 and 3):

— the deepest zone down to 41 m in the north, known as the Chua trough,

— a central basin in the centre-west beyond the line of islands with a maxi-
mum depth of 20 metres,

— a shallow area extending between and around these two zones, with a sill
about 7 metres deep between the Chua trough and the central depression.
As a general rule, the slopes are very gentle, with the exception of the

eastern margin of the Chua trough. The outflow of the Rio Desaguadero is

not deeply cut, but forms a sill (5 metres deep) so it is only when the lake
level is at 3804 m or higher that the lake and the upper reaches of the

Desaguadero are in communication. The current at the outflow from Lake

Huinaimarca is slight, and sometimes even reversed (Carmouze and Aquize

Jaen, 1981), the true outlet being situated further south at Aguallamaya (Fig.

2).

At the point where the Tiquina Strait enters Lago Huiflaimarca there is
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a sill 21 m deep. Lago Huiflaimarca would thus appear to be a basin that
could have functioned as an entity independent of the Lago Grande in the
past and in which two separate basins could have existed (see Chapter III).

Plate 1. Computed depth diagrammes of the Lake Titicaca.
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I1.2. General aspects of present-day sedimentation

LUIS A. RODRIGO and DENIS WIRRMANN

The two principal parameters that control the distribution of the sediments
in the lake are on one hand, the relation between allochothonous elements
of dertrial origin, and autochothonous elements of bio-geochemical origin, on
the other, the nature of bio-chemical sedimentation. Therefore, the different
facies of the actual sediments will be defined in function of their carbonate
concentration, determined by the Bernard Calcimeter, in organic matter
measured by the ashing and insoluble residues left after the acid attack (left
in acid solution).

The synthesis is a summary of the results presented by Boulange er al.
(1981). These authors analyzed some 20 samples taken from the mouths of
the main tributaries of the lake, and some from the affluents up river, as
well as superficial sediments (top 20 cm) taken by Ekman grab in depths of
less than 40 meters and by dredging in deeper water. Samples were taken
trom a total of 100 stations spread over the Lago Menor and the Lago Mayor.

Riverine inputs

These have been classified by attempting to take into account the homo-
geneity of the sources of each input (Fig. 1); four types of sand have been
distinguished:

— Sands of volcanic origin: three types of mineral, occurring in variable
proportions, are predominant: monoclinal pyroxene, hypersthene and
green and brown hornblendes. The proportion by weight of heavy minerals
is always greater than 1% (samples 21, 7 and 5). The light fraction is
composed of quartz, labradorite and traces of mica.

— Sands from Devonian formations are characterised by a high proportion
of tourmaline and weathered zircon associated with metamorphic minerals
such as hornblende and andalusite (sample 9). The quartz, which domin-
ates the light fraction, is associated with small quantities of plagioclases,
kaolinite and smectites.

— Sands from Carboniferous formations have as their main characteristic

C. Dejoux and A. lltis (eds.), Lake Titicaca. 23-28.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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Figure 1. Geology of the catchment of Lake Titicaca and location of the sampling sites in inflow
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In terms of the lake inflow rivers, only the dominant characteristic of the
catchment area are recognisable:

— The Rio Ramis and its tributaries drain the four formations described
above, but the volcanic formations are the one that determine the sand
type;

— The Rio Huancane has a relatively homogeneous catchment area draining
Cretaceous landscapes;

- The Rios llave and Coata transport sands characteristic of volcanic forma-
tions with a clay fraction dominated by montmorillonite associated with a
little illite;

— The Rio Suchez brings to the lake a sandy fraction formed mainly of quartz
(due to the presence of aeolian dunes along its banks); the fraction in
suspension is dominated by illite associated with a little montmorillonite
and traces of kaolinite.

Lacustrine sedimentation

Six sedimentary facies have been defined (Fig. 2) in terms of their concentra-
tions of insoluble residues, carbonates and organic matter.

A) The detrital facies (I)

These are sediments containing more than 70% of clastic components, less
than 25% of organic matter and very little carbonate. They are distributed
along the lake shores, at the mouths of inflows and in the the deep water
zone of Lago Grande, with local differences in granulometry.

On the whole, the most coarse type consists of pebbles of sandstone,
quartzite or volcanic rocks coming directly from the Plio-Quaternary forma-
tions bordering the lake and deposited on the beaches adjoining these out-
crops (Fig. 1). Sandy beaches occur along the west coast of Lago Huifiaimarca
and Lago Grande at the mouths of the Rio Ilave and Suchez. In the latter,
the sandy bottom extends for 5 km, reaching a depth of 50m. Silty muds
form homogeneous compact deposits, coloured brown by the presence of
haematite. These occur at the mouths of inflow rivers, and form two large
detrital fans in Lago Grande in the bay of the Rio Ramis and in Puno Bay
(Rio Coata). The finest detrital deposits are silty-clay muds forming the
superficial sediments in the central depression of Lago Grande.

B) The carbonate detrital facies (II)

These sediments contain less than 25% organic matter and 20 to 70% of
carbonates. They are localised in the littoral zone, occurring between the
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Figure 2. Distribution map of the surface sediment facies, adapted from Boulangé er al. (1981).

detrital (I) and organic (VI) facies. Despite similarities in facies between

Lago Grande and Lago Huifiaimarca, the following differences should be

noted:

- because of the abundant aquatic vegetation related to the shallowness of
the water column, the organic content is higher in Lago Huifiaimarca
(mean 17% compared to 12%) as is the CaCO; content (mean 44%
compared to 34%).

— The residual, more sandy fraction, is greater in Lago Grande.

C) The carbonate facies (111)

These are sediments containing more than 60% of carbonates (calcite and
aragonite) and less than 25% organic matter derived from plankton decompo-
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sition. These fluids, homogeneous sediments contain remains of macro-
phytes, mollusc shells and crustacean carapaces. The silty-clay fraction, mak-
ing up 80% of the total sediment, is formed mostly of grains of calcium
carbonate, associated with a small proportion of illite and montmorillonite.
This facies occurs particularly in the zone occupied by Characeae, that is to
say in depths of 4 to 10 metres and is better represented in Lago Huifiaimarca.

D) The organo-detrital facies (IV')

This facies, characterised by an organic matter content of between 25 and
50% and by less than 15% of carbonates, occurs in the deeper water areas
of Lago Huinaimarca (between 20 and 40 m) and between 80 and 100 m in
Lago Grande. These are dark, gelatinous muds with a strong odour of
hydrogen sulphide and contain very few shells.

E) The carbonate organo-detrital facies (V')

These are also gelatinous muds made of 95% silt and clay, containing some
shells and plant remains and in which the organic matter and carbonate
contents vary between 25-50% and 15-50%, respectively. It is intermediate
between the carbonate (III) and organo-detrital (IV) facies and has only
been recorded in Lago Huiflaimarca on flat bottoms between 10 and 20 m
depth.

F) The organic facies (VI)

This is the sediment occurring in bays in shallow water areas (<2 m) where
totora is abundant. The organic matter content exceeds 50% and there is
very little carbonate. The detrital fraction (25 to 45%) is made up of medium
and fine sands, silt and a high proportion of clay.

The spatial distribution of the various facies is related to water depth, as
this controls the distribution of the aquatic vegetation, which plays an impor-
tant role as filter for the allochthonous input. For example, in going from
the shore to the centre of the basin in Lago Huifaimarca, the following
succession is recorded: in the shallow water areas (<2 m) either a detrital
facies (I) in areas close to inflow rivers, or an organic facies (VI); then
between 2 and 4 metres, the sediments are of the carbonate detrital facies
(II), grading into the carbonate facies (III) in the zone of maximum develop-
ment of Characeae. Between depths of 10 and 20 metres, the superficial
sediments are of the carbonate organo-detrital type (V). Beyond the zone
colonised by aquatic vegetation the sediments are organo-detrital (IV), the
detrital phase having a finer grain size than at the lake margins.
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The same sequence is found in the main bays of Lago Grande, but in the
central basin itself the most common sequence is as follows:

- a zone of sediments of detrital origin, which can extend down to 50 m
depth depending on the slope, with the grain size classification being of
finer sands at the margins and of medium sands at between 20 and 50
metres depth.

— carbonate detrital sediments (or organo-detrital) between 50 and 100
metres depth and beyond this depth, fine detrital deposits.

The sedimentation dynamics are still poorly known, but the sedimentation
rates vary according to the facies and between Lago Grande and Lago
Huifiaimarca. For example in the case of carbonate deposits (III), Boulangé
et al. (1981) give a velocity of sedimentation rate of 0.5mm y~ ' for Lago
Grande, whereas in Lago Huiflaimarca this rate was 10 times higher (Wirrm-
ann et al., 1988). According to the latter, the sedimentation rate for the

organo-detrital facies in Lago Huiflaimarca was of the order of 0.2 mm y .

Plate 2. Above: very accidented reliefs resulting from the Andes formation occur at the altitude
of the Lake Titicaca. They form high islands or steep margins as in many places along the Lago
Grande shoreline. Center: view from the Tiquina Strait towards the Lake Huifaimarca and the
Taquiri and Paco Islands; Down: the lake region receives in sommer heavy rainfalls. Rain
and hail are frequent but, despite the altitude, snowfalls are very occasional. (Photos Claude
Dejoux.)






I1.3. Temporal sedimentation patterns in the
nearshore littoral of Lago Huifiaimarca
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Historical changes in material delivery to a lake are measurable by strati-
graphic study of dated lake sediment cores (Binford et al., 1987). In some
lakes, broad littoral areas lie between the shoreline and open water, where
sediment cores are usually collected. Biological and physical processes in the
littoral zone transform materials delivered to the lake from land (e.g. uptake
of dissolved nutrients by macrophytes), and can function as a sink for ma-
terials that arrive in dissolved or particulate form. Dense macrophyte stands
in the littoral zone serve a regulatory function for the entire lacustrine
ecosystem (Wetzel, 1983), in part by influencing the movement of nutrient
(C, N, and P) and non-nutrient (e.g. silts) materials from the land to open-
water areas of the lake (Howard-Williams, 1985; Howard-Williams and Len-
ton, 1975). Sequestering of material in the nearshore littoral can affect
paleoecological inferences that are based on study of mid-lake sediment
profiles. The vast littoral area of the smaller, southeastern basin of Lake
Titicaca (Huifiaimarca) undoubtedly controls material flux from the terres-
trial to the limnetic environment, and lutimately to open-water sediments.
Seventy percent of the 1430 km? lake is <10 m deep, and 58% of the lake
bottom is covered by macrophyte beds (bathymetry from 1:100,000 scale
map produced by the “Direccién de Hidrografia de la Marina de Bolivia™
and the “Instituto Geografico Militar del Perd” (Anon, 1978); macrophyte
data from Collot et al., (1983).

Sediment accumulation rates in the littoral zone of this lake are major
components of material budgets for the whole system, and their measure-
ments are necessary for studies of long-term ecological alterations of the lake
caused by climatic fluctuation and human activities. Net accumulation of
nutrients and silts in the nearshore, shallow region of the lake represents
intercepted material that might otherwise be deposited in deep water.

This study reports measurements of changing material accumulation rates
in nearshore sediments of Lago Huifiaimarca during the last 150 years. We
present results of *'Pb dating and sediment chemistry based on analysis
of a 98cm sediment-water interface core taken in a small bay near the
archaeological site of Lukurmata, on the north side of the Taraco peninsula

C. Dejoux and A. ltis (eds.). Lake Titicaca, 29-39.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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Figure 1. Map of Lago Huifiaimarca showing the location of Lukurmata mud-water interface
core 22-VIII-86-1 on the north side of the Taraco peninsula, Bolivia.

(Fig. 1). Sediment accumulation rates in the littoral zone of Lake Titicaca
are compared with measurements made in other tropical and subtropical
lakes, and we discuss the implications with respect to ecological processes in
open water.

Materials and methods

Sediment-water interface core 22-VIII-86-1 was taken with a 4 cm diameter,
1.9 m long, plastic-barrel piston corer. The core was extruded in the field at
2 cm intervals to 10 cm depth, at 1 cm intervals to 30 cm depth, and at 4 cm
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intervals thereafter to the base of the section. Dry weight and water content
of the sediment were determined by weight loss on drying for 24 hours at
105°C. Organic matter content was measured by weight loss on ignition for
2 hours at 550°C (Hakanson and Jansson, 1983). Total C was measured
coulometrically (Huffman, 1977), with a Coulometrics Inc. model 5011 coulo-
meter and a System 120 prep line set at 950°C. Selected levels were analyzed
for inorganic carbon with the coulometer and a System 140 prep line using
2N HCIO,.

Ash samples were digested in 1N HCI for total P (Andersen, 1976), total
S and cation analyses. Total P was determined on a Coleman Model 14
spectrophotometer after blue color development with ascorbic acid-am-
monium molybdate reagent (Anon, 1975). Cations were read on a Jarrell-
Ash ICP 9000 and sulfur was measured turbidometrically on the spectropho-
tometer (Anon, 1975). Total N was determined by autoanalyzer following a
modified Kjeldahl digestion (Nelson and Sommers 1975). ?'°Pb assay was
done by distillation extraction of the granddaughter radionuclide *'’Po, disso-
lution of the condensate in weak HCI, and plating on a silver planchette for
alpha spectrometry (modified from Eakins and Morrison, 1978). A known
amount of ***Po was added to samples as a yield tracer. Dates were calculated
with the Constant Rate of Supply (CRS) Model (Appleby and Oldfield,1978),
without mixing terms.

Results

Physical and chemical characteristics of Lukurmata core 22-VIII-86-1 are
presented in Fig. 2. Bulk density (p) and percent dry weight increase with
depth in the core. Organic matter (L.O.1. 550°C) constitutes between 23.6%
and 51.2% of the sediment dry weight and is highly correlated with total C
content (r = 0.96, p < 0.0001). Total C is virtually all organic C, as inorganic
(carbonate) carbon levels are negligible. Nitrogen content in sediments
(11.2-31.4mg g~ ") is higher than levels found in upland soils (<2.0 mg
g "): Brenner unpublished data). Mean total P content in the sediments
(0.82+0.28, n=19) is comparable to values measured in upland soils
(1.10 £ 0.24, n = 9). Total S in sediments is variable (1.3-35.9mg g~ ") and
uncorrelated with total C (r = —0.31, p > 0.05). Ca ranges from 8.4 to
15.1mg g~' and Na ranges between 0.2 and 13.4mg g~'. Both Ca and
Na are correlated with organic matter (r = 0.58, p <0.001 and r = 0.80,
p < 0.0001, respectively). Mg, K, Mn and Fe concentrations are intercorre-
lated and probably bound, for the most part, in clays.

Under the assumptions of the CRS dating model, log unsupported *'°Pb
activity versus core depth (Fig. 3a) is linear if: 1) flux of *'’Pb to the sediments
has remained constant over the past 150 years; 2) there has been no post-
depositional *'’Pb mobility; 3) sediments have not been mixed physically; 4)
net sediment accumulation rate has remained unchanged during the past 150
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12 piofuld "MW ZE



Temporal sedimentation patterns in nearshore littoral 33

LUKURMATA CORE 22-VIlI-86-1

Unsupported 210pp

Sediment
a. (pCi g~ dry sediment) b. Age (years) . Accomamno ot
c’0_1 05 10 50 0o 40 80 120 16?) (g cm=2 ye)
T
o 0 o 0.01 0.02
p==—" -
41 4 0.25
+ ] g =
€ E - - —
§ s E 8 Lo.so 3 3 40
K] ! 5 : 2 B
£ F=
g 12 LR T Lo.rs 2 > 80—
o + a 2 o J
] + ] 2 2
16 t 164 100 2 1201
+ J g 4
20- * 20/ Age/Depth » 125 © 160/
Age/Cum Mass o

Figure 3(a). Unsupported *'°Pb activity plotted against depth in Lukurmata sediment-water
interface core 22-VIII-86-1. Vertical bars indicate the 2'°Pb activity in the interval and horizontal
bars show the counting error. (b). Age vs. depth and age vs. cumulative mass plots. Ages
computed by interpolation between analysed intervals. (c) Bulk sediment accumulation rate vs.
age with sedimentation rates plotted at the basal age of each dated interval.

years; and 5) bulk density (p) is constant over the length of the core. There
is no evidence that *'°Pb flux has fluctuated in the recent past, and post-
depositional migration of *'°Pb is unlikely because lead is bound tightly to
sedimented particles at the high pH of Titicaca waters and muds. Sediment
mixing and homogenization are ruled out by strongly variable concentrations
of chemical constituents, even in the topmost sediments (Binford et al., 1988;
and see Fig. 2 above). Deviations from the straight line in Fig. 3a are thus
attributable to changing bulk density (Fig. 2) and changing net sediment
accumulation rates (Fig. 3c). These two factors also determine the age/depth
plot in Fig. 3b. The age/cumulative mass plot in Fig. 3b illustrates variable
sedimentation rates.

Bulk sediment accumulation rate over the *'°Pb-dated section of the core
has ranged from a low of 0.003 g cm~? yr~ ! for the intervals starting at 143
and 65 years ago, to 0.018 g cm “yr ! for the period starting 106 years ago
(Fig. 3c). The mean net sedimentation rate for the last 143 years is 0.009 g
cm? yr ', Most recently, net sediment accumulation from 1984-1986 has
averaged 0.015g cm™? yr ', and is close to the highest values recorded.
Total residual unsupported *'’Pb accumulation at the core site is 2.76 pCi
cm ?, which is equivalent to a *'°Pb flux rate to the sediments of 0.09 pCi
cm ™ yr~'. The radiocarbon date at the base of the section is 1950 + 80 BP
(GX-13052), yielding a mean sediment accumulation rate over the last two
millennia of 0.011 g cm 2 yr ' (Binford and Brenner, 1989).

Discussion

Organic-rich surface sediments of Lukuramta core 22-VIII-86-1 resemble
nearshore surficial deposits mapped previously north of the Taraco Peninsula
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Table 1. Mean bulk sediment accumulation rates in Lake Titicaca (Lukurmata Core 22-VIII-
86-1) and other tropical lakes.

Lake Country Accumulation rate Time span Dating method
(mg em”? yr"‘) (years)

1. Titicaca Bolivia 9.0 143 “1%ph

2. Titicaca Bolivia 10.7 1950 HC

3. Miragoane Haiti 11.0 129 210py

4. Yaxha Guatemala 38.0 420 pollen

5. Sacnab Guatemala 45.0 420 pollen

6. Quexil Guatemala 16.0 420 pollen

7. Chimaj Guatemala 15.0 146 “1%ph

8. Chilonche Guatemala 47.0 153 *%ph

(Boulange et al., 1981). Most of the organic matter is probably composed of
macrophyte and algal remains that were produced near the site of deposition.
The remainder of the sediment is comprised largely of carbonate-free silts
and clays.

The *'°Pb deposition rate computed from the Titicaca core, 0.09 pCi cm™
yr~ ', is low compared with the value of ~0.5 pCi cm ™ ? yr~' measured in
many areas of the northern hemisphere, which apparently have greater up-
wind ***Rn sources (El-Daoushy, 1988). Low fallout *'’Pb deposition rates
reported for other tropical lakes (e.g. Lake Miragoane, Haiti = 0.09 pCi
cm ° yr~ " [Brenner and Binford, 1988}; Lakes Chilonche and Chimaj, Guate-
mala = 0.134 pCi cm 2 yr~' and 0.085 pCi cm ™ ? yr™', respectively [Brenner
et al., 1990]) are attributed to low rates of **’Rn exhalation from the nearby
sea surface. The low *'“Pb inventory at the Lukurmata site may be a conse-
quence of low radon emission rates from the surrounding land and lake
surface, post-depositional loss of sediment and associated *'’Pb from the core
site, or a sedimentation hiatus. Drying of the core site may have occurred in
the recent past when the lake level dropped. Site desiccation would not only
interrupt sediment and >'°Pb deposition, but would result in loss of previously
deposited material. Low lake stages between 1910 and 1920, and again in
the 1940s would be the most probable times for drying of the core locality.
The most recent lower level was in 1972-1974, when the lake was about
3m shallower and the site should have been barely covered with water.
Nevertheless, sedimentary discontinuities are not evident (Figs 2 and 3), and
a low *'°Pb fallout rate probably accounts for the small total residual *'“Pb.

Net sediment accumulation rate is influenced by many factors including:
watershed-lake ratio, drainage geology and soils, lake and watershed
morphometry, vegetation coverage and human disturbances, lake pro-
ductivity, sediment diagenesis, location of the core site, etc. The long-term
mean bulk sediment accumulation rate at the Lukurmata site is compared
with accumulation rates measured in six other tropical lake basins (Table 1).
Although the lowest net sediment accumulation rate was measured in Lake
Titicaca (9.0mg cm ™ > yr~' for the past 143 years), the value is similar to

2
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Figure 4. Accumulation rates of organic matter. C, N, and P vs. age in Lukurmata mud-
water interface core 22-VIII-86-1. Rates are plotted at the basal age of each dated interval.
Accumulation rates were computed by multiplying the bulk sediment accumulation rate in the
interval by the fraction of the bulk sediment that each variable comprises. Where sedimentary
concentrations were unavailable for dated intervals, the mean concentation for the two contigu-
ous intervals was used.

rates measured in Lakes Miragoane, Quexil and Chimaj (11.0, 16.0 and
15.0 mg.cm ™ *.yr ', respectively).

Contemporary (1984-1986) bulk sediment accumulation rate measured at
the Lukurmata site is low relative to recent (2-10 years) lake-wide mean
values recorded in Florida, USA lakes (Table 2). Likewise, the accumulation
of organic matter, carbon, nitrogen and phosphorus proceeds more slowly
at the Lukurmata site than in Florida lakes (Table 2).

Nearshore sediment accumulation rate has not been constant over the last
143 years (Figs 3c and 4). The magnitude of changes in the net sediment
accumulation rate over time exceeds the magnitude of changes in strati-
graphic concentration of organic matter and nutrients (C, N, and P). Further-
more, organic matter, C, N, and P all show generally increasing concentra-
tions progressing upward over the *'’Pb-datable portion of the core.
Therefore, shifting patterns of organic matter and elemental accumulations
(Fig. 4) display similar trends to those for bulk sediment (Fig 3c).

During the past century there have been two general trends in sediment

Table 2. Recent sediment accumulation rates (mg.cm ™ 2.yr~ ') in Lake Titicaca (Lukurmata core
22-VIII-86-1) and 34 subtropical Florida lakes. Florida data are for mid-lake samples and
represent average lake-wide sedimentation rates for the past 2-10 years (Binford and Brenner
1986). Titicaca data are site-specific accumulation rates for the topmost 2 cm of the core (1984-
1986).

Bulk Organic Carbon Nitrogen Phosphorus
matter
Titicaca 15.2 7.8 3.8 0.48 0.024
Florida
Mean 234, 39.8 20.0 1.83 0.171
s.d. 407. 19.3 10.3 1.07 0.134

range 32-2080 15.3-88.9 6.9-46.7 0.564.42 0.024-0.586
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accumulation rate. First, there was a decline in sediment accumulation over
four decades, starting at a high point 106 years ago. Then, after the low that
began about 1920, there was a general rise in the sediment accumulation
rate that began about 1950. The causes for increasing sediment accumulation
in the complex Titicaca littoral are not obvious, but several mechanisms
could be responsible. Two major events, one terrestrial and one lacustrine,
coincide with rising sediment accumulation since the 1940s. Agrarian reforms
in the 1950s {(Ponce Sangines 1989) probably altered land use practices in
the vicinity of Lukurmata. Increased riparian construction and cultivation
normally increases the flux of nutrient and non-nutrient materials from the
land to the lake. Second, following the low lake stage of the mid-1940s, Lake
Titicaca rose again, with two minor declines in the late 1950s and early 1970s,
into the mid-1980s. The highest recorded lake level of the past century was
in 1985-1986, at 3811.5m a.s.l. (Ponce Sangines 1989). Higher lake level
corresponds with higher rainfall and increased discharge from the canal
surrounding the Cerro Wilakollu. In this seasonally arid drainage system,
increased discharge would probably have delivered more eroded material to
the sediments at the core site during wetter years.

Preliminary results from Lukurmata core 22-VIII-86-1 demonstrate that
the Lukurmata littoral area has accumulated organic-rich sediment for nearly
two millennia (Binford ez al., 1988). Increased rates of bulk sediment accumu-
lation and nutrient sequestering during the last 40 years are correlated with
lake level change and agrarian reform. Nevertheless, until details of historical
land use at Lukurmata are known and effects of lake-level fluctuation are
better understood, the quantitative impact of these events on nearshore
sedimentation cannot be evaluated.

Sediment data from the Lukurmata site suggest that extensive macrophyte
beds dominated by Schoenoplectus tatora, Potamogeton, Myriophyllum, Elo-
dea, Chara and associated filamentous Chlorophytes, use dissolved nutrients
and trap suspended particulates, thereby sequestering nutrient and non-
nutrient materials in the nearshore environment. Nutrient scavenging in the
littoral zone probably limits nutrient delivery to open-water regions of Lake
Titicaca, thus limiting phytoplankton standing crops and maintaining high
water transparencies with Secchi disk depths ranging from 2 to 7 m (Lazzaro
1985). Macrophyte growth occurs year-round, so there is no seasonal die-
back and nutrient release as occurs in temperate lakes (Carpenter and Lodge
1986). Lake-level change and harvesting by local inhabitants probably keeps
the macrophyte community in an aggrading phase (sensu Bormann and Li-
kens 1979, Vitousek and Reiners 1975, Gorham er al. 1979), which results
in the littoral being a net sink of nutrients that enter the lake by overland
or nearshore groundwater flow.

Preliminary age/depth data from deep-water Titicaca cores indicate that
total sediment accumulation rates in nearshore areas are of the same order
of magnitude as those recorded at open-water sites. An 8.36 m core taken
in 8.5m of water near Huatajata has a sedimentation rate of 0.22cm yr~'
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(3430 yrs B.P. at 7.55m). A 3.27m core collected in 8.3 m of water near
Guaqui has a sediment accumulation rate of 0.10cm yr~' (3160 yrs B.P. at
3.20m). At Lukurmata, 20 cm of sediment accumulated during the past 143
years (0.14 cm yr™'), and 96 cm accumulated in 1950 years (0.05 cm yr ™).

Data from the Lukurmata core suggest the importance of the Titicaca
littoral zone in controlling open-water productivity and sedimentation. Fu-
ture work will be directed at comparing the Lukurmata core with other
nearshore profiles and sampling cores throughout Lago Huifaimarca to assess
lake-wide sediment deposition patterns.
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I11. PALEOHYDROLOGY
I1.1. A 20,000 years paleohydrological record from
Lake Titicaca

DENIS WIRRMANN, JEAN-PIERRE YBERT and
PHILIPPE MOURGUIART

The Bolivian Altiplano is an endorheic basin which extends from 16° to 20°
S. Lat. and from 65° to 69°W. Long., with altitudes ranging from 3700
to 4600 metres, covering 200,000 km? between the Western and Eastern
Cordilleras which are 6500 m high (Fig. 1). From north to south, three major
lacustrine areas occupy this high plateau:

— Lake Titicaca at 3809 metres above sea level, covering 8562 km?;

- Lake Poopo at 3686 m.a.s.]. covering 2530 km?;

— Coipasa-Uyuni, a group of dry salt lakes, covering 11,000 km” at
3653 m.a.s.l.

Over the last 1.8 million years these basins have registered episodes of
greatly enlarged lake areas. According to Lavenu er al. (1984) and to Servant
and Fontes (1978, 1984), the Pleistocene record of Titicaca lake level fluctu-
ations can be summarised as follows:

— during the Early Pleistocene the paleolake Mataro rose with a water level
established at 140 metres above the present level. This stage is related to
the end of the Calvario glaciation (Servant, 1977) and the corresponding
deposits are recognisable mainly at the NW edge of the basin;

— the paleolake Cabana occurred during the middle Pleistocene with a water
level established at 90 metres above the present Lake Titicaca level; the
associated sediments are present on the eastern and western shores of the
basin;

— then with the retreat of the Sorata glaciation (Servant, 1977) the Ballivian
stage occurred with a paleolake in which the water level was 50 metres
higher than the present level; its deposits are located in the southern and
western coasts of the basin;

- a lacustrine terrace, located at 15 metres above the present lake level, is
attributed to the paleolake Minchin (Upper Pleistocene, between 27,000
and 21,000 years BP), according to correlations with the Central Altiplano:

— the last Pleistocene lacustrine episode, at approximately 10 500 BP, corre-
sponds to the Tauca stage, giving rise to a paleolake slightly larger in area
than the Lake Titicaca. According to Hastenrath and Kutzbach (1985) and
Kessler (1985) this stage is attributed to an increase of 50% to 30% in the
rainfall over the Altiplano.

C. Dejoux and A. Illtis (eds.), Lake Titicaca. 40-48.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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Figure 1. The Bolivian Altiplano showing the extent of the Tauca lacustrine phase (modified
after Servant and Fontes, 1978):

1: over 4500 m 4: below 3500 m

2: 4000-4500 m 5: extent of Lake Tauca

3: 3500-4000 m 6: dry salt lakes
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In this paper we will describe the Titicaca lake level oscillations occurring
during the final stages of the Upper Pleistocene and the Holocene. This study
is part of the GEOCIT programme (Géodynamique du Climat Intertropical)
developed by the ORSTOM and was carried out in Bolivia with the collabor-
ation of the Universidad Mayor de San Andrés (UMSA) at La Paz.

Materials and methods

Several sediment core samples have been collected using various coring
devices depending on the water depth (Fig. 2) in the different areas recog-
nised in Lago Grande and Lago Huiflaimarca (Chapter. II.1).

Firstly, a number of transects were made with a Ziillig corer with a
maximum core length 180 cm and a diameter of over 33 mm (Vargas, 1982;
Wirrmann, 1982). 17 cores were later collected using a 6 metre Mackereth
corer (Barton and Burden, 1979) to provide sedimentological records cover-
ing a longer time period. After that the characteristics of the present distribu-
tion of the ostracod fauna (Chapter.VI.4.f) and pollen content (Ybert 1988
and in prep.) in the superficial sediments and sediment-water interface was
studied by analysing Mondsee core samples {maximum length 80 cm with a
diameter of over 60 mm). A total of 56 cores samples were collected in 1981-
1983 and 1986-1988.

The sedimentological results are based on a detailed lithological descrip-
tion of the core sections (texture, colour after the Munsell Soil Color Charts
ed. 1975, faunal contents) and on quantitative and/or qualitative determina-
tion of the main components (geochemistry, X-ray, microgranulometry, bin-
ocular and microscopic observations). Exhaustive descriptions of the core
samples are available in de Oliveira Almeida (1986), Wirrmann (1987) and
Wirrmann et al. (1988).

The paleontological data relating to the ostracod fauna are presented in
Mourguiart (1987) and those concerning the pollen record in the two Macker-
eth cores (TD, TD1) are available in Ybert (1988).

The paleoenvironmental interpretations are made in reference to qualita-
tive changes in the sedimentological records, in the ostracod fauna and in
pollen composition and their comparison with the present distribution.

We will present here paleohydrological data back to 20,000 BP, based on
a radiochronology obtained by dating organic matter or ostracod carapaces
(**C Accelerator Mass Spectrometry methodology) or the bulk sediment
(classical '"*C method).

Results

Comparative analysis of the sedimentological and paleological data based on
this chronology and assuming the absence of turbid or biological perturbation
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Figure 2. Core localities in Lake Titicaca:
Mackereth core: v
Ziillig core: ®
Mondsee core: *

in the core samples, allows us to propose the following interpretative curves
for lake level fluctuations (Fig. 3).

The Upper Pleistocene

There is only one core, TD1, which provides a partial radiochronology for
this period. The ages obtained span a time interval of between 18,000 and
21,000 BP (Wirrmann, 1991), but the base of the core may roughly corre-
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spond to an estimated age of 24,000 BP, assuming a constant sedimentation

rate.

The palynological records argue in favour of a very low lake level in
comparison with the present level:

— before 21,000 BP, pollen contents are equivalent to those from the Isoetes
zone of present-day high altitude glacial lakes of the Hichu Kkota valley
(Ybert in prep.). They imply a water depth of between 0.4 to 4 metres;

— from about 21,000 to 20,000 BP, a stage of very shallow water depth (less
than 0.2 metres) is inferred by the very low amounts of algae;

- from 20,000 to 19,100 BP the water depth increases to 4 metres;

— from about 19,100 to 18,000 BP, the water depth is estimated at between
1 and 8 metres.

The overall trend in sediment composition up until 18,000 BP (i.e. very
fine mineral deposits of 71 to 47 % of clay, containing scattered grains of
vivianite, greigite and framboidal pyrite from the base of the core to the top
of this section and with a mean amount of 10 % carbonates), does not allow
lake level fluctuations to be determined during this time interval. Moreover
these deposits have no present equivalent in Lake Titicaca or in the glacial
lakes. The absence of evaporites during this period of very low lake level,
when the Desaguadero outlet could not have been functioning, is still not
explained. Hence it is difficult to be precise about the paleobathymetrical
environment from sedimentological evidence.

No dating has been obtained for the TD1 core between 18 185 BP and
7700 BP. The palynological characteristics of the corresponding core section
(only 54 cm in length) argue in favour of a higher lake level than during the
preceding stage, but lower than the present level at first, and then exceeding
it. The presence of diatoms of deep, freshwater environments (S. Servant-
Vildary, pers. comm.) at the top of this section confirms this final high lake
level. From correlations with the Central Altiplano lacustrine basins, this
stage can be attributed to the Tauca phase. Despite the lack of lithological
unconformities, a hiatus in sedimentation is likely to have occurred. It is
only with a more detailed chronology that it will be possible to be precise
about the timing of this event.

From the age of 9600 BP obtained at a level of 291.5-295.5 cm, the base
of the TD core (core section 320-483 cm) dates from the ultimate Upper
Pleistocene. From palynological evidence, these azoic, clayey non-carbonate
sediments, containing framboidal pyrite, are attributed to a lake level estab-
lished between 5-10 metres below the present for the 483-420 cm, section,
then quite similar to the present level and finally from 360 cm, slightly
higher than at present. The top of this core section may represent the
Tauca lacustrine phase, which is defined with more precision in the Central
Altiplano, although still not totally reliably (Servant and Fontes, 1978, 1984).

From their lithology, cores TB and TB2 taken in the Chua hollow in
Lago Huiflaimarca belong to this time period, but have not been dated
radiochronologically up until now. Unfortunately the specific environmental
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conditions in Lago Huifiaimarca make it difficult to propose sedimentological
correlations with cores TD and TD1. Here again, more '*C datings are
needed to clarify the chronology of lake level changes.

The Holocene

For this period the chronology is documented with more precision: 8 datings
for Lago Grande and 16 datings for Lago Huifiaimarca. Five major stages
are defined:

- from approximately 10,500 BP to 7700 BP, a decrease in lake area took
place after the Tauca episode. Lake Titicaca registered a severe drop in
level, progressive at the beginning and becoming more and more drastic
afterwards. This decrease is well recorded in core TD: at 9600 BP the
water level was established at around 15 metres below the present level
(high amounts of terrestrial and wetland pollen and of miscellaneous algae,
but with very few Pediastrum and Botryococcus). The sediments became
coarser and richer in carbonates and in organic matter;

— from 7700 BP to 7250 BP, the lake level dropped by at least 50 metres in
the Lago Grande, as inferred from the basal evaporites in core TJ. Gypsum
precipitation also occurred in Lago Huifiaimarca: it is observed in the
lower core sections of cores TB2, TC, TC1 and TE and in cores TD
and TD1. Titicaca was characterised by very shallow, small and scattered
individual basins in Lake Huifiaimarca (Chua hollow and western central
depression) and around the central depression of Lago Grande. The conse-
quence of this drought episode was the reduction of 42% in the water area
of the lake and a loss of 30% of its water volume (Fig. 4). The communi-
cations between Lago Grande and Lago Huifiaimarca, and between the
Chua hollow and the western central depression in the latter, were cut off;

— from about 7250 BP to 4000 BP, from the evidence on continuing individual
basins, there was at first a stage of a very low lake level established around
10-45 metres below the present level. From the evidence of the ostracod
fauna and diatom flora associations, the dissolved salts concentration rose
to more than 40 g 17! in the western central depression of Lago Huifiaim-
arca. Then, the occurrence of oligohaline to freshwater ostracod species
and pollen types indicate a progressive and slight rising of the water level.
The sediments belong to the carbonate facies, including variable quantities
of shells and Characeae remains. The waters were oligohaline in both the
Lago Grande and in the Chua hollow;

— from about 4000 BP to 2000 BP, after a short but notable phase of
decrease, a progressive rise in lake level took place, giving a water depth
established about 10 metres below the present level. Major inflows of
water enriched in Na®™ and Cl~ are noted, but the waters were fresh
from 3600 BP. The communication between the Lago Grande and Lago
Huifaimarca was re-established at the end of this period;
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Figure 4. Block diagram of the present Titicaca basin showing the emerged land (hatched), the
state of water level during the maximum lowering (50) and the corresponding water area (after
Wirrmann, 1987 and Wirrmann er al., 1988).
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— after 2000 BP and before 1000 BP, Lake Titicaca assumed its present state
and the Desaguadero became an effective outlet. Lake level oscillations
of 5-10 metres amplitude are noted. According to historical chroniclers
(Ramos Gavildn, 1621) a slight rise in level occurred around 350 BP. This
event is not recorded in all the Mackereth cores, because the majority of
them have been sampled beyond the water depth which allows the re-
cording of such interannual lake level fluctuations. It is only in four cores
(TC, TC1, TE and TF) and also in two Ziillig cores (B1 and D4) that this
event is recognisable.



IIT.2. Ancient lake environments as deduced from
pollen analysis

JEAN-PIERRE YBERT

Studies carried out on two cores from Lago Huifiaimarca, TD and TD1

(see Chapter III.1), have demonstrated great variations in the palynological

content of sediments and reveal the presence in the lower layers of large

quantities of Isoetes, an aquatic fern not recorded at present in Lake Titicaca,
but abundant in the high Bolivian valleys at between 4250 and 4750 m altitude

(Collot, 1980).

To interpret the fossil spectra in paleoclimatological terms, it is therefore
necessary to know the present-day pollen sedimentation pattern in lakes
whose environment would appear to correspond as closely as possible to that
which Lake Titicaca experienced in the past. The lakes selected for this study
were, firstly, those in the Hichu Kkota valley close to Lake Titicaca and
situated in a botanically high altitude environment (Fig. 1 A and B) and
secondly, Lake Poopo, characterised by a halophytic flora (Figs 1 A and C).

The paleobathymetric interpretations are derived from the comparison of
present-day spectra obtained from analysing superficial samples taken along
transects across these lakes as well as in Lake Titicaca with a Mondsee corer
(Figs 1 and 2).

The fossil samples analysed were taken at 10 cm intervals on cores TD
and TD1 and were then processed using the following steps:

— treatment with 10% HCI, with boiling 15% KOH, acetolysis, densimetric
separation using bromoform with d = 2, mounting in glycerine/gelatine.
The palynomorphs identified in the analyses were lumped into 4 large

groupings in terms of their dominant ecological origin: terrestrial habitats or

wetland habitats (marshes, bogs, flood-plains bordering the lake) or their
biological origin: aquatic macrophytes or planktonic organisms.

The taxa making up these groupings are given in the legends to the pollen
diagrams.

Location of the sampling transects for the present-day samples and their
corresponding environments

The Hichu Kkota valley, situated to the east of Lake Titicaca, belongs to
the Puna region, a high Andean province also known as the “Puna Brava”

C. Dejoux and A. Iltis (eds.), Lake Titicaca, 49-62.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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which is typified by its very sparse vegetation dominated by tussock-forming
grasses. The mean annual temperature is 5.4°C at 4310 m altitude and the
thermal gradient is of the order of 0.53°C per 100 metres (Ostria, 1987).
Annual precipitation averages 834 mm, with a peak in January-February.

Ostria (1987) and Collot (1980) have studied the vegetation of this valley
and have established the altitudinal distribution of the various plant species.
Among the taxa recognised in the palynological preparations are:
Nototriche violacea recorded above 4900 m; Valeriana, present between 4650
and 4750 m in dry areas; Caryophyllaceae and liguliflorous Compositae,
which are especially abundant above 4500 m; Gentiana present between 4300
and 4800 m, but most abundant around 4500 m; Juncaceae which make up
most of the vegetation of the bogs (known as ““bofédales”) above 4550 m,
where they are associated with numerous mosses and liverworts; Plantago,
abundant below 4500 m in the bottom of damp valleys; Elodea, Myriophyl-
lum, Lilaeopsis, Ruppia and Schoenoplectus tatora, whose upper limits of
occurrence are respectively 4700, 4500, 4400 and 4300 m; Isoetes, present in
all the lakes between 4250 and 4750 m.

The phytoplankton (Iltis, 1984) is represented by Botryococcus braunii,
Spirogyra, Zygnema, Staurastrum, Mougeotia and Pediastrum, to mention
only those taxa recognisable in our preparations. It should be noted, how-
ever, that Pediastrum is absent from Jankho Kkota, the highest lake.

One transect was studied for each of the main lakes in the valley (Fig. 1):
Khara Kkota (4310 m), Khotia (4450 m) and Jankho Kkota (4690 m), lakes
with mean water temperatures of 9.6°C, 8.8°C and 7°C respectively (lltis,
1988).

Lake Titicaca is situated in the province of Puna sensu stricto, at a mean
altitude of 3810 m; it is subject to a cold and semi-arid climate with a mean
annual temperature of 8°C and rainfall of between 790 and 950 mm per year.
The herbaceous vegetation is dominated by Gramineae, but Compositae and
Chenopodiaceae are also well represented. Trees are infrequent, the main
species being Polylepis tomentella, Buddleya incana, Cantua dependens and
Eucalyptus sp. introduced in the last century.

The aquatic macrophytes recognised in our preparations were Lilaeopsis,
Hydrocotyle, Myriophyllum, Elodea, Schoenoplectus tatora, Potamogeton
and a small amount of Ruppia. It is noteworthy that Lilaeopsis, which flowers
regularly in Lakes Khara Kkota and Khotia, has never been found flowering
in Lake Titicaca.

The phytoplankton found in our preparations is composed mainly of
Botryococcus braunii, Pediastrum, Ankistrodesmus, Spirogyra, Mougeotia,
Zygnema and Staurastrum.

The mean surface water temperature is 12 to 14°C for Lago Grande and
10 to 16°C for Lago Huifiaimarca (Iltis, 1987).

Three transects were studied (Fig. 2), the first in Lago Grande extending
from Achacachi Bay in the direction of Sun Island, the two others in Lago
Huifiaimarca, from Suana Island in a southerly and south-westerly direction
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Figure 1. Map showing location of study lakes.
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Figure 2. Map showing location of transects in Lake Titicaca.

respectively. The deepest samples (D X 6 and D X 7) were taken with a
Zillig type grab (Figs 2 and 3).

Lake Poopo, situated at 3690 m altitude, is also in the province of Puna
sensu stricto, but is in an area with a colder and more arid climate than Lake
Titicaca. The mean annual temperature is 6 to 8 °C and rainfall is between
300 and 400 mm per year.

The surrounding vegetation is a mountain steppe dominated by Gramineae
and Compositae, with frequent cactuses in rocky areas. Because of the
saline soils, the vegetation around the lake itself is composed mainly of
Chenopodiaceae.

The water is generally saline (up to 50 g17'), so Myriophyllum and Schoen-
oplectus are rare. The most abundant aquatic plant is Ruppia which covers
nearly 60 % of the lake area. The phytoplankton is dominated by the genera
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Nodularia, Oscillatoria, Dictyosphaerium, Peridinium and Cyclotella (1ltis et
al., 1990).

One transect was studied in the southern part of the lake, extending north-
west from Quillacas (Fig. 1).

Present-day distribution of palynomorphs in relation to water depth and
environmental factors

Analysis of superficial samples (Ybert, in prep.) has demonstrated a direct
relationship between the distribution of the palynomorphs and the zonation
of aquatic macrophytes, which itself is related to water depth (Collot, 1980).

The main features of this distribution, which is well marked on the transect
in Lago Grande (Fig. 3), can be summarised as follows:

The taxa from terrestrial environments are on the whole abundant (12 to
35%) from the lake shore down to 1 m depth, with a maximum of 60 to 80%
at about 40 cm. Their proportion then decreases rapidly to 5 to 15% between
1 and 2 m and then stays around 5% down to 8 to 10 m depth. After 10 m
it increases again (10 %) as a result of the input of allochthonous components
and wind-dispersed taxa;

The taxa from wetland habitats are very abundant in the shoreline zone,
where fungal spores dominate. They remain abundant (15 to 35%) from
40 cm to 2 m depth, where they are made up essentially of fungal spores and
Cyperaceae pollen. They then decrease rapidly so as to represent only 2 to
5% of the palynological spectrum from 4 m onwards;

Aquatic macrophytes occur at less than 4% in the shoreline zone (between
0 and 40 cm depth), then increase to 15 to 40% in the Myriophyllum zone
(between 40 cm and 2 m), then decrease rapidly so as to disappear almost
completely from 4 m depth;

Algae are poorly represented (5% ) down to 40 cm depth where they are
made up essentially of Spirogyra. Botryococcus appears between 0 and 20 cm,
increases slightly (3 to 10%) down to 2 m and then becomes dominant (80
to 90%) after 10 m. Pediastrum appears around 60 cm depth and remains at
levels of between 2 and 10% until about 4 m, then becomes dominant be-
tween 4 and 10m (50 to 70%) and then decreases (<5%). Ankistrodesmus
(10 to 15%) is common in the Myriophyllum zone but not abundant else-
where.

On the whole, this distribution was found to be almost identical in all the
transects studied; however, the composition of the 4 main groupings of
palynomorphs varies in relation to the ambient environment and character-
ises certain abiotic factors.

The altitudinal factor (Fig. 4) is characterised by:

- much higher percentages of Valeriana at Jankho Kkota (2%) than at

Khotia (<0.2%);

— progressively higher percentages of Amaranthaceae-Caryophyllaceae (0.1
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to 0.4%), ligulifiorous Compositae (<0.1 to 1%) and Juncaceae going
from Lake Titicaca to Lake Jankho Kkota;

— the absence of Valeriana, Gentiana and Juncaceae from the superficial
sediments of Lake Titicaca;

- the proportion of Gentiana ranging 2 to 4% at Khotia and less than 1%
at Jankho Kkota and Khara Kkota;

— high percentages of Isoetes at Khara Kkota (21% on average for all spectra,
80% between 0.1 and 3.5 m depth) but lower at Khotia and Jankho Kkota
(2 and 10% respectively) and very low in Titicaca (<0.2%);

— high percentages of Plantago in the shallow water samples at Khara Kkota
(33%) and Khotia (20%), but very low at Jankho Kkota (<1%) and
Titicaca (<2%);

— high percentages (>25%) of Cyperaceae between 1.8 and 4 m depth in
Titicaca, less than 5% in Khara Kkota and Khotia and less than 1% at
Jankho Kkota;

— the absence of Pediastrum in Jankho Kkota, percentages of less than 3%
in Khotia and Khara Kkota and greater than 20% in Titicaca;
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Figure 4. Composite palynological histograms of the lakes arranged according to altitude.
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Ancient lake environments (deduced from pollen analysis)
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Figure 6. Composite palynological diagram of core TD1.
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Legends to the pollen diagrams

o — 170 Samples analysed
x ‘Terrestrial palynomorphs’ curve
. Wetland palynomorphs' curve
- Aquatic palynomorphs' curve
o Algae' curve

D Poliens from tecrestrial plants
1 Gramincac
2 Compositac
3 Periporate
4 Altitudinal plants
5 Others

Pollens and spores from wetland plants

6 Plantago

Ta Cyperaceae

ki Juncaceae

8a Pieridophyta, Mosses, Hepaticae
8b Fungi, Incertae sedis

Pollens and spores from aguatic plants

9 Umbelliferac
10a Myriophylium
10b Ruppia
10¢ Isoétes
11 Others

Algae
12 Others
13 Spirogyra
14 Pediastrum
15 Botryococeus

- percentages of Myriophyllum exceeding 40% in Achacachi Bay (Titicaca)
and less than 0.2% in Lake Poopo;

— percentages of Pediastrum of less than 0.6% in Lake Poopo, but at times
exceeding 60% in Titicaca.

Deductions concerning the Lake Titicaca environment over the last twenty
thousand years

Interpretation of the palynological diagrams for cores TD and TD1 (Figs 5
and 6), in comparison with the present-day data summarised above, leads
us to propose the following succession of environmental conditions in the
central-west basin of Lago Huifiaimarca:

Palynological zone E, at the base of core TD1, before 21,000 BP.

The presence of Valeriana, Gentiana, Isoetes and Juncaceae is evidence
of a ‘Puna Brava’ environment, with a temperature close to that currently
occurring at about 4500 m altitude, or 3 to 5°C below present tempera-
tures.
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The lake was shallow and the shorelines were occupied by “‘bofédales”
identical to those occurring in the Hichu Kkota valley above 4500 m. The
lake bottom was vegetated by Isoetes and not by totora as is the case now
(Photos 1 and 2).
Palynological zone D, base of core TD, 400-200 cm on TD1, between about
21,000 and 17,500 BP.
In general terms the environment stays the same, but there is firstly a
drop in lake level (sub-zone D3), then a progressive rise from 3 to 15
metres.
The presence of Valeriana and Juncaceae, and the total absence of Pedias-
trum in the sub-zone D2, indicates an environment comparable to that of
Lake Jankho Kkota. The temperature was therefore 5 to 7°C lower than
at present, and then 2 to 5°C lower in D1.
Palynological zone C, 425-320 cm on TD, 200-150 on TD1, between about
17,500 and 11,000 BP.
Isoetes is still numerous in sub-zone C2, Pediastrum and Plantago are
present, but Valeriana and Juncaceae have disappeared. This association
is equivalent to that of the superficial sediments in Lake Khara Kkota.
The temperature has increased to reach values close to those at present
and at the same time the lake level has risen significantly to 2 to 10 m
below the present level. The ““bofédales™ with Juncaceae have disappeared
from the margins to be replaced by meadows with Plantago.
During the period corresponding to sub-zone C1, Isoetes and the wetland
palynomorphs disappear completely and Pediastrum increases. The lake
environment becomes more or less the same as at present. Temperatures
are the same as or slightly higher than at present and the lake level is
about 5 m higher.
There is then the start of a drop in temperature and lake level from 12,000
or 11,500 BP (corresponding to the top of the C zone).
Palynological zone B, 320-110 cm on TD, 150-85 ¢cm on TD1, between about
11,000 and 4100 BP.
The drop in level started in C1 is accentuated, and from about 10 500 BP
the depth of the lake decreases rapidly so as to become of the order of 2
to 5m only. The depth then decreases even more and varies between 0
and 1m, the lowest levels being between about 7700 and 6500 BP and
then about 4500 BP.
The temperature was lower than at present by 1 to 3°C during the period
corresponding to sub-zone BS (about 11,000-9500 BP), close to the pre-
sent value between 9500 and 5500 BP, with slight cooling at about 8700
and 6500 BP, and then again 1 to 2°C cooler from about 5000 BP.
The predominance of fungal spores, Spirogyra and Chenopodiaceae
pollen, the presence of Ruppia and the rarity of Myriophyllum and Pedias-
trum indicate a saline environment comparable to that of Lake Poopo.
Palynological zone A, top of TD and TD1, from about 4100 BP.
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This zone is marked by a rapid increase in the percentage of algae and
the almost complete disappearance of wetland palynomorphs, which indi-
cates a major rise in lake level.

The water level was 10 to 15 m below the present level between about
3000 and 2000 BP, then at the same level from 2000 to 1500 BP. A well-
marked drop occurred about 2500 BP together with oscillations of an
amplitude of about 5m marked by sharp increases in the percentage of
Pediastrum.

Temperatures were close to those at present, but slight cooling could have
taken place at about 3000, 1200 and 600 BP.

The absence of Pediastrum during the first half of the period corresponding
to the sub-zone A3 (before 3600 BP) indicate that the waters were still
saline. The proportion of Cyperaceae then increased at the start of the
sub-zone A2 and it is only from about this period (about 3000 years BP)
that totoras must have developed, giving Lake Titicaca the appearance by
which it is known today.
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IV. CLIMATOLOGY AND HYDROLOGY
IV.1. Climatology and hydrology of the Lake
Titicaca basin

MICHEL ALAIN ROCHE, JACQUES BOURGES, JOSE CORTES
and ROGER MATTOS

Two separate active hydrological systems are present within the endorheic
basin of the Altiplano: (i) Lake Titicaca (3809.5 m altitude) which overflows
via the Rio Desaguadero into Lake Poopo (3686 m), which itself overflows
into the Salar de Coipasa (3657 m) during periods of high water level. (ii)
The Salar de Uyuni (3653 m) into which flows the Rio Grande of the Lipez
(Fig. 1). These two systems can communicate with one another, but only at
water levels higher than those recorded in 1986. At the present day Lake
Titicaca is the only large and truly perennial surface water body.

The total area of the Lake Titicaca basin, to the offtake of the Desaguad-
ero and including the area of open water, is 57,500 km?, a quarter lying in
Bolivia and three-quarters in Peru.

The catchment area covers 49,010 km?, or 85% of the total basin, 1/5
being in Bolivia and 4/5 in Peru. Three-quarters of the catchment area is
drained by six rivers (Table 1): The Rios Ramis (31%), Ilave (15%), Coata
(11%), Catari (7%), Huancane (7%) and Suchez (6%).

4% of the basin lies at an altitude of between 5000 and 6400 m. The plain
of the Altiplano makes up 28%, whereas the lake itself covers 15% of the
area. The average gradient of the inflow rivers can vary from 35m km™" in
the upper parts of the basin to 0.8 m km ™' in the lower reaches. The main
water courses are between 120 and 180 km long, but the Rio Ramis measures
283 km long.

The lake shoreline is 915 km long. If it is assumed that the maximum
inter-annual fluctuation in lake size is = 200 m from the mean position of the
shoreline around all its perimeter, this corresponds, over a total area of 8490
km?, to a change in area of + 2.0% for the period 1968-1987. Because this
figure lacks accuracy and calibration, this correction has not been applied to
the hydrological calculations on the lake.

Functioning and hydrological balance of Lake Titicaca

In addition to an annual fluctuation in level, Lake Titicaca also undergoes

C. Dejoux and A. Iltis (eds.), Lake Titicaca, 63—-88.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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Figure 1. Hydrological systems of the Bolivian-Peruvian Altiplano. Hydrography of the Lake
Titicaca basin.

changes in level of a time-scale of several years. Since 1914, the range of
variation has been 6.37 metres.

Lake Titicaca is fed by inflows from the surrounding rivers around its
margins and by rain falling directly onto the lake. Losses are due to evapor-
ation and surface drainage leaving via the Desaguadero. Certain authors
(Carmouze, 1981; Lozada, 1985) believe there is infiltration of water through
the lake bed, which contributes to the removal of dissolved salts, in addition
to removal by surface outflow via the Rio Desaguadero and physico-chemical
and biochemical sedimentation within the lake itself. However, the water
table along the shorelines lies above the level of the open water (Guyot et
al., 1990) and the aquifer contributes to the lake inflows.
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Variations between years in precipitation and evaporation in the basin
determine the water level of the lake. Water losses are also regulated by
topographical sills occurring between the start of the Rio Desaguadero (at
Puente Internacional) and the downstream end of a broad section of the
river known as the Laguna Lucuchala, extending some 30 km from the lake
(to Aguallamaya). At the exit from the lake, the cross-section of the outlet
forms a V-shaped sill whose bottom lies at an altitude of about 3803 m. This
does not always form the sill controlling the outflow of water, which can be
further downstream. The water flowing out of the lake flows south along the
course of the Desaguadero which also receives water from other catchments
on the Altiplano. The hydrological system of sills and water levels which
controls the outflow of water from the lake therefore seems to be complex,
especially at periods of low water level.

If inputs from rainfall and rivers make the level of the Laguna Lucuchala
rise more quickly than that of the lake, water can flow out from both ends
of the lagoon: southwards down the Desaguadero and northwards towards
the lake. This supply of water to the lake will continue until the level of the
lake reestablishes a new equilibrium. The current is then reversed and the
Desaguadero regains its normal course. It should be stressed that this current
reversal is a rare and transient phenomenon, only involving relatively small
volumes of water in terms of mean values and overall lake balance.

The hydrological balance of Lake Titicaca can be expressed as:

P+Qt+Qn=Qd+ Qi+ Qe+dH

where:
P = Precipitation on the lake,
Qt = Inflows to the lake from rivers Qt = Pt — Et — Qef + n,
where
Pt: is the precipitation on the inflow catchments,
Et: true evapo-transpiration,
Qef: any artificial exports out of the catchment, via water courses,
n: changes in the quantity of water stored in the aquifer, whose value
can be positive or negative
Qn = Inflows to the lake from aquifers,
E = Evaporation from the lake surface,
Qd = Surface losses via the outflow, the Rio Desaguadero,
Qi = Infiltration through the lake bed, if such exists,
dH = Changes in lake storage, whose value can be positive or negative.

The climate of Lake Titicaca basin
All the data used for both climatic and hydrological calculations are derived

from records collected by the National Hydrology and Meteorology Services
(SENAMHI) of La Paz and Puno.
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Air temperatures

Mean annual temperatures

In areas lying below 4000 m altitude, the mean annual temperatures are
between 7 and 10°C. Around the lake itself, however, they remain above 8°C.
Boulangé and Aquize (1981) calculated that the mean annual temperature in
the area of the lake should be 0°C and attributed the temperature difference
to the thermal effects of the water body. The map of mean annual tempera-
tures for Bolivia (Roche et al., 1990) also shows values of close to 8°C over
all the eastern half of the Bolivian Altiplano (7.3°C at Uyuni) and over Lake
Poopo which has less thermal influence. The temperatures at stations lying
between 3900 and 4000 m in the extreme south and north of the lake region
are also of the order of 7°C. The lake makes the climate more temperate by
decreasing the temperature range, but it does not seem to cause an increase
of mean annual temperature of more than 2°C around its margins.

The isotherm map of the basin (Fig. 2} has been drawn using a correlation
between temperature and altitude. Data from some stations outside the basin
have also been used in order to obtain as wide a range of altitude as possible.
The temperature gradient is 0.76°C 100 m~'. For the area lying between
3800 and 4000 m, the temperature dispersion is great because of the effects
of slope, shelter and distance from the lake. On the high peaks forming the
margins of the basin, the mean annual temperature falls to below zero at
around 5100 m.

Over the entire basin, the lowest temperatures occur in July, in the winter,
whereas the highest temperatures occur between December and March,
frequently being centred on February (Fig. 2).

Mean maximum and minimum temperature and temperature range

Figure 2 shows the changes in mean, maximum and minimum monthly
temperatures and thus the temperature range over the course of the year for
various stations in the basin.

The lowest mean minimum monthly temperature occurs in July. Values
of 1.8°C are recorded at Copacabana (3810m, on the lake shore) and
—11.8°C at Charaiia (4069 m, very far from the lake).

The mean maximum monthly temperatures for these stations are 15.3°C
and 3.6°C, respectively. These occur in October or November when cloud
cover is less than at the height of summer, when maximum rainfall occurs.
For the same reason a second peak is recorded in March-April. In contrast
the minimum temperature occurs in mid-winter since this takes place at end
of night and therefore does not depend on the amount of sunshine.

Temperature range increases with distance from the lake, being 10.7°C
on the shoreline.
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Figure 2. Map of mean annual temperatures (°C) in the Lake Titicaca basin. Seasonal changes
in average monthly mean and maximum temperatures, January to December.

Relative humidity

The mean annual relative humidity around the lake varies between 50 and
65% , at temperatures of 8 to 10°C. Lower values of 50 to 45% are recorded
in the south of the basin. As a general rule, humidity increases with altitude,
with a maximum value of 83% at Chacaltaya (5200 m). Variation over the
year follows the rainfall pattern, with a maximum in January or February
and a minimum in July. The values at Copocabana for these two periods are
70% and 52% , respectively.
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Sunshine duration

The annual sunshine duration near to the lake is 2915 h yr ' at Belen and
3000 h yr ' at Puno. Monthly minima of 167 and 180 h respectively are
recorded at these two stations in January or February, during the height of
the rainy season, whereas the maximum monthly values of 298 and 296 h
occur in the middle of winter. The mean value for total solar luminous flux
measured on the Altiplano at Viacha and Patacamaya is 8.8mm day '
(Vacher et al., 1989).

Winds

The dominant winds, usually of moderate strength and often affected by
local breezes, are from the north-east in the rainy season and from the west
to south-west the rest of the year.

Precipitation

All the rainfall data has been homogenised on a monthly and annual basis
by a spatio-temporal vector method (VECSPAT, CLIMAR?2 computer pro-
gram); this is a matrix calculation based on pseudo-proportionality of the
data (Hiez, 1972; Roche, 1988). This method provides automatic data pro-
cessing and allows missing values to be estimated or entirely calculated.

The period subject to homogenisation and used to draw up the hydrolog-
ical balance is 1968-1987; there were very few meteorological stations before
1968.

Spatial distribution of precipitation and rainfall mechanisms

The map of mean isohyetes for the period in question shows the spatial
distribution of precipitation (Fig. 3).

On the whole, isohyetes are concentric around the lake, in the centre of
which the maximum rainfall of over 1000 mm is recorded. Rainfall tends to
decrease with distance from the lake, falling to minimum values of 500 to
600 mm. It then increases again towards the summits of the Eastern Cordil-
lera, where extreme values can exceed 800 mm and towards the west, as far
as the summit of the Pecajes Caranjas chain where maximum values can
exceed 1000 mm.

This spatial distribution is determined by the regional air circulation pat-
terns, by the influence of orography and by the major body of water formed
by the lake.

On occasions, and almost exclusively during the rainy season, humid
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Figure 3. Mean annual precipitation (mm) for the Lake Titicaca basin (period 1968—1987).

Amazonian air spills over the peaks of the Eastern Cordillera which rise to
between 4500 and 6400 m. The north-east trade winds thus bring considerable
quantities of water into the hydrological system, although much smaller
quantities fall on the Altiplano than on the Amazonian slopes. As the air
descends towards the lake, its pressure and temperature increase, leading to
a decrease in relative humidity and a decrease in rainfall.

The rain shadow effect produced by the highest summits is particularly
noticeable. The humid Amazonian airmass frequently remains blocked be-
hind the highest mountains but manages to pass over the lower crests around
the rest of the basin. The area around Suchez, sheltered by the Cordillera
Apolobamba rising to over 6000 m, is for example particularly dry. The
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lowest rainfall in the basin occurs to the south-west of Illampu and the
Cordillera Apolobamba, where Escoma has only 507 mm and Belen 452 mm.

The influence of the lake is due to its extremely large surface area and its
large volume caused by its depth. Its strong capacity to absorb solar radiation
leads to water temperatures that are significantly higher (10 to 14°C) than
those of the surrounding air and land. The lake is therefore continuously
giving out heat to its surroundings. Air passing over the lake is warmed and
picks up water vapour at the same time. It is subject to strong convection,
particularly during the night when the temperature difference is accentuated,
leading to thunderstorms which are heavier over the lake than on the land.
Rainfall over the lake is greater than 800 mm and can reach 1000 mm. The
maximum recorded is on Taquili Island; but the value of 1535 mm, much
higher than elsewhere in the basin, would appear to be excessive — the
calculated value is only 1272 mm. The humid air from the Lago Grande can
cross the Yunguyo-Copocabana isthmus or the Tiquina Strait into the Lago
Huiflaimarca, so that rainfall is also high over the western part of this basin,
such as at Desaguadero (797 mm) and Tiquina (1050 mm). In contrast, in
the south-eastern parts of the lake, the NE winds are deviated by the Illampu
massif or are affected by down-drafts along its western flank and do not cross
or only partially cross the Lago Grande, so the south-eastern parts of both
the Lago Grande and Lago Huifiaimarca are relatively dry.

Weighted mean precipitation over the catchment areas and on
Lake Titicaca

The quantities of monthly, annual and long-term rainfall were calculated by
computer, by weighting the rainfall recorded at each meteorological station
by its area of influence (Thiessen polygons), over the 20 year period (1968-
1987). These quantities were calculated for each of the 82 individual catch-
ments and for the main grouped catchments, using homogenised data in
which missing data had been estimated and using entirely calculated data.
Only the former will be presented in detail.

The lowest long-term average rainfall in this data set was 585 mm yr~
for the catchment of the Rio Keka and the highest was 811 mm yr~' for the
Rio Coata catchment and 889 mm yr~' over the Lago Grande. The long-
term mean precipitation for the main catchments are given in Table 1.

The average precipitation over the whole basin is 758 mm yr ', or a total
volume of 43.6 X 10° m® yr~". The long-term average rainfall over the entire
lake is 880 mm yr ™!, or a total volume of 7.47 x 10° m® yr™', equivalent to
a discharge of 236.7 m’ s™', The long-term average rainfall of the Lago
Grande is 889 mm yr~' and that of the drier Lago Huifiaimarca 829 mm
yr~'. In terms of volumes, these values (6.42 and 1.05 X 10° m® yr~') mean
that 86% and 14% respectively of the total inputs to each of the two parts
of the lake come from rainfall.

1
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Table 1. Water balance of the catchments of rivers flowing into Lake Titicaca (1968-1987)

AREAS | RAINFALLS MODULE KE DE

km? mm m3s-1 106 md % mm  Is1km-2 % | mm

Ramls* 15 060 795.4 78.1 2464.1 29.0 163.6 5.2 222 632
Coata* 4 650 885.5 46.6 1470.9 173 | 316.4 10.0 35.7 569
Have* 7 290 699.6 42.7 1346.2 15.8 184.8 59 264 515
Huancane* 3580 7144 20.8 655.7 7.7 183.3 58 25.7 531
Zapatilla* 440 823.2 23 71.3 0.9 161.7 5.2 19.6 661
Peruvian basin*| 31 010 769.0 190.4 6007.3 70.6 193.7 6.1 25.2 575
Complement 18 000 628.4 79.3 2501.1 29.4 139.0 4.4 22.0 489
Total basin 49 010 736.2 269.7 8508.4 100.0 173.6 55 23.6 563

* observed

Rainfall in the Bolivian part of the catchment amounts to 664 mm yr~',

of which 635 mm yr~' falls on the land and 753 mm yr~! on the Bolivian
part of the lake. Similarly, the Peruvian part of the catchment receives
786 mm yr~', of which 762 mm yr~' falls on the land and 964 mm yr™! on
the Peruvian part of the lake. Expressed in terms of volume these values are
equivalent to 9.01 x 10° m® yr~", 6.48 x 10° m® yr " and 2.54 x 10° m® yr™!
for Bolivia and 34.5 x 10° m® yr™', 29.4 x 10° m® yr™! and 4.94 x 10° m’
yr ' for Peru. It can thus be seen that the Bolivian and Peruvian parts of
the lake receive 34% and 66% respectively of the quantity of rainfall falling
directly on the water surface.

The five catchments in Peru for which the discharge is known, together
have a mean long-term precipitation of 769 mm yr~', whereas the rest of the

basin receives 682 mm yr~'.

Seasonal distribution of precipitation

The rainy season is centred on January (Fig. 4). The rains usually start in
December and end in March. The middle of the dry season, which lasts from
May to August, is in June. Two transitional periods separate these seasons,
one in April and the other from September to November. Figure 4 shows
the monthly variation in long-term average rainfall for the main catchments.
Depending on the individual catchment, 65 to 78% of the annual precipi-
tation falls during the four months of the rainy season, but only 3 to 8% in
the dry season. The two intermediate periods account for 18 to 29%. Over
the entire dry land part of the catchment, these values are 70%, 5% and
25%, respectively. They are the same for the lake itself and therefore for
the entire Lake Titicaca basin.

The maximum monthly rainfall recorded over the lake reaches values of
300 to 450 mm, depending on the station, with a weighted mean of 353 mm
in January 1984, a particularly rainy month.
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Figure 4. Monthly rainfall distribution in the Lake Titicaca basin (period 1968-1987).

Hydrology of the Lake Titicaca basin

The hydrology of Lake Titicaca, and particularly the inputs and outputs of
its water balance, have been studied previously by several workers
(Monheim, 1956; Bazoberry, 1968; Kessler, 1970; Richerson et al., 1977 and
Carmouze et al. 1977, 1982). The balance can produce very different results
depending on the precision of the data, its processing and on the period

taken into consideration.
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Figure 5. Map of the hydrographic network in the Lake Titicaca catchment and location of
gauging stations. A histogram of the mean monthly discharge and the value for the mean annual
discharge (m’ s™') calculated over the observation period is shown for each station.

Discharges of the inflow rivers

Spatial distribution of riverine inputs to the lake

Mean monthly discharges are available from seven gauging stations in Peru,
five of them providing direct measurements of river inputs into the lake.
These stations are on the Rio Ramis, Rio Ilave, Rio Huancane at Puente
Carretera, Rio Coata at Maravillas and the Rio Zapatilla at Puente Carretera
(Fig. 5). The first four measure the discharges of the most important water
courses of the system. Two stations within the Coata catchment are installed
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on the Rio Lagunillas at Lagunillas and on the Rio Verde at Verde. The
proportion of the catchments gauged in comparison to the total catchment
area in Peru is 80.3%, and is 63.5% of the entire terrestrial catchment of
the lake. Measurements generally started in 1956.

Seven catchments have been taken into consideration in Bolivia: The Rio
Suchez at Escoma, the Rio Huaycho at Puerto Acosta, the Rio Keka at
Achacachi, the Rio Catari at Tambillo, the Rio Sehuenca at Villa Iquiaca,
the Rio Jacha Jahuira at Hichu Kkota and the Rio Tiwanacu at Tiwanacu
(Fig. 5). These data cover shorter periods than those from Peru. Bolivia
gauges 6470 km” of the catchment at these stations, of which 1630 km? is in
Peru. Bolivia therefore obtains measurements on 47.4% of the catchment
lying within its own territory and 13.3% of the total lake catchment. Overall,
discharges are recorded for 76% of the total catchment in the two countries.

For the rest of the area for which no direct measurements are available,
4400 km* are occupied by river catchments similar to those monitored (Rios
Pallina, Batallas, etc.) and 7100 km* are made up of small coastal catchments
for which run-off was calculated from rainfall. Using this method of calcu-
lation, the volume flowing into the lake each year between 1968 and 1978
varied from 3.11 x 10° m® yr ™! in 1983 to 15.78 X 10° m® yr ™! in 1986, the
mean being about 8.90 X 10” m* yr~*. On the basis of the discharges mea-
sured in the five main catchments, the mean inflow over the period 1956—
1987 was 8.09 x 10° m” yr™', equivalent to a mean discharge of 256 m> s~ .

Another method of calculation was also used. After homogenising the
data using the VECSPAT method, the unknown discharges were calculated
from those of the gauged Peruvian catchments, by taking into account the
ratios of their areas, rainfall and the given annual run-off coefficients. The
values obtained, assuming a mean run-off coefficients of 22% for the non-
measured catchments, gave an annual mean inflow over the period 1968-87
of 8.51 x 10° m® yr !, equivalent to 270 m” s~', a value close to the previous
calculation. The proportion of the total discharge actually measured is there-
fore 71%. This river inflow represents a water depth of 1002 mm over the
entire lake surface. The results in Table 1 which should be compared with
those of Table 2 have therefore been obtained for different groupings of
catchments. The estimated discharges with run-off percentages of 15 to 25%
for those catchments not measured directly, varies between 250 and 290 m’
s~', equivalent to a depth of water of between 930 and 1080 mm over the
entire lake surface.

Run-off and specific discharge

The mean run-off coefficient over all the gauged catchments in Peru is 25.2%,
with a maximum of 38.3% in the Coata catchment and a minimum of 19.6%
in the Zapatilla catchment. Previous assessments have given a mean run-off
coefficient for the whole lake catchment of 23.6%.
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In terms of specific discharges the catchments can be divided into two
areas:

— The north and west where the specific discharges are close to 5.5 1 s™
km™?, with the exception of the Coata which has a specific discharge of
101s™ " km™ 2.

— The south and east, covering mostly the area within Bolivia, where the
specific discharges are of the order of 3to 41s~ ' km™2, with the exception
of the Sehuencas which reaches 6 1s~" km™2.

The lowest inputs come from the driest areas situated on the eastern
fringes and from catchments situated on the Altiplano where the low gradi-
ents favour infiltration and evapotranspiration rather than run-off. In the
heavy rainfall catchments with steep gradients, the specific discharges are of
the order of 15 1s~! km 2. In high altitude catchments such as that of the
Suchez this discharge can be relatively low however (3.71s™! km™?), because
of the low rainfall and the heavy retention of water by the fluvio-morainic
soils and by peat. Relief therefore has an influence on run-off, both by the
gradient and by the head of water it produces. This explains why the dis-
charge per unit area of the Rio Schuencas, which runs directly off the
Cordillera into the lake, is higher than that of the Rio Keka which wanders
over the plain.

Despite the relief, the maximum daily specific discharges are not very
high. For a median year they range between 20 and 60 1 s™' km™2. The
spatial distribution of discharges per unit area is identical to that of river
discharges.

1

Temporal variation in discharge

The histogram of mean monthly discharges (Fig. 6) shows a maximum in
. February, except for the Rio Ramis, where a slight peak is evident in the
month of March. 80% of the lake inputs occur between January and April.
Late or early rains have practically no effect on run-off.

Year-to-year variation in annual discharge (Fig. 7) shows the low values
for the periods 1956-1958, 1964-1967 and especially 1983, a year affected
by an exceptional El Nifio event. Similarly, the high discharges of the years
1962-1963, 1974-1976 and 1984-1986, when inputs were 1.5 to 2 times
higher than the mean, are also evident. Together with the amount of rain
falling directly on the lake, these variations in river input to the lake influence
long-term changes in lake level. The period 19561987 was a dry period which
lasted until 1974 and was followed by a much wetter period, particularly from
1984-1986.

Statistical analysis of the distribution of mean annual discharges over the
period 1956-1987 provides estimates of the various return times (Table 2).

Statistical analysis of the annual mean monthly maximum discharges gives
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Figure 6. Variation in the total mean monthly discharges (m® s™') for the lake’s five largest
inflow rivers (Ramis, Coata, Ilave, Huancane and Suchez) over the period 1956-1987.

an indication of the probability of exceptional discharges (Table 3) and shows
in the case of the Ilave and the Ramis, which have the same median value,
that the value for the 100—year flood is twice as high in the former although
its catchment area is only half that of the latter.

Discharge of the outflow from Lake Titicaca

The many gaps in the measurements of the discharge of the Desaguadero
made at Puente Internacional at the outflow from the lake have been filled
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Figure 7. Total mean annual discharges (m® s~ ') for the lake’s five largest inflow rivers (Ramis,
Coata, Ilave, Huancane and Suchez) over the period 1956-1987.
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Table 2. Measured and adjusted mean annual discharge (m® s™') for the period 1956-1987.

Ramis lHave Coata Huancané Suchez
Surface (km?) 15 060 7 290 4 650 3580 3170
Minimum 25 10 1 5 4
Medium 74 38 47 19 1
Maximum 121 90 99 40 20
Dry fifty 36 13 15 8 6
Middle 70 37 36 19 12
Wet fifty 140 100 920 42 24

by interpolation. The mean annual discharge over the period 1968-1987 has
thus been estimated at 30.6 m* s "

The discharge has been correlated with the lake level at Puno over the
period 1957-1988, then reconstituted as a function of the level to reduce the
strong heterogeneity that exists between periods. The mean annual discharge
for the period 1968—1987 based on this correlation is 48.5 m* s~ .

In order to overcome the inaccuracy of the discharge values measured at
this station, discharges were also estimated from those measured at Calacoto,
situated 150 km downstream, after making allowances for the inputs from
the intervening catchments. The mean annual discharge estimated this way
for the same period is 37.5 m> s~ ".

It should be noted that the discharges measured directly at the lake outflow
and those estimated by one of the above two methods can differ by a factor
of two. Figure 8 shows the changes in mean annual discharge from the lake
for the period 1956 to 1987.

The annual outflow increased in successive cyles over the entire observed
time scale to reach a maximum mean annual discharge of 169 m®s™" in 1986.
The maximum recorded daily discharge of 250 m* s™! occurred in April of
the same year. The discharge is highly variable and can be almost zero or
even negative in some years (1971-1973), whereas it can exceed 100 m* s~ '
in other years (1986-1987) when the lake level is high. The mean therefore
only has relative significance, because if the four highest years from 1985 to
1988 are excluded, the value is reduced to 19.5 m® s~ .

The period 1956-1989, and especially from 1974 onwards, was a wet one
in comparison to the entire period for which records are available, which
starts in 1916 and includes the particularly dry years from 1935 to 1945. The
median value for the outflow discharge is 15 m” s~* for the period 19561989
but falls to less than 5 m”® s™" when the entire period is taken into consider-

Table 3. Return frequencies of maximum daily discharges (m® s~ ') for the period 1956-1987.

Ramis llave Coata Huancané | Suchez
Average 350 350 270 130 60
20 years 550 800 580 240 140
100 years 660 1130 810 320 220
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Figure 8. Mean annual discharge (m® s™') calculated for the Desaguadero at the exit from Lake
Titicaca (Puente Internacional) for the period 1956-1989.

ation. The mean annual discharge of 10 m* s~ would only be reached in

one year out of three. Statistical analysis of the discharges gives a 100—year
maximum value of 250 m® s~'. For the maximum daily discharge the 100—
year value is 350 m> s~

Because of the lake inertia and meteorological conditions, the maximum
outflow discharge occurs in April (Fig. 9), the month of highest lake level,
whereas the maximum for inputs from the catchment is in February. The fall
in lake level is therefore gradual, so that the volume flowing out in May is
greater than in March. Because of this regulatory effect of the lake, only
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Figure 9. Seasonal changes in mean monthly discharge (m® s ") calculated for the Desaguadero
at the exit from Lake Titicaca (Puente Internacional) for the period 1956-1989.
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60% of the total annual volume flows out down the Desaguadero between
January and June, whereas river inputs over the same period amount to 85%
of the annual total.

Lake Titicaca levels

Figure 10 shows the changes in daily records of lake level at Puno from 1914
to 1989. The zero datum on the scale is at 3809.93 m altitude.

Changes over the year are determined by the balance between water
inputs and losses. The maximum level is generally centred on April, at the
end of the rainy season and the period of high river inputs. The minimum
usually occurs in December, just before the start of the rains.

Over the entire period the total inter-annual range in level has been
6.37m, with an absolute minimum of — 3.72 m below datum in December
1943 and an absolute maximum of 2.56 m above datum in April 1986.

The annual range of level has varied between 1.80 m (in 1986) and 0.04 m
(in 1983);

Differences in level during a month are usually maximum in February,
with a mean value of 0.26 m. This corresponds to the major rise in water
level caused by the maximum inputs from rivers and direct rainfall. The
minimum monthly differences in water level generally occur in December
and April, corresponding to the stable periods of annual minimum and
maximum levels. The rise in water level occurs more quickly than the fall
because the inputs are concentrated almost exclusively over 5 months,
whereas the losses by evaporation are more evenly spread over the year.
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Figure 10. Changes in the level of Lake Titicaca at Puno.
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Volume of water in Lake Titicaca

Boulangé and Aquize Jaen (1981) estimated the volume of the lake to be
895.9 X 10° m® during the period 1964-1979 when the water level was on
average 0.46 m lower than during the period 1968-1987. The increase in
level is equivalent to 3.89 x 10° m*®. We therefore adopt a lake volume of
900 x 10° m” for this latter period. Taking into account the mean inputs, the
turnover rate for the water is 1.79%, or an average retention time of 55.8
years. The volume of the Lago Grande (887.5 x 10° m?) is much greater
than that of the Lago Menor (12.5 X 10° m?).

The actual evapotranspiration and evaporation are generally the most
difficult terms to measure in the hydrological cycle. This is the case for Lake
Titicaca and its basin where uncertainties exist in the values to be used. The
spot measurement or estimation of these terms and their extension to the
whole catchment are very complicated. One of the interests in calculating
the water balance is to provide an estimate of the losses other than those
due to surface flows from the basin. Such losses are considered as an approxi-
mate value for evaporation. From the balance equation (paragraph 2), these
losses are equal to the algebraic sum of the other terms.

In the case of Lake Titicaca and its basin, the interest is all the greater
because it involves the evaluation of the actual evaporation from a very
large body of water and the actual evapotranspiration from a high-altitude
mountainous soil-vegetation complex lying within the tropics.

Any losses by infiltration through the lake bed and any inputs to the lake
from aquifers could also be included in the balance without problems, if
their values were known. This is not the case, since these phenomena are
poorly understood, although it is likely that subterranean inputs such as
those from aquifers surrounding the lake and which are evident in the form
of springs and seepages, are greater than any underground losses under the
Desaguadero in the direction of Lake Poopo. These possible inputs and
losses have not therefore been taken into consideration in the calulations.
Any input from aquifers would tend to lead to an under-estimate of overall
losses and therefore of the approximate value for evaporation. The opposite
is true in the case of infiltration.

Various attempts have been made to estimate evaporation on the Alti-
plano using several methods. Among these were Carmouze and Aquize Jaen
(1981) who, from a water balance, estimated total losses at 1880 mm yr™'
and after estimating infiltration of 160 mm yr~ ' from a dissolved chloride
balance, calculated an evaporation of 1720 mm yr~'. Carmouze et al. (1983)
arrived at a figure of 1720 mm yr~" for evaporation based on a heat balance.
In contrast, Vacher et al. (1989), after measuring the terms of the radiation
balance, calculated potential evapotranspiration on the Altiplano using the
Penman formula and arrived at figures of 1300mm yr~' at Belen and
1350 mm yr~ ' at Patacamaya. These values are lower than those above
because of the low net radiation.
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Mariaca (1985) using type A tanks obtained values of 1860 mm yr~' and
1955 mm yr~ ' for Desaguadero (Peru) and Patacamaya, respectively. These
values were reduced to 1490 mm yr~' and 1565 mm yr~' after applying a
tank correction factor of 0.8. At Belen evaporation is lowest in June, with
a value of 110 mm and highest in October with 154 mm. The annual total at
this site is 1692 mm. At Isla del Sol, on the lake itself, but at a height of
150 m above the lake level, the annual value is 1606 mm. After applying the
tank correction factor, these two values become 1355 mm and 1285 mm.

Actual evapotranspiration of the Lake Titicaca catchment

' of rain,

Opverall, the terrestrial part of the catchment receives 736 mm yr~
or a volume of 36.1 x 10° m® yr ' (Table 2).

Over the long term, the actual evapotranspiration over the catchment is
equivalent to the difference between rainfall and run-off. In the case of
Titicaca, however, an uncertainty remains because account has to be taken
of changes in the groundwater reserves in the catchment. As is the case with
the lake, it is likely that the volume of groundwater has increased up to the
end of the period in question, as a result of the very wet period from 1984
to 1986. Evapotranspiration calculated from a water balance would therefore
be overestimated. Actual evapotranspiration in the various river catchments
varies between 490 and 660 mm yr ', with a value of 563 mm for the entire
terrestrial part of the catchment (Table 2). This represents a volume of
27.6 x 10° m® yr ', or a loss of 76.4%, the highest component of losses in
the catchment.

The terms of the water balance and actual evaporation from Lake Titicaca

As has been shown above, several methods have been used to evaluate each

term in the water balance, each giving significantly different results. It is

worth mentioning these various results on a long-term average scale, since
the method of estimation, used for the first time, provides an estimate of
the degree of uncertainty that is attached to the final accepted values.

— Two values for average precipitation over the lake have been obtained
using the Vecspat method: 7.47 x 10° m® yr~ ' with missing values esti-
mated and 7.07 x 10° m® yr ™' with calculated values.

— Two values are given for river inputs: firstly 8.90 x 10° m> yr~' based on
the observed results plus correlations and the other 8.51 x 10” m® yr™*
with missing values estimated by Vecspat and with a run-off coefficient of
22% for the non-measured catchments. The discharges calculated by Vec-
spat give the same overall results. The values vary between 7.86 x 10° m’
yr—'and 9.11 x 10° m® yr™*, if a range of values for run-off coefficient of
between 15 and 25% is used for the non-measured part.
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Table 4. Mean annual hydrological balance for Lake Titicaca over the period 1968—1987.

Units Rainfalls Rivers Effluent | Evaporation | Lake storage
Height mm 880 1002 160 1628 94
Volume 109 m3 7.47 8.51 1.36 13.82 0.80
% 46.8 53.2 8.9 911

— The value for the volume flowing out by the Desaguadero derived from
actual data plus interpolation for missing values is 0.965 x 10° m® yr™',
that obtained by correlations with lake levels is 1.53 X 10° m* yr™" and
that estimated from the disharge at the Calacoto gauging station (Bourges
etal., 1991) is 1.18 x 10° m® yr™".

- Changes in lake volume derived from 5 day running means of lake level
give an annual increase in volume of 0.802 x 10° m’ yr™!, or 94 mm per
year over the 20 year period in question.

Different combinations of the results given above could thus be applied
to the calculation of overall losses resulting from the balance.

A minimum figure of 12.6 X 10° m’ yr™', or 1485 mm is obtained by taking
the lowest values for inputs and the highest figure for the Desaguadero
discharge and a maximum value of 14.8 X 10° m® yr ! or 1745 mm is obtained
by doing the converse. The mean of these two values is 1615 mm with an
error of = 8%.

Two estimates based on the median and mean of the available values of
each term give figures for overall losses of 14.0 x 10° m’ yr ' and 13.9 x 10°
m> yr~! or 1650 mm and 1630 mm, respectively.

On the basis of discharge by Vecspat, outflow discharge deduced by
correlations with lake levels, and rainfall figures with estimated missing
values, the overall losses are estimated at 13.6 x 10° m® yr~' or 1610 mm
and those from calculated rainfall figures at 13.2 X 10° m® yr™" or 1560 mm,
the mean of these two figures being 1585 mm.

From measured discharge values with missing values calculated by corre-
lations, outflow measurement estimated from discharge at Calacoto and
rainfall with missing values calculated by Vecspat, the overall losses are
estimated at 14.4 x 10° m® yr™', or 1695mm. The same calculation, but
using rainfall values calculated by Vecspat gives overall losses of 14.0 x 10°
m® yr~', or 1645 mm.

If we had to give one value for the terms of the water balance, we would
adopt rainfall and discharges with missing values estimated by Vecspat and
the mean of the two calculated values for the Desaguadero (Table 4). For
the overall losses other than those leaving by the Desaguadero, a volume of
13.8 x 10° m® yr~', or 1628 mm yr ' is therefore proposed. By taking into
account a margin of uncertainty of = 3%, a value is obtained which is close
to most estimates of actual evaporation.
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The overall hydrological balance of the basin

Using the values for the terrestrial part of the basin and for the lake, the
total precipitation over the basin was 43.6 X 10° m®> yr™!. A volume of
0.80 x 10° m* yr ! was stored in the lake and 41.4 x 10° m® yr~' was evapor-
ated. Exportation out of the basin towards Lake Poopo by the Desaguadero
was 1.36 X 10° m® yr~'. Evaporation and evapotanspiration therefore repre-

sent 96.8% of the water losses whereas surface outflow was only 3.2%.

Conclusions

The climate of the Lake Titicaca basin, temperate by day and cold at night,
is that of a high mountain region subjected by its geographical situation to
a tropical regime. The influence of the impressive body of water is felt by a
reduction in temperature range and to a lesser extent by higher mean temper-
atures than those that should occur at such altitudes. The lake, with water
warmer than the surrounding air also influences precipitation, which is great-
est at the lake’s centre. Rain falls almost exclusively between December and
March and amounts can vary by a factor of two from one year to another.

The hydrological regime is therefore tropical, but river discharges are
spread out over the year in the eastern rivers where glaciers cover the higher
summits. Mean annual discharge can vary by a factor of three between years,
reflecting in an amplified manner the inter-annual irregularity in rainfall. The
maximum river inputs occur in the second half of summer one to two months
after the rainfall peak; 80% of run-off occurs in 4 months.

The irregularity of rainfall and river inputs between years, combined with
a relative stability in evaporation and a slight surface outflow, are the cause
of the great variations recorded in lake level. The range of + 3.18 m recorded
since 1914 has led to a change in lake volume of * 3% . Because of the great
difference in their volumes, this variation accounts for +2.6% in the Lago
Grande and = 33% in the Lago Menor. The stability of the lake environment
is therfore very variable according to the particular area.

Direct rainfall onto the lake amounts to 880 mm, or 7.47 X 10° m® yr™!,
whereas inputs from rivers are equal to 1002mm, or 8.51 x 10° m* yr™ ',
Evaporation (including unknown groundwater inputs or losses) removes 1628
mm * 3%, or 13.8 x 10° m’ yr ', whereas the Desaguadero only drains away
160 mm yr~', or 1.36 x 10° m*® yr~'. Direct rainfall therefore accounts for
47% of the inputs and the inflow rivers 53% of inputs. Evaporation accounts
for 91% of the total losses and outflow via the Desaguadero only 9%.
The up-to-date, entirely computerised way of processing the rainfall and
hydrological data guarantees a better precision of the values. It is certain
that the period 1968—1987 was wetter than those periods studied previously
by other workers and that this has led to changes in the relative importance
of the terms in the water balance by increasing the contribution of the inflow
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rivers and that of the Desaguadero and decreasing that of direct rainfall and
evaporation. In comparison Carmouze (1982) for the period 1956-1978,
which was drier than 1968 to 1987, gave a figure for evaporation of 1720 mm
and of 0.22 X 10° m® yr~' for outflow via the Desaguadero.

Lake Titicaca, because of its area and volume and its situation at high
altitude within the tropics, remains a hydrological site unique in the world.
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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

C. Dejoux and A. Iltis (eds.), Lake Titicaca, 89-97.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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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

°c

JCE-R

11 / | \‘7

A .
_2.,/_.0“ L+0ss..0 1

ceQeres OF

0.9 5
I F M A J 1 A S 0 N D

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
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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.



V.2. Hydrochemical regulation of the lake and water
chemistry of its inflow rivers

JEAN-PIERRE CARMOUZE, CARLOS ARZE and JORGE
QUINTANILLA

The first data on the chemical composition of major dissolved elements in
Lake Titicaca date from the beginning of the century (Neveu-Lemaire, 1906;
Posnansky, 1911). These were followed by those of the Percy Sladen Trust
Expedition in 1937 (Gilson, 1939-1940, 1964). Recently, more complete
studies have been carried out on the Lago Grande (Richerson et al., 1977)
and on the whole lake (Carmouze et al., 1977).

After a preliminary assessment of the main dissolved salts, a more precise
assessment is given here for the Lago Grande and Lago Pequefio by means
of new data on river and lake hydrology (Carmouze and Aquize Jaen, 1981)
and on river water chemistry.

River water chemistry

The chemical composition of the waters of the lower courses of the main
inflow rivers (Ramis, Coata, Ilave, Huancane and Suchez) and of that of
secondary rivers (Pallina, Catari, Tiwanaku, Challa Jahuira, Chilla, Batallas
Chicas, Keka, Huaycho and Zapatilla) was studied from samples collected
between 1976 and 1979 (Table 1 and Fig. 1).

A less detailed study of the chemistry of the upper reaches of certain
rivers, in relation to the geology of the corresponding part of the catchment
area, enables us to make some general remarks on the origins of dissolved
salts.

The Rio Ramis

The mean total dissolved salt content is 5.52 mmoll~", with the following
composition of main ions:

HCO; = 28.4%,-SO, = 13.94%, Cl = 11.58% , Na = 18.46%
K=1.23%, Ca=18.55%, Mg =5.72%, SiOH, = 2.08%

C. Dejoux and A. lltis (eds.), Lake Titicaca, 98-112.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.



Table I. Mean annuual salt concentrations [i]. and mean annual inputs (i) of waters from inflowing rivers and from streams along the shoreline (lit). [i]

is expressed in mmol 1”' and (i) in mol x 10°,
HCOy (HCO,) IS0, *(S0.) || (€H  Na  (Na) Kl (K) |G (Cw) Mgl (Mg) [SiO, Hyl (SiO, “Hy)

Huancané. lit. Moho 1.75 1.266 1.295 0.931 2.85 2,065 2.82 2045 0105 0.076 1.56 1.13 0485 0.35 0.091 0.066
Ramis. lit. Arapa and Capachica 1.57  4.17 0.77  2.0d46 0.64 1.70 1.02 271 0.068 0.18 1.025 2.725 0315 0.839 0.115 0.306
Ilpa 1.78  0.388 1.25  0.272 10.20 2376 1075 2.343 0465 0.101 138 0.30  1.15  0.251 0.056 0.125
Coata. lit. Puno and llave 0.895 1.23 0.39 0566 1.865 3.568 1.875 2.583 0.118 0.162 0.63 0.871 0.15 0.206 0.185 0.255
Zapatilla and lit. Juli-Tiquina 0.85 0.488 094 0.54 1.18 0.678 1.22 070  0.121 0.069 0.865 0.530 0.455 0.262 0.28 0.161
Lit. Tiquina-Desaguadero 0.29  0.059 0.40 0.103 0.025 0.006 0.12 0.030 0.065 0.008 028 0.072 0.15 0.038 0.218 0.058
llave 1.47  1.565 0.595 0.631 1.55 1.65 1.49 1.586 0.121 0.128 1.06 1.128 0.345 0.366 0.292 0.311
Lit. Desaguadero-Guaqui 1.775 0.036 0.245 0.005 0.645 0.013 1.05 0.020 0.107 0.004 0.815 0.016 0.232 0.005 0.246 0.005
Tiwanaku. lit. Taraco 1.915 0.354 0.59 0.109 0276 0.051 0.53 0.095 0.076 0.014 1.155 0.213 0.27 0.05 0.153 0.028
Catarict Pallina 1.95 1.057 1.89  1.025 2.57 1.39 289 155 016 008 192 1.04 0.68 0368 0.131 0.07
Batallas Chicas. lit. Watajata-

Tiquina 0.25 0.033 0.13 0.017 0.025 0.003 020 0.025 003 0.04 009 0.012 0.06 0.008 0.103 0.013
Keka. lit. Tiquina-Achacachi. lit.

Achacachi-Escoma 0.35 0.128 0.08 0.029 0.03 0.011  0.30 0.11 0.03 0.011 0.100 0.037 0.07 0.025 0.072 0.026
Suchez 0.64 0.151 0.251 0.059 0.025 0.006 0.19 0.043 0.032 0.007 0.305 0.071 0.16 0.038 0.06 0.014
Huaycho 0.67 0.116 071 0.123 0955 0.165 1.22 0.103 0.085 0.013 0.67 0.116 0.217 0.038 0.19 0.033
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Figure 1. Geological formations in the catchment area of Lake Titicaca and water sampling
locations. (r = Ramis, h = Huancane, ¢ = Coata, i = Ilave, s = Suchez).

The calcium and bicarbonate are slightly dominant.

The total dissolved salt content shows seasonal variations, with the waters
at the start of the rainy season being more heavily mineralised (10.43
mmol17") and those at the height of the flood the least mineralised (1.27
mmol17"). The former have a double bicarbonate-calcium and chloride-
sodium character, while calcium and bicarbonate dominate in the the latter.
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The Rio Coata

The mean total dissolved salt content of the Rio Coata is 6.10 mmol 1™},
with sodium and chloride dominating.

HCO; = 14.6%, SO, = 6.35%, Cl1 = 30.58%, Na = 30.7%
K=19%, Ca=10.35%, Mg = 1.45%, SiO,H, = 3.03%

Variations in dissolved salt content are both:

— very marked over the course of the year (the waters at the start of the
flood reach a salt content of 18.4 mmol 1”' and those at the height of the
flood 4.55 mmol 17');

— very great from one year to another at the same season (18.4 mmol 17
on 15 November 1976, 7.55 mmol 17! on 26 November 1978).

There are also great seasonal changes in the chemical composition.

Na + CI make up 70% of the total dissolved salts at the start of the flood

and 59 % at the height of the flood.

The Rio llave

The mean total dissolved salt content of the Rio Ilave is 5.50 mmol 17*. The
waters are of a mixed chloride-sodium and bicarbonate-calcium character:

HCO; = 21.2%, SO, = 8.57%, Cl = 22.4%, Na = 21.53%
K=1.75%, Ca=1534%, Mg = 4.35%, SiO,H, = 4.22%

Seasonal changes in salt content are relatively slight. The waters at the
start of the flood have a salt content of 9.5 mmol 1" and those at the height
of the flood 4.35 mmol 17'. Sodium and chloride dominate slightly in the
former (Na + Cl = 51% of total dissolved salts), whereas the latter have a
more marked bicarbonate-calcium character (HCO; + Ca = 41.4%). Never-
theless, qualitative variations in salt content are slight, irrespective of dis-
charge.

The Rio Huancane

The mean total dissolved salt content of the Rio Huancane is 10.95 mmol
17!, The waters are of a predominantly sodium-chloride type:

HCO, = 15.96% , SO, = 11.73%, Cl = 26.11%, Na = 25.75%
K =0.96%, Ca = 14.24%, Mg = 4.41%, SiO,H, = 0.83%
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There are great seasonal variations. The waters at the start of the flood
can reach a salt concentration of 26.84 mmol 17", whereas those at the height
of the flood have a salt content three times lower (8.45 mmol 17"). The
between-years variation for any given season is also very marked because of
irregularities in the hydrological regime (26.8 mmol 17" in November 1976
against 10.3 mmol 1~" in November 1978). Variations have also been re-
corded on a much shorter time scale, associated with hydrological irregulari-
ties between months (23.3 mmol 17" on 15 December 1976; 6.3 mmol 17" on
15 January 1977; 16.9 mmol 17" on 6 February 1977).

Qualitatively, the waters at the start of the flood have a clear chloride-
sodium character (Na and Cl represent 70.5% of the total dissolved salts,
whereas this percentage is only 46% at the height of the flood).

The Rio Suchez

The waters of the Rio Suchez are only very slightly mineralised. The mean
total dissolved salt content is 1.66 mmol 1" ' and the percentage composition
as follows:

HCO; = 88.48%, SO, = 15.09%, C1=1.5%, Na=11.42%
K=1.92%, Ca=18.34%, Mg =9.6%, SiO,H, = 3.6%

Bicarbonate and calcium predominate throughout the year (HCO; . Ca =
57% of total dissolved salts). Seasonal variations in salt content are slight.
The waters at the start of the flood have less than twice the salt content of
those at the height of the flood (2.5 mmol 1! against 1.40 mmol 1™ 1).

Secondary rivers

From results based on only two samples, the Rio Zapatilla would appear
to have a highly variable composition over the course of the year, both
quantitatively and qualitatively. At the end of December 1976, the salt
content was 7.95 mmol 1™ ! and at the start of February 1977 it was 19.95 mmol
1. At times of high discharge, chloride and bicarbonate concentrations are
roughly equal (HCOs; =18.6%, SO, =182% and Cl=15.3%). At low
discharge sodium and chloride dominate greatly (Na + Cl = 67.5%).

The Rios Challa Jahuira and Chilla have similar compositions at the time
of the floods, the salt content of the former being 4.61 mmol 1~ and that of
the latter 5.55 mmol 17!, Bicarbonate and calcium dominate in both.

The Rio Tiwanaku is typified by waters that change little in chemical
composition over the course of the year. The salt content at the time of flood
is 4.75 mmol 17' and that at low water is 9.05 mmol 1" '. Bicarbonate and
calcium predominate at all seasons.
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The Rios Pallina and Catari have relatively heavily mineralised waters.
At the season of low water the salt content of the Rio Pallina is 23.9
mmol 1-! and that of the Rio Catari 9.55 mmol 1. Chloride and sodium
predominate in these waters.

In the rainy season, the salt content of the waters of the Rio Catari (9.55
mmol 17') are of the mixed bicarbonate-calcium and chloride-sodium type.
The same must be true of the flood waters of the Rio Pallina.

The Rios Batallas Chicas and Keka are very little mineralised (0.925 mmol
17" and 1.05 mmol 17}, respectively); bicarbonates predominate whereas the
chloride concentration is low or else is absent.

The Rio Huaycho has a salt content of 4.7— 6.2 mmol 17", with bicarbon-
ates, chlorides and sulphates all well represented.

General observations on the origins of dissolved salts in river waters

The problem of the origin of dissolved salts in the waters of the catchment
area of Lake Titicaca is rather complex. The geology of the catchment
contains a rather high number of different formations each with a number
of distinct rock types.

This problem has been dealt with in a very simple manner by collecting
water samples at the point where they run off the main formations i.e.:
the Silurian-Devonian, lower Carboniferous, the lower middle and upper
Cretaceous, the lower and middle Tertiary and the Pleistocene. The last two
formations are of volcanic origin, whereas the others are sedimentary rocks
(Fig. 1).

A certain number of observations can be made from the analyses carried
out.

(a) Rivers, such as the Suchez, Keka and Batallas Chicas, flowing off granite
massifs and then crossing short plains have poorly mineralised waters (1
to 2 mmol 17'). Chlorides occur at low concentrations or are absent.

(b) Rivers in the upper part of the Ramis catchment (above 4000 m) and
mainly crossing Palaeozoic sedimentary formations of Silurian-Devonian
and Carboniferous age (schists and marls in the former and mainly
sandstones in the latter) have little or no chlorides. As the waters of the
Rio Ramis entering the lake have a chloride content of roughly the same
magnitude as that of bicarbonates and sulphates it is therefore thought
that there is an enrichment in chlorides in the lower reaches of this river.

(c) The rivers forming the Huancane mainly derive from Cretaceous forma-
tions. Their total dissolved salt content does not exceed 6.2 mmol 1™" in
which bicarbonate and calcium dominate. In contrast the salt content of
the Huancane itself is always significantly greater than this value (be-
tween 8.5 and 27 mmol 17') and chloride and sodium dominate very
clearly. The waters are markedly enriched in sodium and chloride in the
lower reaches. In addition, in the eastern part of the catchment there
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are a few small lakes which function as differential concentration basins
for dissolved salts (relative enrichment in NaCl).

(d) The upper reaches of the Rios Coata and Ilave cross lower Tertiary
sedimentary formations and also middle Tertiary and Pleistocene vol-
canic rocks. The chemical composition of water derived from any one
formation is very variable, but it seems that the waters are poorer in
chlorides the closer they are sampled to the rock formation. It would
therefore appear that the waters are very quickly enriched in chloride in
the downstream Quaternary areas.

Hydrochemical regulation in the lake

The water flowing into Lake Titicaca has the following mean annual chemical
composition in mmol 1! (R = river, L = lake):

[HCO:]x = 1.31, [SO4]x = 0.76, [Cl]g = 1.51, [Na]x = 1.65
[K]x = 0.11, [Ca]g = 0.98, [Mg]g = 0.34, [SiO,H,]z = 0.16

whereas the lake’s water has the following characteristics:

[HCO3/CO3]L: 219, [SO4]L = 264, [CI]L = 711, [Na]L =7.78
[K]. = 0.395, [Ca], = 1.63, [Mg]. = 1.4, [SiOH ], = 0.03

It can thus be seen that the Na concentration increases by a factor of 4.7
in the lake and that of Ca by 1.7, whereas the dissolved silica concentration
decreases by a factor of 5.3.

To understand these changes in the concentrations of each of the dissolved
ions in the lake the values of the fluxes at the boundaries of the lake have
to be evaluated for each ion. These fluxes include those associated with water
currents (river inflows and outflows, infiltration, etc.) and fluxes associated
with bio-geochemical reactions. These fluxes vary in both space and time,
leading to local spatial heterogeneity and temporal fluctuations.

For this reason two approximations have been made:

— to reduce the spatial variation, the lake has been divided into two environ-
ments of lower heterogenity, the Lago Mayor and Lago Menor, which are
very distinct entities (identified as LM and Lm, respectively),

- by considering a long time period, the hydrochemical conditions in the
lake vary around a mean state since the inputs and outputs of dissolved
salts approximately balance.

We have chosen the longest time period possible in relation to the avail-
able data, i.e. 1964-1978 to establish a mean annual balance for each of the
dissolved ions.

The mean annual composition of the inflow rivers was calculated from
data covering the period 1976-79. The mean input of dissolved salts was
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calculated from this composition and values for the mean annual volumes of
water covering the period 1964-79. The salt regulation figures derived from
these data are certainly more representative than those that would have been
obtained using just the 1976-79 data.

The terms of the annual balance are as follows:
-~ for the lake as a whole: (i) = (i); + (i)s + (i)p + 8(i)"
— for the LM: ()™ = ()™ + ()s"™™ + (i) + 8(1)™™
— for the Lm: (DF™ + ()1 = ()™ + ()s™ + ()p + 8G)"™

Where (i)g, (i)™ and (i)™ are the river inputs of ions into the lake, LM
and Lm, respectively; (i);, ()[™ and (i)[™ are the losses of i by infiltration
from the lake, LM and Lm; (i)s, (i)§™ and (i)5™ are the losses by sediment-
ation from the lake, LM and Lm; (i)p the losses of i via the Desaguadero;
(i)r the quantity of i passing from Lm to Lm via the Tiquina strait and 8(i)",
8(i)*™ and 8(i)"™ are variations in the reserve of i in the lake, the Lm and
Lm.

Inputs of dissolved salts by the rivers

To calculate the mean annual inputs of dissolved salts into the lake, the
mean annual composition of the waters in each hydrological area was first
calculated. Then these were weighted in relation to the mean discharges of
each river (Carmouze and Aquize Jaen 1981) (Table 1).

The absence of data for some rivers forced us to make the following
approximations:

— water draining in along the Huancane shoreline was assumed to have the
same chemical composition as the waters of the Rio Huancane;

— water draining in along the Arapa-Capachica shoreline was assumed to
have the same chemical composition as the waters of the Rio Ramis;

- water draining in along the shoreline between Puno and Tiquina was
assumed to have a chemical composition intermediate between those of
the waters of the Rio Zapatilla and those of sampling point 8 (Fig. 1);

— water draining in along the Desaguadero-Guaqui shoreline was assumed
to have a chemical composition intermediate between that of the Rio
Challa Jahuira and Rio Chilla;

— water draining in along the Taraco shoreline was assumed to have the
same chemical composition as the waters of the Rio Tiwanaku;

— water draining in along the Wuatajata Tiquina shoreline was assumed to
have the same chemical composition as the waters of the Rio Batallas
Chicas;

— water draining in along the Tiquina-Achacachi-Escoma shoreline was as-
sumed to have the same chemical composition as the waters of the Rio
Keka.

The mean annual inputs to the whole lake, the Lago Mayor (LM) and

Lago Menor (Lm) were than calculated for the period 1964-1978 using the
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mean annual volumes of water discharged by the rivers over the period 1964
and 1978 (moles x 10%):

(HCO3)E = 11.04, (SO, = 6.43, (C)E = 12.69, (Na)F = 13.93
(K)E = 0.90, (Ca)g = 8.23, (Mg)F = 2.84, (SiO,H,)F = 1.37

(HCO3)EM =9.50, (SO M = 5.167, (CHEM = 11.23, (Na)pM
=12.20
(K)i™ = 0.74, (Ca)g™ = 6.88, (Mg)g™ = 2.38, (SiO,H,)E™ = 1.20

(HCO3)E™ = 1.54, (SOL)E™ = 1.26, (CD)k™ = 1.46, (Na)E™ = 1.72
(K)E™ = 0.15, (Ca)k™ = 1.35, (Mg)E™ = 0.47, (SiOH)E™ = 0.17

The Lagor Mayor therefore receives on average nearly 85% of the total
inputs of dissolved salts as against only 15 % for the Lago Menor.

Losses of dissolved salts by the desaguadero

Hydrological studies of the lake (see Chapter IV.1) have shown that the
Desaguadero can become an inflow river in January and February in certain
years. The waters which enter the lake through the Desaguadero have a
chemical composition similar to that of the lake itself in neighbouring areas,
since it is water of lacustrine origin stored in the adjacent flood plain that is
forced back into the lake.

The net losses of dissolved salt by the Desaguadero can therefore be
calculated with satisfactory precision by using the mean chemical composition
of the lake water in the proximity of the Desaguadero (see Table 2) and the
mean annual net volume of water flowing out over the period 1964-1978,
i.e. 0.217 X 10° m°.

The net losses in moles x 10” are as follows:

(HCO4/COs)p, = 0.415, (SO4)p = 0.575, (Cl)p = 1.725, (Na)p
— 1.855
(K)p = 0.095, (Ca)p = 0.33, (Mg)p = 0.325, (SiO3Hy)p = 0.004

It should be noted that the mean annual input from rivers over the period
1964 to 1978 amounts 46.5 x 10° moles, whereas the losses from the outflow
river only amount to 5.3 x 10° moles. The Desaguadero therefore only evacu-
ates 11.4% of the riverine inputs, the rest being eliminated by infiltration,
biogeochemical sedimentation or stored in the lake.



Table 2. Chemical composition of the waters of the whole lake [i]". the Lago Mayor [i|"™. Lago Menor [i]"m and Desaguadero [i]” in mmol 1 ', Changes
in the mean annual salt reserves from 1964 to 1978 in the whole lake 8(i)' . the Lago Mayor 3() and the Lago Menor 3(1)"™ in moles x 10”. Transport
of dissolved salts through the Tiquina strait (i)'. in moles 10” year™".

(1)1 (l),L\ R[ Tl_ (i)[,\M (i)LM RLM T[.M (i)Lm (i)],_\m RLm TLm
M x 10° Mx 10" % Years M x 108 Mx 100 % Years M= 107 Mx 10" % Years
HCO,/CO; 1964 11.60 .59 169 1940 9.66 049 200 24 1.57 6.5 1
So* 2365 6.65 0.28 355 2330 5.36 (.23 435 35 1.30 3.7 27
Cl 6370 13.30 0.21 479 6275 11.73 0.19 337 95 1.57 1.6 60
Na 6970 14.60 0.21 382 6865 12.78 0.19 537 105 1.84 1.7 57
K 355 0.93 026 174 348 0.77 022 432 5.5 0.15 2.7 37
Ca 1460 8.37 0.57 435 1441 7.00 048 206 19 1.37 7.2 14
Mg 1290 2.97 (.23 20 1271 2,49 0.20 510 19 0.49 2.6 39
SiO,H, 27 1.37 5.1 7.35 1.20 0.16 6 0.10 0.17 170 0.6
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Losses by infiltration

We assume that infiltrating water has a mean chemical composition similar
to the water of the lake itself (Table 2). The mean volume of water infiltrating
has been estimated tfrom the Cl balance (Carmouze and Aquize Jaen, 1981).
This volume is equal to 1.36 x 10° m’ year™' for the whole lake, 0.93 x 10’
m’ year ' for the LM and 0.44 x 10° m® year ' for the Lm, which give the
following losses in 10° moles for the whole lake (i)", the LM (i)*" and Lm

-

(HCO5/CO3)F = 2.985, (SO )F = 3.595, (CD} = 9.68, (Na)t
=10.59
(K)r = 0.54, (Ca)[ = 2.22, (Mg)r = 1.96, (SiO4H,)r = 0.041

(HCO1/CO3)M = 2.035, (SO)™ = 2.43, (CH)™ = 6.53, (Na)r™
=7.139

(K)iM=0.36, (Ca)f™ =1.510, (Mg){™M =1.325, (SiOH)™M =

0.022

(HCO,/CO:)E™ = 0.825, (SO,)F™ = 1.175, (CHE™ = 3.190, (Na
= 3.530

(K)F™ = 0.180, (Ca)-™ = 0.645, (Mg)r™ = 0.640, (SiO H,)™
=0.013

Overall, infiltration eliminates 40% of the dissolved salts brought in by
the rivers. It accounts for 56% of the losses of Na and Cl, 43% of the loss
of K, 40% of the loss of SO,4, 34% of the loss of Mg, 20% of the losses of
HCO,/CO; and Ca and scarcely 2% of the losses of SiO H,.

Losses by biogeochemical sedimentation

These are obtained by subtraction using the balance equations:
— for the lake as a whole: (i)§ = i)k — () — 8(i)"
— for the LM: (i)s™ = ()™ — ()™ = (i) — 3()™™
— for the Lm: (i)s™ = )™ + (i)r = O™ ()p + 8()"™

The values of (i)r, ()", (i)*™ and (i)*™ must first be calculated. The
quantity of salts passing through the Tiquina strait is equal to (i)r =
(V)1 X [i]°", where (v)r = the volume of water flowing through Tiquina =
0.515 m’ X 10” year™' (Carmouze and Aquize Jaen, 1981). The results are
given in Table 2.

The variations of the reserves of i in the lake, LM and Lm are: §(i)~ =
d (WS x [il%, 3 = & (W)™ x [i]*M and 3()"™ = d(v)"™ x [i]"™, respec-
tively. 8 (v)~, 8 (v)*" and 8(v)"™™ which represent the changes in the volume
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of the entire lake, the Lm and Lm are equal to 0.18, 0.15 and 0.03 x 10°
m”, respectively (results in Table 2).

It is therefore possible to calculate (i)§, (i)5™ and (i)s™; the results,
expressed in moles x 10°, are as follows:

(HCO,/CO5)k = 7.245, (SO,)k = 1.785, (C)% = 0.0, (Na)k = 0.04
(K)5 = 0.195, (Ca)s = 5.385, (Mg)5 = 0.295, (SiO,H,)k = 1.32

(HCO,/CO5)5™ = 6.00, (SO,)5™ = 0.98, (CI)5M = 0.0, (Na)s™
= 0.0
(K)5™ = 0.12, (Ca)s™ = 4.28, (Mg)5™ = 0.10, (SiO,H)5M = 1.15

(HCO5/CO5)s™ = 1.38, (SO,)5™ = 0.785, (C)s™ = 0.0, (Na)s™
=0.08
(K)§™ = 0.065. (Ca)§™ = 1.17, (Mg)s™ = 0.20, (SiO H,)§™ = 0.15

It is assumed that Cl is not sedimented. The sedimentation values given
for Na are not significant taking into account the uncertainties in the terms
in the balance equation. The losses by sedimentation of HCO3/COs3, SOy,
K, Ca, Mg and SiO H, are 65.6%,27.7%, 21.6%, 67.8%, 10.2% and 96.3%
of the river input, respectively. Sedimentation of SiO,H,, HCO3/CO;, Ca,
K and SO, is 7.7, 5.3, 4.6, 2.9 and 2.25 times greater in the LM than in the
Lm, respectively, but that of Mg is twice as great in the Lm than in the LM.

Overall, losses by sedimentation represented 28.5% of the river input
between 1964 and 1978, 77.5% occurring in the LM and 25% in the Lm.

The partial removal of SiO H, in the lake is to a great extent due to use
of silica by diatoms and the removal of HCO; and Ca is mainly due to the
precipitation of calcium carbonate (Carmouze and Miranda, 1978; Boulangé
et al., 1981). SO, is partially reduced under reducing conditions. K and Mg
are taken up by macrophytes and it should be noted that the sedimentation
of Mg was greater in the Lm than in the LM where macrophyte development
is less extensive.

Although they were calculated separately, the sum of the balances for the
LM and Lm is close to the balance for the lake as a whole.

The stocks of dissolved salts in the lake and their turnover rate and
retention time

The stocks of dissolved salts in the lake are continually being renewed,
their annual turnover rate being equal to the quantities of salts brought in
(i) a or eliminated (i)p each year divided by the corresponding stocks (i). The
inverse of this value, T, is the mean retention time of the dissolved substance
in the lake; it is another way of giving an idea of the time taken for matter
to circulate through the environment.

The calculation is simple
— For the whole lake ()= (v)"x[i]*; RF=OH4/()" =@/ TF=

1/Rf
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Table 3. Stocks of dissolved salts (i), mean annual inputs or losses (iY*, annual turnover rate
of the stocks R'and retention time T' in the whole lake, LM and Lm. (from Carmouze ef al.,
1981).

HCO,/CO; SO, Cl Na K Ca Mg  SiOH,

iH*- 1964 2365 6370 6970 355 1460 1290 27
(i)s 11.60 6.65 13.30 14.60  0.93 8.37 2.97 1.37
R (%) 0.59 0.28 0.21 0.21 0.26 0.57 023  5.10
T- (Years) 169 355 479 479 382 174 435 20
H™ 1940 2330 6275 6865 348 1441 1271 20
e 9.66 5.36 11.73 12.78  0.77 7.00 2.49 1.20
RM 0.49 0.23 0.19 0.19 0.22 0.48 0.20 0.16
™M 200 435 537 537 452 206 510 6
" 24 35 95 105 5.5 19 19 0.10
O 1.57 1.30 1.57 1.84  0.15 1.37 0.49 0.17
R'™ 6.5 3.7 1.6 1.7 2.7 7.2 2.6 170
™™ 15 27 60 57 37 14 39 0.6

- For the LM ()" = (v)"™ x [il™™; RF™M = (/D) = @™/ @™, T
= 1/RM

— For the Lm (i)™ = (v)"™ x [i]"™; RI"™ = ()&™/()"™ = ()p™/()"™; TI™ =
1/R[™

The results are given in Table 3. Over the period in question (i)% was
slightly greater than a (i)p, so an intermediate value was used in the calcu-
lations.

The mean annual turnover rates of dissolved salts are low in the LM, with
the exception of SiO,H,. They vary between 0.5 and 0.2% for all dissolved
ions, except for SiO,H, for which it is 16%. These rates are about 10-12
times higher in the Lm. In other terms, the retention time for a substance
is 10-12 times shorter in the Lm than in the LM, being 30 years on average
for the Lm and 350 years in the LM.

Fluctuations in the chemical composition of the water between years

Comparison between the data on the chemical composition of the waters of
Lake Titicaca obtained from the beginning of the century by the workers
cited in the introduction and those of the present day shows that there are
no significant differences, if allowance is made for the different methods of
analysis used. In other words, the major changes in water level of the lake
have hardly affected the chemical composition of the water. This can be
verified by a rough calculation and a comparison between analyses made at
a time of low water level (1971) and high water level (1978), compared to a
normal situation (1967).
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(a) Low water level

From 1967 to 1971 the volume of the lake fell from 896 x 10° m” to 887 x 10°
m’. The stocks of dissolved salts decreased by a quantity approximately equal
to the product of the deficit in river discharge, i.e. 4.5 % 10° m’ and the
mean chemical composition of the river waters.

Stocks of dissolved salts at low water level (i), in moles x 10™:

(HCO:/CO3)q = 1958, (SO.)q = 2360, (Cl), = 6359, (Na)y = 6958,
(K)q = 354, (Ca)y = 1455, (Mg), = 1288, (SiO Hy)y = 26.27

The corresponding concentration in mmol:

[HCO4/COs]y = 2.21, [SO4] = 2.26, [Cl]s = 7.17, [Na]q =

7.84
[K]a = 0.40, [Ca]q = 1.64, [Mg], = 1.45. [SiOsH,]q = 0.029

(b) At high water level

From 1967 to 1978 the volume increased from 896 x 10° m” to 904 x 10° m”.
River discharge had an excess of 4.0 x 10” m”.
Stocks of dissolved salts at high water level (i) in moles x 10°:

(HCO,/CO5). = 1970, (SO4). = 2369, (Cl). = 6380, (Na). = 6980,
(K). = 356, (Ca). = 1464, (Mg). = 1292, (SiO,H,). = 27.65

The corresponding concentration in mmol:

[HCO4/COs]. = 2.18. [SO,]. = 2.62, [Cl]. = 7.06, [Na]. = 7.72
[K]e = 0.393, [Ca]. = 1.62, [Mg]. = 1.43, [SiO,H,]. = 0.035

From these results it can be seen that the chemical composition of the
water varies little between periods of high and low water level, at least in
the LM. The changes in concentration do not exceed 2% . In the Lm, how-
ever, judging just from the change in volume of water, these must reach 10—
15%.

Conclusions

The total dissolved salt contents of the rivers flowing into Lake Titicaca are
usually between 5 and 10 mmol 1" '. These are relatively high values com-
pared to the mean value of 2 mmol 17" given for inland waters by Meybeck
(1979). They reflect heavy chemical erosion.

Most of the water originates from volcanic and sedimentary formations
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and has total dissolved salt contents of between 5 and 20 mmol 17!, with
strong seasonal variations. Concentrations can be three times higher at low
water than during floods, but no one chemical ion dominates. HCO5; SO,
and Cl are present in roughly equal proportions. Nevertheless, at low water
or at the start of the rainy season chloride and sodium may dominate due
to a clear enrichment in sodium chloride in the lower reaches of the rivers.

Water coming directly off the Eastern Cordillera is less mineralised (less
than 5 mmol 17'). The dominance of bicarbonates, calcium and sodium is
characteristic of chemical erosion of crystalline rocks.

The hydrological regime of the lake is such that the dissolved salts in the
river waters should on average be enriched by a factor of 4.7. This is true
for Na and Cl, but for other dissolved ions this factor is lower because of
chemical sedimentation. This mainly affects dissolved silica (used by dia-
toms), bicarbonate, carbonate and calcium (precipitated as CaCO3), and to
a lesser extent sulphate (reduction in deep stratified water), potassium and
magnesium (uptake by macrophytes).

Overall, sedimentation losses amounted to 28.5% of the riverine inputs
between 1964 and 1978. 77.5% of this sedimentation occurred in the Lago
Mayor and 22.5% in the Lago Menor. Losses by infiltration amounted to
40% of the riverine input: 68% in the Lago Mayor and 32% in the Lago
Menor. The Desagaudero only removed 11.4% of the riverine inputs.

The annual turnover of the stocks of dissolved salts is very low in the
Lago Mayor; for the major ions it varies between 0.20 % (Na and Cl) and
0.50% (Ca and HCOs). It is much higher in the where it varies between
1.6-1.7% (Na and Cl) and 6.5-7.2% (Ca and HCO3).

As a consequence Lake Titicaca is a very stable environment. Irregularities
in the inputs of water and dissolved salts do not change the composition of
its waters to any notable extent, at least in the Lago Mayor.



V.3. Dissolved matter and suspended sediment loads
in some inflow rivers and in the Rio Desaguadero

JEAN LOUP GUYOT, JEAN-GABRIEL WASSON,
JORGE QUINTANILLA and HECTOR CALLE

The hydrology and hydrochemistry of Lake Titicaca and of its main inflows
have been the subject of many studies and a preliminary balance for lake
inputs has been drawn up from a series of ten sampling campaigns between
1976 and 1979 (Carmouze et al., 1978, 1981). Although the present rate of
sedimentation is known from sedimentological studies in the Lago Huifiaim-
arca (see Chapter I1.3), the direct inputs of riverine sediments have only
been studied qualitatively (Boulangé et al., 1981), and the seasonal changes
in these inputs (dissolved and suspended) are still poorly known.

A recent typological study on water courses in the La Paz region, based
on a regional ecological approach (Wasson and Marin, 1988) provided a
series of data on the hydrology, hydrochemistry and suspended matter con-
centrations on two small Bolivian inflows into Lake Titicaca, the Rios Ti-
wanaku and Jacha Jahuira (or Keka). These two streams have similar mean
annual discharges of about 1 m* s™', but originate from very different catch-
ment areas, since the former (TI) is situated entirely on the Altiplano,
whereas the latter (JJ) flows down a glacial valley from the Eastern Cordil-
lera. Each stream was sampled every ten days throughout an entire hydrolog-
ical cycle. Chemical analyses of the major ions were carried out and the
concentration of suspended matter was measured by filtering 1 | of water
through a Whatman GF/C filter followed by drying at 105 °C for 2 hours.

These data provide new information on the spatio-temporal variation of
dissolved and suspended matter inputs to Lake Titicaca, in relation to the
nature of the catchment areas and the hydrological season. These data are
supplemented by observations on the Rios Suchez and Desaguadero (Guyot
et al., 1990a), in order to determine the seasonal cycle and annual balances
of matter entering the lake and then exported by the Rio Desaguadero

(Fig. 1).

C. Dejoux and A. liis (eds.). Lake Titicaca, 113-119.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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Figure 1. Simplified hydrographic and geological map of the Bolivian catchment area of Lake
Titicaca, from the geological map of Bolivia at 1: 1000,000 (YPFB-GEOBOL, 1978).
1: Palaeozoic, 2: Cenozoic, 3: Quaternary, 4: Granite massifs. See station codes in Table 1.

The seasonal cycle

Hydrology

Under the influence of the same pattern of precipitation, typified by a marked
rainy season from December to March, the lake inflows generally have a
period of high water levels lasting from January to March (Fig. 2A). In
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Figure 2. Seasonal cycle from January to December of suspended and dissolved matter. 2A:
mean monthly discharges (Q, in m® s~'). 2B: mean monthly flux of suspended matter (QS. in
td™'). 2C: mean monthly flux of dissolved matter (QD, intd™").

contrast, in the Rio Desaguadero, whose discharge is directly influenced by
the level of water in Lake Titicaca, the period of high water levels extends
until May because of the inertia related to the volume of water in the lake
(Guyot et al., 1990a).

Concentrations

The concentrations of total dissolved solids (TDS) and total suspended sedi-
ments (TSS) have very different seasonal cycles in the Rios Tiwanaku and
Jacha Jahuira. In the former, changes in river discharge lead to great varia-
tions in the concentrations of suspended and dissolved matter, whereas in
the latter the concentrations remain very low and remarkably stable through-
out the seasonal cycle.

These differences are related to the geological and geomorphological
characteristics of the catchment areas. In the case of the Rio Jacha Jahuira,
only Palaeozoic rocks occur, dominated by the granite massifs of the Cordil-
lera, which explains the very low concentrations of TDS. The profile in the
form of a series of terraces, leading to the presence of a series of lakes
upstream of the sampling station, contributes to decreasing the concentration
of TSS carried. In contrast, the Rio Tiwanaku drains the Quaternary sedi-
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Figure 3. Seasonal changes over the period 1987-1988 in discharge at Tiwanaku (Q, in m*s™ "),
suspended sediments (SM, in g 17"} and eleetrical conductivity (Cond., in mS em™' at 25 °C)
at Tiwanaku (TI) and Hichu Kkota (JJ).

ments of the Altiplano, which are very easily transported during floods (Fig.
3).

Flux

As a consequence, the cycles of the flux of dissolved and particulate matter
are very different in these two water courses. In the Rio Jacha Jahuira,
fluctuations in the TSS load are barely significant and the TDS load are
directly related to river discharge. In contrast, in the Rio Tiwanaku, the TSS
load is very high in the four months of high water level and practically zero
in the dry season. Variations in the TDS load are much lower, because of a
degree of dilution during the floods (Fig. 3).

The seasonal cycle of TSS in the Rios Suchez (at Escoma) and Desaguad-
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Table 1. Characteristics of the sampling stations and quantities of matter transported.

Sites characteristics Hydrology
Codes Rivers Sites Altitude of Basin eareas Observation Mean annual Specific
the siles (km?) ponods discharges discharges
{m) {m-3s-1) {l.s-1 km-2)
su Suchez Escoma 3.850 3.100 1976-1982 10 3.4
JJ Jacha Jahuira Hichu Kkota 4320 63 1945-1975 1.1 17
TI Twanaku Tiwanakuy 3.850 320 1987-1988 1.2 38
DE Desaguadero Calacolo 3.7%0 9800 + SL* 1976-1982 52 -

SL* « Lake Titicaca basin {57.100 km?))

Suspended sediments Dissolved sediments
Codes | Observation N* Contents Sofid Etesion Observation N° Contents Dissotved  |Erosion rates
periods sample discharges raies periods sample discharges

Mgl 0  tye) [ {tkm™ v mgt-1) | e’ yr) [ (km ™y
su 1976-82 52 180 65 21 1983-88 S €0 30 9
EA) 1987-88 39 9 03 5 1987-88 39 34 1.2 9
TI 1987-88 40 330 4 110 19687-88 40 280 6.6 10
DE 1976-82 100 250 580 59 1983-88 788 670 1800 -

ero (at Calacoto) have one characteristic in common with the Rio Tiwanaku:
most of the transport of suspended matter takes place during the period of
high water levels (Fig. 2B). This is not surprising in the case of the Rio
Desaguadero where the TSS come from tributaries situated between Lake
Titicaca and the sampling station and which drain catchments on the Alti-
plano of the same type as that of the Rio Tiwanaku. In the case of the Rio
Suchez, this indicates that the Cenozoic and Quaternary sedimentary deposits
traversed by the water course after leaving the Palaeozoic formation must
have a significant influence on the TSS dynamics.

TDS and TSS budgets

An assessment of the flux of matter transported has been calculated from
the available data (Table 1). For the Hichu Kkota station (1) for which the
hydrological data come from an old series of observations (S.N.D.C. —
G.T.Z., 1981), calculations were carried out from monthly averages corre-
sponding to various periods, because of the absence of regular discharge
records. In this particular case, this method does not present any major
inconvenience because of the stability of the measured concentrations. On
the other hand, in the case of a water course such as the Rio Tiwanaku,
where major variations in concentrations are recorded over the seasonal
cycle, calculation of the quantity transported from annual means (discharge
and concentration) would result in an underestimate of the flux of suspended
matter and an overestimate of the flux of dissolved matter.

The results given in Table 1 demonstrate the apparent uniformity of
the rates of chemical erosion (dissolution), calculated after allowance for
atmospheric inputs (bicarbonates in solution). These rates are of the order
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of 10 t km™? yr~! in all three inflows to the lake studied, despite the
dissimilarities in their geographical situations.

Conversely, the rates of mechanical erosion are very variable depending
on whether the catchments are situated on the Altiplano or in the Cordillera.
In the Rio Jacha Jahuira, for example, the flux of dissolved matter is about
twice as high as the flux of suspended matter and the rate of mechanical
erosion (5 t km~? yr!) is one of the lowest ever recorded in the Bolivian
Andes. In the Rio Suchez, this rate although four times higher is still rather
low for an Andean water course (Guyot ef al., 1988, 1989, 1990a, 1990b).
In contrast, in the Rio Tiwanaku, although the mean concentrations of TSS
are of the same order as those of TDS, the flux of TSS is five times higher
because of the great temporal variation in concentrations. The rate of mech-
anical erosion in this water course is 110 t km * yr~ ' and that recorded in
the Rio Desaguadero is about half this value.

This area of the Altiplano would therefore seem to be characterised by a
total erosion rate (solution + suspension) of the order of 60 to 120 t km™*
yr !, whereas the data obtained for the Rios Suchez and Jacha Jahuira give
results that are four times lower for the western slopes of the Eastern
Cordillera.

Consequences for Lake Titicaca

These data provide the first indication of the spatio-temporal variations in
the regimes of dissolved and suspended materials entering and leaving Lake
Titicaca.

As far as the export of material via the Rio Desaguadero is concerned,
analyses carried out along this water course have shown that the dissolved
content at Calacoto is the same as that of Lake Titicaca {(Guyot et al., 1990a);
it is therefore valid to use this gauging station in drawing up the lake balance.
Obviously, only the flux of dissolved matter (1800 X 10° t yr', which is
directly related to discharge, can be taken into consideration. In addition, a
flux of total organic carbon (mainly in the dissolved form) of 18 x 10>t yr*
leaving the lake has been estimated for the period 1976-1982 (Wasson et al.,
1991).

Estimating the flux entering the lake is a much more complex problem,
because it is essential that the variability demonstrated be taken into account
in drawing up the total quantities of matter. The rivers draining the Tertiary
and Quaternary sedimentary deposits show great variations in their concen-
trations of dissolved salts and particularly in TSS during the seasonal cycle.

A regional approach by type of catchment basin, and from a sufficiently
long series of measurements would appear to be essential to produce precise
estimates, particularly for the suspended matter flux. At this time, the ab-
sence of data on the TSS in other inflows into Lake Titicaca prevents the
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drawing up of a total figure (TDS + TSS) for the flux of matter entering the
lake. The results given here are a start in this direction and are of value in
studies of present-day sedimentation in Lake Titicaca. They also form part
of a wider study on the transport of matter and of erosion in the Bolivian
Andes.



V.4. The thermal stratification regime in
Lake Titicaca

PETER J. RICHERSON

Temperature stratification in lakes creates density differences that play a
key role in regulating vertical mixing. Vertical mixing in turn regulates the
distribution of chemical ions and suspended particles, including phytoplank-
ton, with respect to depth. Because of the relatively high attenuation of light
with depth, photosynthesis is restricted to surface waters. Under stratified
conditions, sinking particles carry nutrient ions from the euphotic photosyn-
thetic zone into the hypolimnion, and recycling is limited by reduced vertical
mixing. Under unstratified conditions, nutrients are returned to the surface,
but plankton populations may be mixed so deeply that they are limited by
low average light levels. Typically, production is highest under conditions of
weak stratification, or just after a period of deep mixing as stratification is
reestablished. Thus, the stratification regime is the single most important
hydroclimatological factor regulating biotic processes in lake ecosystems.

Stratification is driven by the heat budget (see Chapter V.5). During
periods of low solar radiation and high evaporation lakes cool. When the
heat income increases due to high solar radiation and lower evaporation,
most of this heat is gained at the surface due to the low transparency of
water. If heat is gained faster than it can be mixed downward by the wind,
a warm, buoyant epilimnetic layer is formed with a strong density and a
temperature gradient between the epilimnion and the cooler hypolimnion.
On this gradient, buoyancy forces counteract the tendency of turbulent dif-
fusion to mix the lake. Warm, wind-driven eddies cannot be driven into the
hypolimnion because the denser underlying water forces them back upwards
(Csanady, 1973).

There are four important time scales of variation in stratification that are
important in lakes: interannual, annual, within-year polymictic, and diurnal.
Each is influenced by different facets of the driving climate and weather
variables.

Classically, the seasonal time scale has received the most attention from
limnologists, but the special conditions of tropical lakes may make both the
longer and shorter time scales more important. The reason is that low-
latitude lakes like Titicaca have relatively small annual variations in heat

C. Dejoux and A. lltis (eds.). Lake Titicaca, 120-130.
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content due to the relatively small seasonal variations in solar radiation, air
temperature and evaporation in the tropics. Hutchinson and Loffler (1956)
predicted that the low annual heat budget of tropical lakes would lead to
many cases of oligomixis (mixing on time scales longer than a year) at low
elevation and polymixis (frequent mixing within a year) at high elevation.
In fact, most tropical lakes of moderate depth are basically of the warm
monomictic type; they circulate more or less completely once a year during
the coldest season (Talling, 1969; Baxter er al., 1965).

However, the low annual heat budget does appear to make the other
time scales of variation relatively more important. Lewis (1973), Kittel and
Richerson (1978), and Taylor and Aquize Jaen (1984) have shown that
variations of heat gain and loss, and hence stratification strength, vary sub-
stantially at the polymictic time scale. Variations between years in degree of
mixing are important in deeper lakes like Titicaca (see below), but there is
no evidence that they differ significantly from deep temperate lakes like
Tahoe (Goldman, 1981; Goldman ef al.;, 1989) in this regard, contrary to
the hypothesis of Kittel and Richerson (1978), who thought that variations
in the small heat budget of tropical lakes would lead to qualitative differences
in stratification in different years. Due to the typically short period of iso-
thermy in tropical lakes, however, a significantly greater tendency toward
oligomixis in the tropics may yet be demonstrated.

The relatively high radiation load of the tropics will tend to ensure that
diurnal stratification is strongly marked. On each daily cycle, the surface few
meters will gain substantial heat during the day, only to lose most of this
heat during the night. This same phenomenon is of course important in the
temperate summer. Even in the relatively strongly mixed oceanic case, diur-
nal stratification is often observed (Howe and Tait, 1969).

Methods

Temperature measurements by our group were obtained with a thermistor
(occasionally a water bottle thermometer) in Lago Grande during the years
1973-1976 and 1981-1982. All thermometers were calibrated against labora-
tory thermometers (1973-76) or tank-tested deep-sea reversing thermomet-
ers (1981-82). In the 1973-76 study, data were collected from a station
7 km east of the village of Capachica in 175-200 m of water. In 1981-1982
measurements were also obtained from a station in the middle of Puno Bay
with a water depth of 24-25 m. Short-term studies of diurnal stratification
were made in 1981-1982 using the themistor instrument at stations near the
island of Taquile in Lago Grande and at the main station in mid-lake.
Carmouze et al. (1984) conducted a similar study in 1979, measuring tempera-
ture stratification at monthly intervals at a deep-water station in Lago
Grande. The study of Lazzaro (1981) documents the stratification at a 40 m
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Figure 1. Temperature profiles from Lake Titicaca, 1973 (Richerson er al., 1977).

deep station in the Chua Depression in Lago Pequefio. Details of methods
are given in the papers referenced below.

Annual cycle of stratification in Lago Grande

The basic monomictic pattern of stratification in Lake Titicaca is illustrated
in Fig. 1 for the year 1973. All the years studied to date in both Lago Grande
and Lago Pequeiio show qualitatively similar patterns. Stratification is pre-
sent except for a brief period of near-isothermy in July, during the height of
the dry season. During the main period of stratification, epilimnetic tempera-
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Figure 2. Isotherms in°C versus depth and time for the 1973-1976 period (Taylor and Aquize
Jaen. 1984).

tures are around 13-15°C and hypolimnetic temperatures about 11.1°C. In
temperate lakes, temperature differences between the hypolimnion and the
epilimnion would typically exceed 10°C.

Figure 2 illustrates the pattern of stratification for a period of 39 months
in 1973-1976. The basic pattern of stratification is very regularly monomictic
(see also Chapter VI.1d), with a brief period of isothermy in July and
August. A significant thermocline forms in August and September, with the
thermocline deepening to about S0 m by December. From late December
until late April or early May the lake remains stratified with surface tempera-
tures of 13°C or greater. The thermocline deepens and weakens during the
main cooling period in May and June.

The work of Lazzaro (1981) shows that the 40 m deep Chua Depression
in Lago Pequeiio (Huiflaimarca) also has the basic warm monomictic pattern.
During the wet season period of strongest stratification, the top of the
thermocline in Lago Pequeiio is only about half as deep as in Lago Grande.

Deep mixing is often incomplete in Lago Grande. Note in Fig. 1 that all
of the profiles in July and August show some stratification at depths of 60-
100 m. Oxygen profiles (Richerson et al., 1975) from 1973 indicate a failure
to mix below 100 m. Mixing was also incomplete in 1980 and 1981. A 0.1°C
temperature discontinuity was present at 110 m in early 1981. The tempera-
ture and oxygen profiles obtained by Carmouze et al. (1984) in 1979 also
suggest incomplete mixing. Figure 3 shows oxygen levels at three depths for
1981-1982, and Fig. 4 shows the progressive decline in oxygen at depth



124  P.J. Richerson

Dissolved oxygen (mg 17"

JF M A M J U A S O N D J FM A M J J A S O NTD
1981 1982
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Figure 4. Vertical profiles from monthly measurements of dissolved oxygen in Lago Grande,
1979. The stippled zone indicates the location of the thermocline (Carmouze er al., 1984).
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resulting from incomplete mixing in June and July 1979. The anomalously
depleted oxygen at 150 m until the isothermal period in 1981 confirms that
mixing must have been incomplete the previous year. During the first half
of 1981, Lago Grande was anoxic below 200-210 m. This level of oxygen
depletion has not been observed in any other year and perhaps resulted from
incomplete mixing in 1979, as observed by Carmouze et al. (1984), as well
as in 1980. The volume of anoxic and low oxygen water was great enough
to prevent full oxygenation of the deep waters during the 1981 period of
isothermy, and a small volume of water below 250 m remained anoxic until
the 1982 mixing period (See Chapters V.6 and VI.1d for discussions of the
consequences for the nitrogen budget of this failure of deep circulation}.

Carmouze et al. (1984) computed the relative thermal resistance to mixing
for their profiles for 1979. This computation expresses the density difference
between the top and bottom of a stratum of water, 10 m thick in the case of
their calculation, relative to the density difference between 4 and 5°C, the
temperature change for which density change is minimal. Figure 5 shows the
results of this computation. Resistance to mixing is, of course, more closely
related to density differences than to temperature per se. Note the relatively
rapid creation and destruction of the density stratified layer, and its relative
stability for many months during the stratified season. Note also that a rather
long period with quite low density gradients (June-September) was not
sufficient for complete mixing to occur.

Carmouze et al. (1984) estimated the consequences of stratification for
the recycling of biologically important materials using calculations based on
the dissolved O, and CO, budgets. The primary production estimated by
Richerson et al. (1977) for 1973 was 1.5g C m 2 d™', or 300 x 10° mol C
year ' for the whole of Lago Grande. Using a respiration coefficient of 0.87,
they estimate that only 35 x 10° mol C year™' of CO, was produced in the
hypolimnion. Thus, nearly 90% of the respiration and recycling of carbon
and other nutrients appeared to have taken place in the epilimnion (or if it
took place in the hypolimnion, was balanced by the diffusion of O, down-
wards and presumably of nutrients upwards). The amount of carbon lost
from the epilimnion is large in terms of phytoplankton standing stock, which
is about 3g C m~? or 1.5 x 10° mol. Thus the equivalent of approximately
20 times the epilimnetic instantaneous standing stock of biomass carbon is
mineralized below the hyopolimnion. If the ratio of C:N is 7 in the biomass,
the potential loss of nitrogen from the epilimnion due to settling of organisms
or material with a similar N:P ratio would be of the order of 20 pmol N
17! year™'. This figure is rather large, given that it exceeds hypolimnetic
concentrations of available N (NO; + NH,) by a factor of 3 to 4 (Vincent et
al., 1985). During the annual destratification, the euphotic zone must start
with a total available nitrogen content of approximately 5-7 pmol 17'. It
seems likely that recycling of nitrogen is even more efficient than for carbon,
although cyanobacterial N-fixation might supply roughly 4-10 pmol N 17!
year ' (Chapter V.6). It does make sense that the C:N ratio of sinking
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detritus would rise with depth and that the average depth of nitrogen min-
eralization would be shallower than for carbon. Thus nitrogen is probably
more likely to be mineralized in the epilimnion or just below it, compared
to carbon. See Vincent et al. (Chapter V. 6) for a more extensive analysis
of the nitrogen budget of the lake.
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Figure 6. Temperature and stratification in Puno Bay. Bottom water temperature (24 m), @;
temperature difference between 4m (below the diurnal thermocline) and 24 m, (J; depth of
maximum temperature gradient, O (Vincent et al., 1986).

Polymictic patterns of stratification of Puno Bay and Lago Grande

Puno Bay has a mean depth of 14 m and a maximum depth of 37 m. Given
that the main thermocline in Lago Grande lies at 50 m during the period of
most intense stratification, a thermocline as strong and permanent as that in
the main basin is unlikely to form. Even if density-driven exchanges between
Lago Grande and Puno Bay were weak, we would expect the top of the
seasonal thermocline around 25 meters as in Lago Pequefio. Puno Bay is too
shallow over most of its extent to show the annual cycle of stratification.
However, a marked pattern of more ephemeral stratification does play an
important role in the Bay (Fig. 6). The Bay frequently has a temperature
gradient of from a few tenths to 2°C. The depth of maximum gradient ranges
from near the bottom at our station to shallower than 10 meters. In the two
years for which we have data, the most persistent stratification events oc-
curred during the main heat storage phase of the annual cycle from October
to December. During the middle of the warmest season, episodes of strong
stratification were interrupted by essentially complete mixing. The main
period of heat loss in April and May results in convective mixing that prevents
stratification, and the cool season period of modest changes in overall heat
storage resulted in episodes of weak stratification, especially in 1982. In each
episode of stratification, there was a tendency for the thermocline to begin
near the bottom, rise to shallower depths during the period of maximum
stratification, and then descend again to near the bottom.

In Lago Grande a pattern of complex subdivision of the epilimnion some-
times occurs on the polymictic time scale. Such temporary sub-stratification
of the epilimnion can be seen in Fig. 1, especially on February 24 and
November 30. Several complex episodes of thermocline depth change and
variation in internal structure are apparent in Fig. 2. Lewis (1973) described
a similar pattern from Lake Lanao and called the process atelomixis. Taylor
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and Aquize Jaen (1984) developed a non-dimensional measure of the vari-
ability in heat flux, S* where

* — Ts

"~ (B/T)

1, is the standard deviation of the average monthly storage fluxes about the
annual mean, B is the Birgian heat budget (Hutchinson, 1957), and T is the
time interval from the lake’s seasonal minimum heat storage to its maximum.
They compared the values of S* for 5 temperate and two tropical lakes. The
value for Titicaca was considerably higher than for the temperate lakes, and
that for Lake Valencia (Lewis, 1983) was considerably higher than for Titi-
caca. It seems likely that low heat budget and weaker stratification of tropical
lakes does indeed exaggerate the importance of events on the polymictic
time scale.

Diurnal stratification

Powell et al. (1984) studied the formation and erosion of the diurnal thermoc-
line in Lake Titicaca. Two examples of the diurnal cycle are given in Fig 7.
During the night, wind mixing and convection usually make the epilimnion
isothermal to considerable depths, typically to the top of the seasonal thermo-
cline. Shortly after sunrise, the surface few meters of water begin to heat,
with maximum temperatures and temperature gradients right at the surface.
Surface skin temperatures become ca. 1°C warmer than the underlying epi-
limnion temperatures at 10-15 m. By early afternoon, a diurnal mixed layer
begins to form. By sundown, the mixed layer reaches 5-7m depth with
temperatures (.3-0.4°C above those of the deeper epilimnion. Detectable
diurnal heating reaches to about 10 m at this point. After dark, the loss of
heat is fairly rapid, and nearly isothermal conditions obtain by about mid-
night. Neale and Richerson (1987) made detailed observations on ten ex-
amples of diurnal stratification in Lago Grande. The increase in surface skin
temperature ranged from 0.06 to 2.41°C (average 1.08°C). The afternoon
mixed layer depth ranged from 1.5 to 9.5 m (average 4.7 m), while the depth
penetration of a recognizable diurnal thermocline ranged from 5 to 13 m
(average 8.6 m).

Powell et al. (1984) computed coefficients of vertical eddy diffusivity for
two time periods during the afternoon and evening heat loss phase of stratifi-
cation for the data shown in Fig. 7. The calculation is based on measuring
the rate at which turbulent diffusion is driving heat downward from layer to
layer, after correcting for the direct effects of heating by absorption of
solar radiation. Minimum diffusivities in the region of the maximum diurnal
stratification were about a factor of 10 lower than at shallower and deeper
weakly stratified depths. Mixing of the epilimnion is thus very strongly in-
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Figure 7. The daily cycle of near-surface heating and cooling for two days in Lake Titicaca.
The dates are 3 September 1981 (246-81) and 22/23 July 1982 (203/204/82). The time the profile
was obtained is noted next to each curve (Powell er al., 1984).

hibited by diurnal stratification. The reduced mixing has quite substantial
effects on photosynthesis (See Chapter V1.1d).

Conclusions

Despite its high elevation and low mean temperatures, the patterns of strati-
fication in Lake Titicaca are typical for large, deep tropical lakes. Differences
between epilimnetic and hypolimnetic temperatures are relatively small (ca.
3°C), but persistent throughout most of the year in Lago Grande. Lago
Grande is a warm monomictic lake in Hutchinson’s (1957) classification, with
a brief period of isothermy or near isothermy in July and August. The
relatively weak annual pattern of stratification makes patterns at other time
scales relatively more conspicuous. There is a marked variation in the degree
of deep mixing during the annual isothermal event that causes major differ-
ences in lake chemistry between years. There is irregular variation in the
strength of stratification and depth of free mixing during the stratified period
in Lago Grande and a polymictic circulation pattern in shallow Puno Bay.
There is a pattern of strong diurnal stratification and nocturnal mixing on all
but the cloudiest and windiest days.
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V.5. The energy balance

JEAN-PIERRE CARMOUZE

Lake Titicaca is a unique example of a large, deep, tropical lake (between

latitudes 15°25 and 16°35 south) located at 3810 m altitude. A priori one

might think that this high altitude location may confer a special type of

thermal regulation upon it. The various studies that have been carried out

on this subject (Kessler, 1970; Carmouze et al., 1983; Richerson er al., 1977

and Taylor and Aquize Jaen, 1984) provide:

1) a better undertanding of the micro-climate created by the lake on the
surrounding region,

2) a definition of the factors which control the temperature of the lake and
its thermal stratification,

3) an estimate of the rate of evaporation which is one of the terms of the
hydrological balance.

The energy balance of the water body contains two terms which should
balance. The first is the algebraic sum of two components: the short wave-
length radiation balance, Qs, and the long wavelength radiation balance,
Qr. The second term represents the exchanges by conduction within the
water mass Q, by convection at the water atmosphere interface Qc, and by
evaporation, Qg.

The total balance is represented by:

QS+QT:QC+QL (1)

The heat provided by inputs from rainfall and rivers and thermal phenom-
ena associated with biogeochemical reactions, convection through the lake
bed and geothermal energy are ignored. These various heat flows are closely
related to one another. The thermal balance is subjected to the external
forcing factors of solar radiation and the state of the atmosphere (tempera-
ture, air humudity, cloud cover, wind speed, etc.), the latter also being
influenced by the thermal response of the water body itself, that is to say
the microclimate it creates. In the final analysis, it is the water temperature
(or the total heat content of the lake) which adopts a value so that the sum
of the terms of the energy balance tends towards zero. The water temperature
represents one of the main readjustment factors influencing the long wave-

C. Dejoux and A. lltis (eds.), Lake Titicaca, 131-146.
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Figure 1. Location of Lake Titicaca and the Puno meteorological station. The dominant winds
are indicated.

length radiation emitted by the lake, the evaporation and the thermal convec-
tion.

Because the solar radiation and the atmospheric conditions vary continu-
ously on a daily, seasonal and annual basis, a succession of energy balances
tends to becomes established at the water-atmosphere interface and within
the water mass. The effect of changes in the inputs and outputs of energy at
these levels, is either to draw in energy from the environment or to release
energy into it, leading to changes in the total quantity of heat stored and its
distribution within the lake.

In this chapter we will describe the exchanges occurring at the water-
atmosphere interface and their consequences on the changes in the heat
reserves of the lake. The vertical distribution of these reserves reflected in
the thermal stratification is described in Chapter V.4.

Any hydrological or energy balance is typified by the period chosen. The
balance that is to be described is based on meteorological data recorded at
Puno (Peru) between 1954 and 1987 and temperature data in the Lago
Grande collected between 1976 and 1979. It should be noted that the Puno
meteorological station is exposed to the dominant winds (Fig. 1). These data
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are insufficient on a small time-scale for analysis of diurnal changes, and
refer to too short a time period for annual variations in energy flux to be
evaluated. Nevertheless, a monthly energy balance can be drawn up.

Radiation balance within the lake
Solar radiation absorbed at short wavelengths

The total solar radiation, which represents the light energy from direct and
diffuse solar radiation falling on a horizontal surface, can be easily calculated
in relation to the latitude of the site of observation and the state of the
overlying atmospheric layer.

We have used the method of calculation developed by Perrin de Bricham-
baut and Lamboley (1968). These workers start with the daily total of solar
radiation incident at the top of the earth’s atmosphere, Gy, averaged for
each month, and then calculate the solar radiation at the earth’s surface
in fine weather, G,,.. This calculation requires that a certain number of
assumptions be made relating to the altitude, the transparency of the atmo-
sphere, the quantities of condensable water vapour and ozone. The following
assumptions were made in the calculation of Gmax: atmospheric pressure,
P = 1000 mb; quantity of condensable water vapour, w = c¢m, coefficient of
atmospheric transparency B = 0.07.

At 15°S, the latitude of Lake Titicaca, the values for total incident radi-
ation at sea level in J cm ™ d ™' are:

Month J F M A M J J A S (0] N D
Grax 3200 3125 2950 2650 2250 2075 2125 2375 2750 3050 3200 3250

Corrections need to be made to take into account the true environmental
conditions. At the altitude of the lake (3810 m) the total radiation must be
increased by 4% just because of decreased scattering from gas molecules
(1% per 1000 m altitude). The quantity of condensable water vapour, w, was
determined from the water vapour pressure at the lake’s surface, fa, using
Hann’s formula:

w (cm) = 0.17 x fa (mb) (2)

fa being on average equal to 5.8 mb and w= 1 cm. This value introduces a
correction of +3%. The transparency coefficient, B, which defines the quan-
tity of aerosols contained in the column of atmosphere above the observation
point is of the order of 0.025 for a pure atmosphere. This factor decreases
with altitude according to the formula Bp = B x P/1000, where P = the atmo-
spheric pressure in mb. At Lake Titicaca this value must be close to 0.015.
The influence of B on G, is slight, because the decrease in direct radiation
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is partially compensated by an increase in diffuse radiation. However, be-
cause of the effect of scattering of solar radiation by the water body, this
influence is indirectly increased. For an albedo of water close to 0.07 and
B = 0.015, according to Perrin de Brichambaut and Lamboley, G, must
be increased by +6%. In total for Lake Titicaca, the values of G,,, must
then be increased by 13%.

A figure for total mean radiation, G, is derived from the corrected values,
taking into account the duration of sunshine. To do this Perrin de Bricham-
baut and Lamboley have drawn up a table of correspondence between the
proportion of sunshine hours (i.e. the ratio between the mean measured
hours of sunshine, S, and the maximum theoretical sunshine hours, S;ax,
for continuous fine weather) and the ratio G/G.x, based on Angstréom’s
formula:

G/Gmax = 0.76 X §/S,ax + 0.24

S/S max 0 0.2 0.4 0.5 0.6 0.8 1.0
G/Grax 0.24 0.42 0.58 0.65 0.73 0.86 1.0

The values of G have thus been calculated from sunshine duration data
recorded at Puno (Table 1).

Part of the solar radiation, G, is dispersed in all directions by reflection
and scattering from the water body surface. This fraction, or albedo, is close
to 0.07 in the case of a lake. The energy absorbed by Lake Titicaca in the
form of short wavelength radiation can therefore be estimated as: Qs =G
(1 -0.07).

The values obtained vary between 2628 Jcm °d™! in October and
1864 Jcm~2d ™" in June, the mean annual value being 2190J cm *d ™" (Fig.
2).

Long wavelength radiation from the earth

This radiation includes two components of long wavelength radiation; one is
the radiation emitted by the water body and the other the radiation emitted
by the atmosphere away from the lake, both representing losses of energy
for the lake.

Emission from the lake

Water has a behaviour close to that of a black body. The energy emitted by
the lake is estimated from the Stefan-Boltzmann equation:

Ml = € X ¢ x Te* (3)



Table 1. Monthly means for: maximum and minimum air temperatures near the water body © 0+ Oumacs Qunin: surface water temperature of the lake
0 partial pressure of water vapour 1 m above the water body. f,: saturation pressure of water vapour at the temperature . F.: atmospheric pressure,
P: proportion of sunshine hours. S/S,.«: cloud cover. N and the wind speed at 2m above the ground, U, from daily data recorded at Puno between
1964 and 1978. with the exception of ®.. which come from measurements made in the Lago Grande in 1977 to 1979. (1) O, 0y Was estimated from .«
and ©,,,,,, taking into account rclative lengths of night and day during the course of the year.

0, mus in °C 14.5 14.2 14.1 4.3 13.7 13.2 13.0 [3.8 14.3 15.6 15.9 15.1 -

0, i 10 °C 5.0 5.2 4.8 3.4 1.0 —(.9 —-1.3 4.2 2.0 3.2 4.0 4.8 -

0. mean 10 °C (1) 9.95 9.77 9,33 8.44 6.71 5.26 5.07 6.43 7.90 9.4 10.10 [0.15 8.21
0, in °C 13.85 14.3 14.35 13.85 13.0 12.0 [1.5 11.25 11.75 12.9 13.35 13.85 13.0
f, in num. 7.5 7.9 7.7 6.5 4.9 4.0 4.0 4.6 5S4 5.5 5.9 6.8 5.89
F. in num. 15.90 16.34 16.40 15.90 15.02 14.06 13.60 13.38 13.82 14.06 15.34 15.90 15.05
P in num. 646 646.1 646.7 647.1 0471 646.7 046.5 646.3 646.3 645.7 0454 6454 646.2
Sin % 44 45 54 72 80 83 80 75 74 066 52 67.5

S max

N in octets 6.9 0.7 6.0 4.4 3.1 2.5 2.4 3.0 4.0 4.6 5.4 6.3 5
Uin ms ' 1.14 1.03 .96 0.95 0.97 1.08 1.06 1.23 1.32 1.42 1.39 1.28 1.15

2ouppq K849u2 2y |
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Figure 2. Mean monthly values of components of the Lake Titicaca energy balance expressed
inJem 2d7".

Qs = short wavelength solar radiation absorbed

Qt = long wavelength radiation from the lake

Qn = Qg — Q-+ = radiation balance

Qg = evaporation losses

Q¢ = losses by conduction

Mean monthly changes in the heat content of the lake, expressed in J cm™2d7" 8QL

Where € = the emissivity of water = 0.97; ¢ = the Stefan-Boltzmann con-
stant = 4.9 X 10Jcm > K *d ™' and Te = the surface water temperature in
°Kelvin.

The mean monthly values of Ml calculated from the values of ®e, taken
from Table 1, vary between —3240Jcm °d™' in March and
-3102Tcm ™ >d "' in August; the mean annual value being —3181 Jem ™ >d ™",

Atmospheric radiation under clear skies

This is the most difficult to estimate term in the radiation balance. Among
the various formulae and graphical solutions used to estimate this term, we
have chosen that of Brunt, which is statistically valid in the case of clear
skies. This formula considers the emission of the atmosphere to be that of
a black body at the air temperature at ground level, corrected by a factor
taking into account the partial pressure of water vapour at ground level,
since this plays a major role in the absorption and re-emission of terrestrial
radiation.
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Ma=ex o x Ta'(a + b x Vfa) )

Where: Ma = the energy emission by the atmosphere towards the lake in J
cm ? d7'; e = the emissivity of the atmosphere; ¢ = the Stefan-Boltzmann
constant; Ta = the temperature of the air at ground level in °K, and fa = the
water vapour pressure at ground level in mb. The values of the constants a
and b are rather uncertain. We have used the values recommended by M.
and R. Berliande (in Ivanoff, 1975): a=0.61 and b = 0.051.

The mean monthly values of Ma were thus calculated from the ®a and
Fa data in Table 1. Ma varies from —2288 J cm 2 d~' in February
to — 2021 Jem ™~ ? d ™' in July, the mean value being — 2179 Jcm_*d ™" (Table
2).

The long wavelength terrestrial radiation balance

In fine weather, the terrestrial radiation balance Qr, is equal to Ma — Ml
This value is reduced under cloudy conditions because the radiation by the
atmosphere increases the greater the cloud cover and the lower the cloud
ceiling.

Among the various proposed empirical formulae relating the mean value
for terrestrial radiation under cloudy conditions, Qr, to that of the mean
value under clear skies Qp, and to cloud cover N, we have chosen that of
Berliande (in Ivanoff, 1975): Qr = Qr, (1 —c. Nm), where m = 1.75 and
¢ = 0.57 (value adopted for latitude 15°S). Values for cloud cover in octets,
N, from Table 1, have been rescaled from 0 to 1.

The long wavelength radiation balance for each month calculated using
this method shows that there is a loss of energy which is at a maximum in
June (—1025Jcm~>d™") and a minimum in January (—518 Jem~*d™ "), the
mean loss over the year being —782J cm™*d ™' (Table 2, Fig. 2).

The radiation balance

The radiation balance, Ry, which is the quantity of energy available, is equal
to the difference between Qg and Qr. It varies from 839 Jem™2d ! in June
to 1903Jcm 2d™" in November, the mean value over the whole year being
1409 Jcm *d ! (Fig. 2).

The heat content of the lake, evaporation, conduction
The quantity of energy in the form of radiation available at the lake surface

determines the exchanges of energy between the water and atmosphere by
evaporation, Qg, and by thermal convection, Q¢, and within the water itself
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by changes in the energy content of the lake, 3QL, according to the following
equation:

RZSQL+QC+QE

The terms of this equation, including the monthly evaporation rates, E, will
be calculated from values of Qgand we will propose a semi-empirical formula
for the estimation of E.

Changes in the heat stored in the lake

The heat content of the lake per unit area has been calculated as follows:
the lake was divided into layers of equal depth in which the heat content
was calculated. This content is equal to the product of the proportional area
that each layer represents in terms of the total lake area, the thickness of
the layer and its mean temperature. The sum of values for each layer gives
the total quantity of heat contained in the lake (Dussard, 1966).

The calculation was carried out using temperature profiles that we re-
corded in the Lago Grande from 1977 to 1979 and the bathymetric profile
drawn up for the lake by Boulangé and Aquize Jaen (1981).

After estimating the quantities of heat stored in the lake, Qp, in each
month, the changes from month to month 8Q; were calculated (Tables 2
and 3, Fig. 3). The lake has a maximum loss of heat in June of 667 J cm *d ™"
and a maximum heat gain in October of 378 Jcm™2d™". It should be noted
that the maximum monthly change in heat reserves of the lake is of the order
of 50 x 10° J month ™' and only represents 8% of the mean annual value of
the reserves.

It is not easy to compare the changes in heat content over the course of
a year from one lake to another, since these changes depend not only on
the climatic conditions of the region, but also on the morphology of the lake
and of its catchment. To overcome this difficulty, Taylor and Aquize Jaen
(1986) have proposed a dimensionless index, S, which they call the stored
heat flux:

S =0oS/B/T

Where: ¢S = standardised monthly changes in stored heat. 3 = the differ-
ence between the maximum and minimum monthly values of stored heat
T = the time (months) between the month with the lowest heat content and
that with the highest content. From the data in Table 3: ¢S = 10417 J cm ™,
B=509957] cm™~2 and T = § months; from which S = 1.63.

Taylor and Aquize Jaen (1984) from their own data and those of Richerson
et al. (1977), calculated values of 1.45 and 1.54, respectively, and noted that

values normally found in lakes in temperate regions are lower, of the order



Table 2. Components of the mean monthly energy balance within the Lago Grande. The results are expressed in Jem *d™'. Qg = solar energy absorbed:
M, = energy emitied by the lake surface; M, = energy emitted by the atmosphere towards the lakc under clear skies: Qr = quantity of heat lost by
terrestrial radiation: R,, = radiation balance: 8QL = changes in the heat content of the lake. Q;- = heat lost by evaporation; Q¢ = heat lost by turbulent
convection. B = Bowen ratio.

] F M A M 1 1 A S O N D Annual

mean

Q. 2.070 2.046 2.132 2.171 2.025 1.864 1.947 2,142 2.399 2.628 1.581 2.296 2,190

My —3.215 -3.236 ~3.240 -3.215 -3.177 —3.135 =314 -3.102 -3.122 =3.148 —3.194 ~3.215 —3.181

M, 2.290 2.288 2.267 2.203 2.100 2.027 2.021 2.083 2.155 2.206 2.243 2.268 2.179

Q, =518 —552 —637 —809 —956 —1.025 -1.016 =914 -803 —737 —678 —741 —782

R, 1.552 1.494 1.494 1.361 1.065 839 930 1.228 1.596 1.890 1.903 1.554 1.409

AQ, 190 232 182 =53 —478 —667 —399 —73 169 378 349 182 -

B 0.192 0.226 0.243 0.241 0.259 0.258 0.282 0.227 0.190 0.155 0.145 0.168 0.215

Q —1.142 —1.029 —1.055 -1.139 —1.225 —1.197 —1.036 —1.060 -1.199 —1.309 —1.357 —1.174 —1.160

Q¢ =219 —232 —256 =274 =317 —309 -292 =240 —228 —203 -197 -197 —248

aoupppq K349u2 3y J

6¢l
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Table 3. Heat content of the Lago Grande in the first month, Q., and the mean monthly
changes 3Qy. The results are expressed in Jcm . (Note that the monthly values of 3Q, are
expressed in mean daily values for each month in Table 2).

J F M A M J J A S 0 N D

Q. 613310 619.205 625.750 631.395  629.815 615.015 595.015 582.650 580.400 585.475 597.190 607.665
AQ.  5.895 6.545 5.645  —1.580 —14.800 -20.000 -12.370 —2.250 5075 11715 10.475 5.645

of 1.15, thus underlining the wider range of changes in heat content in
tropical lakes.

Exchanges by evaporation and convection

Exchanges by evaporation and convection are difficult to estimate. Various
semi-empirical formulae exist, but one of the best ways of estimating them
is to derive the sum of their values from the energy balance, and then
calculate their separate values from Bowen’s ratio, B. This ratio reflects the
fact that the coefficients of the transfers of water vapour and of heat at the
air-water interface are very close to another.

B =Q./Qg=C,.P/0.621.L X 0. — 0,/F. — f,

Where: ®, = the air temperature; ©. = the water temperature; Cp = the
specific heat capacity of air at atmospheric pressure = 1005J g™ '; L = the
latent heat of evaporation of water in J g~' (This is a function of the surface
water temperature 0.: L = 2495 — 2.38 0.); P = the atmospheric pressure;
F. = the partial pressure of water vapour at saturation at the temperature
0. and f, = the actual pressure of water vapour in the air just above the
lake’s surface.

6 T Emmj-1

- T T T T T T T T T T T T —t
J F MA M J J A S 0 N D
Figure 3. Mean monthly values for evaporation rates from Lake Titicaca in mm dl
(1) Curve obtained from the energy balance
(2) Curve derived from the relationship E = 0.477 (F, — f,) Uz,
(3) Curve derived from the relationship E = 0.17 + U,,, (F. — f,)
E being the mean monthly evaporation rate in mm d ', E, — f, the humidity deficit in mb and

U,,, the wind speed 2 m above ground level in m s™".
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The mean monthly values of Qg + Q¢ were thus calculated from equation
(1) and those of B from data presented in Table 1. The separate values of
Qg and Q- (Table 2) were obtained from equation (5).

Losses by evaporation range from —1357Jem™2d™' in November to
—1029Jcm ?d™" in February and those by turbulent convection from
—-309Jcm™?d™" in June to —197Jem >d " in November (Fig. 2).

Evaporation rates derived from the energy balance, semi-empirical formulae

The mean monthly evaporation rate, E, was derived from the relationship
E = Qg/L; where E is expressed in cm d™!'; Qg in Jem™2 and L, the latent
heat of evaporation in J g~".

The results (Fig. 3) show that the evaporation rates range from 4.2 to
5.3mm d~', the minimum being in May and the maximum in November.
The mean annual rate of 1720 mm is very close to the value of 1740 mm/year
obtained from the hydrological balance of the Lago Grande by Carmouze
and Aquize Jaen (1981).

Kessler (1970) and Richerson et al. (1977) have also calculated rates of
evaporation of 1714 and 1900 mm/year, respectively, from the heat balance
and values of 1480 and 1344 mm/year from the hydrological balance. The
most recent estimate made by Taylor and Aquize Jaen (1984) from the heat
balance is 1350 mm/year.

The semi-empirical formulae which are used to calculate the evaporation
rates are mostly derived from the approximate expression for this variable
derived from the general acrodynamic model:

E = D,/A, X C,0.622/P (F, — f,) U,
P

Where: D, = the coefficient of turbulent diffusion of the atmosphere in the
vertical plane; A, = the coefficient of turbulent viscosity of the atmosphere
in the vertical plane; C, = the friction coefficient at distance Z at which the
wind speed, Uz, is measured.

These variables are difficult to measure. Jacobs (1951) chose to determine
a mean value for this group of variables by combining the energy balance
method giving QE and equation (6):

E = Qg/L =k(F. — £.).Usm (7)

Taking the 4 oceanic regions, he obtained values of k varying between
extremes of 0.11 and 0.20 (E being expressed in mm d — 1, F and f in mb
and U in m s — 1 at 6 m above the water surface). Using the same method
for Lake Titicaca, a mean annual value of k of 0.477 was obtained. It should
be noted that these values of k are not directly comparable, because for



142 J.-P. Carmouze

Fe~Fa inmb
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Figure 4. Monthly values for the humidity deficit of the air, F. —f,, at Puno and the wind
speed at 2 m above ground level.

Titicaca, U was measured at 2m above ground level. Equation (7) thus
becomes:

E = 0.4777 (F. — f.). Uz,

The mean monthly evaporation rates were calculated from this equation
using the data presented in Table 1. The graph obtained shows wide devia-
tions from that obtained from the energy balance (Fig. 3). The deviations
are to a large extent due to the variable U, because the slope of the monthly
evaporation curve given by the balance method (Fig. 3) is close to that of
F. — f. and different from that of U (Fig. 4). To obtain a better agreement
between the two methods it is therefore necessary to use formulae giving
less weight to the wind factor, such as: E = (k1 + k2 U,,,) X (F. —f,). A
satisfactory adjustment was obtained by taking the following values for k1
and k2:

k1 =0.17, k2= 0.30
which give
E = (0.17 + 0.30 Uyy,) x (Fe — £,) (9) (Fig. 3)

Note that Laevastu (in Ivanoff, 1975) used values of k1 = 0.26, k2 = 0.077
in oceanic environments. These values are different from ours, but they
referred to wind speeds at 10 m above the water surface and not at 2 m as
in our case. It is therefore probable that the use of meteorological data from
another station around the lake would lead to a change in values of k1 and
k2.
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The unusual nature of the energy balance

— Because of its high altitude situation, Lake Titicaca receives 13% greater
solar radiation during fine weather than it would receive if it were at sea
level. On the other hand, the sunshine duration (245 h month™") is not very
high; at the same latitude higher values can occur, such as at Lake Chad at
13°N which has 288 hmonth™'. However, this increase in sunshine only
amounts to an increase in solar energy of 3 to 4%. In total, the solar radiation
received by Lake Titicaca, with a mean annual value of 2190 J cm 2d ™', is
higher than that received by other environments at approximately the same
latitudes.

The seasonal variations in solar radiation are in part attenuated by the
fact that in the season when the solar radiation reaching the top of the
atmosphere is at its lowest (i.e. June-July-August) the sunshine hours are at
their greatest. The between-month variation in incident radiation, which
amounts to 42% of the mean value in fine weather, is reduced to 32%
because of seasonal changes in cloud cover.

— The losses by terrestrial long wavelength radiation, Qr, at the lake surface
are greatest when the difference between the surface water temperature, O,
and the temperature of the overlying air, @,, is slight. However, in the case
of Lake Titicaca, the difference between @. and ®, (expressed as the daily
average) varies between 3.5°C and 5°C throughout the year. If the water
temperature were to fall to that of the air, the radiation losses would be 20%
less. In addition, ®. and @, are on average 10 to 15°C lower than they would
be at sea level at the same latitude. Under the conditions occurring at low
altitude, the terrestrial solar radiation losses would be reduced by 10 to 15%.

Overall, at Lake Titicaca, again because of its high altitude, the long
wavelength radiation losses are 30 to 35% higher than those which would
occur if it were situated at sea level. Seasonal variations in terrestrial radi-
ation are very pronounced, with extreme values differing by + 32% from the
annual mean value. These variations are nevertheless attenuated by the fact
that the differences in water and air temperatures are greatest when the
partial pressure of water vapour is at its lowest in the southern winter,
whereas the reverse occurs in summer. The seasonal variations are still much
less than the diurnal changes (which are not dealt with in this chapter) due
to the wide range of ®e and especially ®a over the 24 hours.

— The radiation balance provides the value for the energy available within
the water body. In the case of Lake Titicaca, the increase in the gain in short
wavelength radiation {ca. 10%), because of its situation at 3800 m altitude,
is roughly compensated for by an increase in losses by long wavelength
radiation (ca. 30 to 35%). This implies that the sum of the losses by evapor-
ation and conduction is of the same order of magnitude as that recorded in
low-altitude lakes.
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— The energy losses by evaporation, averaging 1160 J cm *d ' over the year,
correspond to an evaporation rate of 1720 mm year™'. This value is of the
same order of magnitude as that recorded in other tropical lakes. It should
be recalled that the evaporation rate is mainly a function of the water vapour
deficit, F, — f., and of the wind speed U. F, — f. is on average 9.16 mb, a
relatively high value, although the water and air temperatures are low com-
pared to those occurring at low altitudes. This value is explained by the low
relative humidity (the mean annual value of fe = 50%) and by the fact that
the daily mean water temperature is always 4 to 5°C above that of the air.
A simple calculation shows in fact that if the water temperature were reduced
to that of the air, the water vapour deficit, F, — f., would be 5.15 mb, a
value that when substituted in formula (8) would lead to a decrease in the
evaporation rate of 40 to 45%. The wind speed, which is not very high on
average (1.15ms™" at 2 m above ground level), has nevertheless an effective
action in renewing the air mass which would otherwise tend to become
saturated on contact with the water, since the temperature gradient at the
surface of the water body is such that it leads to the formation of an unstable
stratification for most of the time.

The changes in evaporation rates over the year reflect those in the humid-
ity deficit, F, — f., the wind speed playing a minor role. However, the winds,
which are lighter in May-June, tend to reduce the increase in evaporation at
this period due to the strong humidity deficit.

- Exchanges by thermal convection represent losses of heat from the lake
throughout the year, when the day is taken as the time unit.

The Bowen ratio, B, is inversely proportional to the atmospheric pressure
(see equation (5)). At 3800 m altitude, however, this is only 640 mb, so that
the value of B is 36% lower than what it would be at the normal pressure
of 1000 mb. But the relatively low air and water temperatures have the
reverse effect. By taking the example of a tropical lake at low altitude with
the same difference between the air and water temperatures of 4.5°C, but
with values of around 26°C and the same relative humidity (50%), it can be
seen from formula (4) that B decreases by 40% . In general, the altitude factor
on its own does not systematically favour heat exchanges by evaporation in
a lake compared to those by thermal convection and vice versa.

— The last term of the energy balance to be analysed is that of the changes
in the heat reserves of the lake provoked by the uneven distribution of solar
energy over the course of the year. These changes (631 500J cm ™2 at the
end of March against 580 500J cm™? at the end of August) represent thermal
control by the lake since they result from the absorption of excedent solar
energy in summer and its restitution in winter, the season of deficit in winter,
thus attenuating the fluctuations caused by the other energy fluxes.
Thermal regulation is a function of the amplitude of seasonal changes in
solar radiation, directly related to the latitude of the site, and also of the
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capacities of the lake itself to exchange heat energy with the atmosphere.
This capacity is related to the depth of the water column involved in heat
exchanges at different seasons. In deep lakes the transport of heat with depth
depends on the intensity of vertical mixing, whereas in shallow lakes it is
limited by the depth of the water body itself. So, at the same latitude, deeper
lakes have a greater degree of thermal regulation. The intensity of vertical
mixing is a function of a large number of factors including the morphology
of the site, the wind speed and fetch, the horizontal circulation of water,
Coriolis force and the resistance to mixing when there is a vertical density
gradient (thermal or chemical stratification). These factors will not be ana-
lysed here, but in order to determine the reasons for the uniqueness of Lake
Titicaca, it is interesting to demonstrate the fact that a high altitude tropical
lake has a greater heat regulation than that of a low-altitude tropical lake
under the same conditions. In fact, if one considers the density gradients
created by temperature gradients, it takes twice as much mechanical energy
to mix two masses of water, one at 24°C and the other at 26°C (water
temperatures typical of low-altitude tropical lakes) than to mix two water
masses at 11.5°C and 13.5°C (water temperatures in Lake Titicaca). In other
words, all things being equal, the resistance to thermal diffusion created by
the penetration of the temperature front is half as great in Lake Titicaca
than it would be at sea level at the same latitude, the thermal regulation is
thus increased and the micro-climate created by the lake is reinforced.

Conclusions

The analysis of the various terms of Lake Titicaca’s energy balance has

enabled the following points to be elucidated:

— the high altitude has the effect of increasing the solar radiation by 10 to
15% by inducing decreases in atmospheric transparency, scattering by gas
molecules and in the thickness of condensable water vapour traversed.
Because of this, the radiation emitted by the atmosphere is reduced,
increasing the losses of long wavelength radiation by 30 to 35% . The sum
of these opposing effects is that the energy balance, or the energy available
at the lake’s surface is of the same order of magnitude as for other lakes
at the same latitude, but at low altitudes (1400 to 1450 J cm™ 2 d™').

— on an annual basis, the heat exchanges between the lake and the atmo-
sphere by convection and evaporation are approximately equal to the
energy balance. As a result, they have about the same value as those
recorded at sea level at the same latitude (mean values: evaporation =
1160 Jcm*d™"', thermal convection=248Jcm >d™"). Because of the
altitude, a decrease in evaporation losses might have been expected, be-
cause for the same quantity of water vapour, the deficit in the partial
pressure of water vapour (to which evaporation is directly proportional)
decreases with increasing air and water temperatures. A decrease in losses
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by convection may also have been expected since these are directly pro-

portional to atmospheric pressure. In practice, because of a major differ-

ence between the air and water temperatures (4 to 5°C), which maintains
the local atmospheric circulation for most of the year (dominance of cold
winds coming from the Western Cordillera), the thermal exchanges over

a year are comparable with those recorded at sea level at the same latitude.
— changes over the course of the year in the heat content of Lake Titicaca,

which result from seasonal disequilibria between the inputs and losses of

energy within the water body, are very pronounced. As we have seen this
is due to its great depth (100 m average) and the low water temperatures
for a tropical lake (11-14°C).

The heat gains reach a maximum in October and November (378 and
349Jcm *d™', respectively) whereas the losses are greatest in June
(—667J cm ?d™'). Taking into account its size (8448 km®), the lake releases
16.9 x 10" J of energy during the cooling period in the month of June alone
and absorbs 18.7 X 1017 J during the warming period between October and
November. These figures give some idea of the heat regulation of Lake
Titicaca and of the major thermoregulatory role that it has on the surrounding
environment (Boulangé and Aquize Jaen, 1981). These workers showed that
the mean annual temperature of the air and the maximum and minimum
temperature values become lower the further from the lake shore. As an
example, the mean annual temperature at Puno on the lake shore is 8.5°C
compared to 6.5°C at Chuquibambilla 60 km to the north-west and the annual
temperature range is 12°C at Puno compared to 18°C at Chuquibambilla.
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Although physical factors and grazing can affect growth of phytoplankton
populations in aquatic systems, algal production is often limited by the supply
of nutrients (Paerl, 1982). This conclusion is supported by many studies
showing the close correlation between the total amount of phosphorus or
nitrogen in lakes, and the amount of algal production (Smith, 1983). Good
correlations are also found between the supply rate of nutrients to lakes
(loading) and the abundance of phytoplankton in those systems (Vol-
lenweider, 1976). Additional support for the hypothesis that nutrients control
primary productivity in lakes comes from laboratory and field experiments
showing that algal production is increased when nutrients are added to the
water.

Understanding factors that control algal growth allows us to predict how
environmental changes will change lake productivity. For example, the nutri-
ent loading model of Vollenweider (1976) has been used extensively to
understand and control cultural eutrophication when excessive nutrients are
introduced into a lake. Similarly, if we hope to understand seasonal and
interannual changes in primary productivity in a lake (see Chapter VI 1, this
volume), we must understand how nutrients and other factors control the
growth of phytoplankton.

Phosphorus is often cited as the most important nutrient controlling phyto-
plankton in lakes. This conclusion, however, is derived largely from studies
from glaciated regions of North America and Europe. Despite conflicting
evidence from even this geographical area (Elser ef al., 1990), an oversimpl-
ified view has emerged that algal growth is limited by phosphorus in most
natural lakes. Because the supply of nutrients in a lake will be affected by
the bioegeochemistry of the drainage basin, by river-borne and atmospheric
pollutants, and by lacustrine processes, it is unrealistic to expect that all
lakes will be limited by the same nutrient. In fact, some results suggest that
lakes in the tropics are more frequently limited by nitrogen than by phos-
phorus (see Vincent et al., 1984).

Here we review the evidence for nutrient control of algal production in
Lake Titicaca, a high-altitude tropical lake in South America. We first exam-

C. Dejoux and A. litis (eds.), Lake Titicaca, 147-160.
© 1992 Kiuwer Academic Publishers. Printed in the Netherlands.
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Table 1. Nutrient loading by river inputs and precipi-
tation (Vincent et al., unpublished) and by nitrogen
fixation (Wurtsbaugh et al., unpublished) on Lake Tit-
icaca. The estimates are for total nitrogen and phos-
phorus in 10° tonnes per annum.

Nitrogen Phosphorus
Rivers 3.70 1.22
Precipitation 1.81 0.07
Total external 5.51 1.27
N, fixation 12.91

ine the nutrient characteristics of the lake, with emphasis on the sources,
forms and distribution of nitrogen. We then examine the influence of nutri-
ents on phytoplankton growth in Lake Titicaca. In the early 1980s several
types of bioassays were applied to assess nutrient limitation in this system.
The majority of the analyses were done from water collected: (1) near the
centre of Puno Bay, (2) 20 km east of the Capachica Peninsula in Lago
Grande, and (3) at several stations in Lago Pequefio (Lago Huifiaimarca).
These results suggest that supplies of nitrogen, rather than phosphorus,
control algal growth in this lake.

Results
Nutrient sources and sinks

Five of the major inflows to Lake Titicaca (Ramis, Coata, Ilave, Huancane
and Suches, accounting for 68% of the total river input) and precipitation
at a mid-lake site (Rocas Misteriosas) were each sampled and analysed for
nitrogen and phosphorus on 7 to 15 occasions over 1981/82. These analyses
allowed a first order estimate of the external N and P load on the lake (Table
1). More than twice the total N, and 16 times the total P entered the lake
through the river inputs than by direct precipitation on the lake. The overall
external loading ratio of N:P was 4.3:1 (by weight) — well below the typical
phytoplankton growth requirements of about 10:1. The rainfall and river
data also emphasised the strong seasonal pattern in nutrient input to Lake
Titicaca. More than 50% of the rainfall and its nutrients fall on the lake over
the 3 month period December, Janaury, February. Similarly, 75% of the
total nitrogen and 85% of the total phosphorus that enter the lake each year
via the rivers do so during the period of peak discharge, January — March.
The low nitrogen input to the lake from external sources may be substan-
tially augmented by nitrogen fixation. Although N»-fixing cyanobacteria ra-
rely account for more than 20% of the total phytoplankton biomass, our
acetylene-reduction assays suggest that much larger quantities of nitrogen
can potentially be fixed by these organisms than enters the lake via other
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mechanisms (Table 1). However, the magnitude of fixation varies enormously
between years as well as season, and in Puno Bay probably caused the bulk
of the variation in phytoplankton biomass and photosynthesis over the 1981-
82 period (Vincent et al., 1986). Denitrification is likely to be an important
nitrogen loss process in Lake Titicaca, and like N,-fixation, it varies substan-
tially with season and between years (Vincent et al., 1985). The magnitude
of nitrate loss from Lago Grande by this mechanism appears to be highly
dependent upon the extent of hypolimnetic anoxia, which in turn varies from
year to year. In 1981 a relatively thick stratum of water in the deep hypolim-
nion (200-275 m) was anoxic and devoid of detectable nitrate. The denitrifier
utilization of nitrate associated with this event was calculated to be of the
same order as the annual input of nitrogen from all sources, including nitro-
gen fixation. This anoxic zone was substantially eroded during deep mixing
in August 1981, and in 1982 winter mixing brought oxygenated water to the
bottom of the lake. Denitrification was probably much less important as a
net sink for water column nitrogen during these periods.

Nutrient concentrations

Concentrations of dissolved inorganic nitrogen (DIN = NOj + NO; +
NHY) are often low in Lake Titicaca relative to the amounts of soluble
reactive phosphorus (SRP) available for phytoplankton growth. Nitrate and
ammonia in the surface waters of Lago Grande and Puno Bay were usually
below the limits of detection (3.5 and 2.5 ugN17', respectively) except
during or shortly after mixing periods (Fig. 1A). Concentrations of SRP,
however, ranged from near 3 pgPl™"' during stratified periods to near
24 ugP17" in Lago Grande during deep mixing (Vincent et al., 1984). In
Puno Bay SRP remained between 1.5 and 6 wg1~' through most of 1981/82,
but with peaks up to 11 wgl~' (Vincent et al., 1986).

The ratio of DIN to SRP can provide a useful indication of algal nutrient
deficiency, and in Lake Titicaca this value was usually well below 10:1, and
strongly suggestive of nitrogen limitation. Ratios of DIN:SRP in the mixed
layer of Lago Grande during 1982 were always less than 3:1 (Vincent et al.,
1984). DIN:SRP ratios in deep hypolimnetic water where mineralization
was presumably complete were also low, averaging about 5:1 (Authors’
unpublished data; Vincent ef al., 1985). Analysis of data reported by Lazzaro
(1981,1985) for eight stations in Lago Pequeiio indicates that mean seasonal
concentrations of SRP ranged from 2-4 pg 17", while NO; ™ levels ranged
from 4-8 pg N 17", giving NOj3 :SRP ratios always less than 1.3:1.

The ratio of total nitrogen to total phosphorus also provides an index of
the relative shortage of these two nutrients, however, the ratio is affected
by the large contribution of dissolved organic nitrogen (DON) much of which
may be biologically unavailable (Pick and Lean, 1987). In Lake Titicaca
DON contributed 65 to 100% of the total dissolved nitrogen {TDN) pool, and
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Figure 1. Seasonal changes in mixing depth, available nutrients and algal nitrogen deficiency in
Lake Titicaca during 1982. A. Temporal variation in soluble reactive phosphorus (SRP) and
NOj; in the surface water of Lago Grande. B. Changes in the depth of the mixed layer (Z,,),
and nitrogen deficiency of the phytoplankton in the surface waters (NH; ). Nitrogen deficiency
was assayed by adding NHj to water samples, and measuring the relative increase over controls
in the dark uptake of '*C during 4-hr incubations. Ammonium enhancement of dark carbon
uptake occurs only when phytoplankton are nitrogen deficient. Adapted from Vincent er al.
(1985).

in the inflowing rivers this fraction amounted to 79-90% of TDN (Vincent et
al., unpublished). The mean TN/TP ratio for the surface waters of Lake
Titicaca was 11.4:1 (Table 2) which is low by comparison with many phos-
phorus-limited lakes in the north temperate zone (e.g. Pick and Lean, 1987).

In Lake Titicaca concentrations of soluble reactive silicon, a nutrient that
can limit the growth of diatoms or other siliceous algae, sometimes declined
to levels that approached limiting concentrations (400-800 wg Si(OH4) 17';
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Table 2. Mean TN/TP ratios (by weight) in waters of Lake
Titicaca basin. n = number of sampling times, cv = coefficient
of variation.

Site n TN/TP CV(%)
Lago grande® 5 11.4 40.4
Precipitation” 6 40.9 73.1
Rivers®:
Ilave 7 4.7 84.8
Ramis 13 12.1 96.4
Coata 10 6.6 69.8

“ O m samples, June 24 to November [1, 1982.

® Samples collected September 15-December 6, 1982, Rocas
Misteriosas

© These three rivers contribute 58 % of the Lake Titicaca
inflows (Carmouze and Aquize Jaen, 1981). Samples collected
from February 18, 1981 to November 18, 1982.

Reynolds, 1984). Reported concentrations in Lago Grande and Puno Bay
ranged from 200 to 1000 wg1~' (Vincent er al., 1984; Vincent er al., 1986;
Wurtsbaugh er al., 1985). In Lago Pequefio, mean concentrations among
stations ranged from 375 to 550 ngl~' during different seasons (Lazzaro,
1981).

Bioassay experiments

Additional support for the hypothesis of nitrogen limitation in Lake Titicaca
has come from bioassay experiments in which various nutrients were added
to cultures of lake algae. Carney (1984) measured how the addition of
nitrogen, phosphorus, silica or a mixture of micronutrients affected the
growth of phytoplankton in four semi-continuous laboratory experiments. In
all four experiments — two with water from Puno Bay and two with water
from Lago Grande — NHJ significantly increased chlorophyll production,
while PO, additions did not (Fig. 2). When NH; and PO; were added
together, however, chlorophyll was stimulated even more than when NH;
was added alone. Thus if algae could obtain sufficient nitrogen, phosphorus
then became limiting.

Nitrogen was also found to be the dominant limiting nutrient in bioassays
conducted by Wurtsburgh er al. (1985), during 1981. In their experiments,
water from Lago Grande or Puno Bay was incubated in situ in large polythene
bags. In six experiments, nitrogen significantly stimulated carbon fixation four
times (Fig. 3) and chlorophyll production five times. In contrast, phosphorus
additions stimulated carbon fixation only one time. The bioassay results
indicated that silica concentrations did not limit algal production in Lake
Titicaca. In the ten experiments in which it was tested, silica did not stimulate



152 W.A. Wurtsbaugh et al.

700
= N+P
2 eoo%

P4
2> soof
8
éﬁ‘ﬁ 400} +N
O
2¢ soor
S8
S 200-
2 +MICRO
=~ 100F ,C o
+
] ! J
0 3 6 8 12 15

DAYS

Figure 2. Effects of nutrient additions on algal growth in a culture of natural plankton from Puno
Bay (29 October-12 November 1982). Algal growth was monitored by measuring chlorophyll
fluorescence. Error bars show + 2 standard errors of four replicate flasks in each treatment.
Nutrient additions were: NHJ, 25 ug N 1"'da " PO, 7 ng P 7' d'; and a micronutrient
mixture of Cu (0.3 pg 171, Mn (2.2 ug 171, Mo (1.9 ug 17", Zn (1.3 pg 17", Co (58.9 pg
lal), and 8 pg-atom EDTA. Additions of N, N + P, and micronutrients all significantly ( Analysis
of variance; p < 0.05) enhanced chlorophyll concentrations over control cultures (C). Adapted
from Carney (1984).

either photosynthesis or carbon fixation (Fig. 3; Wurtsbaugh ef al., 1985;
Carney, 1984).

Micronutrients may also limit phytoplankton growth at certain times in
Lake Titicaca. Carney (1984) found that a micronutrient mixture stimulated
chlorophyll production of Puno Bay water (Fig. 2), but not in water from
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Figure 3. Relative response of algal photosynthesis (**C uptake) to additions of NH; or NO3
L0 ug N U d ™ PO, 62 g P11 d7' S, 280 pg Sil7'd ™" FeCly, 112 pgFe 17! d7'; and
a micronutrient mixture of Cu, Mn, Mo, Zn and Co. Cultures were assayed after 5-6 day
incubations and their response calculated relative to control cultures. * indicates treatments
significantly different from controls (p < 0.05; ANOVA followed by Dunnett’s test to compare
each treatment against controls). L = Lago Grande; B = Puno Bay. Histograms, from left to
right, show experiments conducted on 19 March, 9 June, 17 Sept., 26 Nov., 19 May and 2 Oct.,
1981. Five experiments conducted in 1982 did not show significant results because of high
variance among replicates, and are not shown here. Adapted from Wurtsbaugh er al. (1985).
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Figure 4. Luxury uptake of nitrogen and phosphorus by seston in Lago Grande during four
periods of the mixing cycle during 1982. Plankton were incubated for two hours in the laboratory
with additions of NHZ and PO} . The amount of N and P in the cells was then compared with
controls that did not have nutrients added. Late mixing, 5 August; early stratification, 15
October: midstratification, 18 February; late stratification, 11 April. Statistical analysis, F-test
of orthogonal comparisons from ANOVA, ** p < 0.005, * p < .05. Adapted from Vincent et
al. (1985).

Lago Grande. Wurtsburgh et al. (1985), indicated that iron stimulated photo-
synthesis of Lago Grande in one experiment, but not in seven others (Fig.
3). A micronutrient mixture without iron never enhanced photosynthesis.

Temporal changes in nutrient limitation: physiological assays

Although the bioassays described above indicate that nitrogen is an important
limiting nutrient in Lake Titicaca, frequent physiological assays of phyto-
plankton provide us with a better view of temporal changes in the factors
controlling algal growth. In Lago Grande ammonium enhancement experi-
ments demonstrated that phytoplankton were nitrogen deficient during much
of the year, but particularly near the end of thermal stratification (Fig. 1B).
With the onset of winter mixing in May, nitrate was brought into the photic
zone (Fig. 1A), and nitrogen deficiency dropped to near zero. It remained
low until after stratification began and nitrate in the surface water was nearly
exhausted (October). The phytoplankton in Lago Grande thus appeared to
be limited by nitrogen during most of the stratified period, but not during
periods of deep mixing. In Puno Bay, however, the ammonium enhancement
assays indicated a persistent nitrogen deficiency in the phytoplankton
throughout 1982 (Vincent et al., 1985).

The luxury uptake of added inorganic nitrogen and phosphorus by the
natural plankton assemblages also varied seasonally. When the lake was
mixing, or shortly after stratification, the plankton did not accumulate sig-
nificant amounts of added NH; or PO; (Fig. 4). In contrast, during mid-
and late-stratification, nitrogen, and to a lesser extent phosphorus, was rap-
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Table 3. **PO, uptake rates, turnover time (T/O), and soluble reactive phosphorus concentra-
tions (SRP) of Lago Grande and Puno Bay surface waters during 1982. Uptake rates were
measured by injecting **POy, into lake water samples and measuring its accumulation in the
seston after 2, 4, 8, 16, 30 and 60 minute periods. Rates were calculated from the natural log
regressions of the uptake data over the time period. Turnover time is the time period necessary
for PO, to be completely replaced in the media. Adapted from Vincent et al. (1985).

Lago Grande Puno Bar

Uptake T/O SRP Uptake T/IO SRP

(% /min.) (min.) (ng/L) (% /min.) (min.) (ug/l)
20 Feb. 0.017 5.9 x 10° 4.0 1.667 6.0 x 10! -
18 Mar. 0.036 2.8 x 10° 5.9 0.108 9.3 x 10° 11.2
20 May 0.011 8.9 x 10° 9.0 0.077 1.3 x 10° 8.4
17 Jul. 0.001 8.7 x 10* 13.6 0.008 1.2 x 10* -
25 Sep. <.001 >10° 19.5 <.001 >10° 17.1
7 Dec. <.001 >10° 14.6 0.001 8.2 x 10* -

idly absorbed and stored by the plankton, indicating nutrient deficiency at
these times.

Assays of 2p0, uptake rates demonstrated that there were seasonal
changes in phosphorus reserves of lake phytoplankton, but that this nutrient
was unlikely to be limiting (Table 3). During winter mixing, or shortly
thereafter when SRP concentrations were high in the surface waters of both
Lago Grande and Puno Bay, phosphorus turnover rates were always less than
0.008% min~'. During stratified periods when soluble reactive phosphorus
concentrations dropped below 9 ug P 17" turnover rates increased to between
0.01 and 1.7% min~". These faster turnover rates, however, still suggest that
the algae were relatively replete with phosphorus, as rates of 3-10% min™'
are characteristic of P-starved phytoplankton (Wetzel, 1983).

Discussion

The dissolved nutrient data, physiological assays and bioassay results re-
viewed here indicate that phytoplankton in Lake Titicaca were usually nutri-
ent deficient, except during periods of mixing. The bioassay results did
suggest that phosphorus would often limit algal production if the nitrogen
deficiency were overcome. Temporal variations in availability and demand
for different nutrients may, however, have allowed nutrients other than
nitrogen to become limiting. For example, when phosphorus levels in Lake
Titicaca dropped to very low levels after prolonged thermal stratification in
1981, phosphorus was the principal element limiting algal photosynthesis
(Fig. 3; Wurtsbaugh et al., 1985). Micronutrients such as iron or molybdenum
may have also limited productivity at times (Figs 2 and 3). Nevertheless,
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Figure 5. Effects of nutrient additions on nitrogen fixation rates of cyanobacteria (blue-green
algae) in Lake Titicaca. Natural lake assemblages were incubated for 5-6 days in batch culture
experiments and then assayed with the acetylene reduction technique to measure fixation rates.
A micronutrient addition significantly depressed fixation during one experiment, while silicate
had no significant effect (not shown). Added nutrient concentrations are the same as indicated
in Fig. 2. Each set of histograms, from left to right, indicates the following experiments: Lago
Grande: 26 Nov. 1981, 4 Feb. 1982, 19 Feb. 1982: Puno Bay; 19 May 1981, 2 Oct. 1981, 26
Jan. 1982. Statistical analysis — ANOVA followed by Dunnett’s test; * p < 0.05, ** p < 0.01.

nitrogen appeared to limit production over most of the year, at least during
the two years for which we have adequate data.

In some lakes, nitrogen deficiency is reduced when cyanobacteria become
abundant and fix atmospheric N, gas (Schindler, 1977; Hecky and Kilham,
1988). Although green algae and diatoms dominated the plankton assemblage
in Lake Titicaca, cyanobacteria were also common (Carney et al., 1987;
Lazzaro, 1981, 1985). Nitrogen fixation in the lake was also important, with
annual rates ranging from 2-4 g N m? in Lago Grande (Wurtsbaugh et al.,
unpublished data). Nevertheless, the experimentally measured persistence
of nitrogen limitation suggests that nitrogen fixation was unable to entirely
overcome the deficiency.

Consequently, we may ask what factors limited nitrogen fixation in the
lake? Results of bioassays of Lago Grande and Puno Bay water indicated
that both phosphorus and iron additions stimulated nitrogen fixation (Fig. 5;
Wurtsbaugh et al., 1985). Both of these nutrients have been shown to limit
nitrogen fixation in other lakes (see Hecky and Kilham, 1988; Wurtsbaugh
and Horne, 1983). The SRP levels in Lake Titicaca (Fig. 1) fluctuated near
the 10 n 17" level that some authors suggest is necessary for nitrogen-fixing
bacteria to prosper (Pick and Lean, 1987). Consequently, although phos-
phorus levels may have allowed some nitrogen fixation to occur, it may
have limited cyanobacteria so that they could not completely surmount the
nitrogen deficiency. Additional loading of phosphorus (or iron) might in-
crease populations of nitrogen-fixing cyanobacteria, and thus increase Lake
Titicaca’s overall productivity. The moderate total N:P ratio of lake water
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(11.4) also suggests that phosphorus may limit production in Lake Titicaca.
In addition to phosphorus, other factors, such as water column stability,
temperature and the previously mentioned iron limitation could also regulate
cyanobacterial abundance and nitrogen fixation in the system (Vincent,
1989). More work is needed in Lake Titicaca and elsewhere, to fully under-
stand factors limiting N,-fixation by cyanobacteria and how this leads to
nitrogen deficiencies in aquatic systems.

Several biogeochemical factors may foster nitrogen limitation in Lake
Titicaca. First, hypolimnetic denitrification may strip large amounts of NO3
from the system during periods of hypolimnetic anoxia and thus lower the
available N:P ratio (Vincent et al., 1985). Secondly, the high erosion rate
of phosphorus-rich marine sedimentary rocks in the watershed may cause
relatively high P loading (Wurtsbaugh et al., 1985). Additionally, Wurtsbaugh
et al. (1985) argued that nitrogen fixation may be low in the arid terrestrial
environment surrounding Titicaca and this may contribute to the relatively
low levels of nitrate of river waters draining into the lake. Finally, levels
of anthropogenic NO3 and NHj in the airshed may be low in relation to
industrialized regions of the world where acid rain may elevate nitrogen
loading (Heil et al., 1988).
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VI.1. PHYTOPLANCTON
VI1.1a. The diatoms

SIMONE SERVANT-VILDARY

Introduction

The diatoms of Lake Titicaca are known solely on the basis of studies of
Frenguelli (1939), Richerson et al. (1977, 1986), Theriot er al. (1985) and
Carney et al. (1987) in the Peruvian side of the lake, and by Liberman and
Miranda (1987) in the Bolivian part.

The flora described here was established from samples taken at eleven
stations in the Bolivian part of the lake. This work however, like the others
mentioned above, still gives a very limited picture in both time and space of
this component of the flora. The physical and chemical conditions vary at
hourly and daily time scales, in part due to the high altitude of the lake, and
the response of the flora to these changes may be correspondingly rapid. For
this reason it is difficult, without regular sampling and measurements during
the day and at larger time scales, to establish a representative and exhaustive
inventory of the total diatom flora in this environment.

Methods

The diatoms studied were fixed in formol and first observed without ad-
ditional preparation of the samples. They were then treated and cleaned in
order to eliminate the organic material and better observe the frustules with
an optical microscope.

The days and hours of collection are indicated in lines 2 and 4 of Table
1, for 11 stations indicated in Fig. 1. Diatons were collected with plankton
nets in the surface waters; only sample 10 consists of washed epiphytes from
Characaea macrophytes at stations 1 and 10. Also listed in Table 1 are certain
physical and chemical parameters measured at the time of collection, or
calculated from about fifty measurements made in Lago Pequeno or Lago
Grande during the same months as the sampling (Iltis, 1987).

C. Dejoux and A. lltis (eds.), Lake Titicaca, 163-175.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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Figure 1. Sampling locations in the Bolivian part of Lake Titicaca.

The diatom flora

As has been previously discussed by the above mentioned authors, the pelagic
diatom flora does not appear to be species rich. We have found 101 species,
and only 38 are abundant. This may appear relatively few for such an
extensive system. The number of truly planktonic species is quite low in
relation to the number of taxa at shallow stations which include benthic,
epiphytic and facultative planktonic species (see Table 2). The most species-
rich genera are Navicula, Nitzschia, Fragilaria and Cyclotella, and the most
abundant are Cyclotella and Fragilaria. Frenguelli (1939) identified 118 spe-
cies at 7 stations, but he considered that only 38 species really were present

in the lake water. Carney et al. (1987) list 50 species found in the lake, 25

of which are abundant.

The analysis of our samples allows us to distinguish six groups based on
the species composition:

1. (Stations 44 and 48). This group is dominated by the planktonic stellig-
eroid Cyclotella. Station 44, distinguished by its more turbid waters, is
characterised by greater species richness which is especially due to epi-
phytes such as Achnanthes delicatula and Amphora pediculus.
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Table I. Physical and chemical characteristics of the stations studied. 1) Stations; 2) Dates of
sampling and measurements of temperature, pH, transparency and conductivity; 3) Dates which
were used for calculations of averages: 3a) days, 3b) months and years; 4) Hours of sampling;
5) Depth (m) of water column at sampling location; 6) Transparency at time of sampling; 7)
Average transparency; 8) Temperature in °C at time of sampling; 9) Average of temperatures;
10) pH of surface water at time of sampling; 11) Average pH; 12) Conductivity in S cm™ ! at
25°C at time of sampling; 13) Average conductivity. Average values are based on fifty measure-
ments made on the dates listed in line 3a.

Lago Mayor (east) Lago Menor (south) Lago Menor (north) Characea
1) 48 51 39 44 27 [ 5 4 9 1 10
2) 17/10/88 17/12/86 27/6/85 17/10/86 9/12/85 24/4/88 14/12/88 11/12/88 9/12/86 27/8/85 24/2/87
3a) 14-18/ 9-11/ 28-29/ 14-18/ - 21-2¥% - 9-11/ 26-29/ -
3b} 10/88 12786 6/85 10/86 - 4/88 - 12/85 12/88 6/85 -
4) 925 12.40 17.25 7.25 12.12 16.55 14.45 7 7.30 9 10.50
5) 140 150 80 8 3 25 40 10 6 35 3
6) 1.5 13 105 5 3 55 55 - 4.5 35 3
7 12.39 11.94 177 12.39 - 583 - 4 4.45 4.66 -
8) 121 13.5 128 123 163 146 151 - 145 8.8 15
9) 128 13.7 126 128 - 147 - 149 15.3 10.7 -
10} - 822 - - 9 8.28 8.42 - 8.4 - 8.4
1) 8.31 8.48 - 831 - 8.40 - 8.31 8.68 - -
12) 1500 1500 1700 1450 960 1450 1500 - 1525 1810 1400
13) - 1501 - 1490 - 1368 - 1500 1521 - -

2. (Station 27). This is distinguished from all the others by the abundance
of Cocconeis, including C. titicacaensis, and also Nitzschia admissoides
and Fragilaria capucina. This flora may depend on the low conductivity
measured at this station, or it may simply represent a shallow environment
colonized by aquatic plants which are a preferred substrate for Cocconeis.

3. (Stations 1 and 39). This community is distinguished by the almost exclus-
ive presence of Cyclotella andina. These two stations are quite different
in depth (80 and 3.5m) and temperature (12.6 and 8.9°C); the only
common factor is that they were both sampled in June 1985. Theriot et
al. (1985) also indicated that densities of C. andina increased at two
stations which were quite different in depth (147m and 14 m) between
May and August in the Peruvian Lago Grande. According to these au-
thors, thermal stratification was disrupted during this period and limiting
nutrients increased as a result of mixing from bottom waters. Thus the
abundance of this species in June 1985 could be explained by this factor.

4. (Stations 5, 6 and 51). This group is characterised by a predominance of

Fragilaria crotonensis, while C. andina is rare. These are deep-water
stations, at 25, 40, and 150 m, respectively. F. crotonensis, which is present
in large chains (Figs. 22, 23), is clearly planktonic here. Another species,
Entomoneis palludosa var. salina, has been found only at station 5. Its
presence cannot be explained since its preferred ecological habitats are
meso- to euhaline.




166  S. Servant-Vildary

Table 2. Diatoms found at the eleven stations examined. Semi-quantitative evaluation of the
abundance of each species: 6 — very abundant; 5 — abundant; 4 - frequent; 3 - rare; 2 — very

rare; 1 — present; 0 - absent.

Achnanthes delicatula Kiitzing

Achnanthes hungarica Grunow

Achnanthes ianceolata Brebisson

Achnanthes minutissima Grunow

Achnanthes saccula Carter

Amphora inariensis Krammer

Amphora lybica Ehrenberg

Anphora pediculus (KUtz.)Grunow

Anphora veneta Kitzing

Anomoeoneis serians (Breb.)Cleve

Caloneis bacillum (Grun,)Cleve

Caloneis molaris (Grun.)Krammer

Cocconeis placentula Ehrenberg

Cocconefs titicacaensis Frenguelld

Cyclotella andina Therfot Carney & Richerson
Cyclotella atomus Hustedt

Cyclotella iris Brun & Heribaud

Cyclotella kiitzingiana Thwaites

Cyclotella meneghiniana Kitzing

Cyclotella stelligara Cleve & Grunow
Cyclotella s. var. glomerata (Bach,)Haworth & Hurley
Cyclotella s. var. pseudostelligera (Hust.)Haworth & Hurley
Cymatopieura solea {Breb.)W.Smith

Cymbella cistula (Ehr.) Kirchner

Cymbella c. var. maculata (Kitz.)Van Heurck
Cymbella cymbiformis Agardh

Cynbella falaisiensis (Grun.)Xrammer & Lange-Bertalot
Cynbella gracilis (Ehr.) Kbtzing

Cymbella microcephala Grunow

Cymbe)la minuta Hilse

Cymbella pusilla Grunow

Denticula elegans Kitzing

Entomoneis paludosa var. subsalina (C1.)Xrammer
Epithenia sorex Kitzing

Epithemia zebra {Ehr,)Kiitzing

Fragilaria brevistriata Grunow

Fragilaria capucina Desmaziéres

Fragitarfa c.var. vaucheriae Lange-Bertalot
Fragilaria construens {Ehr.)Grunow

Fragilaria c. subrotundata Mayer

Fragilaria crotonensis Kitton

Fragileria famelica Lange-Bertalot

Fragilaria lapponica Grunow

Fragilaria pinnata Ehrenberg

Fragilaria p. var. lancettula (Schum.)Hustedt
Fragilaria tabulata Lange-Bertalot

Fragilaria ulna Lange-Bertalot

Frustulia vulgaris Thwaites

Gomphonewa acuminatum var. coronata (Ehr.)W.Smith
Gomphonema angustatum (Kitz.)Rabenhorst
Gomphonena parvulum (Kitz.) Kitzing
Gomphonena valentinica Nik

Gyrosigma acuminatum (Kitz.)Rabenhorst
Hantzschia amphioxys (Ehr.)Grunow

Mastoglia atacamae Hustedt

Mastoglia smithii Thwaites

Navicula anglica Ralfs

Navicula bahusiensis (Grun.)Grunow
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Continued.
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Navicula capitata var. hungarica (Grun.)Ross

Navicula
Navicula
Navicula
Navicula
Navicula
Navicula
Navicula
Navicula
Navicula
Navicula
Kavicula
Navicula
Navicula
Navicula
Navicula
Navicula
Navicula
Navicula
Navicula
Nitzschia

¢. var. capitata Ehrenberg
cohnii (Hil.)Lange-Bertalot
cryptotenella Lange-Bertalot
cuspidata (Kitz.)Kutzing
halophila (Grun.)Cleve
kotschyi Grunow
margalithii Lange-Bertalot
minuscula var. muralis (Grun.)Lange-Bertalot
nutica Kitzing
pseudoanglica Lange-Bertalot
pseudolanceolata var. denselineolata Lange-Bertalot
pupula var. pupula Kiitzing
radiosa Kitzing
rhynchocephala Kitzing
subrotundata Hustedt
tenera Hustedt
tripunctata (0.Mull.)Bory
viridula (Kitz.)Ehrenberg
vulpina Kitzing
acideclinata Lange-Bertalot

Nitzschia admissoides Cholnoky

Nitzschia

amphibia Grunow

Nitzschia denticula Grunow

Nitzschia

dissipata (Kitz.)Grunow

Nitzschia eglei Lange-Bertalot
Nitzschia frustulum Kiitzing
Nitzschia gracilis Hantzsch

Nitzschia

hantzschiana Rabenhorst

Nitzschia hungarica Grunow

Nitzschia intermedis Hantzsch
Nitzschia mediocris Hustedt

Nitzschia microcephala Grunow
Nitzschia pales (Kitz.) W.Smith
Nitzschia p. var. debilis {Kitz.)Grunow
Nitzschia rectz Hantzsch

Nitzschia sp.

Nitzschis valdestriats Aleem & Hustedt

Pinnulari

a borealis Ehrenberg

Pinnularia divergentissima (Grun.)Cleve
Rhoicosphenia abbreviata (Ag.)Lange-Bertalot
Stephanodiscus dubius (Fr.)Hustedt
Stephanodiscus hantzschii Grunow

44 48 395 6 4 1 9 27 5
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5. (Stations 4 and 10, considered as one station). These communities have

in common Fragilaria ulna, Mastogloia smithii

and M. atacamae which

are not present, or only quite rarely, at other stations. Also in these
associations are other species such as Nitzschia denticula and Nitzschia
palea debilis which can, like the above two species, adapt to waters
relatively high in salts (Servant-Vildary and Roux, 1990).

6. (Station 9). This final group is similar to the previous, but is distinguished
by the abundance of Navicula pseudolanceolata. The growth of this species
at only this station cannot be explained, since stations 4, 9 and 10 are
located quite close to each other in thern Lago Pequerfio.
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Plate 1.
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Plate 2.
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Plate 3.
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Morphological observations on certain taxa

We consider here only abundant or characteristic species; the complete list
of species found is given in Table 2.

Amphora pediculus (Kiitz.) Grunow

This species is abundant at station 44 and rare at station 4. Despite its small
size, it is easy to observe the punctae on the striae. The predominant form
is identical to that described by Krammer (1980, Plate 6, Fig. 42). Larger
and longer forms, in which the punctae on the striae are finer, are rarer.
This species lives in well oxygenated running waters, so its presence at station
44 can be explained by the proximity to the outflow of Suches river. At
station 4 some larger forms with less rudimentary pores may be A. inariensis.
Krammer (1980) indicates this species is found in lightly acid (pH = 6.8)
freshwaters. Here it is found at a more elevated pH. This is a typically
northern alpine species, but it is rare.

Cocconeis titicacaensis Frenguelli

Found by Frenguelli in Lake Titicaca, it does not appear to have been found
by others to date and thus may be one of the rare endemic species. Frenguelli
indicated that it was very abundant near the port of Guaqui and rare in Lago
Grande. In our samples, it is also quite abundant at station 27 near Guaqui,
and it is also present as epiphytes washed from Characeae at stations 1 and
10 in northern Lago Pequeno. We observe, as Frenguelli, that the smaller
forms are round and the strial density of the hypotheca is high (close to 30
in 10 pm — Fig. 20). The larger forms are more oval and the strial density is
much lower (between 20 and 24). The hyaline space of the hypotheca, which
is located midway between the raphe and the marginal border, may continue,
according to Frenguelli, beyond the terminal pores of the raphe to a linear
space to the apices. This character could not be seen clearly despite the large
numbers of individuals observed (Fig. 21). On the contrary, we have noted
small ridges irregularly arranged around the inferior valve in the interstrial
spaces.

Cyclotella andina Theriot, Carney & Richerson

Many specimens observed from the Bolivian part of Lake Titicaca are
morphologically quite similar to those described by Theriot et al., 1985. We
insist on only three differences: 1) there is not a ring of silica (Fig. 9) at the
base of the ribs on the inside (Theriot et al., Fig. 13); 2) the labiate process
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is effectively on the same rib as the strutted process, but it does not have
the same form; according to Theriot et al. (Fig. 14) it is an elongate tube,
somewhat separate from the strutted process, while it is round and appears
attached to the rib by some type of “‘spokes” (Fig. 8); 3) the cingulum
(Theriot ez al., Fig. 11) consists of several copulae (Figs. 1 to 3), but in some
individuals this could be covered by a thick leaf of silica with 8 peduncles;
only 4 can be seen in Fig. 5. This structure is unknown, and we are uncertain
whether it is some specialization of the mantle, a modification of the cingu-
lum, or some structure underneath the cingulum and thus invisible most of
the time.

As indicated by Theriot et al. (1985), the dimensions of this species are
quite variable, but in station 1 where this taxon can represent 100% of the
diatom flora, the larger forms are more frequent.

The stelligeroid Cyclotella group. Haworth, 1986

The genus Cyclotella is the most varied and abundant in the pelagic flora of
Lake Titicaca. The stelligeroid group being particularly well represented in
at stations 44 and 48.

We are in agreement with Haworth (1986) that there exists continuous
variation within this group. We thus follow this author who proposes combin-
ing these taxa within the species stelligera, maintaining the following varieties
in order not to lose ecological information: C. stelligera var. stelligera, C.
stelligera var. glomerata, C. stelligera var. pseudostelligera. All these varieties
pertain to type 1 defined by Servant-Vildary (1986) and are characterised
by simple chambers (C.s. var. stelligera) or alveolar depressions (C.s. var.
pseudostelligera) widely opened toward the inside.

These varieties are present together at stations 44 and 48, though C. s.
stelligera (Fig. 10) predominates. According to Haworth (1986), this form
grows best in waters of high silica content, while C.s. pseudostelligera grows
better in more silica-poor waters.

Cymbella cistula var. maculata (Kutz.) H. van Heurck

First noted by Frenguelli (1939) in Lake Titicaca, it was later found by
Manguin (1964) in bogs of highland Peru and by Pierre (1986) in highland
lakes of Bolivia. Based on Fig. 11 of this last author, this variety belongs to
the group of Cymbella cistula without papillae (Lange-Bertalot, 1986). But
as this author has observed, separation of this variety solely on the basis of
the absence of the stigma is very tenuous. Still, the Bolivian forms present
a rather special morphology. Much shorter than the type species, they are
also much more arched (with sub-rostrated extremities) than the varieties
depicted by Hustedt (1930) and Van Landingham (1964). It may be useful
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to record these differences, at least for Andean forms, since they may reflect
particular ecological adaptations such as to temperature conditions.

Entomoneis paludosa var. subsalina Cleve

This species name has been chosen over E. alata because of the high number
of striae per 10 wm. The striae of the wings and the cell are equally punctu-
ated by a line of simple pores, which are not altered by the line of union
between the wing and cell; this line is lightly sinuous (Figs 13-15).

At station 5 this species is second in abundance after Fragilaria crotonensis
(Fig. 15). It has not been found at another station. Presented here is a
particularly fragile skeleton which is somewhat fragmented. Given its fre-
quency, it does not appear to be transported. The species is cosmopolitan
in waters of moderate conductivity; the subsalina variety is in waters of
higher dissolved salts. Its presence in only station 5 is inexplicable.

The genus Fragilaria Lyngbye

This genus is both abundant and species rich in Lake Titicaca. We adopt the
nomenclature of Lange-Bertalot (1980) which groups the species and varieties
of this genus with those of Synedra. The list of synomyms is provided here
to demonstrate the variety of forms which are found in the lake; we refer to
the figures published by Lange-Bertalot (1980) listed after the taxa to provide
fuller information:

1) Fragilaria capucina vaucheriae includes: Fragilaria intermedia (L-B, Figs
35-38), Exilaria vaucheriae (L-B, Fig. 31), at station 27.

2) Fragilaria capucina includes: Synedra sumpens var. familiaris (L-B, Fig.
50) at station 44. Synedra rumpens rumpens (L-B, Figs 61-62) at station
27. Synedra vaucheriae (L-B, Figs 121-116 (?)) and Synedra rumpens (L-
B, Fig. 42) at station 4.

3) Fragilaria tabulata includes: Fragilaria fonticola (1L-B, Fig. 157), Synedra
tabulata (L-B, Figs 160, 167, 168, 173) at station 44.

4) Fragilaria ulna includes: Synedra acus angustissima (L-B, Fig. 194) at
station 4; Fragilaria construens oregona (L-B, Fig. 193) at stations 4 and
10.

Fragilaria capucina Desm

We note (Figs 24-25) the presence of a saw-like structure on the internal
border of the valvocopula. This structure is similar to those described by
Kobayasi (1979) for F. pseudogaillonii (Fig. 9), in the genus Diploneis at
Charafia by Servant-Vildary and Blanco (1984) (Plate 1, Fig. 9, and Plate 5,
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Figs 2 & 3), and by Idei and Kobayasi (1986). (Fig. 19). The internal
thickening located at the extreme of the valve can be discerned over the
central specimen of Fig. 24. This could be related to the “ligula™ described
by Idei and Kobayasi (1968) for Diploneis parma. More detailed studies are
needed to describe this structure which to date has been little noticed in the
genus Fragilaria.

Fragilaria crotonensis Kitton

There is no particular morphological character which distinguishes the
morphotype here from the forms in the other parts of the world. This species
is present in large chains (Fig. 15). Enlarged at the center in valve view,
cells are connnected only at these points (Fig. 22) thanks to the adaptation
of the teeth. These expand and take the form of blades at the center of the
frustule, while they are much smaller toward the extremes of the frustules
(Fig. 23) where there is paper-like cohesion between individuals.

This taxon is extremely abundant at stations 5 and 6 near the Chua
Depression. It can live in shallow areas, close to aquatic macrophytes. and
can be transported to areas of greater depth and float near the surface
because of its colonial morphology.

Gomphonema cf. valentinica Nik

This species is very small, elongate and sharp, almost isopolar in valve view,
and with very rudimentary striac. It attaches to plants with a particularly
resistant mucilagenous tube; this firm attachment provides protection against
predators. Its presence in sample 10 indicates that it lives attached to Chara-
ceae. The study of this form deserves more study since some individuals do
not have the rectangular hyaline area which characterises this species.

Mastogloia aracamae Hustedt

This is rare in the Characeae epiphyte samples (stations 1 and 10), and is
associated with Mastogloia smithii which predominates (Figs 16 to 19).

This species belongs to the group of M. elliptica. but is distinguished by a
higher strial density of rather oblique striac and a larger central area, charac-
terised by alternatively large and short striae, and by a number of more
elevated chambers.

It has been found in the fossil state (Servant-Vildary. 1984) in the Charana
formation of presumed late Pliocene age, in a highly saline paleoenviron-
ment. Hustedt (1927) described it from the Loa formation, where it was
associated with many species typical of environments with high salt concen-
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trations. The presence of this species in relatively fresh waters indicates that,
like many species of the genus Mastogloia, it can adapt to a wide range of
salinities.

Conclusions

In addition to the relatively low species diversity indicated above, the diatom
flora composition appears highly cosmopolitan. With the exception of three
species (Cocconeis titicacaensis, Cyclotella andina, Mastogloia atacamae)
which can currently be considered as endemic. all the other taxa appear to
have extensive geographical distributions. We cannot at present compare this
flora with those of other aquatic systems in Bolivia. The principal studies
realized to date in this country have concerned superficial or quaternary
sediments of small mountain bogs or saline lakes of the southern Altiplano.
These systems are generally quite shallow and favor benthic pennate diatoms
over pelagic species. Still, cores taken by Pierre and Wirrmann (1986) from
deep high- altitude lakes of the Bolivian Cordillera have demonstrated that
during the recent Quaternary in these lakes there existed a flora which
alternated between Cyclotella stelligera and Fragilaria construens plus F.
pinnata, the two most abundant genera today in Lake Titicaca.

The incomplete observations of this study also make clear the substantial
spatial variability in species composition of the diatoms. The few available
data on environmental factors such as pH, temperature, conductivity and
other chemical variables still do not allow interpretations in terms of these
factors. However, it is possible to hypothesize that water depth, the presence
or absence of rooted aquatic vegetation, and the water transparency in
relation to proximity to the river outflows are some of the more important
factors which influence diatom community composition.



VI.1b. Algae: General floristic study

ANDRE ILTIS

The first studies on the algal flora of Lake Titicaca were carried out by
Frenguelli (1939) on diatoms of the littoral zone and by Tutin (1940) on the
algae collected during the Percy Sladen Expedition of 1937. Later, various
authors made partial observations on the phytoplankton, particularly Thom-
asson, 1956; Gilson, 1964; Ueno, 1967, Hegewald et al., 1976; Reyssac and
Dao, 1977. In 1977, Richerson et al. provided a list of 33 taxa with infor-
mation on their abundance. Later came the studies of Acosta and Ponce
(1979) and Lazzaro (1981), followed by the inventories of Iltis (1984) who
listed 58 taxa in the lake and 69 in the lakes of the mountain range located
above Lake Titicaca (diatoms were not included in this study). In 1985,
Theriot et al. described a new centric diatom from the Peruvian side of Lago
Mayor. In 1987, the Latin American Organization of Fisheries Development
published an illustrated inventory of 62 phytoplankton species of the lake
(Liberman and Miranda, 1987) in addition to a repertoire of 168 taxa found
in the lake by various authors; in the same year Carney et al. (1987) published
a list of 172 taxa, and made comparisons with other tropical and temperate
lakes. Finally, for this book, we make an inventory complementary to that
of 1984, and Servant-Vildary (Chapter VI la) provides a list of the diatoms
present. The combined total of 259 taxa is based on the samples collected
between 1985 and 1989 in the Bolivian part of the lake.

Composition of the flora

For this analysis of the characteristics of the flora, only three of the published
species lists (Frenguelli, 1939; Tutin, 1940; Carney et al., 1987) are included
plus those of Servant-Vildary (Chapter VI 1a) and Iltis (1991) because of
their relative completeness (Fig. 1 and Table 1).

What stands out from these data is that three groups comprise about 90%
of the flora: cyanophytes, chlorophytes and diatoms. The euglenophytes,
pyrrhophytes, xanthophytes and chrysophytes supply in all the lists only a
limited number of taxa. The percentages observed are quite consistent given

C. Dejoux and A. litis (eds.), Lake Titicaca, 176-181.
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Figure 1. Graphical representation of the proportions of different algal groups in the algal flora
of Lake Titicaca. A: after Frenguelli (1939) and Tutin (1940); B: after Carney et al. (1987);
C: after Servant-Vildary and Iltis. Horizontal dashes, cyanophytes; Dots, chlorophytes (E,
euchlorophytes: U, Ulotrichales: D, desmids); Blank, bacillariophytes (diatoms); Black, pyrrho-
phytes: Horizontal lincs. cuglenophytes; Vertical dashes, xanthophytes and chrysophytes.

the diversity of authors, times and sampling locations. The cyanophytes
constitute approximately 10-12% of the flora, diatoms 27-39% and chloro-
phytes 43-57%. In this last group, there is a high proportion of euchloro-
phytes, the Chlorococcales generally comprising the most abundant group at
the species level: 48% in the most recent list, and 58% in the list of Carney
et al. Only the inventory of Tutin (1940) gives a relatively low proportion
for this group, the filamentous algae (Ulotrichales, Chaetophorales, Oedo-
goniales, Zygnemataceae) being analyzed in more detail by this author. The
desmids represent about 10-20 % of the total taxa of the flora.

Within the diatoms, the Centrales:Pennales ratio is 0.05 in the list of
Frenguelli (op. cit.), 0.19 in that of Carney ef al. (op. cit.), and 0.08 in that
of Servant-Vildary (op. cit.).

Table 1. Number of taxa and proportions of the major groups of algae in the flora of Lake
Titicaca.

FRENGUELU, 1939 CARNEY, RICHERSON, SERVANT-VILDARY
TUTIN, 1940 ELORANTA, 1987 ILTIS (in press)
N % N % N %
taxa laxa laxa
Cyanophyceae 17 125 19 11.0 26 10.0
Chiorophyceae 78 57.3 86 50.0 112 439
~ Euchlorophyceae 2.8 60 34.9 58 224
- Ulotrichoplyceae E 31.6 8 4.6 9 3.5
- Desmidiae 29 18 105 45 17.4
Euglenophyles 0 0.0 2 1.2 9 3.5
Pyrrophyles 1 0.8 14 8.1 7 2.7
Xanl. + Chrys, 2 1.5 4 23 4 1.5
Dlaloms 38 279 47 274 101 39.0
136 100 172 100 j 259 100
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Considering the tropical location of Lake Titicaca, the proportion of
pantropical and subtropical taxa in relation to cosmopolitan forms is low; it
is not higher than 5% in the above inventories, even though there is some
imprecision due to the fact that certain sterile forms, principally filamentous
ones, could only be identified to genus level. The same is the case for the
American forms which represent a maximum of 4.5% of the taxa listed.

Considering the desmids as good indicators of geographical distributions,
the empirical indices proposed by Bourrelly (1957) presenting percentages,
first of Pleurotaenium species plus filamentous desmids divided by the total of
desmids, and second of Pleurotaenium and Euastrum species plus filamentous
desmids divided by total desmids, are calculated here for the two most recent
lists. These percentages are 5.5 and 11.1% for Carney et al. (op. cit.) and
25.5 and 31.9% for Iltis. The higher proportions in the latter list are due to
the presence of eleven taxa of filamentous desmids; the lower values of
Carney er al. may be due to the fact that they concentrated on the deeper-
water plankton. These indices are not calculated for the study of Tutin
(op. cit.) because this author indicated that his analysis of desmids was not
complete.

Comparison with other floras

There is little known about the algal flora of lakes and other inland waters
in South America, so it is at present difficult to confidently determine simi-
larities and differences between them. Carney ez al. (op. cit.) used a method
developed by Lewis (1978) to determine affinities between floras. This
method provides an estimate of percent similarity between two lists based
on the genera in common. In this way the generic list of algae for Lake
Titicaca were compared with the lists of 35 other lakes throughout the world.
Carney et al. found that the Lake Titicaca flora was somewhat different from
those of 18 other tropical lakes (on average 53% of genera in common) and
even more distinct from those of 13 temperate lakes (only 50% of genera in
common). By contrast, there was a much greater affinity with floras of four
lakes of the Andes mountains (on average 67.5% genera in common).

The comparisons made here are between the recent Lake Titicaca lists
and, on the one hand, tropical waters such as the Bolivian Amazon (Therez-
ien, 1985, 1986a, 1986b, 1987, 1989), and, on the other hand, mountain
lakes, some Peruvian located at 3600 m a.s.l. in the department of Cuzco
(Hegewald et al., 1980), some alpine in the Vanoise region of France (Mar-
tinot and Rivet, 1985), some Bolivian (lakes of Hichu Kkota between 4300
and 4900 m) in the Eastern Cordillera (Iltis, 1984). The percentages of the
major algal groups have been calculated without taking into account the
diatoms (Table 2 and Fig. 2).
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Figure 2. Graphical representations of proportions of major algal groups (excluding diatoms)
from lists of algal floras. A: in Bolivian Amazon (Therezien), B: in Peruvian lakes (Hegewald
et al.), C: in alpine lakes of the Vanoise (Martinot and Rivet), D: in high-altitude lakes of the
La Paz, Bolivia, region (lltis), E and F: Lake Titicaca (Carney et al.) and (Iltis), respectively.
Horizontal dashes, cyanophytes; Dots, chlorophytes (E, euchlorophytes: U, Ulotrichales; D,
desmids); Black, pyrrhophytes; Horizontal lines, euglenophytes; Blank, xanthophytes and chry-
sophytes.

The percentage of cyanophycean taxa is higher in the Andean lakes of
Peru (close to 25%) and Bolivia (14 to 16%) than in north temperate alpine
lakes or in waters of the Bolivian Amazon (3 to 4%). The chlorophytes
are always present in high proportions, the largest component being the
Euchlorophyceae in Lake Titicaca and the lakes studied in Peru, and the
desmids in high-altitude Andean and alpine lakes, and in warmer waters of
the Bolivian Amazon. The pyrrhophytes, euglenophytes, chrysophytes and
xanthophytes are always found in relatively low abundances, though the
proportion of pyrrhophytes is generally somewhat higher in mountain lakes,
and euglenophytes are somewhat higher in lowland tropical waters. The taxa
which have been classified until now as characteristic of the tropics reach
7% in the Bolivian Amazon, only slightly above 4% in Lake Titicaca, and
they are absent in the mountain lakes of the Andes and other regions.
Bourrelly’s (1957) indices of tropicality have quite variable values: zero in
lakes of Peru, 4 and 12% in alpine lakes, 7.5 and 12.5% in high-clevation
lakes, 13 and 23% in the plains of Bolivia, and for Titicaca 5 and 11% (1987
list) and 27 and 31% (1991 list). The percentage of genera in common with
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Table 2. Proportions of major algal groups in the flora of Lake Titicaca and, by comparison,
with other recently studied systems. Diatoms are not included in this analysis.

Bolivian Peruvian Alpine lakes | Andean lakes | Lake Titicaca | Lake Titicaca
Amazone lakes
(Thérézien) {Hegewald {Marlinot {Iis) (Carney ef al) (iltis)
etal.) and Rivet)
Number of taxa 642 65 199 69 125 158
Relative composition In %
Cyanophyceae 3.1 3.5 143 15.2 164
Chiorophyceae 76.0 87.4 81.4 68.8 70.9
Euchlorophyceae 21.6 1341 418.0 36.7
Ulotrichophyceae 0.5 10.1 6.4 57
Desmidiae 65.3 58.2 14.4 28.5
Pyrrhophytes 1.5 75 1.4 1.2 4.5
Euglenophivtes 154 0.0 0.0 16 57
% Xant. Chrys. 4.0 1.6 2.9 3.2 2.5
% of pantropical forms 6.7 0.0 0.0 0.0 24 4.4
Pleurot. +desm.filam.
Total desm. 133 0 3.8 75 55 26.7
Pleurot.+Euaslr.+D.filam,
Total desm. 23.4 0 123 125 111 311
% of genus common
with Lake Titlcaca
Cyanophyceae 26.3 62,5 11.1 50.0 - -
Chiorophyceae 426 299 31.0 359 - -
Total (except diatoms) 36.1 36.1 24.2 333 J - -

the most recent algal list for Lake Titicaca is highest for the mountain lakes
of Peru and Bolivia, slightly lower for the Bolivian Amazon, and relatively
low for temperate alpine lakes.

Combining these analyses, we find that the Lake Titicaca algal flora is
most similar to that of Peruvian lakes of similar altitude (3600 metres). The
flora of high-altitude Bolivian lakes is distinguished by a higher percentage
of desmids, as in the Amazon, and in alpine lakes, where, in addition, the
percentage of cyanophytes is particularly low.

Conclusions

Although the study of the Lake Titicaca algal flora cannot in its present state
be considered exhaustive, it is possible to determine some major character-
istics from the work completed to date.

Firstly, the number of algal species appears to be relatively limited. Even
though the pelagic zones appear to have been investigated more than the
shallower littoral areas (Totora wetlands, for example) and the periphyton,
none of the inventories to date exceed 260 species. This is a relatively small
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number of taxa for such an extensive ecosystem which includes a great variety
of habitats.

Secondly, there is a clear predominance of chlorophytes, with the Chloroc-
occales generally being the best represented order in the samples. This latter
feature distinguishes the flora of Titicaca, on the one hand from the floras
of tropical regions, where desmids constitute the most important group, and
on the other hand from the floras of Bolivian Andean lakes between 4300-
4900 metres (Iltis, 1984) and of alpine lakes (Martinot and Rivet, 1985)
where desmids also predominate.

One should also appreciate the cosmopolitan character of the algal flora:
the percent of tropical forms is only slightly less than 5% . The number of
species which can be considered endemic are quite low. The only ones found
so far have been: four species of diatoms (Frenguelli, 1939), seven species
described by Tutin (1940) which have not been found by others, one species
of Peridiniopsis (Iltis and Coute, 1984) and a species of Cyclotella (Theriot
et al., 1985). The endorheic basin of the Altiplano and the unique ecological
conditions of Lake Titicaca thus do not appear to manifest in a strongly
endemic algal flora, as is the case for certain animal groups.

Finally, the comparisons made above with floras from various regions
(temperate as well as tropical, mountains as well as lowland plains) lead us
to conclude that Lake Titicaca contains an algal flora which has few similarit-
ies with most lowland or mountain lakes of temperate regions; it has a greater
affinity with floras of tropical South America, for example the Bolivian
Amazon. Carney et al. (op. cit.), following their analysis of genus-level
similarity between Lake Titicaca and four smaller lakes in Peru and Ecuador
(Hegewald et al., 1978, 1980; Steinitz-Kannan et al., 1982), suggest the
possible existence of a biogeographical region in the central Andes. The
characterization and geographical delineation of such a zone will require
additional algal inventories in the lakes prospected up to now, and detailed
studies in many other Andean lakes of which we have as yet very little or
no knowledge.



VlI.1c. Phytoplankton: Quantitative aspects and
populations

ANDRE ILTIS

The first quantitative estimates of Lake Titicaca phytoplankton were made
by Tutin (1940) with samples obtained in different parts of the lake by the
Percy Sladen expedition in 1937. The numbers of organisms per litre collected
with nets were given for dominant taxa, with the exception of Botryococcus
braunii which existed in large quantities that were difficult to estimate.

In 1977, Richerson et al. provided estimates of biomass expressed as
milligrams carbon per cubic metre during the course of 1973, based on the
number of cells and volumes of each dominant species. Reyssac and Dao
(1977) indicated algal densities as cells per litre, at eight different points
throughout the lake, during the first part of December 1976. Lazzaro (1981)
studied seasonal variations of algal biomass expressed as wet weight, total
chlorophyll and carbon, for different stations in Lago Menor in 1979-1980.
Carney et al. (1987) provided the extreme values of biomass in the Peruvian
part of Lago Mayor for 1981-1982 in terms of wet weight per cubic metre.
Iltis (1988) indicated the distribution of algal biomass in wet weight during
six different periods between March 1985 and February 1987 in both parts
of the Bolivian side of the lake.

Recorded algal biomasses and densities

After partial estimates given by different authors (especially Richerson er al.
1977 in Lago Mayor) for a certain number of dominant taxa, the first values
of total phytoplankton density and biomass in Lago Huifiaimarca were given
by Lazzaro (1981): the extreme values then were 300,000-1,600,000 cells 1
for the whole of Lago Menor, except at Chua, the deepest point of Huifiaim-
arca, where the density fluctuated between 200,000 and 8 millions cells 1"
The biomass in wet weight thus ranged from 250 to 800 mg m > within Lago
Menor. The phytoplankton carbon content varied between 60-180mg C m >
in the former station and 30-90mg C m * in the latter, while chlorophyll
content varied from 0.5 mg chl m ™~ in winter to slightly more than 4 mg chl
m ? in autumn.

C. Dejoux and A. lltis (eds.), Lake Titicaca, 182-195.
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Later, Richerson et al. (1986) indicated an average chlorophyll concentra-
tion of 1.5 mg m™~" for Lago Mayor, and Carney et al. (1987) noted that algal
wet weight during 1981 and 1982 varied between 122 and 1310 mg m >, with
an average of 511 mg m™*; chlorophyll a varied at the surface between 0.6
5.9 mg m *, with an average of 2.6 for 22 measurements. Finally, Iltis (1988)
observed, in surfaces waters, wet weights ranging from 28 mg m ™ (close to
the outflow of Tiwanaku river) to 4054 mg m > in Lago Menor, with an
average of 1071 for six series of samples taken between 1985 and 1987. In
the Bolivian part of Lago Mayor, values ranged from 3 mg m > (close to the

outflow of Suchez river) to 263 mg m >, with an average of 60.

Biomass composition
Composition by size

The organisms have been classified into four size ranges, according to the
total volume of colonies, coenobia and filaments: small forms of less than
350 wm?®, medium forms of 350-3500 wm?, large forms of 3500-10,000 wm?,
and the largest forms of greater than 10,000 pm’.

According to observations made on six occasions during 1985-1987 at 28
stations in the Bolivian sector of Lago Menor and 19 in Lago Mayor, forms
smaller than 350 um® are rarely abundant in the surface plankton of Titicaca.
The medium and large forms generally constitute the majority of the popula-
tion in Lago Menor at all stations. In Lago Mayor, these medium and large
forms represent 50-70% of biomass at only certain stations. Organisms of
greater than 10,000 wm’, which virtually never dominate in Lago Menor,
constituted more than 70% of biomass in almost all of Lago Mayor from
March 1985 until the middle of 1986.

In conclusion, we note that in 155 samples examined from Lago Menor,
medium forms dominated in 60% of cases, large forms in 26%, small forms
in 8% and the largest forms in 6%. In Lago Mayor, in 107 samples con-
sidered, the largest forms dominated in 51% of cases, large forms in 36%,
medium forms in 12% and small forms in 1% of the total.

Composition by algal groups

The great majority of the phytoplankton biomass is distributed among five
groups: chlorophytes, pyrrhophytes, cyanophytes, diatoms and eugleno-
phytes, the last group being the least abundant. The importance of each of
these groups seems to have varied only slightly since the first observations.
In 1937, Tutin (1940) noted a plankton clearly dominated by chlorophytes;
pyrrhophytes were fairly abundant while diatoms and cyanophytes were
relatively rare. In the last group, the author indicated that the genus Nodu-
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Table 1. Average percentages of major algal groups in the Bolivian side of the lake. These
percentages were calculated according to cellular biovolumes rather than number of individuals.

April June December April October February Mean
1985 1985 1985 1986 1986 1987
Lago Menor north % % % % % % %
Cyanophyceae 13 363 29.1 61.1 60.5 30.3 36.4
Chilorophyceas 94.8 34.5 333 31.4 30.0 63.7 48.0
Pyrrthophytes 3.9 13.5 245 6.4 6.9 4.0 9.9
Diatomophyceae 0.0 15.7 129 1.1 25 22 6.0
Lago Menor south
Cyanophyceae 13 14.0 9.0 15.6 195 11.6 11.8
Chlorophyceae 94.8 63.1 67.0 63.7 45.8 55.2 64.9
Pyrrhophytes 3.9 19.5 20.0 19.8 30.0 31.8 20.8
Diatomophyceae 0.0 3.4 4.0 0.9 4.7 13 2.4
Lago Mayor
Cyanophyceas 41.4 30.1 83.2 64.8 20.6 783 53.1
Chlorophyceae 57.1 48.4 153 30.2 60.1 20.1 385
Pyrrhophytes 1.0 2.4 1.3 0.2 1.9 1.6 3.1
Diatomophyceae 0.5 19.4 0.1 4.7 7.2 0.0 53

laria was “*fairly frequent’”” but mistakenly stated that blue-greens were totally
absent. Richerson et al. (1977) indicated there were four major groups which
comprised the biomass during 1973: chlorophytes, pyrrhophytes, cyano-
phytes, and diatoms. This was confirmed for 1976 also by Reyssac and Dao
(1977). Lazzaro, studying stations in Lago Menor during 1979-1980, founds
that the proportion of chlorophytes was greatest, followed by Dinophyceae
and diatoms, and finally by a relatively low percentage of cyanophytes.

Iltis (1988) indicated the average proportions observed in different parts
of the Bolivian sector of the lake between 1985 and 1987 (Table 1). There
were three major zones: Lago Menor north (16 stations), Lago Menor south
(12 stations) and Lago Mayor (19 stations).

Euglenophytes were found in appreciable quantities in only six samples.
The maximum percent was 4% in Lago Mayor, close to Escoma Bay in
October 1986.

The chlorophytes and cyanophytes were two groups which predominated
alternatively according to seasonal fluctuations of algal biomass in Lago
Mayor and northern Lago Menor. In southern Huiflaimarca, chlorophytes
predominated during all periods studied. Pyrrhophytes were never biomass
dominants; they reached greatest proportions (up to 31.8%) in southern
Lago Menor, principally in zones close to river outflows. Diatoms were
generally present in low proportions. They rarely represented over 10% in
samples except during winter, for example in June 1985 when they reached
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more than 15% in northern Lago Menor and 19% in Lago Mayor. This can
be attributed to the enrichment of silica in the water column through aestival
thermal destratification and mixing. Exceptionally massive and localized
growths of Cyclotella sp. may occur during brief periods, as was observed at
a northeastern station of Lago Menor in December of 1985 (over 53%
diatoms). However, this phenomenon occurred only once during our obser-
vations.

Species composition

The first observations on phytoplankton (Tutin, loc. cit.) indicated a predomi-
nance of Botryococcus braunii Kiitzing in association in Lago Mayor with
Dictyosphaerium ehrenbergianum Nigeli, Staurastrum paradoxum Meyen,
Ankistrodesmus longissimus (Lemmerm.) Wille, Ulothrix subtilissima Raben-
horst and Peridinium sp.. Richerson et al. (1977) noted that the dominants
during 1973 were Lyngbya vacuolifera Skuja, Anabaena sphaerica var. attenu-
ata Bharadwaja, Ulothrix subtilissima Rabenhorst, Oocystis borgei Snow,
Mougeotia cf viridis (Kiitz.) Wittrock and Stephanodiscus astraea var. minut-
ula (Kiitz.) Grunow (now identified as Cyclotella andina (Theriot, Carney &
Richerson)). Lazzaro (1981) found the following dominant species in Lago
Menor: Monoraphidium sp., Cosmarium phaseolus Brebisson, Closterium
kuetzingii Brebisson, Mougeotia sp. and Peridinium sp.. During 1981-1982,
Richerson er al. (1986) listed as dominants Anabaena spiroides Klebahn,
A. affinis Lemmerm., Planctonema lauterbornii Schmidle, Gloeotilopsis
planctonica lyengar & Philip, Qocystis spp., Staurastrum manfeldtii
Delponte, Cryptomonas ovata Ehrenberg and Cyclotella andina Theriot et
al..

During 1985-1987, the chlorophytes represented the greatest number of
species among biomass dominants. In a given sample, this group generally
is represented by 7 to 10 species while the other groups are usually repre-
sented by only one or two. The following species are most commonly found
in the Bolivian part of the lake: Oocystis sp., Sphaerocystis schroeteri Chodat,
Dictyosphaerium pulchellum Wood, Botryococcus braunii Kutzing, Chlorhor-
midium subtile (Kiitzing) Fott, Mougeotia sp., Closterium aciculare T. West,
Staurastrum gracile Ralfs. The cyanophycean biomass dominants are Gom-
phosphaeria pusilla (Van Goor) Komarek and Nodularia harveyana var.
sphaerocarpa (Bornet & Flahault) Elenkin. Within the pyrrhophytes are
Cryptomonas sp., Gymnodinium sp. and Peridinium willei Huitfeld-Kaas.
Finally, Synedra ulna (Nitzch) Ehr., Fragilaria crotonensis Kitton and es-
pecially Cyclotella andina Theriot et al. are the most abundant diatoms.
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Table 2. Average values of the Shannon diversity index during six cruises made in the Bolivian
side of Lake Titicaca.

Samples mean March June December April October | February Total
April 1985 1985 1986 1986 1987 mean
1985
Lago Menor north | 0.524 2.648 2.628 1.844 1.710 1.774 1.855
Lago Menor south | 1.437 2.233 2.003 2.261 2177 2.291 2.067
Lago Mayor 1.707 2,142 0.815 1.523 2.524 1122 1.639

Species Diversity

The first data on species diversity estimated for 1973 using the Shannon index
(Richerson et al., 1977) varied during the course of the year between 2-3.5
bits for biovolumes and 1.2-3.7 bits for cell numbers. Diversity was relatively
high and stable during autumn and winter (April to November), and declined
during the summer (December to March). During 1979-1980 the diversity
index varied between 1.5-3.5 bits per cell in two stations of Lago Menor
(Lazzaro, 1981); there was one peak in March, and another from October
to December.

During 1985-1987 in Lago Menor the minimum observed was 0.251 bits
per mg in April 1985, while the maximum was 3.075 bits in December 1985.
In Lago Mayor, the minimum was 0.222 bits in December 1985 and the
maximum was 3.094 bits in October 1986. Combining all the measurements
made (Table 2), one can observe that the phytoplankton of Lago Mayor was
less diverse than that of Lago Menor, except during March—April 1985, and
February of 1987. The present state of knowledge on species diversity and
its fluctuations does not allow us to determine whether cyclical changes occur
in the algal biocenosis of the lake.

General distribution of phytoplankton
Vertical distribution

The first studies made by Tutin (1940) indicated a homogeneous composition
of the plankton from the surface to 50 metres depth. Later, Richerson et al.
(1977) provided information on the distribution of phytoplankton biomass
expressed as milligrams of carbon during 1973 in Lago Mayor. The phyto-
plankton zone, much deeper than the theoretical euphotic zone, reached 100
metres depth, principally during the periods of mixing.

Lazzaro (1981) presented a number of 25 metres profiles which show the
vertical distribution of phytoplankton biomass expressed as carbon at the
deepest point of Lago Menor. During the stratified period (February—March)
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the major part of the biomass was concentrated in the upper fifteen metres.
As temperatures declined in May there was greater mixing of the water
column and high biomass levels (greater than 150 mg C m~>) occurred at
depths down to 20m. The low winter biomass levels are characterized by
relatively rectilinear profiles.

In 1988, profiles of wet weight biomass were made at two stations of Lago
Menor (Station 12: Sukuta, and Station 5: Chua) and two in Lago Mayor
(close to the Island of the Moon and offshore of the Island of the Sun),
during mixing (July 1988) and during stratification (December 1988).

Observed algal biomasses are presented graphically in Fig. 1. Distributions
appear relatively uniform throughout the water column at all the shallow
stations. Such is the case for the shallowest station studied (6 m depth),
which is probably representative of the entire Lago Menor at depths less
than 20 metres. In the Chua depression, the only point in Lago Menor where
the bottom reaches 40 metres, the phytoplankton declines sharply between
22 and 30 metres during stratification (December). Within 4 to 5 metres, the
algal biomass volume declines fivefold. In July, phytoplankton is distributed
throughout all the water column.

In Lago Mayor, the vertical profile of biomass distribution is different.
During stratification, the biomass maximum is located between 5-8 metres;
during mixing the maximum appears between 12-18 metres at the station
close to Island of the Sun, while it is only at 1-2 metres near the Island of
the Moon. As demonstrated by Vincent ez al. (1984), the form of the distribu-
tion curve of biomass in the epilimnion is a function of the mixing within
this surface zone; the sampling near the Island of the Moon was during a
very calm period, while the three other profiles were sampled during higher
winds and waves. The phenomenon of surface inhibition thus appears in four
cases in Lago Mayor, but more or less modified by surface mixing. Thus, in
a series of samples taken during February 1987 throughout the Bolivian part
of the lake both at the surface and at four metres depth, there was an average
increase in biomass at 4m of 11.6% for 28 Lago Menor stations, and of
21.8% for 19 Lago Mayor stations. The thermocline at 20-30 metres was
not marked by a decline in the algal biomass, in contrast to the deepest zone
of Lago Menor: there was even an important localized growth of pyrrho-
phytes at about 30 m at the station next to Island of the Moon in December.
High algal populations do seem to extend more deeply during the mixing
period than during thermal stratification.

The depth of the phytoplankton zone is of the order of 5 to 5.5 times that
of the Secchi depth measured at the same point. Therefore, it appears that
the sharp decline of phytoplankton biomass at the deepest part of Lago
Menor between 22 and 30 metres, corresponds to the lower limit of the real
euphotic zone. Consequently, the disappearance of algae below this depth
is due more to the lack of light (“self-shading effect”) than to the presence
of the thermocline (which in Lago Mayor is not marked by a decline in
biomass).
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Figure 1. Vertical algal biomass distribution in Lago Menor (left) and in Lago Mayor (right). 1: shallow zone of Lago Menor, 2: Chua Depression, 3:
Lago Mayor close to Island of Moon, 4: close to Island of Sun: A: during mixing (13-15 July 1988), B: during stratification (14-16 December 1988). To
the right of each profile is the Secchi depth reading (except the first station, where it was not possible). Dashes-cyanophytes; black-pyrrhophytes; white-
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Figure 2. Grouping of stations at the Bolivian part of the lake according to cluster analysis
(index of similarity indicated at top). To the left dry season (June 1985), A: northern Lago
Menor. B: southern Lago Menor, C: Lago Mayor. Stations 26 and 27 are located close to the
outflow of Tiwanaku river. To the right rainy season (February 1987), A: northern Lago Menor,
C: Lago Mayor. In addition. four stations of Guaqui Bay (22, 24, 25, 28) in southern Lago
Menor appear relatively similar.

Horizontal distribution

This has been studied only in the Bolivian part of the lake. Phytoplankton
populations inventoried at 28 stations of Lago Menor and 19 stations of Lago
Mayor were compared with each other to determine the affinities between
stations. Two periods were chosen: June 1985 and February 1987, as periods
representative of southern hemisphere winter and summer, respectively.
Correlations were calculated between samples with the help of a distance
matrix in order to group stations with the same types of populations and
delimit zones where the plankton was relatively homogeneous (Fig. 2).

In June 1985, three stations appeared unrelated to the other populations
of the Bolivian part of the lake; they were stations 26 and 27 located at the
outflow of Tiwanaku river and station 46 in Lago Mayor where at this period
there was a very important and localized growth of Botryococcus. The rest
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of the other stations divided into two groups: the L.ago Mayor stations with
relatively high correlation values (stations 30 to 52), and the Lago Menor
stations (stations 1 to 25, and 28). The latter clearly subdivided into two
associations. The first (stations 1 to 15) included all of northern Lago Menor
and the central stations 14, 15 and 19. The second consisted of the stations
of southern Lago Menor (with the exception of the Tiwanaku river outflow)
and the stations in the extreme southeast (17, 18 and 20); station 10 in the
north was also placed anomalously in this group.

In February 1987, stations within Lago Mayor were relatively similar
(stations 30 to 52) with the exception of stations 41 and 50. Ten stations of
northern Lago Menor had strong affinities, but the points in the extreme
southeast (2, 10, 11 and 12) were not included in this group. The other
stations of Lago Menor (central, southern and southeast limit) did not group
well. Stations 22, 24, 25 and 28 of Guaqui Bay were the only ones which
appear to have high similarities. The algal populations in these central and
southeastern parts of Lago Menor are thus quite heterogeneous during the
rainy season; the outflows of the rivers Tiwanaku, Catari, Keka, and Batalla
Chica entering this zone, where the depth varies between tens of centimeters
to ten metres, inhibit the formation of stable and homogeneous populations
here, while they have much less effect on the phytoplankton in deeper zones.

Using the affinities of algal communities, it is possible to divide the Boliv-
ian part of the lake into three major ecological zones (Fig. 3). The first is
the northern part of Lago Menor, delimited approximately by stations 1 to
15, with the exception of station 7 close to the Tiquina strait and station 13
close to the outflow of Catari river. Phytoplankton populations here are
characterized by relatively high biomasses; it is here that the highest densities
per unit volume are observed. The dominant groups are either chlorophytes
(April and December of 1985, February of 1987) or cyanophytes (June 1985,
April and October of 1986). The percentage of diatoms is generally low, but
can reach an average for all stations of 15.7% in June 1985 and 12.9% in
December of the same year. The proportions of pyrrhophytes are generally
4-7%:; they can reach an average of 13.5% (June 1985) or even 24.5%
(December 1985) for all stations.

The second zone consists of the central and southern parts of Lago Menor
(stations 19 to 28), with the exception of stations 26 and 27 near the outflow
of Tiwanaku river. Biomass levels are somewhat lower than in the first zone.
Chlorophytes still dominate, followed by cyanophytes and pyrrhophytes; the
diatoms are always relatively low (on average 4-5 % for all stations). During
the rainy season this zone has a particularly heterogeneous phytoplankton.

Finally, the third zone consists of the entire Bolivian part of Lago Mayor
with the exception of the mouth of the Suchez river. Here biomass levels
are much lower (12 to 135 mg m ~ * on average) than in the other two zones.
Chlorophytes dominated during April and June 1985, and October 1986.
Cyanophytes dominated December 1985, April 1986 and February 1987 (the
summer stratified season). Pyrrhophytes were always quite low (1-3% on
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Figure 3. Ecological zonation of the Bolivian part of Lake Titicaca according to phytoplankton.
A: northern Lago Menor, B: southern Lago Menor, C: Lago Mayor. In dots, the transition
region between the two major basins; vertical lines, perideltaic regions; in white along the shore,
border zones.

average), except in October 1986 when the average percentage of this group
was 12% . Diatoms become important only when the thermocline disappears
and the water column mixes (on average 19.4 % during June 1985).

To these three major zones should be added much smaller areas with
particular characteristics that are located in the aforementioned zones. These
areas include:

— A region of transition between Lago Menor and Lago Mayor located in
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the vicinity of Tiquina Strait. Algal biomass levels are intermediate between
the two basins this region joins.

— Perideltaic regions of southeastern shores of Lago Menor where there are
outflows of several rivers (Batallas, Keka, Catari, Tiwanaku), and in Lago
Mayor at the mouth of Suchez river. Generally in these regions there is less
phytoplankton than in neighbouring areas during the growth season, but
during the dry season a richer plankton. The proportions of the principal
algal groups are different, with the proportion of pyrrhophytes generally
higher than in adjacent zones (this group may even dominate at certain
times).

— The coastal wetlands, primarily of Totora, that occupy extensive surface
areas of Lago Menor, and certain bays of Lago Mayor. The plankton, and
especially the periphyton, are still little known and particularly need study.

Seasonal variations

In principle, in tropical waters where the depth is sufficient for thermal
stratification, and where there is sufficient volume so that the effect of
inflowing rivers is relatively low during the wet season, seasonal variations
are much less marked than in temperate zones, the solar insolation being
relatively constant throughout the year. Richerson er al. (1986) provide an
analysis of these different types of variations and propose the term ‘‘almost
seasonal” to indicate fluctuations which are not in rhythm with the annual
cycle, in contrast to variations tightly coupled to wet and dry seasons as in
Lake Chad (Carmouze er al. 1983), or to seasonal temperature and light
cycles as in temperate lakes.

In Lake Titicaca it is advisable to distinguish Lago Menor and Lago
Mayor. The former is characterized by shallow depth, absence of a thermoc-
line, presence of abundant emergent macrophytes, reduced transparency,
and greater amplitude in the thermal gradient and in the variation of dis-
solved salts (Iltis, 1987). Lazzaro (1981) noted phytoplankton maxima during
April-May in 1979 and, to a lesser extent, in November-December, with
winter (July to September) having lower values (Fig. 4). According to obser-
vations made the following years (Iltis, 1988), clear maxima appeared at the
beginning of April 1985 and in February 1987, in agreement with previous
observations. However, April of 1986 was characterized by quite low algal
biomass which was probably related to the unusually high lake level of that
year.

In Lago Mayor, for which there are fewer data, there is in the Bolivian
part a maximum due to diatom growth (up to 41% of total cellular biomass
in one central station) during the disappearance of the thermocline (June).
This phenomenon has been attributed to “‘a sharp increase in the level of
dissolved silica coming from the bottom when thermal stratification disap-
pears” (Carmouze et al., 1984). Median biomass is then 2.5-12 times higher
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Figure 4. Total phytoplankton biomass, divided according to major classes, at a depth of
5 metres at Chua of Lago Menor. Din-Dinophyceae; Chi-chlorophytes; Dia-diatoms; Cya-
cyanophytes (Lazzaro, [981).

than in other parts of the year except December. A second less marked
maximum appears during this month due to growth of cyanophytes, Gompho-
sphaeria pusilla in particular, (up to 97% of cellular biomass in a central
station) during the period of maximum solar insolation and stratification.

What stands out from these fragmentary observations is that the phyto-
plankton of relatively shallow regions (Puno Bay, Lago Menor) have differ-
ent temporal patterns from those of Lago Mayor. For example, the winter
period is a biomass minimum in Lago Menor, but a maximum in Lago
Mayor. At this point, long-term studies which can determine seasonality and
interannual variability are still lacking. These will be needed to test the
hypothesis of Richerson et al. (1977, 1986) that interannual variability here
is greater than seasonal variability.

Conclusions

The following remarks can be made on the features of the phytoplankton as
they are now known:

- The composition of phytoplankton is characterized by the predominance
of chlorophytes and cyanophytes during the late 1980s. The increasing per-
centage of the latter group since the first observations made at this point
should be underlined. Tutin (1940) noted an absence of this group in samples
collected during 1937. Lazzaro (1981) encountered only very low proportions
in Lago Menor during 1979-80, with the chlorophytes as clear dominants
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and the pyrrhophytes as the second most important group. By contrast,
during six series of observations of 1985 to 1987, cyanophytes dominated or
codominated in Lago Mayor and the entire northern half of Huifiaimarca.
Thus observations in the future should determine whether this cyanophyte
increase is part of normal phytoplankton fluctuations, or whether it marks
the beginning of eutrophication which could extend to the entire lake.

— A clear seasonal cycle cannot be found. It is probable that the seasonality
varies in amplitude and modality for the different ecological zones which
have been considered.

- Light appears to be the principal factor which controls the vertical distribu-
tion of phytoplankton, though the role of nutrients, and particularly nitrogen,
should not be omitted (Wurtsbaugh et al. 1985). The phenomenon of surface
inhibition, caused by elevated solar radiation due to the altitude and tropical
location, appears quite clear. In Lago Mayor, algal populations are present
to depths of 80-100 metres, or about 5-6 times the Secchi depth. The
influence of the thermocline appears relatively weak due to the small shift
within it (2-3°C) and its limited duration in the annual cycle. This conforms
with the conclusions on primary production of Brylinski and Mann (1973) that
light has a greater effect on primary production than nutrient distributions in
relation to the presence of the thermocline.

~ The analysis of horizontal phytoplankton distributions, according to infor-
mation for the Bolivian side of the lake, indicates the differences between
Lago Menor and Lago Mayor and, by analogy, between the large shallow
bays and the main basin. While the species present in these environments
are the same, the biomass levels and proportions of the major groups are
quite different. For example, biomass levels during 1985-1987 were 5 to 36
times higher in Lago Menor than in Lago Mayor; the minimum difference
was observed in June 1985 during which a maximum in Lago Mayor and a
minimum in Lago Menor coincided. Pyrrhophytes generally have a higher
percentage in the latter. Analysis of algal populations also indicate a greater
heterogeneity, both qualitative and quantitative, in shallow regions. It is
probable that in Lago Menor and in shallow bays, the proximity to the
bottom and the permanent instability of the heat structure favour circulation
of mineralized organic matter near the bottom and localized growths of algae
there (Lazzaro, loc. cit.), more especially as light is available throughout all
the water column due to the shallow depth. Finally, the influence of river
outflows is much less buffered in these areas.

According to the results in Lago Menor (Lazzaro, loc. cit.) and in Lago
Mayor (Richerson et al., 1977), and the classification of Rodhe (1960) based
on annual primary production per surface area, Lago Menor can be classified
as oligotrophic while Lago Mayor can be considered moderately eutrophic.
However, this classification based on primary production has been criticized
and judged inadequate in certain cases. Vollenweider (1968) proposed, fol-
lowed by others including Munawar and Munawar (1976, 1982), using the
level of biomass to compare lakes or parts of lakes. According to their
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scheme for trophic states, Lago Mayor can be classified as ultraoligotrophic
and Lago Menor as mesotrophic. This second classification, with opposite
results to the first, seems more correct, especially considering in addition
that the biomass and production of periphyton, phytobenthos and macro-
phytes which are particularly abundant in Lago Menor yet almost absent or
limited to a very narrow shoreline zone of Lago Mayor, were not taken into
account. Thus, a more comprehensive estimation of biomass and productivity
which includes all these elements would probably indicate that productivity
in Lago Menor is substantially higher than in Lago Mayor and thus in
the eutrophic range. Given our present level of knowledge, this remains a
hypothesis proposed by Lazzaro (loc. cit.) which will have to be confirmed
by future studies.
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Both physical and biological processes are important in controlling mean
levels and fluctuations of primary production and algal biomass. Climatic
factors drive production variation directly (e.g. through fluctuations in light)
or indirectly through the regime of stratification (Richerson, this volume).
Biotic processes, such as grazing and competition, affect biomass, the species
composition of the biomass, and potentially overall rates of primary produc-
tion. Biotic effects have a special opportunity to affect overall rates of
production in a nitrogen limited system like Lake Titicaca (Wurtsbaugh et
al., this volume; Vincent ef al., this volume) if they affect the potential of
N-fixing cyanobacteria to flourish. The relative importance of physical and
biotic controls on phytoplankton primary production and biomass has re-
cently been discussed extensively under the rubric of “top down™ (biotic)
versus ‘‘bottom up” (physical/chemical) hypotheses (Carpenter and Kitchell,
1984; Harris, 1986). Tropical lakes should show at least relatively more
effects of “top down’ control than higher latitude lakes because the muted
seasonal cycle of the tropics reduces the variation in important physical
drivers of phytoplankton variation, including light, temperature, and strength
of stratification.

Description of studies and methods

Three studies of primary production and phytoplankton biomass of a year
or more in duration have been conducted in the various basins of Lake
Titicaca. Richerson et al. (1977), working in Lago Grande in 1973, conducted
the first such study. This programme was maintained for another year for
phytoplankton production and still longer for other parameters by the staff
of the Instituto del Mar del Perd. Lazzaro (1981, 1982) conducted a similar
study in Lago Pequefio (Huifaimarca) in 1979-80. In 1981-82, Richerson et
al. (1986) and Vincent et al. {1986) conducted parallel studies of production
and biomass variation in Lago Grande and shallow, polymictic Puno Bay. All
studies estimated phytoplankton biomass carbon by applying the regression
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equation of Mullin et al. (1966) to cell volume estimates (from enumerations)
and used the in situ "*C method to measure primary production. Except for
deficient estimates of nitrogen and phosphorus in 1973, these three studies
also measured a relatively complete suite of physical and chemical factors
using standard methods. Details can be found in the original papers.

Thus, our understanding of patterns of variation in phytoplanktonic pro-
duction processes in Lake Titicaca is restricted to four years for Lago Grande
and even less for Puno Bay and Lago Pequeiio. Some additional data exists
for Lago Grande for the years 1984-5 (Alfaro Tapia and Roncal, personal
communication) and 1985-8 (Iltis, this volume).

Lago Grande

Figure 1 shows profiles of primary production from 1973. Table 1 gives the
basic statistics describing photosynthesis in Lago Grande for 1973 (annual
means; for more detailed data see Richerson et al., 1977). Figure 2 shows
the pattern of primary production for 1973-5 and 1981-2.

The productivity of Lago Grande was moderately high in these years,
averaging a little above 1g C m™> d~'. Because the epilimnion of this large
lake is deeper than the euphotic zone, the phytoplankton crop is diluted into
a large volume of water. Thus production per unit volume of water is rela-
tively low (5-30mg C m~> h™') and the depth of maximum photosynthesis
is rather deep (3—-10 m).

The variation of production during the year is modest compared to temper-
ate lakes but the pattern of variation of production during the year is highly
variable (see below for a statistical analysis). Given the highly regular pattern
of variation in stratification and fairly regular variation in chemical par-
ameters visible in Fig. 2, one might expect a more predictable seasonal
pattern of primary production. We believe that there are several reasons for
the irregular variations within years. First, the variation in insolation is quite
modest, so this variable cannot impose a strong seasonal signal. Second,
photosynthesis is usually nitrogen limited (Vincent ef al., 1984; Wurtsbaugh
et al., 1985; Carney, 1984; Wurtsbaugh ef al., this volume). This limitation
leads to a highly variable incidence of nitrogen fixing cyanobacteria during
the stratified season, resulting in unpredictable peaks of production, as in
December 1973. At other times, less intense cyanobacterial fixation has
resulted in broad plateaux of production, as in the February-May period of
1982. When N-fixing populations are not present, the stratified season often
shows pronounced production minima, as in October 1973, January and
February 1981, and the last 5 months of 1982. We have no explanation for
these variations in cyanobacterial populations; they are often absent for
prolonged periods even when nitrogen limitation is intense (Wurtsbaugh et
al., this volume). Episodes of intense denitrification, such as we observed in
1981 (Vincent e al., 1984), might also impose considerable variation in
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Figure 1. Vertical profiles of daily net ‘*C (light minus dark bottle) uptake estimates of photo-
synthesis in Lago Grande in 1973. Bar shows the range of duplicate light bottles (Richerson et

al., 1977).

Table 1. Statistics describing primary production in Lake Titicaca. © is the rate of photosynthesis
at Zyp(averaging over the three maximum depths). Z,, is the depth to the top of the main
thermocline. Z, is the last depth at which light '*C uptake exceeds that in the dark. Biomass
was computed from algal counts using the method of Mullin er al. (1966). R was measured with
a Belfort pyrheliometer at Lago Grande, but with a PAR sensor (n = 8 only) at Lago Pequefio.

P, was computed assuming 10 kcal g C™1,

ANNUAL MEANS
Productlon() Blomafs (8) P/B 9_1 Incident R_adiatio_r:(R) _g/B R Peal/R Z zmnx eu
gC m™ day” day”" hr kcal m™ day X102 m? kear! % m
Lago Grande (1973)
1.45 297 051 013 5086 0.10 0.29 6 50 17.7
Lago Pequeiio (1979-80)
0.56 2.52 0.22 0.19 53 24 25.2
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deep hypoliminion temperatures at 150 m (Richerson et al.. 1986).
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Figure 3. Profiles of estimated photosynthesis, as in Figure 1, for the Fosa de Chua station in
Lago Pequeiio (Lazzaro, 1981). Vertical scale is mgcm73 hrt,

production when mixing during isothermy is incomplete. Third, the impact
of the deepening of the thermocline and isothermy during the dry season
has only a modest and variable influence on production rates. Production
peaks do generally occur in this period, but the effects of added nutrients
tend to be offset by the deteriorating light climate caused by deep mixing of
the phytoplankton crop.

Lago Pequeiio

Figure 3 shows vertical profiles of primary production for the 40 m deep Fosa
de Chua station, and Figure 4 a similar plot for the 6 m deep Sukuta station.
Figure 5 shows the pattern of variation at these two stations for production
and related variables over the course of the study. Table 1 lists average
statistics describing production at the Fosa de Chua station.

There are interesting contrasts between the Lago Grande and Lago Pe-
queiio data (Table 1). Mean primary production is much lower in Lago
Pequefio, averaging just 0.56 g C m ™ ? d ' in the most comparable relatively
deep Chiia station, although the biomass (average 2.52 g C m ™) differs little
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from Lago Grande. As a result the P/B ratio at Chda is less than half of
that of Lago Grande (0.22 d™'). Production was even lower in the shallow
Sukuta station, but the P/B ratio was rather similar, indicating generally
similar conditions for phytoplankton growth. The shape of the vertical pro-
files of primary production are very similar in Lago Grande and Lago Pe-
queno.

A number of hypotheses might explain the relatively low production
in Lago Pequefio. Large areas of this shallow sub-basin are covered with
macrophytes (Collot, this volume), which might compete with phytoplankton
for nutrients. The sub-basin might receive less nutrient loading, due to its
water budget being dominated by nutrient-depleted inflows of surface water
from Lago Grande (Carmouze, this volume). However, the comparable
phytoplankton biomass in the two sub-basins indicates roughly similar levels
of total nutrients. The lack of nitrogen fixing cyanobacteria during the period
of study, despite relatively low N:P in the hypolimnion of the Fosa de Chda
station, perhaps only means that the 1979-80 period studied by Lazzaro was
one of unusually low production. Our limited knowledge of the variation in
Lago Grande (see below) suggests that years with production as low as half
of the mean reported in Table 3 do occur there. Finally, the shallow, well
illuminated water column that characterizes so much of Lago Pequeiio may
deny grazing zooplankton a refuge from diurnal predation that is available
to vertically migrating plankters in Lago Grande. Lower grazing rates in
Lago Pequefio might therefore result in a lower turnover of biomass, and
thus lower P/B. Further work is clearly required to solve this problem.

Lazzaro (1982) analysed the relationship between various measures of
photosynthesis and physical parameters in Lago Pequefio. Table 2 summar-
ises his results. These data can be used to test the validity of Talling’s (1957)
model of production in a vertically well mixed system. In this model, Z;
should estimate the depth at which production is half of Z,,. The mean and
95% confidence interval for this relationship is 1.07 = 0.27, indicating a good
fit. Assuming that the model fits, I, the initial slope of the photosynthesis-
irradiance curve, could be estimated. Because surface irradiance data (photo-
synthetically active portion of the spectrum) are available for only 4 dates, the
95% confidence interval for I is rather wide (1.59 <1, <5.48Jcm *h1).

Bahia de Puno

Figure 6 shows the pattern of production observed in Bahia de Puno in 1981-
2. Mean production for the two-year period was 0.82g C m * d™', similar
to the 1.02g C m™2 d~' recorded for the same period in Lago Grande.
Vertical profiles of primary production closely resemble those for Fosa de
Chia and Lago Grande, with surface inhibition always present, a maximum
at moderate depths (3-7 m), and increasingly severe light limitation below
Zopi- As shown in Figure 6, photosynthetic rates near the bottom of the 25 m
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Table 2. Statistical relationships between primary production and physical variables in Lago
Pequerio.

Depth of optimal production and Secchi transparency (Ze), visual fits

Zopt = 1-06 Z, (Fosade Chia, n=22)
Zopt = 0-45 2, (Sukuta, n=8)

Chlorophyll concentration (Bchl) and production at the optimum depth (Popt)

log P

opt = 0.46log B + .54 (Chtda + Sukuta, n=26, r=.68, p<.001)

Optimal specific production (COpt = Popt/BchI) and B,

logC

opt = -0.53log By, + 0.54 (Chta + Sukuta, n=26, r=.73, p<.001)

Vertical dispersion of photosynthesis (Z; = Hourly Production/P opt) and secchi
transparency and extinction coefficient (E)

log Z; = 0.62log Z, + 0.64 (Chla, n=21, r=.42, p<.05)
Z'- = -76.8 E + 31 (Chua, n=5, r-.93, p<.001)

deep station varied from zero to 40% of the maximum, depending upon
transparency. Bahia de Puno is polymictic (Richerson, this volume) and is
sometimes stratified within the euphotic zone. Vincent et al. (1986) showed
that stratification sometimes led to the formation of a deep chlorophyll
maximum in and below the stratified layer, and to higher production in the
light-limited region than under unstratified conditions. On some dates in
late 1982, the production curve was bimodal. These relatively clear-water
conditions are reflected in Fig. 6 in the high production at 24 m from Septem-
ber through to November, 1982.

Vincent et al. (1986) examined nutrient and light controls on photosynth-
esis in Bahia de Puno. N:P ratios were below 10:1 during the period of the
study, and, as in the main lake, nutrient bioassay experiments (Wurtsbaugh
et al., 1985; Carney, 1984) and physiological measures of nutrient limitation
(Vincent ez al.,1984a) generally showed nitrogen limitation of photosynthesis
(see also Wurtsburgh et al. this volume). Consistent with this experimental
evidence, the maximum and areal total photosynthesis responded quite
strongly to an episode of nitrogen fixation (December 1981-June 1982).
During this period, production approximately doubled relative to background
values measured throughout most of 1981 and the latter half of 1982. As
Fig. 6 indicates, areal production was closely correlated with surface light
intensity in 1981 (r = +0.85, p < .01, one month lag), but the relationship
is not significant in 1982 due to the N-fixation supported peak. There is no
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Figure 6. Photosynthesis and other important limnological variables in Bahfa de Puno. (a) Daily
production (closed circles), temperature at 4m (open circles) and monthly average incoming
radiation (thin line). (b) Maximum photosynthetic rate (Z,,.«, closed circles) and photosynthesis
at 24 m as a percentage of Z,,.x (open circles). The horizontal line is drawn at 10% of Z,,.
(Vincent er al., 1986).

indication in either year that the dry season circulation of Lago Grande had
any effect on production in Bahia de Puno.

Comparative analysis of patterns of variation in production
and related variables

The three sub-basins of the lake exhibit a good deal of independence of
behaviour. Lago Pequefio is only connected to Lago Grande via the narrow
Estrecho de Tiquina, and has somewhat different major ion composition
from the main lake (Lazzaro, 1981; Carmouze, this volume). The connection
between Lago Grande and Bahia de Puno is quite broad, and there are no
marked differences in water chemistry. Nonetheless, patterns of production
in the latter two systems at 0, 1, and 2 month lags are uncorrelated (Vincent
etal., 1986). The 1982 peak of production due to the presence of cyanobacter-
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ial N-fixation was present in both lakes, but with somewhat different timing.
Production in Lago Grande appears to respond to deep circulation in that
basin in many years, but Bahia de Puno did not apparently receive enough
nutrients by advection or diffusion from the main basin to stimulate produc-
tion in 1981 or 1982.

Richerson et al. (1986), Richerson and Carney, (1988) and Vincent et al.
(1986) examined the seasonal and interannual patterns of variation in primary
production and other variables in Lago Grande and Bahia de Puno with
several different statistical approaches. These studies compared patterns of
variation in Titicaca with those of other temperate and tropical lakes. Vincent
et al. (1986) examined the relationship between variation in light intensity
and variation in primary production in 12 tropical and 11 temperate systems.
The tropical systems had a much higher variance in production relative to
variation in light than did temperate lakes. Many, but not all, tropical lakes,
including both Bahia de Puno and Lago Grande, had a variance in primary
production several to many times higher than that for incident solar radiation
(averaging 14.44). Temperate lakes showed a narrower range, this ratio
averaging 1.8. Moreover, the overall correlation between monthly incident
solar radiation and monthly primary production (scaled by the annual mean
in each lake) for all temperate lakes was large and significant (n = 160, =
0.57, p < 0.01), whereas it was small and insignificant for tropical systems
(n =150, r = +0.11, p > 0.05). A more detailed look at the data confirmed
this overall result. For 13 years of tropical data, 5 years showed significant
lags (p <0.05) at 0, 1 or 2 months lag. However, in only two of these
years (including Bahfa de Puno in 1981, as already mentioned) were the
correlations positive. By contrast, 11 of 14 temperate lake years showed
significant correlations for at least one lag, and only one of these was nega-
tive. In most temperate lakes, primary production is strongly entrained in
the seasonal cycle of insolation, but as the amplitude of this cycle diminishes
in the tropics, this effect appears to vanish.

Richerson et al. (1986) and Richerson and Carney (1988) tested the weak
seasonality hypothesis with the multi-year time series of physical, chemical
and biological data from Lago Grande (Fig. 2). Multi-year data sets were
assembled for four comparison sets of data from other temperate and tropical
lakes (lakes George, Leven, Washington and Tahoe). Monthly mean data
were analysed using two-way Analysis of Variance to estimate variance
due to fixed monthly (seasonality) and between-year effects. Richerson and
coworkers also estimated autocorrelation functions for these time series. The
results are quite striking. In the ANOVA analysis (see Table 3) Lago Grande
showed a strongly seasonal pattern of physical variation, with months effects
dominating the pattern. By contrast, chemical and biological variables (with
the exception of diatom biomass) varied much less seasonally and usually
not significantly. However, variation between years is large for such variables
(again excepting diatom biomass). Richerson and Carney (1988) extended
this analysis to biomass, diversity and measures of succession rate. Patterns



Table 3. Results of analysis of variance of data series from Lago Grande and some comparison with temperate and tropical lakes. One asterisk indicates
a treatment effect significant at the .05 level, two asterisks at the .01 level. k/X is the coefficient of variation of treatment means (Richerson et al., 1986).

LAKE Latitude N df Variance k/X Grand
Months Years % Years % months Total Years Months mean

George 0°
1) Chlorophyll a 38 11 3 14 40 9581 0.09 0.15 411.5 mg Chla m™2
Titicaca 16°S
1) Radiation 41 11 3 13~ 76™ 1101 0.05 0.10 251.8 watts m-2
2} Difference of temperature 62 11 5 3 g 0.131 0.1 0.67 1.55°C
3) Silicate in epilimnion 54 11 4 3g* 8 45.8 0.43 0.20 9.69 ug-at I-1
4) Silicate in hypolimnion 54 11 4 31 19 78.9 0.27 0.21 18.14 ug-at 1-1
5) Oxygen in epilimnion 60 1 5 39 13 0.300 0.06 0.03 6.38 mg [-1
6) Oxygen in hypolimnion 60 1 5 26™ 31* 0.97 0.1 0.12 4.62mg |-t
7) Primary production 49 1 5 29* 26 0.182 0.20 0.19 1.13gCm-2d-1
8) Diatom biomass 25 11 2 17* 49 0.101 0.41 0.82 0.256 ml m-3
Tahoe 39°N
1) Primary production 116 11 9 49™ 22 0.0046 0.24 0.16 0.196 gC m-24d-1
Washington 48°N
1} Radiation 102 " 8 4 73* 7057 0.1 0.56 128 watts m™?
2} Chlorophyll a 102 11 8 23 47 109.5 0.41 0.59 12.2ug i1
3) Primary production 102 11 8 18" 63* 2.77 0.34 0.64 2.07 gCm-2 d-1
Leven 56°N
1) Primary production 43 1" 3 gx 66" 13.48 0.28 0.76 4.82g02m-2

v 12 uosioyory f'd 80T
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were similar; all variables showed large and significant variation between
years. Only diversity showed a significant fixed 12-month effect, as a result
of a tendency to low diversity during the middle of the stratified period in
the three years of record. Richerson (unpublished data) has also examined
the other major groups of algae, and diatoms are the only one to show
significant months effect in the ANOVA. The biological data from compari-
son temperate lakes (Table 3) show highly significant monthly effects, which
are higher than between years effects except for Tahoe, where cultural
eutrophication and relatively sunny winters reduce the effect of seasonality.

The autocorrelation analyses confirm these results (Fig. 7). In highly
seasonal time series, the autocorrelation function is significantly negative at 6
months lag (winter and summer are very different), while there is a significant
positive peak at 12 months lag (one year is much like another). Physical
variables in Lago Grande show the highly seasonal pattern, as do biological
variables in classical temperate lakes like Loch Leven. By contrast, produc-
tion in Lago Grande and chlorophyll in Lake George show no statistically
significant sign of a seasonal pattern, although there is a hint of a 6 month
cycle in both systems. For Lago Grande, a 6 month cycle is consistent with
the weak tendency of production to peak either during maximum stratifi-
cation (due to N-fixation occurring during this season), or during the period
of minimum stratification (due to cycling of nutrients from the hypolimnion).

Figure 8 shows a similar general pattern for major algal groups. All
groups except cryptophytes exhibit some patterning with significant positive
autocorrelations for up to 3 months lag (Fig. 8b), reflecting the major epi-
sodes of abundance clearly visible in Fig. 8a. For Cyanophyceae and Chloro-
phyceae the autocorrelation function becomes significantly negative slightly
after six months and then increases. This indicates moderate seasonality;
there are fairly consistent patterns with mixing and stratification. No group,
however, has a pattern of regular seasonality that repeats in subsequent
years, as would be indicated by a distinct minimum autocorrelation at 6
months and maximum at 12 months.

An analysis of variance with biomass data of the major groups also indi-
cates that interannual variability is quite significant, while regular seasonal
variation within years is more modest. Variance between years is significant
at p < 0.01 for all major groups (Cyanophyceae, Chlorophyceae, Bacillar-
iophyceae, Dinophyceae), while the months effect is only significant for
Bacillariophyceae.

Dominant phytoplankton species show generally similar patterns to the
major groups (Fig. 9). The filamentous blue-green Nodularia spumigena
shows one of the strongest seasonal signals we have detected among biologi-
cal measures. This species regularly peaks during the stratified period and
reaches minima during mixing. The filamentous green Gloeotilopsis plancton-
ica and the centric diatom Cyclotella andina are more typical. They show
significant lags, but virtually no hint of truly regular seasonality. Even though
species like C. andina have only occurred during the cool season, the exact
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Figure 7. Autocorrelation functions for data series from Lago Grande and some comparison
with tropical and temperate lakes. The vertical axis gives the value of the autocorrelation (r)
as a function of months of lag on the horizontal axis. The near-horizontal dashed lines delimit
the envelope in which 95% of the autocorrelations from a random series of the length of each
data series should fall (Richerson et al., 1986).

timing and magnitude of their maxima and minima is so variable as to fail
to indicate a statistically significant seasonal cycle.

Principal components analysis is a useful technique to summarize the
“secasonal’’ succession pattern of the whole community (Allen et al., 1977).
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Figure 8. Biomass of the major algal groups for the three years of record (A). Autocorrelations
for the major groups (B).

Figure 10 shows how the Lake Titicaca community changes during the three
years; each point represents the composition of the community during a
given month. The abundance of the 15 commonest species defines the axes
of the multidimensional space of possible communities in this analysis. A
large change in the community from one date to another is reflected by a
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Figure 9. Autocorrelation functions for three species of algae.

large shift in position. A strong and regular seasonality would be indicated
by a large circle or oval for a yearly trajectory. Each year would come close
to mapping out the same trajectory of species composition as every other.
Clearly, the Lake Titicaca phytoplankton do not exhibit this behaviour.
During the three years for which we have data, the Titicaca community
wanders about in a rather irregular pattern without any apparent tendency
to form closed 12 month polygons (Fig. 10). These very irregular intra-year
patterns, and substantial changes between years, are in sharp contrast to
PCA results for north temperate lakes (Allen et al., 1977).

pc2

1973 ->~-
1981 ——
1982+ >

pet

Figure 10. Plot of the first two principal components of monthly average phytoplankton biomass
in Lake Titicaca.
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In Lago Grande, a rather large proportion of the variation in many
biological and chemical variables is unexplained by either months or years
effects in the ANOVA, and shows up as significant autocorrelations at one
or two months lags. In the two most typical temperate lakes in Richerson et
al’s comparison, seasonal plus between years effects accounts for a very
large proportion of the variation in all series. This reflects the tendency of
biological and physical variation in Titicaca to occur in “pseudoseasonal”
events of 1-3 months duration. In any one year, this looks something like
the familiar seasonal cycles of the temperate zone, but the patterns are not
repeated in subsequent years.

We wish to end this section with a note of caution. It is clear from less
complete and unpublished data from other years that Lake Titicaca varies
outside the bounds of the data analysed above. Alfaro Tapia and Roncal
(personal communication) and Iltis (personal communication) have observed
a long episode of very low production and biomass, and high transparency,
in Lago Grande during the years 1984-8. Both groups report large numbers
of secchi depths exceeding 10 m with maxima of almost 20 m, whereas in
earlier studies secchi depths exceeding 10 m were unusual. Both production
and phytoplankton biomass were only a fraction of the averages based on
the data shown in this paper. Our understanding of the interannual variability
of both temperate and tropical lakes is still very incomplete. Longer and
more complete time series of data are urgently required from lakes like
Titicaca both to help in the management of local resources, and to understand
basic questions regarding the effects of climate change and similar phenom-
ena.

Surface inhibition of photosynthesis

As shown by the profiles in previous sections, primary production in all
sub-basins of Lake Titicaca is usually characterized by surface inhibition, a
maximum of production around 5m, and an exponential decline below that
depth. One problem posed by profiles with this shape is the significance and
reality of the surface inhibition above Z.... This effect is a result of high
light intensities, and is termed photoinhibition. Photoinhibition takes some
time to develop, and in experiments with moving bottles designed to mimic
mixing in the epilimnion of lakes eliminate or greatly reduce the photoinhibi-
tion effect (Jewson and Wood, 1975; Marra, 1978). On the other hand, as
described by Richerson (this volume), diurnal stratification in the top few
metres of the water column, due to the same high light intensities that cause
photoinhibition in fixed bottle experiments, also reduces mixing at shallow
depths during daylight hours.

Vincent et al. (1984b) and Neale and Richerson (1987) used the poison
DCMU, which blocks the reoxidation of Photosystem II intermediates, as a
physiological measure of state of algal cells. When DCMU is administered,
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light cannot be used to produce electrons in the reaction centre and is
instead lost by chlorophyll fluorescence. Thus DCMU generally enhances the
fluorescence of living cells. However, when the PS II reaction centre is
inactivated by photoinhibition, electrons are no longer produced, and DCMU
ceases to increase fluorescence emission. In Lake Titicaca, there is minimal
increase of in vivo fluorescence in near-surface algal populations upon ad-
dition of DCMU, but populations near Z,,,, show maximal DCMU enhance-
ment. Thus, at the surface, DCMU does not increase fluorescence very
much because photoinhibition has already resulted in the inactivation of
Photosystem II. Figure 11 shows an example of the daily cycle of inhibition
and recovery, measured by the difference between fluorescence before (Fiet)
and after (F,;,) the administration of DCMU. Neale and Richerson conduc-
ted a series of experiments to quantify the dynamics of inhibition and recov-
ery during the diurnal cycle in Lago Grande. On 8 different experimental
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days, short-term experimental incubations were conducted in which algae
from shallow (3-5cm) and deep (15-20cm) in the euphotic zone were
incubated at several different light intensities. These experiments showed
that the inhibition of "*C uptake closely parallels the decline in DCMU
enhanced fluorescence. The inhibition process is quite rapid, with a time
scale of a few minutes, whereas recovery is slow, requiring hours. Hence,
the photosynthetic capacity of an algal cell declines to a level set by the
highest light intensity to which it is exposed during the daily cycle, and does
not significantly recover until after dark.

These results show that diurnal stratification, at least in Lake Titicaca,
but probably in many other systems under bright light conditions, is easily
strong enough to subject shallow phytoplankton populations to inhibiting
light intensities. The traditional fixed bottle experiment is thus not misleading
about the effects of photoinhibition. One might expect algal populations to
adapt to high light intensities and eliminate the photoinhibition effect. How-
ever, the deep mixed layer of Lake Titicaca means that most cells experience
suboptimal light on any given day. Nocturnal mixing (Richerson, this volume)
prevents the community from segregating into high and low light adapted
forms, as is possible with the sun and shade leaves of terrestrial plants. Thus,
the photoinhibition of the plankton is perhaps an inevitable tradeoff caused
by the need to adapt to the low average light conditions of planktonic
environments.

Conclusion

Lake Titicaca exhibits a level and pattern of primary production that is
basically tropical, although modified by its altitude. Brylinski and Mann
(1973) estimated regression equations describing patterns of global produc-
tion in lakes. Their simplest equation based only on latitude and altitude
predicts (r* = 0.49; n = 93) that Titicaca production should be 0.90g C m~?
d™!. A second equation based on latitude, altitude, visible incident radiation,
day length range, air temperature and precipitation (r* = 0.58; n = 84) pre-
dicts 1.26g C m > d~'. Measured values from Lago Grande (1.13g C m ™2
d™', 4 year average from Table 3), Lago Pequefio (0.56g C m~2 d™'), and
Bahia de Puno (0.82 g C m ™2 d ') are rather close to these predictions. Even
the Lago Pequeiio value is not so far off considering the inevitable noise
inherent in such a broad comparison. The lake might be described as moder-
ately eutrophic based on its total annual production compared to lakes on a
worldwide basis. On the other hand, its position near the regression line
given its physical situation (especially the long tropical growing season)
suggests that the designation “‘mesotrophic” is more appropriate.

The pattern of temporal variation in Lake Titicaca is fascinating, especially
if it turns out to be typical of large, deep tropical lakes. Despite the seasonal
pattern of variation of physical factors, the low amplitude of physical vari-
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ation appears to result in a failure to entrain biological processes in the
seasonal cycle. Unlike the case in higher altitude lakes, seasonality in the
sense of a regular 12 month cycle is essentially absent. Total variation is
reduced somewhat, interannual variation is comparable, and the amount of
variation unexplained by the factors analysed in this study is substantially
higher, compared to temperate lakes. Two hypotheses seem worth pursuing
in future studies. (1) Subtler physical and chemical mechanisms may control
the variation in production and other biotic factors. (2) Biological interac-
tions, such as predator-prey and competitive processes, may generate en-
dogenous variation, perhaps of the chaotic sort. These ideas are closely
related to the “top down” (biotic) versus ‘“‘bottom up” (physical) hypotheses
about the most important factors regulating processes in the plankton cur-
rently being actively investigated by temperate zone limnologists (Carpenter
et al., 1985; Harris, 1986). Richerson and Carney (1988) hypothesize that
complex dynamics (e.g. chaos) may be responsible for a significant amount
of the acyclical within-years and interannual variation in Lake Titicaca.
Titicaca is an excellent place to study such effects. It has the three contrasting
basins for comparison, and its mean temperatures are much like those of the
better studied temperate lakes. It has easily detected physical forcing effects,
but apparently not such a strong seasonal signal as to dominate biological
and chemical processes. If biotic processes have free-running dynamics that
generate their own patterns of variation, these might be convincingly sepa-
rated from physical controls in such a lake. Workers are encouraged to
develop the long-term data that would be so valuable from such a system to
test these and similar ideas.

Understanding the causes of variation is, of course, also important for
applied purposes in Lake Titicaca. The present evidence from Titicaca sug-
gests that it is less variable than temperate lakes only in having little predict-
able seasonality. There is every reason to expect that year-to-year variation
will be important to management of the lake’s biotic resources. Our data
only sample a few years and do not reflect the longer term variation that
might be induced by lake-level changes and the like. We know some years
have values of transparency, production and phytoplankton biomass outside
the range of the data analysed here.
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VI.2. MACROPHYTES
VI.2a. The higher plants

ALINE RAYNAL-ROQUES

The higher plants are represented by a very small number of species in the
waters of Lake Titicaca; this poverty is particularly evident if the flora is
compared with the much more diverse flora of the small lakes lying in the
Cordillera above Lake Titicaca. The higher plants are distributed all around
the margins of the lake in the littoral zone that they colonise down to depths
of § to 10 m.

Life forms

The first impression of the vegetation is of a band of tall totoras (Schoeno-
plectus tatora) emerging from the water and situated at some distance from
the shoreline; this species of Cyperaceae grows in water depths of about 2
to 4.50 m.

Between the shoreline and the band of totora, the water, which is never
deeper than 2 to 2.50 m, is populated by a submerged flora with here and
there an overlying stratum of floating species. Near the shoreline, in the
very shallow temporarily flooded areas where the water is, discontinuous
populations of small, partly emergent herbs occur, as well as shoreline grass-
land communities that are only flooded exceptionally for short periods.

Beyond the totora belt is a zone of submerged vegetation rooted in the
substrate, that the transparency of the water allows to grow down to depths
of more than ten metres.

These submerged species produce long branching stems which fill the
water column; the leaves, regularly spaced on the branches, are always
submerged and their metabolism takes place entirely in the aquatic environ-
ment. Flowering is the only biological function that takes place out of the
water. Depending on the genus, either only the flower emerges, floating on
the surface (Elodea) or the tip of a stalk emerges bearing leaves (various
submerged species) in the axils of which are the flowers (Myriophyllum).
Certain genera (Potamogeton) only produce flowering spikes when the water
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is not too deep; in deep water they do not flower or rarely produce submerged
flowers.

The floating species are free-living with no anchorage, floating on the
surface; the water depth does not affect them directly. However, their pass-
ively mobile life-habit exposes them to the risk of being destroyed by wave
action in the deeper areas, so they are only found in the shallow margins,
where they are sheltered by the totora band.

Despite occurring in a relatively shallow zone, Schoenoplectus tatora is
only submerged in its juvenile stages. As soon as its growth allows, its tall
erect stems emerge; most of them do not bear flowers and flowering is not
related to emergence. Although it grows in 2 to 4 m of water, the metabolism
of this species is essentially aerial.

All of this vegetation provides the shore-dwelling human inhabitants with
natural resources of great importance (see Chapter VII.1d).

Taxonomic review

The taxa making up the aquatic vegetation belong to systematically diverse
groups.

The Pteridophyta, or ferns in the wider sense, are vascular plants whose
reproduction implies alternating diploid and haploid individuals.

The family Azollaceae only contains one genus (Azolla) with 6 species.
These are small aquatic ferns whose floating branches bear minute green
scale-like leaves in pairs at each node, appressed to the upper surface of the
branch. Roots (derived from the embryonic leaf tissue) hang down from the
lower surface into the water. They are never rooted in the sediment, except
in the event of drying out of the biotope, and then only just before the plants
die.

The plant lives in symbiosis with a blue-green alga (Procaryota, Cyanophy-
caea), Anabaena azollae which is capable of fixing ammonia from atmo-
spheric nitrogen: the association is rich in nitrogenous compounds.

The spores are contained in sporocarps hanging from the submerged
underside of the thallus. Some produce floating female prothalli and others
clusters of male prothalli surrounded by hooked hairs. The male prothalli
attach to the female ones and together they sink to the bottom where
fertilisation takes place.

The Angiospermae (true flowering plants) comprises about 250,000 species
spread over 380 families, of which aquatic plants only make up a tiny minor-
ity. The organisation of aquatic plants implies very special anatomical and
morphological adaptations, so that frequently they do not correspond to the
general description given to the group to which they belong; they are there-
fore exceptions.

The Dicotyledons make up the largest and most diversified group of the



The higher plants 225

Figures 1-15. 1. Ranunculus trichophyllus: submerged leaf and emergent axillary flower.
2. Myriophyllum elatinoides: whorl of submerged leaves. 3. Hydrocotyle ranunculoides: leaf.
4. Lemna gibba: floating thalli. 5. Lilaeopsis andina: submerged flowering plant. 6. Elodea
potamogeton: flowering stem, submerged except for the flower. 7. Ditto: male flower. 8. Ditto:
female flower, front and side view. 9. Azolla filiculoides: whole floating plant. 10. Potamogeton
strictus: insertion of leaf onto submerged stem. 11. Ditto: emergent flower spike.
12. Zannichellia palustris: insertion of leaf onto submerged stem. 13. Ditto: submerged fruits.
14. Ruppia maritima: base of submerged leaves. 15. Ditto: cluster of submerged fruits. Notes
(Figs 10 to 14): The leaf of Zannichellia does not widen to form a sheath at the base; the leaf
sheath of Potamogeton is prolonged into a sharply pointed ligule; that of Ruppia ends in 2 small
rounded transluscent auricles.

The scale unit is 1 mm unless otherwise indicated.
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Angiospermae, with about 315 families of which only 3 are represented in
Lake Titicaca.

The Ranunculaceae contains about 1750 species, all toxic and mostly non-
aquatic, grouped into 58 genera. The floral organs are distributed over an
elongated receptacle, the gynoecium is formed of numerous free carpels
which become achenes. The genus Ranunculus (250 species) is made up of
herbs with regular flowers of 5 sepals and 5 petals, but with an indeterminate
number of stamens and carpels inserted in a spiral pattern. The aquatic
Ranunculus species with white flowers make up the sub-genus Batrachium
to which belongs the only species present in the lake.

The Haloragaceae, a family with 9 genera and 120 species, includes a large
proportion of aquatic plants. The minute polypetalous flowers have a small
inferior ovary. The 40 all-aquatic species in the genus Myriophyllum have
finely divided pinnate leaves; the flowers, grouped on an erect emergent
spike, are accompanied by small leaves, less divided than the submerged
ones. The pollen, produced by stamens with a long flexible filament, is
transported by the wind.

The Umbelliferae, with more than 3000 species in 420 genera, only includes
a few small groups of aquatic plants whose members differ profoundly from
the rest of the family. The Umbelliferae normally have finely divided leaves
with a well-developed leaf sheath, but this is not the case with species
described here. The characteristic inflorescence in the form of an umbel
is very reduced and difficult to recognise in these species, but the small
hermaphroditic pentamerous flowers, with a schizocarpous inferior ovary are
clearly evident in the two genera in question. The two carpels of the fruit,
joined together along one face, separate at maturity.

Hydrocotyle spp. (about 75 species) are all aquatic herbs or plants living
in damp environments. Their slender creeping stems bear alternate leaves
with a rounded peltate blade and long erect petiole. In the species occurring
in Lake Titicaca, the flowers are borne on a pedicel which is shorter than
the petioles of the leaves, so that flowering takes place at the water surface.
The genus Lilaeopsis (about 15 species) is typically aquatic. A thick, fleshy
and aerenchymatous white rhizome bears rosettes of small upright submerged
cylindrical leaves, tapering to a point. These hollow, air-filled and somewhat
swollen leaves have some transverse septa at which point they are slightly
constricted. The minute inflorescences only contain a few flowers, borne on
a filiform flexible pedicel, longer than the leaves, which reaches to the water
surface to flower.

The Monocotyledons only contain a total of 64 families, but they are
better represented that the Dicotyledons in aquatic environments.

The approximately 100 species included in the family Hydrocharitaceae
are entirely aquatic, most of them living submerged and some of them being
marine. The small, fragile and short-lived flowers are the only part to break
the water surface. The 12 species in the genus Elodea are submerged herbs
with long stems covered with small linear leaves and with intense powers of
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vegetative multiplication. The plants are dioecious; the minute single-sex
flowers are borne on thread-like flexible pedicels which carry them to the
water surface at the time of fertilisation.

The Potamogetonaceae comprises about 90 species, all of them aquatic,
with well-developed vascular subterranean organs. The leaves are of two
types: either filiform or translucent and submerged, or broadly oval, cori-
aceous and floating on the water surface. The species with floating leaves
pass through a juvenile stage with linear submerged leaves. The small, her-
maphrodite tetramerous flowers are densely clustered on a more or less
swollen spike, emerging from the water. Apart from Potamogeton, the family
only includes one other monospecific genus.

The Ruppiaceae, closely related to the previous family, are distinguished
by the absence of vascularisation in the roots. The inflorescence only contains
two simplified flowers reduced to 2 stamens and 4 carpels. The fruits are
generally borne by a pedicel that elongates in the form of a spiral after
fertilisation. Flowering and fertilisation often take place under water. The
only genus in the family, Ruppia, occurs in brackish and saline waters. Some
workers have distinguished up to 7 species of Ruppia, but we, along with
many other workers, consider it to be monospecific.

The Zannichelliaceae, with its 7 species grouped into 4 genera, are again
entirely submerged aquatic herbs; the vascularisation of their rhizomes does
not contain lignified vessels. As with the two previous families the leaves,
borne in non-elongated spikes, often appear clustered into lateral bunches
of 2, 3 or 4 leaves. The minute flowers have a very simplified structure; the
flowers are single sexed, the two sexes being situated side by side on the
same sessile inflorescence inserted in the leaf axils. The monospecific genus
Zannichellia occurs in fresh and brackish water. The carpels bear a delicate
stigma in the form of a funnel; fertilisation takes place under water. The
fruit is a small elongated achene bearing denticulations along its dorsal
margin.

The Lemnaceae (about 30 species in 6 genera) are unique among the
flowering plants in the remarkable reduction of the vegetative structures.
The plant is made up of a thallus, without recognisable stems or leaves,
sometimes bearing one or more roots on its lower surface; buds are included
in two lateral pouches. The extremely small flowers only appear rarely, they
are clustered (one female and 2 or 3 male flowers) in an inflorescence
contained in one of the pouches. The male flower is reduced to a stamen
and the female to a carpel. The Lemnaceae are all capable of very efficient
vegetative multiplication by budding from the marginal pouches, the
daughter thalli eventually breaking free from the parent. Most of the species
in the genus Lemna float on the water surface in fresh waters. They form
flattened or gibbous lens-shaped structures less than a few millimetres in
diameter, shiny on the upper (emergent) surface and bearing a single root
inserted at the middle of the lower surface.

The large family of the Cyperaceae, with its 115 genera and more than
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3600 species, is in the majority composed of terrestrial species. These are
scabrous herbs (because they are incrusted with silica crystals) whose leaves,
arranged in three vertical rows, form a closed sheath at the base enclosing
the stem. The very reduced flowers are surrounded by scarious scales
(glumes), and grouped into complex inflorescences made up of spikelets
arranged in various ways. The fruits are small achenes, often triangular in
cross-section. Schoenoplectus spp.(often included in the genus Scirpus) are
aquatic or marsh plants with upright rush-like stems, having a photosynthetic
role. At the summit they bear a branched inflorescence, offset to one side
by the development of a stiff upright bract extending beyond the tip of the
stem. Frequently, no inflorescence develops on the stem, which then only
fulfils an assimilatory role. The leaves are reduced to short reddish sheaths
originating from the rhizome and surrounding the stem base (fully developed
green leaves only occur during the brief juvenile stage). The inflorescence
branches bear more or less elongated oval spikes.

Identification key

1. Herbs rooted in the substrate; plants of large size, never measuring less

than a few centimetres and usually much larger. .. ....... ........ 2
1’. Herbs not anchored in the soil, free-floating on the water surface; plants
very small, measuring 0.3to3cem.......... ... .. ... e 10

2. Stems submerged, elongated, upright or trailing in the water, bearing
regularly spaced leaves . ......... ... ... . i i 3
2'. Cylindrical upright organs (stems or leaves, but with similar appearance),
without green appendages resembling leaves, in tufts coming from a
TOOTSLOCK . . . oot 9

3. Leaf blade often emergent, rounded, deeply 5-lobed, the lobes them-
selves crenate at the margins. Leaves with long petioles coming from a
white stem rooted in the bottom; plant of shallow water. ............
................................. Hydrocotyle ranunculoides L. 1.

3’. Leaf with parallel margins, either entire or divided (in this case the
segments always have parallel margins), flat or filiform. Leaves petiolate
or not, arising from a more or less green stem floating in the

4. Leaves sessile with a flat, entire, vivid transluscent green blade, reaching
20 mm long and 4 mm wide, in whorls of 3 (rarely 4). Flowers very small,
pinkish white (5 mm diameter), of a single sex, floating at the end of a
long thread-like flexible pedicel. The species is dioecious, each individual
only bearingone sex............ Elodea potamogeton (Bert.) Espin.

4'. Leaves petiolate or not, with a filiform blade (width never exceeding 2
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mm), entire or divided, usually much longer than 20 mm, alternate or in
WHOTIS . . . 5

. Leaves all simple, sessile, very narrow or in filaments, never divided or

branched. They are several centimetres long (usually 8 to 12 cm), alter-

nate, isolated or in groups along the stem . ...................... 7
Leaves divided, made up of branching filaments, either alternate or in
whorls, hardly longerthan3cm . ........... .. .. ... .. ... L. 6

Leaves alternate along stem, petiole as long as the filaments making up
the blade, in the form of branching segments in a fan. Flowers isolated,
axillary, floating on the water surface, small white petals, soon falling
................................ Ranunculus trichophyllus Chaix
Leaves sessile, in whorls of 3 to 4; each leaf pinnately divided into bristle-
like segments. Flower spikes at tip of stems, emerging from the water,
small red-brown flowers interspersed with small almost entire
bracts........... .. ... . oL Myriophyllum elatinoides Gaudich.

Leaves very narrow (width less than 2.5 mm), or filiform, widening at
the base with an evident, transluscent split sheath surrounding the stem
for 1 ¢cm or more. Small oval or globular fruits in clusters on pedicillate
INflOTESCENCES . . . . oo e 8

. Leaves filiform, hair-like, with a very reduced difficult-to -distinguish

sheath at the base. Small sessile fruits, flattened with upcurved beak,
bearing denticulations on the margin opposite their attachment, clustered
a few together in the leaf axils . . ............ Zannichellia palustris L.

Inflorescence inserted in the leaf axils, never emerging from the water,
even when flowering, the pedicel curved or in the form of a spiral when
the fruit is maturing. Small pedicellate or sessile fruits. Plant slender with
thinstem....... ... . .. .. . . . Ruppia maritima L.
Inflorescence terminal at end of stem, flowers on a spike emerging from
the water (exceptionally plant flowering entirely submerged in very deep
water), flowers in separate clusters along the spike. Maturation of fruit
takes place under water, but the spike pedicel remains straight. Small
fruits always sessile. Plant more robust, with leaves very narrow, but
flattened and stem at least Imm thick . ........... ... ... ... ...
.............................. Potamogeton strictus Ruiz & Pavon

Tall cylindrical stems, coming from a thick hard robust rhizome spreading
in the underwater soil. Stems pithy inside, can exceed 3 m in height from
the lake bottom (the emergent part reaching 1 to 2 m above water level).
No fully developed leaves, only a few stiff bracts at the tip of the stem.
The flowering stems end in a panicle of brown, ovate, shortly pedicillate,
spikes, offset to the side by the first bract, extending beyond the stem
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L1+ 2 Schoenoplectus tatora (Kunth) Palla
9’. Small tufts of cylindrical, tapering hollow leaves with internal septa.
Not exceeding 20 cm in height (often less than 5 cm). They arise from a
slender fragile white rhizome only a few mm thick. Small, few-flowered
inflorescences borne on a thread-like pedicel arising from the rhizome,
either reaching the water surfaceornot............ ............

10. Plants made up of tiny branching stems, covered in minute triangular,
reddish green leaves (sometimes blood red), which float in layers on
the surface. They bear bunches of black roots hanging down into the
WALET . . ettt e e Azolla filiculoides Lam.

10’. Tiny, oval, light green fronds, floating on the surface, budding. Each
bears a small, white, unbranched root inserted into the middle of the
UNderside . . . .. .. e e 11

11. Fronds very swollen on the upper side, height almost as great as di-
ameter. Some fronds are much less swollen; upper side very shiny, waxy

looking .......... .. (L Lemna gibba L.
11'. Fronds hardly swollen, in the form of a flattened disc; upper surface

lessshiny ............ ... . ... Lemna cf. aequinoctialis
Biogeography

The flora of Lake Titicaca is a combination of species of very diverse geo-
graphical distribution. Although some species (Schoenoplectus tatora, Elodea
potamogeton, Myriophyllum elatinoides and Lilaeopsis andina) are endemic
to the high plateaux of the Andes, a number of others have, in contrast, a
very wide distribution. Lemna gibba, Ruppia maritima, Zannichellia pa-
lustris, Ranunculus trichophyllus and Hydrocotyle ranunculoides are cosmo-
politan, whereas Azolla filiculoides, a plant originating in the warm regions
of the American continent, is now distributed in all continents, except in the
coldest areas.

The lake therefore has a large contingent of species with a wide world
distribution, and its vegetation could seem a commonplace, one if the Schoen-
oplectus, Elodea and Myriophyllum, by their very abundance, did not give
the vegetation communities their characteristic appearance.

Conclusion
Up to the present, only a dozen aquatic plant species have been recorded in

Lake Titicaca, a very low number considering the extent of the lake. More
intensive surveys around its margins could probably add a few more species
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to the list, but the floristic homogeneity of the biotopes studied, together
with the slight ecological variations recorded in each of them, makes it very
likely that any species still to be discovered will be uncommon.

Despite this floristic poverty, it must be admitted that the plants are still
insufficiently known in terms of their intraspecific variablity, their ecological
and geographical distribution and their biology. Certain species are only
known from a small number of phenologically poor samples and their identi-
fication is likely to be changed following future, more representative, sam-
pling (Lilaeopsis, Lemna, Potamogeton). It is also worth noting that these
taxa belong to groups in which the systematics are insufficiently studied and
for which new revisions are needed to redefine the species and provide better
identification criteria.

The aquatic flora of the high valleys of the Andes includes a fair number of
species (e.g. Ranunculus mandonianus and Isoetes herzogii) that are probably
absent from the Altiplano and therefore from the lake, but the aquatic flora
of the ponds, pools and rivulets of the Altiplano is also richer than that of
the lake (Callitriche, Crassula, Eleocharis, Rorippa, etc. occur here). The
floristic population of the lake seems to be impoverished in species by the
exclusion of the species of the higher altitude valleys and of those living in
calm and shallow waters around the lake. Although only species capable of
withstanding the ecological conditions of a vast water body occur in the lake,
they form dense and well-structured communities, which make it even more
unlikely that the small plants of the calm rivulets of the Altiplano could exist
here and there close to the lake shores. As has generally been observed in
large lakes, in which the general features are similar to those of the marine
environment, the phanerogamic vegetation is poor in species, but remarkably
well distributed and organised.
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MICHELINE GUERLESQUIN

The three major and complementary publications on the macrophytes of
Lake Titicaca (Tutin, 1940; Allen, 1940; Collot er al., 1983) reveal the
overwhelming importance of Characeae populations in the emergent and
submerged plant communities.

Collot er al.(1983) estimated the areas covered by Characeae to be 436
km? in Lago Huinaimarca, or over 60% of the area covered by vegetation,
and at 198 km? in just Puno Bay, in the Lago Grande, i.e. one-third of the
vegetated surface area. A transect between Cojata Island and Taraco Point
covers a line of over 40 km where the bottom is vegetated by Chara (Fig.
1). The Characeae therefore constitute the most abundant plant group in
Lake Titicaca, where the three dominant Chara species are found either in
monospecific or in mixed communities.

Because of the enormous size of the lake basin of Lake Titicaca, we can
only sketch an outline description of the submerged vegetation rather than
provide a detailed study.

Characeae zones

Generally speaking, these are the gently shelving shorelines liable to flooding,
the sandy beaches and beaches with scattered pebbles. The organo-detritic
calcareous sediments on gently shelving bottoms between 10 and 20 m in
depth in Lago Huifiaimarca and the calcareous deposits at depths of 4 to
10 m in Lago Grande (Puno and Achacachi Bays) are also favourable for an
abundant cover of calcium-fixing Characeae (Boulangé et al., 1981). Chara-
cean oospores are found in the medium-grained sand fraction.

According to Allen (1940), the Charophyta form the dominant group of
plants in two areas of Lake Titicaca: Puno Bay in the west and Lago Huifiaim-
arca, where the salt concentration is slightly higher.

Because of the rise in lake level during the last few decades, the descrip-
tions of the vegetative zonation published in 1940 (Tutin, Allen) and those
made in 1983 (Collot er al.) are somewhat different (Table 1). As well as
the nature of the substrate, Tutin (1940) also stressed the importance of

C. Dejoux and A. Iltis (eds.), Lake Titicaca, 232-240.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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Huancané ®

Juliaca

Puerto Acosta

Achacachi

Huatajata
¢ Isla Cojata

Bahia de Guaqui

Figure 1. Geographical and bathymetric map of Lake Titicaca (depth contours in m) showing
known localities of Charophytes.

light intensity in explaining variations in populations of Characeae whose
development zone is usually situated between the shallower Myriophyllum
and Elodea association, and the deeper water Scariomium association. Chara
Spp. can also establish immediately after the totoras have been cut or where
the reed density is low.

Brief systematic study

Information to date from the literature and from collections confirms the
existence of eleven taxa of Characeae in Lake Titicaca and its flood zone.
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Table 1. Bio-ecological data on Characeae species recorded from Lake Titicaca. A) Lago
Grande B) Lago Huinaimarca.

S:es and locahzation Type of Depth of areas Species Authors
on the map expasition with Characeae (htterature, herbarumy)

A} Lago Mayor

Pery . Peninsula de Capachica Chara denucara ALLEN
Peru, Taman Quiet 1.50-9-{(12)m Chara papiiiosa ALLEN,TUTIN
150m Chara denucata ALLEN
1.70m Chara globuiaris ALLEN
Peru . Uruni bay Iittle exposed 10-12m - ALLEN, TUTIN
Pert : Outer Sucune bay more exposed 10-14m - ALLEN, TUTIN
Pertd * Sucuné bay more shellerad 290m Chara papiilosa ALLEN
5m Chara globularis ALLEN, GRIFFIN
11.80m Chara denudata ALLEN
Per( : Campanana de Ceotos istand,| sheltered 0.70-130m Chara paprifosa ALLEN, TUTIN

coast onthe continent side

Pery : Puno bay well sheltered common or dominant ALLEN, TUTIN
in deep water

Perd : Puno bay (0.50) - 4.50 -~ 7.50 -~ Chara sp. pl. COULCT et al.
15m
Perd : Puno bay (D)* the shallowsest zone Niteila clavata COLLOT et al. GRIFFIN
second channel
Pert : Capachica channal Nitella clavata ALLEN
Bolivla : around Achacach Chara baltica MANDON
ciose to Pocoata var, andina

B} Lago Menor more sheltered shallow water Chara denucala ALLEN
Chara papiliosa

Bolivia : Huatajaia (A)* 3-950m Chara sp. pl. COLLOT et at.
Chara globulans RAYNAL

Bolivia ; Huacullu {B}* am Chara sp. pl. COLLOT et al.

Bolivia : Guaqui (C)* Im Chara sp. ph. COLLOT et al.

Bollvia : Guaqui bay 2.10-250m Chara papillosa ALLEN

Boillvla : Punta de Taraco 330m-860m Chara papitiosa ALLEN

Bolivia : Tiwanaku Chara contrana RAYNAL
Chara gymnophyila | RAYNAL
Tolypeila sp. RAYNAL

Bollvla : Copacabana (F)* 0.30m Chara contraria GRELON

Bolivia : site 4 (E)* 10m Tolypelia sp. LAUZANNE
Lamprothamnium LAUZANNE
suecinctum

* See the map {fig. 1).
in addition, the following species have been quoted without pracision :
Chara contraria, Lake Titicaca, Perd, TUTIN; Chara vulgaris, withoul coliector name nor date and place of collecticn.

Chara fibrosa, wells close to Lake Titicaca, Bolivia, BECK, 1973;
Chara battica, Chara papiliosa, Chara vulgaris 1. andina, COLLOT.

An identification key to these various species is given in Table 2 and their
chief morphological characteristics are described below'.

1. Chara fibrosa Ag. ex Bruz. (Pl. 1, Figs 1 and 2).
An incrusted species with diplostichous cortication on the axis but not on
the branchlets. A single whorl of well-developed stipulodes, two at the base

'"For synonyms and descriptions, see Wood & Imahori (1964, 1965). Corillion (1975), Guerles-
quin (1981).
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Table 2. ldentification key for Lake Titicaca Characeae

la. Vegetative organs without cortication............ .. ... . ... 8
b. Vegetative organs (axis and branchlets) at least partly corticate . .. ......... ........ 2
2a. Stipulodesinasingle whorl . ........... ... ... .. o il Chara fibrosa
b. Stipulodes in 2 superimposed whorls . ........ ... ... ... . 3
3a. Axial cortex normally diplostichous . . .......... .. .. ... ... . oo o 4
b. Axial cortex rudimentarily diplostichousorabsent............ ... .. ... .. .. . ... 7
c. Axial cortex triplostichous . . .......... ... . .. L Chara globularis
4a. Spine cells single or double, well developed.
Stipulodes as long or longer than the axial diameter . ........... ... ........... 5
b. Spine cells single or rarely double, often very small and sparse
Stipulodes shorter than the axial diameter............ ... ... ... . ... .. ... ... 6

Sa. Posterior bract-cells well developed. Specimens not, or only slightly incrusted .. .... . ...
................................................. Chara baltica var. andina

b. Posterior bract-cells reduced. Specimens encrusted. . ........... ...... Chara papillosa
6a. Axial cortex isostichous or aulacanthous. .. .......... ... ... . ... ... Chara vulgaris
b. Axial cortex often heavily tylacanthous . ........... .. ... .. ........ Chara contraria
7a. Axis regularly corticate. branchlets not corticate . . .......... ..... Chara gymnophylla
b. Axis and branchlets with rudimentary or no cortication . . .. ........ ... Chara denudata
8a. Branchlets simple with more than 3 segments forming bract cells at the nodes.
Antheridia above or beside the oogonia................ Lamprothamnium succinctum

b. Branchlets branching one or many times.
Oogonium coronula small, formed of 2 stages

of Ssuperposed cells .. ... ... . L 9
9a. Antheridia terminal and [-3 lateral oogonia at the point of branching of the branchlets.
Oospore laterally compressed . . .. ........ .. i Nitella clavata

b. Lateral antheridium surrounded by 2-5 oogonia at the Ist branchlet node.
Oospore almost globular,
not flattened . . ... .. L L Tolypella nidifica group

of each branchlet. Rudimentary and sparse spine cells. A tropical species
collected by St. Beck in a well near the lake (1979).

2. Chara globularis Thuill. (P1. 1, Figs 3 and 4).

Axial cortication triplostichous and isostichous. Stipulodes and spine cells
very small. Branchlets entirely corticated except 1-2 terminal cells. A mon-
oecious species with gametangia conjoined at the 1-3—(4) lowest branchlet
nodes. A cosmopolitan species recorded from Peru: Taman (Allen, depth
1.70m on 9.06.1937) and in Sucuné Bay (Allen, depth 5m, 13.07.1937;
Griffin, 1968). Bolivia: Near Huatajata in a sparse Schoenoplectus tatora
stand (Raynal, at 1.5 m depth, 14.08 1979).

3. Chara baltica Bruz. var. andina A. Br. (Pl. 1, Figs 5, 6, 7, 8).

A species not or only slightly incrusted. Axial cortication diplostichous. A
double whorl of well-developed stipulodes. Spine cells long, single or double.
A monoecious species with male and female gametangia conjoined on 1-3
lowest branchlet nodes. Bolivia: in the Achacachi area near Pocoata, Omasu-
yos province (Mandon, 3.06.1859; Collot, DC28).
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Plate 1. Chara fibrosa Ag. ex Bruz.

Figure 1. Axial node, a whorl of stipulodes, diplostichous axis with small acute spine cells.
Figure 2. Branchlets with an oogonium. (After Wood and Imahori, 1964).

Chara globularis Thuill.

Figure 3. Axial node, double whorl of stipulodes, triplostichous axial cortication, small spine
cells and triplostichous basal segment of a branchlet with conjoined male and female gametangia.
Figure 4. Apex of a branchlet (after Wood and Imahori, 1964).

Chara baltica Bruz. var. andina A. Br.

Figure 5. Axis with- diplostichous cortication bearing long simple spine cells, node with a double
whorl of well-developed stipulodes.

Figure 6. Sterile corticated branchlet with two pairs of stipulodes at the base.

Figure 7. Bicellular apex of the branchlet.

Figure 8. Bifid spine cell. Original.

Chara vulgaris L.

Figure 9. Axial node, double whorl of stipulodes, diplostichous axis with small isolated spine
cells.

Figure 10. Branchlet composed of 5 segments, long anterior bract-cells and bracteoles, reduced
posterior bract-cells, two-celled end segment and conjoined male and female gametangia (after
Wood and Imahori, 1964).
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4. Chara papillosa Kiitz.

A large, very variable plant resembling C. contraria and C. baltica, character-
ised by diplostichous, tylacanthous cortication, long spine cells single or in
groups of 2-3, the posterior bract-cells visible. A heavily incrusted species
and the commonest in Lake Titicaca in Allen’s (1940) view, who recorded
it from several parts of the lake, Peru: Isla Campanaria de Ceotos at 1.30 m
depth (8.07.1937), Taman at 1.50 to 9m depth (8.07.1937), Sucuné Bay at
2.90m (13.07.1937), Taraco Point between 3.30 and 8.60 m (29.07.1937),
and in Bolivia: Guaqui Bay between 2.10m and 2.50 m (29.07.1937).

This physically large and very polymorphic taxon is like Chara contraria in
that the single spine cells and the posterior bract-cells remain rudimentary
or poorly developed. It is also like C. polyacantha A.Br, which has numerous
bundles of spine cells on the axis and long posterior bract-cells. The main
feature distinguishing it from C. baltica is the major incrustation of the
vegetative parts.

Another difficulty is brought about by the interpretation of Wood and
Imahori (1965), who place in the binomial, C. vulgaris f. andina, two of
Mandon’s specimens (sub C. baltica var. andina) and one of Tutin’s (Isla
Campanaria de Ceotos, at 1.30 m depth, 9.07.1937 sub C. papillosa). These
authors add that Allen gives a list of 8 samples from Lake Titicaca, but that
no figures had been published.

A re-examination is therefore needed of herbarium specimens of diplos-
tichous Chara with a “spiny appearance” due to the development of spine
cells, stipulodes or bract-cells, or of new specimens collected from different
areas of the lake (fresh or fluid preserved).

S. Chara vulgaris L. (P1. 1, Figs 9 and 10).
A cosmopolitan species with a very variable vegetative structure. The herbar-
ium specimens give no details of locality, date or collector’s name.

6. Chara contraria A. Br. ex Kiitz. (Pl. 1, Figs 11, 12, 13).

Differs from the previous species by reason of its diplostichous tylacanthous
axial cortication (primary cortical rows wider than the secondary), longer
stipulodes and less black mature oospores. A cosmopolitan species recorded
from the Peruvian part of the lake by Tutin (1940) without details and
collected by Grelon in Bolivia, near Copacabana, next to the landing-stage
at the strait at 0.30 depth (July 1988).

Chara contraria A. Br. ex Kiitz.

Figure 11. Axial node with double whorl of well-developed stipulodes, diplostichous axis with
solitary spine cells.

Figure 12. Branchlet with 4 corticated segments and two-celled apex.

Figure 13. Fertile node with conjoined male and female gametangia (after Wood and Imahori,
1964).
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Plate 2. Chara gymnophylla A. Br.

Figure 1. Axial node with double whorl of stipulodes, isolated globular spine cells and diplostich-
ous axis;

Figure 2. Branchlet with 3 uncorticated segments and conjoined gametangia at the lower nodes
(after Wood and Imahori, 1964).

Chara denudata A. Br.

Figure 3. Axial node with double whorl of small stipulodes, rudimentary diplostichous axial
and branchlet cortication (after Wood and Imahori, 1964).

Lamprothamnium succinctum (A. Br. in Asch.) RD.W.

Figure 4. Sterile branchlet.

Figure 5. Axis and base of a whorl of branchlets showing 4 well-developed stipulodes

Figure 6. Branchlet with 2 fertile nodes and male and female gametangia at its base. Original.
Nitella clavata Kiitz.

Figure 7. Axis (a) without cortication. Whorl of branchlets composed of simple accessory
branchlets (c) alternating with furcate branchlets (b)
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7. Chara gymnophylla A. Br. (Pl. 2, Figs 1 and 2).
This taxon, closely related to C. vulgaris ditfers mainly by the absence of
cortication on the segments of the branchlets, only the lowermost, isolated
1-2 segments can be corticated. The male and female gametangia are borne
on the nodes of the corticated or bare segments, and are sometimes sepa-
rated.

Collected by Raynal (18.08.1979) in Bolivia from a stream running into
the lake at 0.20 m depth near Tiwanaku (altitude 3900 m).

8. Chara denudata A. Br. (Pl. 2, Fig. 3).

Characterised by a very variable cortication of the axis and branchlets, always
however rudimentary or incomplete. Allen (1940) noted that C. denudata
was always found at great depth, which no doubt is partly the cause of its
“undeveloped’ character. Collected in Sucuné Bay at a depth of 11.80 m
and at Taman at 1.50 m depth in Peru. Tutin (1940) considered that the
Characean community was composed of thick swards of C. papillosa and C.
denudata, the two species alternating in distinct patches and thus dominating
locally. There would not seem to be a clear predominance of either species.

9. Lamprothamnium succinctum A. Br. in Asch. (Pl. 2, Figs 4, 5, 6).
A species without cortication with stipulodes in a single irregular whorl
underneath each branchlet. Male and female gametangia at the nodes and
at the base of the branchlets. Antheridium above or at the side of the
oogonium.

This tropical species, previously unknown from the American continent,
was collected by Lauzanne (8.12.1976) in a part of the lake with a high
concentration of dissolved salts.

10. Nitella clavata Kiitz. (Pl. 2, Figs 7 to 10).

A species with acute single-celled end segments (terminal cells of the branch-
lets). The branchlets are arranged in two rows at the axial nodes, the upper
ones branching alternating with simple lower ones. Allen (1940) recorded
that specimens were all found in the lake and in canals in the north-west
(Peru): in the higher part of Capachica channel dried-out in winter, in Puno
Bay (Griffin, 1968) and in the shallower part of the second canal in Puno
Bay (Collot er al., 1983).

Figure 8. Branchlet node with one antheridium.

Figure 9. Branchlet node with geminate oogonia.

Figure 10. Coronula of oogonium (after Wood and Imahori, 1964).

Tolypella nidifica (O.Miill.} A. Br.

Figure 11. Fertile branchlet composed of 5 segments. Basal node of the branchlet bearing 3
lateral multicellular branchlets (2 sterile and 1 fertile)

Figure 12. Fertile branchlet bearing 1 oogonium and 2 sterile lateral branchlets at the basal
node (after Wood and Imahori, 1964).
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11. Tolypella nidifica group (O.Miill.) A. Br. (Pl. 2, Figs 11 and 12).

A small slender plant with the long, narrow apical cell on the branchlets

bluntly rounded at the end and shorter than the penultimate segment.
Collected by Lauzanne at around ten metres’ depth in water with a high

conductivity (1200 pS cm™ ")at 10-15°C (8.12.1976). Low temperature and

great depth are unusual for Tolypella spp., an uncommon genus in Latin

America.

Among the macrophytes, the Characeae, a family with few genera (six)
and species (around 440) on a world scale, is the most abundant plant group
in Lake Titicaca: a third of the bottom is colonised by Chara spp. They
constitute a large part of the total biomass (more than 60% in Lago Huifiaim-
arca, 35% in Puno Bay). Their productivity is also highest: 60% of the
production in Lago Huifiaimarca, 47% in Puno Bay (Collot er al., 1983).

Finally, three rare species are found in Lake Titicaca: Nitella clavata,
Lamprothamnium succinctum and the Tolypella sp., which deserves more
detailed study.
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The first observations on the aquatic vegetation were made by the Percy
Sladen Trust expedition in 1937 (Tutin, 1940; Allen, 1940; Gilson, 1964). At
that time, six phanerogams, one bryophyte and two charophytes were ident-
ified and grouped into four associations.

Several decades later, from 1978 to 1980, Collot (1980, 1982a, 1982b,
1983) described the state of the aquatic vegetation as it was then. The main
results of his study form the basis of this chapter. Extensive beds of aquatic
vegetation occur in Ramis, Huancané and Achacachi bays and especially in
Puno Bay and in Lago Pequefo; distribution maps have been drawn for
these last two areas and estimates of the standing crop biomass have been
made.

Occasional observations carried out in recent years have provided infor-
mation on temporal changes in the plant populations following recent varia-
tions in lake level.

Distribution of the species

The areas occupied in these two areas of the lake by the most important
species were estimated from observations made on a large number of trans-
ects (Table 1). In Lago Pequeiio nearly a third of the bottom was colonised
by Chara spp. The genus Potamogeton was well represented, occupying 23%
of the bottom. In Puno Bay, Potamogeton covered nearly 50% of the bottom
and Myriophyllum and Schoenoplectus 38 to 39% (Fig. 1). Six plant associ-
ations were defined, occurring at different water depths and distances from
the shoreline:

Littoral Lilaeopsis + Hydrocotyle community (0-0.2 metres)

A small species of Umbelliferae, Lilaeopsis, occurred in sheltered areas on
gently sloping shorelines, on sandy and clayey substrates. Occurring together

C. Dejoux and A. lltis (eds.), Lake Titicaca, 241-253.
© 1992 Kluwer Academic Publishers. Printed in the Netherlands.
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Table 1. Areas occupied by the main species (Collot ef al., 1983).

A. Lago Menor

Species Surfaces % of the surface % of water surface
(km?) with vegetation
Elodea 222 29 16
Myriophyllum 222 29 16
Potamogeton 308 41 23
Near the shore 172 23 13
In depth 136 18 10
Schoenoplectus 185 24 13
Scarce 116 15 8
Very abundant 69 9 5
Chara 436 58 32
Surface with
vegetation 758 - 56
Superficic without
vegetation 607 - 44
B. Puno bay
Elodea 185 39 31
Myriophyllum 227 48 38
Potamogeton 281 59 47
Near the shore 269 57 46
In depth 12 2 1
Schoenoplectus 238 50 39
Scarce 69 14 13
Very abundant 169 36 26
Chara 196 41 33
Nitella 2 0,5 0,3

Surface with

vegetation 476 - 79
Surface without
vegetation 126 - 21

with this species or alone over large areas along the shoreline was another
Umbelliferae, Hydrocotyle. Ranunculus could be found sporadically within
this zone. This community was absent where the shoreline was rocky or
stony.
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Figure 1. Vegetation distribution maps of Lago Huifiaimarca (A, B and C) and Puno Bay (D.
E and F). (From Collot et al., 1983).

Myriophyllum + Elodea community (0.2-2.5 metres)

This developed particularly in areas sheltered by Schoenoplectus. In Puno
Bay, Myriophyllum occupied large areas from the shoreline as far as the
inner edge of the totora stands, and in a less dense manner as far as the outer
limits of this zone and in Chucuito Bay. In Lago Pequefio Myriophyllum also
developed between the shoreline and the totoras and sometimes within the
totora stands. The ideal depth for its growth would appear to be between 1
and 2 metres, but this species also colonises recently flooded shallower areas.

Elodea occurred as an understorey beneath the Myriophyllum and occu-
pied almost the same areas in the Lago Pequefio and Puno Bay, although in
the latter its distribution was more restricted near Chucuito. Elodea grew
close to the bottom and only the flowers reached the surface on the end of
a long fragile peduncle.

In addition to these two species, four other plants were frequently encoun-
tered: Potamogeton, Zannichellia, Ruppia and Sciaromium. The first oc-
curred abundantly, in dispersed clumps among the Myriophyllum and Elo-
dea, and only produced flowers where the depth was less than 1.5 metres,
the reproduction being entirely vegetative beyond this depth. Zannichellia
and Ruppia, two genera similar in appearance to Potamogeton, also occurred
together with the latter or in isolated clumps. Finally, a moss of the genus
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Sciaromium was occasionally found in small quantities mixed in with the
other plants; it was particularly abundant at the entrance to Puno Bay.

Schoenoplectus tatora community (2.5-4.5 metres)

This member of the Cyperaceae, known as “‘totora.” occupied half of the
area covered by macrophytes in Puno Bay and nearly 30% of that of Lago
Pequerio. It is found in depths down to 5.5 metres, but is never very abundant
beyond 3 metres. It commonly reaches 4 metres in height and examples of
more than 6 metres in height have been recorded. It used to be particularly
abundant in the north-west part of Puno Bay where the outer edge running
from south-west to north-east was almost impenetrable. In Lago Pequefio
totoras were particularly well developed along the eastern side, and were at
their densest some way from the shore.

Depending on the density of totoras, two types of community were distin-
guished. Where they were close together (more than 50 stems per square
metre), Potamogeton could develop thanks to its upright filiform leaves. A
few Elodea plants and some tufts of Sciaromium were also present, but at
low densities. When the totoras were less dense, Characeae formed a lower
stratum. In areas where the totoras were heavily exploited, Chara took over
and the totora regrowth was poor or even non-existent. In Puno Bay it was
noted that very heavily exploited areas were colonised by Chara, which
formed almost pure stands, even though the depth would have normally
allowed other species to develop.

Pleustophyte community: Lemna + Azolla

These plants occurred in all three of the preceding communities and were
found along the shorelines in well-sheltered areas, particularly in the port of
Puno. They were also found in very dense stands of totora. In ideally shel-
tered conditions, they could form a stratified layer 0.5 to 1 cm thick. More
frequently these species occurred in a single layer, sometimes mixed, some-
times alone.

Characeae community (4.50-7.50 metres)

Chara spp. occurred from the inner margin of the totoras, or even from the
shoreline where the totoras were sparse or absent, or sometimes from the
outer margin of the totoras, down to a maximum of 15 metres depth. The
zone of maximum development was between 4.5 and 7.5 metres, where they
covered immense areas on their own. The Characeae were therefore the
most abundant community in Lake Titicaca. In Puno Bay they covered the
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Figure 2. Diagram of the various plant associations in the littoral of Lake Titicaca (Collot er
al., 1983).

areas where totora stands were absent. In Lago Pequefio they covered about
436 km?, or more than 60% of the area covered by vegetation.

Deep water Potamogeton community (7.5-9.5 metres)

In Puno Bay and in Lago Pequefio, there was usually a zone at a depth of
7.5 to 9.5 metres occupied by the same species of Potamogeron as close to
the shore. This species was sometimes, as in the northern part of Lago
Pequeiio, associated with Zannichellia. Potamogeton never flowered at this
depth and only reproduced vegetatively, whereas Zannichellia was found
flowering and fruiting.

The succession of plant communities from the shoreline to the open water
can be summarised in the form of a diagram (Fig. 2). If the shore had a
gentle slope (grassland down to water’s edge), it was colonised by Lilaeopsis
or Hydrocotyle. If the site was particularly well sheltered, Lemna and Azolla
also occurred. If the shoreline was rocky or more steeply shelving the first
community was Myriophyllum-Elodea. As a general rule, this latter com-
munity occurred from the shoreline as far as the inner margin of the Schoerno-
plectus tatora belt at a depth of about 2.5 metres, with Potamogeton, Ruppia,
Zannichellia and Sciaromium as accompanying plants. In the totora belt
either Chara or Potamogeton occurred, depending on density of rushes. From
the outer margin of the Schoenoplectus, Chara colonised the bottom down
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to depths of 7.5 metres and then if the gradient was slight Potamogeton
occurred again sometimes together with Zannichellia down to a depth of 9
metres. Beyond this depth no vegetation was recorded.

Biomass

This was estimated by harvesting at regular intervals in the three vegetation
zones representative of Lake Titicaca: the Myriophyllum-Elodea community,
Schoenoplectus and Chara. The technique used was to harvest all the plants,
roots included, present in a quadrat of known area (0.5m") and then to
determine the fresh weight (FW), dry weight (DW) ash weight (AW) and
organic weight (OW).

Chara

These were measured as a whole, without distinguishing individual species.
During the study period the dry weight per unit area could be considered as
relatively constant (1031 + 83 g DW m ™ ?) and the variability recorded was
probably due to sampling variation.

Chara had a high proportion of ash due to the presence of calcium com-
pounds and only contained 36.4% OW. Given that the area occupied by
Chara was of the order of 436 km?® in Lago Pequefio and 196 km?® in Puno
Bay, the approximate total biomass in each of these areas was therefore
450 000 and 202 000 tonnes DW, respectively (Table 2).

Myriophyllum-Elodea

The mean biomass of this association was estimated at 470 = 134 g DW m ™7,
equally distributed among the two species. The total biomass of Myriophyl-
lum was therefore about 52200 tonnes DW in Lago Pequefio and 53 300
tonnes in Puno Bay; that of Elodea was practically identical in Lago Pequeiio
and 43 300 in Puno Bay.

Potamogeton, Azolla and Ruppia

These plants were dispersed in the various communities and the biomass per
square metre was very variable.
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Table 2. Estimates of the dry weight biomass of plants in Lago Pequeiio and in Puno Bay in
tonnes (Collot et al., 1983).

Plants Lago Menor Puno bay
Chara 450 000 202 000
Schoenoplectus
Very dense area 105 000 260 000
Light cover arca 6700 15 900
Total 131 700 275 900
Myriophylhan 52200 53300
Elodea 52200 43 300
Assocjation 104 400 96 800
Potamogeton
0.00 - 2.50 4 600 7300
7.50-9.00 m 36 300 3200
Total 40 900 10 500
Total 727 000 585 200

Schoenoplectus

At the station studied, a mean value of 1522 + 636 g DW m ™~ with 165 = 29
stems m~* was obtained as representative of areas of dense totoras. In less
dense areas (25 x 20 stems per square metre) the mean biomass was esti-
mated at 230 = 96 g DW m™*. On the basis of these figure the total biomass
was estimated at about 131 700 tonnes DW in Lago Pequefo and 275900 in
Puno Bay.

The biomass of Potamogeton associated with totora was of the order of
27g¢DW m™?. When occurring on its own in certain of the deeper parts
of Lago Pequefio the density was at least ten times higher, on average
267 g DW m °. The total biomass taking into account these differences in
density and the area colonised was estimated at about 40 900 tonnes DW in
the Lago Pequefio and 10 500 tonnes in Puno Bay.

As an indication, the biomasses of Azolla and Ruppia were 56 and
267 g DW m~~ respectively when they occupied an area on their own; this
was therefore the maximum value of biomass that these species could reach.

In conclusion, comparison of the overall biomasses in Lago Pequefio and
Puno Bay demonstrated the important contribution of Chara to the total
biomass: 62% in Lago Pequefio and 35% in Puno Bay, the area of bottom
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Table 3. Chemical composition of plants from Lake Titicaca; for the nine elements on the left
in percentage of dry matter; for the five elements on the right, in p.p.m. dry matter (from
Collot, 1980).

PLANTS K Na Ca Mg Si02 | § P [} N Fe Cu |Ma |Zn B

Chara 0.76 0.28 | 25.67 0.70 083 0.42 0.10 213 084 | 925 7.0 32 100 210

Schoenoplectus 5.85 2.50 0.90 0.19 107 0.77 0.20 39.7 1.88 | 950 55 97 145 160

Myriophyllum 177 1.03 | 1625 0.50 1.02 0.35 0.20 313 146 | 940 60 (170 | 200 345
Elodea 3.15 071 | 15.40 0.48 294 0.71 0.20 29.5 1.53 |3290 7.5 |4 17.0 370
Potamogeton 520 0381 280 033 0.54 111 0.20 405 183 | 350 3s 62 100 |1225
Ruppia 198 041 | 1368 0.54 132 0.28 0.14 328 139 | 658 50 |282 15.0 560

suitable for colonisation of Chara (between 4.5 and 7.5 metres) being less
in the latter. The biomass of Schoenoplectus was greater in Puno Bay:
47% against 18% in Lago Pequefio. These two communities in both cases
accounted for more than 80% of the total biomass. The Myriophyllum-Elo-
dea community was in third position with approximately equal biomasses for
each of the two species.

Potamogeron had a large distribution range, but its density being lower
its proportion of the overall biomass was low (6% in Lago Pequefio and 2%
in Puno Bay).

Storage and consumption of mineral salts

Samples of dried plants were analysed to measure the quantities of mineral

salts contained in the vegetation (Table 3). These analyses demonstrated:

— the abundance of calcium in Chara (25.7% of DW). Myriophyllum, Elodea
and Ruppia frequently also had high contents of this element since their
leaves were encrusted with calcite.

— Elodea appeared to be the plant richest in other mineral elements (silica,
phosphorus, iron, copper, manganese, zinc).

— in terms of their Na, K, Ca and Mg concentrations, three groups of plants
could be distinguished: the first with very abundant calcium (Chara); the
second with very abundant potassium (Schoenoplectus and Potamogeton)
and the third with very abundant calcium and abundant potassium (Myri-
ophyllum, Elodea and Ruppia).

— the relative proportions of cations in the plants were different from those
in the water; the ranking was generally as follows: K > Ca > Mg >
Na except for Schoenoplectus where the ranking was slightly different
(inversion of Na and Mg).

From the results of the analyses and the overall biomass estimated for
each plant, the quantities of mineral salts stored in the macrophytes in Lago
Pequefio and Puno Bay were estimated. It appeared that calcium was the
element stored in the greatest quantity (more than 200 000 tonnes for the
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Table 4. Daily storage and consumption of various mineral elements by macrophytes in Lake
Titicaca (Lago Pequeiio and Puno Bay), expressed in tonnes (from Collot, 1980).

LAGO MENOR

PLANTS —[ C N P s Ca Na K Mg Si0z Fe Cs | Mn Zu B
Chara 95850 | 3780 450 18% 115515 1260 3420 3150 3735 416 3 14 42 95
Schoenoplecus | 52285 | 2476 263 1015 1185 3203 7705 251 1410 125 1 13 2 21
Myriophyltum 16339 762 104 183 8483 538 924 261 532 49 03 9 1 18
Elodea 15399 ™9 104 3N 6995 3N 1644 251 1535 172 0.1 22 1 19
Potamogeton 16765 748 82 454 1145 331 21 135 1 15 0.1 2 0.4 50
Total 196638 | 8565 | 1003 3913 133325 5793 (15820 4048 7433 777 45 60 | 464 203
PUNO BAY
Chara 43026 | 1697 202 848 51853 568 1535 1414 1677 187 1 6 2 42
Schoenoplectus | 109532 | 5187 552 2124 2483 6898 16140 524 2952 262 1 27 4 45
Myriophyllum 16 633 778 107 187 8 661 549 943 267 544 50 03 9 1 20
Elodea 12833 666 87 30 5829 309 1370 209 1279 143 03 18 1 53
Potamogeton 4253 193 21 117 204 85 546 35 56 4 0.0 1 0.1 13
Total 186327 | 8521 969 3585 69 120 8407 20534 249 6508 646 26 61 81 175
Daily uptake :
Lago Menor 2431 109 12 55 1651 48 197 52 118 13 01 1 0.1 4
Puno bay 1743 80 10 40 883 38 167 30 85 9 0.0 1 0.1 4

whole of Lago Huifiaimarca and Puno Bay). Next came potassium with more
than 35000 tonnes, sodium and silica with about 14 000 tonnes and sulphur
and magnesium with about 7000 tonnes (Table 4).

By using an estimate of the production of plant matter by each species,
Collot (1980) made an approximate evaluation of the daily consumption of
mineral salts (Table 4). As an example, the daily requirement in Lago
Pequeno and Puno Bay was of the order of 2500 tonnes for calcium, 360
tonnes for potassium, 200 tonnes for silica and 80 tonnes for sodium and
magnesium.

Changes in the plant populations between 1986 and 1989

Between 1983 and 1986, the mean level of Lake Titicaca rose by about 3.50
metres and nearly 85 000 hectares were thus flooded. After this period the
level once more fell. It therefore seemed interesting to examine the effects
of these changes on the behaviour and development of the various plant
forms. Observations made in 1986 (maximum water level) and in 1989 (falling
water level) underline the multiplicity of responses by the various plant
communities studied (Table 5).

— The Myriophyllum-Elodea community developed a opportunistic strategy,
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Table 5. Changes in plant populations during the rise and subsequent fall in water level between
1980 and 1989. Depth ranges of the main species.

SITUATION
SITUATION IN THE LAGO MENOR IN THE
LAGO GRANDE
Year 1980 Year 1986 Year 1989 Year 1989
Alt. 3808.50 m Alt. 3810.75m Alt. 3809.75 m Al. 3809.75 m
Hydrocotyle Hydrocotyle Hydrocotyle Hydrocotyic
02m 02m 0.2m 02m
Elodca Elodca Elodea Elodea
25m 25m 09m 13m
Totoras Totoras Totoras Toloras
45m 4.5m 20m 25m
Elodca Elodea
35m 575m
Chara Chara Chara Chara
75m 75m 75m 145m
Potamogcton ? ? ?
9m
Bryophyics Bryophytes Bryophytes Bryophytes
? ? 12m 30m
TeeeRsIrvITaeReS O T T T e T T T T T T T e T
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LIMITE OF FIXED VEGETATION

very quickly colonising the newly flooded areas or those left vacant by
other species, in particular the totoras.

— In 1986 the Schoenoplectus tatora community occupied water depths of
from 2.5 to 4.5 metres, corresponding to its preferred range. In 1989, the
totora stands were in 0.8 to 2.5 metres depth. It appeared that these were
the same plants as in 1986 which had resisted the drop in water level and
therefore found themselves in an abnormal position compared to their
preferred range. In some areas (near Huatajata and Achacachi), they were
even found in less than 40 cm of water, but this situation was a reflection
of human activity rather than of natural change, as the peasants carried
out transplantation of young shoots in this area.

— With the great rise in water level, the Chara community did not persist
beyond 7.5 metres depth in Lago Pequeiio. In April 1986, at the maximum
water level, large areas populated with Chara were seen to start decompos-
ing, a phenomenon which reached its maximum intensity at the end of the
year. In the Lago Grande in contrast, it seems that the deep water macro-
phyte beds persisted in 1986. The lower water turbidity and therefore
better light penetration in this part of the lake certainly explain this differ-
ence between the two basins.

— The deep water Potamogeton community seems to have completely disap-
peared at present and we have been unable to find any trace. Collot (1980)
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had even suggested that during a rise in water level, this vegetation stand

could disappear.

The diagram of the macrophyte distribution drawn up by Collot (1980)
and Collot er al. (1983) and reproduced here (Figs 1 to 3), therefore only
gives a picture of the situation occurring during a period of water level
stability. It does not take into account the natural changes that the plant
populations undergo under the influence of interannual variations in the
physico-chemical conditions of the water body. Increases in water salinity
can for example play the role of a limiting factor, as was the case during the
severe drought in 1943, which probably favoured the growth of species such
as Ruppia. Conversely, the rapid rise in water level led to heavy plant
mortality, especially in Lago Huiflaimarca where plants were living at their
lower depth limit. This mortality, followed by decomposition, itself led to
more or less severe local anoxia with repercussions on the survival of benthic
organisms.

Conclusions

The aquatic macrophyte communities of Lake Titicaca are typified by their
density and extent; they occupy all the shallow water areas, that is most of
Lago Pequefo and the shallow bays of the Lago Grande. In contrast, the
number of species present is rather low whe