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Abstract

Phytoplankton primary production of Lake Awasa was
studied from November, 1983 to March, 1985 by the oxygen light
and dark bottle technique. Supporfing data ineclude water
chemistry, light peneiration, thermal characteristics and

standing crop of phytoplankton.

The solar radiation falling on the lake surface did
not show pronounced variation apart from one low value
recorded on a cloudy day. The lake is of fairly high

transparency with red and green the most penetrating components.

There has been no indication of deep-seated thermal
stratification in Lake Awasa.apart from the superficial
type of stratification which is genernted by solar heating
and destroysd by nocturnal cooling or wind-induced vertical

MixXing..

The chemistry of the lake water is basically similar
to other Fast African lake waters with sodium as the
s, predominant cation and biearbonate+ ¢ arbonate as the predominant
anion. The lake was found to have high concentration
of silica and low concentration of phosphate and nitrate.
Almost all nutrients were found to show some seasonal
‘Yariations,
The algal crop is fairly high and was found to change
seasonally. The vertical distribution of photosynthetic

activity per unit water volume was of a typical pattern for
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phytoplankton with light inhibition on nll but the most
overcast dayse. The threshold of inhibition at the lake
surface was around 15OO;JEm"2. Maximum net photosynﬁhesis
averaged 214.,6 180, (66 .,95mgC) w  h”" and integral photosyn-
thesis ranged from 0.3 to 0.73 g O, (0.09% to 0.226 gC)
mqah"1. The estimated velues of daily integral gross photo-
synthesis were in the range of 3.3 to 7.8 g O2 (1.03 to

2.4 g C) mnad"1¢ The correlation between gross photosynthesis
and standing crop was poor though there was a general tendency

for the maximum photosynthesis to increase with the standing

Crop.

Though not pronounced, spatial (vertical) and temporal
variations of phytoplankton standing crop and primary production
were observed, The vertical variations appear to be the result
of variation in the underwater radiation which is a fungtion of
the lake's transparency and amount of surface radiation. The
observed temporal variations in phytoplankton standing crop and
primary production seem to be controlled moée by nutrient supply
than energy supply. %The seasonality of rainfall seems, therefore,

to play the predominant role in determing the nutrient status

and extent of algal growth and primary production.




I. Introduction

The prescnt population explosion constitutes perhaps
the most serious problem which mankind has had to face during
the course of its history. Man's exploding numbers are
outstripping the food supply from land. As a result of
increasing human population, it is already clear that there

are food shortages particularly of protein.

Most of the world's land suitable for farming has
already undergone cultivation. But still we do not have

enough food and we will not have encugh food in the future.

In the wvake of mounting difficulties with producing
food from land areas throughout the world, wmore and more
attention is being given to alternative sources of food,
Marine and freshwater organic productivity will have to

play an increcasing part in protein production.

In order to meet the growing food requirements of
the world population, great effort is ncecessary in the
development and utiligation of the biological wealth of
the aguatic environment, The exploitation of this aquatic
productivity for human food will involve intensive and
extensive rescarch undertakings. Much of the information

from such research works is of paramount importance in




transforming this sound and promising idea into practical

terms,

Studies of the afore-said type have started receiving
increased impetus from the need of people to exploit
their aquatic resources for sustenance and economic gain.
¥ish yields from tropical lakes are extremely important
sources of protein., Although there is relatively more data
available on tropical lakes now, it is clear that there
are still very few well-documented aquatic ecosystem studies
in the tropics. As a consequence, many of the interpretations

of observed phenomena are speculative.

" Primary production is the basis of .the food chains of
all ecosystems and involves the conversion of solar energy
into carbohydrates. Primary production is almost unstudied in
the Ethiopian rift valley lakes. Lake Awasa is one of the
Ethiopian rift valley lakes whose limnological study is still

in its infancy., But it is a lake from which, according to the

report of National Revolutionary Development Campaign and Central

Planning Supreme Council, an annual fish production of 260 to

700 tons is expected.

This paper is the result of the study on the seasonal
variation of phytoplankton primary production in Lake Awasa.
The paper attempts to throw some light on the seasonal
variation of phytoplankton production in relation to light

climate and nutrients.




I, Literature Review

1. Standing crop and primary production -~ Definition and

measurement

In discussing any problem, it is advisable to define the
terms involved, The definition of terms given in this
section is based entirely on the theoretical discussions by
Westlake (196%a), Fogg (1975, 1980) VWestlake (1980), and Wetzel

(1983),

Standing crop (synonymous with biomass when applied to
plankton) is the weight of organic material that can be
sampled or harvested at any one time from a given area. The
term may refer to a part of a plant (e.g. plant tops or
above ground portions) or to the entire plant (e.g. net

plankton). In this paper the terms are used interchangeably.

Production is the weiphi of new organic material formed
over a period of time including any losses that occurred
during that period. Thus primary production is the quantity
of new organic matter created by photosynthesis {or chemo-

synthesis), or the stored energy this material represents.

Productivity is the rate of formation of new organic
matter averaged over some defined period of time, such as

a day or a year., Gross productivity (sometimes termed resl




“productivity) refers to the observed change in biomass,

plus all predatory (grazing by herbivores and carnivores)
and non-predatory (respiration, excretion and sccretion)
losses, divided by the time interval.- Net productivity
(also termed apparent productivity) is the gross production
of new organic matber, or stored energy less losses, divided

by the time interval,

Primary productivity of aquatic ecosystems is basically
dependent upon the photosynthetic activity of autotrophic
organisms (Forti, 1965; TFogg, 1975; Wetmel and Likens, 1979).
For this reason, the measurement of primary production of
natural waters is based ﬁpon tﬁe measurement of their photo-
synthetic activities (Forti, 1965; Cooper, 1975; Fogg, 1980)
which is primarily due to algae and macrophytes but also
possibly due to photosynthetic bacteria (Fogg, 1975; Hammer,

1981).

Numerous technicues have been used for the estimation
of biomass and primary productivity of aquatic ecosystems.
The different methods of estimation are discussed in
Strickland and Parsons (1960), Vollenweider (1969), Lind,
(1979), Vetzel and Likens (1979) and Yetzel (1983), Of
all the methods used in primary production determination,
the oxygen light and dark bottle technique has received wide appli-

cation (Wetzel, 1983). In the oxygen method, samples of phytoplankton




are incubated at the depths from which they were collected
in opaqued (dark) and light bottles. Sometimes, if the

water body under study is assumed to be homogenous, surface
samples of phytoplankton can be incubated being distributed

at different depths in the euphotic zone,

The method involves the measurement of changes in
oxygen concentration. The initial concentration of oxygen
(C4) can be expected to decline to a lower value (Cp) by
respiration in the opaqued bottles and increase to a higher
value (C3) in the clear bottles. The difference (Cq-C2)
represents the respiratory activity per unit volume of water
over the time interval of incubation. The difference (03~C1)
is equal to net photosynthetic activily and the sum (03"61) +
(C4-C2) which is equal to (€3-Cp) corresponds to gross

photosynthesis,

Numerous physioclogical and methodological problems can
affect the measurement of photosynthesis. Examples of these
problems include unequal respiratory rates in opaqued and clear
bottles (Steemann~ Niclsen, 1954; Harris and Lott, 1973; Fogg,
1980), the consumption of oxygen by photooxidation (Mac Allister,
1961; Tolbert, 1971) and the effect of bottles in reducing turbulence,

which results in the settling of organisms during the course of




the experiment and a consequent reduction in production (Ohle,

19583 Verduin, 1960),

The incorporation of 140 tracers into the organic
matter of phytoplankton during photosynthesis has also
been reported as an extremely sensitive measure of the
rate of primary production (Wetzel and Likens, 1979; Wetzel,
1982), Methodological and physiological problems confront
the application of 14c dark and light bottle techniques. The
problems include respiratory losses of labelled COp and secretion
of labelled organic matter (Wetzel, 198%). The possible limitations

of these two methods are given in Talling and Fogg (1969).

For the measurement of biomass, the direct counting
of algal cells ana the identification of species is generally
considered to be time-consuming and laborious, Preference has,
therefore, been given to methods by which biomass can be calculated

from chemical techniques (Findenegg, 1965b),

The only rapid chemical method known for estimating
biomass is the determination of plant pigments (Strickland
and Parsons; 1960). The most precise and reproducible
methods have involved spectrophotometric meaBurements of

absorbance of extracis of plant pigments, particularly of




.

chlorophylla at one or wore wavelengths (Talling and Driver,
1963), SBuch specirophotometric methods are discussed in
Richards and Thompson (1952), Lund and Talling (1957), and

Strickland and Parsons (19607,

According to Talling and Driver (1963) errors in
measurements can arise from the presence of phaeophytins
in plant extractis, the incomplete extraction of algal dells

or possibly from work on pigment mixtures.

In gpite of all the problems discussed here and elsewhere,

the methods considered here are widely in use,
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2, Factors affecting primary production and standing crop.

In order to determine what limits production by phyto-
plankton in a lake, on¢ needs %o consider the factors that are
involved. The study and analysis of factors governing primary
production and biomass have been made by many workers (Sylvester
and Anderson, 1964; Findenegg, 1965a; Dugdale, 1967; Christie,
1968; Moss, 1969a; Schindler and Nighswander, 1970; Talling,
19713 Schindler and Comita, 1972; Brylinsky and Mann, 1973;
Schindler and Fee, 1973, 1974; Dillon and Rigler, 1974
Richardson, 1975; Schindler, 1978; Melack et al,, 1982 and

Setaro and Melack, 1984),

Primary production and biomass of phytoplankton are
affected by an array of chemical, phys:ical, and biological
factors. The different factors that control primary production
an@ biomass of phytoplanktons will be dealt with in the following
sections.

2-1 Primary production, biomass and physical facltors,

The physical factors that affect lake productivity
(biomass and primary production) include lake morphometry, light

and temperaturce.

2-1-1, Lake wmorphological features
Certain fundamental conditions of production in an

aquatic environment arise directly out of size and form
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interrelationships (Ohle, 1956; Vinberg, 1963; Kerkes, 1972,
19753 Schindler, 1978; Cole, 1983),. Such morphological features
as depth, shore-line, slope, volume, and area can affect the

productivity of a lake.

There is no doubt that, in general the more frequently
a lake is stirred by winds to the hottom, the faster the
nutrients are racycled from the mud inte the photosynthetic
zona where they may accelerate the rate of production. The
depth of the water is thus, in principle, negatively correlated
with the rate of production (Cole, 1983; Goldman and Horne,

1983; Wetzel, 1983).

An inverse correlation of phytoplankton abundance with
depth of a water bain is commonplace in tropical Africa
(Lemoalle ef ale, 1981). Algae of high concentrations are
most prevalent in such shallow lakes as lake George, Uganda
{(Ganf, 1974a), Lakes Abiato and Ziway in Bthiopia (Amha Belay)
and Vood, 1984) and in shallow basins within a deeper lake

(e.g. Lake Victoria's Winam Gulf) Talling, 1965a).

Lake Shalla in Ethiopia has a gross chemistry remarkably
similar to one of the wmost productive lakes in the Bthiopian
rift valley - Lake Abiata, but it is the least produciive

which is probably due to its depth (Amha Belay and Wood, 1984),

The wind protected situation of a lake may be of similar
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effect, because the absence of complete circulation

leads to meromixis (with part of the water body participating

in mixing), and 1t is clear that meromixis does not favor
production. The surrouading topography may be such that the lake
is sheltered by hills resulting in little actual wind action

on its surfacc. Dub, in an exposed lake, wind can sweep
uninterrupted the grentest distance across the lake surface.

The exposure of a lake te wind has thus a dirvect effect on

water movement, and an indirect effect on the biota within

the lake,

The physical dimensions of a lake interact with climatic
and edaphic factors to determine the nature of the lake as
an environment and thus, its inhabitants (Cole, 1983)., The
relation of the long axis of the lake to the direction of
prevéiling winds is of paramount importance to -lake

productivity.

The shore-line development of a lake may play sone
role in determining the trophic nature of a lake because
shallow water is the most productive {Cole,1983), Moreover,
the amount of nutrients arriving at the lake is, to a great extent,
a function of shore~line, It is, therefore, tempting %o
theorize that, of two lakes alike in most features except

shore line development, the one with the highest shore-line




-1t

development would be most productive of phytoplankton (Cole,1983),

The size, slope and geology of a lake's drainage ares
influence the identity and gquantity of minerals dissolved
in the lake. The drainage-area size'in relation to the
surface area is important in many lakes since there is often
a higher fertility in lakes with larger dréinage area

(Goldman and Horne, 1983),

Schindler (1978) has also tried to relate lake volume
and catchment area to productivity. He found that catchment
area has a direct relationship to lake productivity, because it
is proportional to nutrient loading. But lake volume is inversely

related to productivity because volume has a dilution effect.

There arec many other morphological features which
can be equally important to productivity. DBut the detailed
disscussion of the morphological features of a lake is

beyond the scope of this thesis,

2-1-2. Light

Light intensity has received the most extensive
attention of all the physical factors controlling aquatic
production (Stengel and Soeder, 1975), Talling (19?0,
1971) gives a clear picture of what is known about the

underwater light climate as determined by incident radiation
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and the optical properties of the medium.

Solar radiation is of fundamental importance to the
entire dynamics of adquatic ecosystems. HNearly all the energy
that controls the metebolism of lakes comes dircctly from solar

energy (Wetzel, 1983),

2=1=2-1 . Transmission and measurement in waier bodies
Solar radiant energy reaching the surface of the carth
has a spectral range from about 300 nm {ultraviolet) to about
3000 nm (infrared) (Wetmel and Likens, 1979). About half of the
total radiant energy (46 to 48%){Talling, 1957a; Westlake, 1965b)
is the photosynthetically active radiation (Ph.A.R) which is appro-
ximately befween 390 {to 710 nm (Talling, 195743 Strickland, 1958;

Westlake, 1965b),

The underwater photosynthetically active radiation
can be measured with a photometer in combination with underwater

guantum sensor.

The amount and spectral composition of solar radiation
falling on a lake are influenced by an array of environmental
factors, Direct solar radiation recaching the surface of
water bodies varies with the angular height of the sun and
therefore.with the time of the day, season and latitude

(Hutchinson, 1957: Vietzel, 1983)., 1t also varies with the




molecular transparency of the atmosphere and the distance

light must travel through it. It therefore, varies with

altitude and meterological conditions (Edmondson, 19564

Wetzel and Likens, 1979).

Light impinging upon the surface of water does not

penetrate completely; a significant portion is reflected or

back scattered

(Steemann—Nielsen, 1975%), Within the water

light is rapidly attenuated with depth by absorption and

scattering. Absorption is defined as diminution of tight

energy with increasing depth by transformation to heat

(Westlake, 1965b),

In very
attenuation is
(Smith et al,,
almost seventy

trophic status

clear oligotrophic lakes or pure water light
least in the blue region of the spectrum
197%) and transmission in the red region is
times less (Lind, 1979). With increasing

or load of dissolved and particulate materials,

the least attenuated irradiance may be green, yellow or rcd

(Hutohinson, 1957; Reid and VWood, 1976; Westlake 1980).

Talling

(1975) has pointed out the following two

causes of light attenualion when discussing the non-linecarity

of the relationship between high population densities and

phoﬁosynthetic

productivity., Nutrient-rich waters arc likely

to have a high non-algal {background) attenuation of light

which will compete with the photosynthetic pigments for
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energy capture, DLight attenuation also results Tron algal

self-shading,

Heavy concentrations of biomass near the air-water
interface are not uncommon (Talling, i975). In such dense
algal covers, the vertical light gradient is determined more
by self-shading (self-absorption) than by attenuation from
other components in the water column (Talling, 1960a, 1971;

Bindloss, 1974; Ganf, 1974 b).

Because of the attenuation of light, the depth of the
euphotic zone (i.e, the depth reached by 1% of the light penet-
rating the water surface) (Talling, 1960 b, 1971) is reduced,

In Bthiopia, the depths of the euphotic zone of the most productive
lakes, Lake Aranguadi and Kilole, were found Lo be between
0.15~0.27 and 0,24-0.49 respectively (Talling et al., 1973}

due to the abundant phytoplankton population.,

,
In some small ponds in Malawi light was reduced to

less than 1% of its surface intensity at a depth of hmm

below the water surface during periods of main rains. This

took place in the absence of surface living algae and was

due soley to suspended matter (Moss, 1969a). Non-algal atténuators
of light either originate from the waiershed as in lakes Tahoe

(Goldman, 197h; Tilzer et al., 1976) and Chad (Lemoalle,1973)
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or are stirred up from the lake bottom by wind action as in

lake George (Gonf, 1974%), Such a non-algal attenuation of
light is exemplified in Ethiopla by lake Langano in which

a stable colloidal suspension of silt is maintained (Wood

et al., 1978). TIn contrast, Lake Shalla, the most transparent
of the Ethiopian rift valley lakes has an euphotic depth ran-
ging from %.7m (Vood et al., 1978) to 4.9%m (Amha Belay and
Yood, 1984), It has been noted (Amha Belay and Wood, 1982) -
that Lake Abaya is the most opaque of the Ethiopian rift valley

lakes because of light attenuation by background absorption.

The attenuation of the different spectral components
of light can be assessed from measurements made with photometers
used in conjunction with glass filters (as indicated in material
and methods). The data resulting from such measurements are
compared in terms of extinction coefficient (the slope of the
line obtained by plotting readings on a logarithmic scale

against depth) (Lind, 1979).

Tt was found (Talling et al., 1973) that in the Ethiopian
soda lakes, LakecAranguadi and Kilole, the extinction of light
was highest in the hlue and lowest in the red spectral region,

a pattern characteristic of very turbid or colored lakes

(e.g. Dvihally, 1961), Likewise, the vertical extinction
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coefficients in Lake George, Uganda (Ganf, 1974b) indicate
that red light penetrates the farthest .and blue light is

very rapidly attenuated,

The extinction coefficients oflthe different spectral
components in Lakes Chammo and Abaya (Amha Belay and Wood,.1982),
Lake Awasa (Amha Belay and Wood, unpublished data) ana in the -
four northernmost lakes in the Ethiopian rift valley (Hood et al.,
1978) indicate that the red and green spectral components arc the
most penetrating. The ‘ransparency of Lake Hayq in Ethiopia is,
however, greatest for green light and declines for light of shorter

and longer wavelengths (Baxter and Golobitsch, 1970).

The transparency of a lake can be approximated using
a standard Secchi disc whose readings are a function of the
reflection of light from the disc surface. A secchi disc

transparency (=vertical visibility) depends on such factors

as the eye-sight of the observer, the contrast between the

. disc and the surrounding water and the reflectance of the

disc (Cole, 1983). But the readings obtained with a
Secchi disc (secchi depths in meters), if done by the same
person and in the some way, can be used for comparison of
the optical conditions of the same lake at different times

or different lakes at the same time.
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Secchi digec readings as low as 14 cm have been recorded
for Hora Orpona, Ethiopia (Loffler, 1978) and 1% cm has been
found for Lake Wakuru, Kenya (Melack and Kilham, 1974),

Lake Ziway hnas Secchi disc readings in the range of 10-17cm
(Tudorancea, unpublished data). Secchi disc readings ns
high as 33-41 m were found for lake Tahoe in California-

Nevada (Cole, 1983),

Generally the measurement of underwater radintion
confronts many »roblems. Most of the problems encountered
during underwater radiation measurement are discussed in

Strickland (1958), Westlake (1965b) and Tyler (1973).

2-1-2~2, Light intensity and depth distribution of

photosynthesis

The availability of sunlight as a source of energy is
an obvious feature of nrimary production by algae and
macrophytes (Fogg, 1975;1980). The productivity by
phytoplankton is related to the quantity of radiant energy
penetrating the water body, for the intensity of. light governs.

the rate of energy supply for photosynthesis.

bn bright deys photosynthesis has frequently been
found to be lower at the surface than it is at depths below
the surface. ©Yhus there is a gradual increase in the oxygeﬁ
production from the surface to a few meters below the surface,

which again declines with increasing depth. Depression of
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pitotosynthetic activity alt the surface has been reported nmany
times from in situ nmeasurements of primary production (Talling,
1957a; Goldman, 1963; Talling, 1965a, 1966b; Lewis, 1974; Ganf
and Horne, 19?5). The observed lower photosynthetic activity

was attributed to the inhibition of photosynthesis by intense
light (Steemann-Fielsen, 1952; Kok, 1956; Ryther, 1956; Stecemann~
Nielsen, 1962; Goldmann et al., 1963%; Jones and Kok, 1966 a,b;
Soeder and Stengel, 197%), This phenomenon is associated with
photo-oxidative destruction of enzymes (Steemann-Nielsen,1952;
Steemann-Nielsen and Jorgenéen, 1962} or with the photomoxidative
consumption of oxygen (MacAllister, 1961; Harris and Lott, 19773%)
or both (Talling, 1966b). The lower surface photosynthetic
activity is also atitributed to a lower algal biomass af the surface

(Talling, 1965a; Ilmavirta, 1974),

Both in situ (Aumha Belay, 1981) and Laboratory (Amha
Belay and Fogg, 1978} experiments have shown that inhibition
increases with both irradiance oand exposure time. The same
experiments have nlso shown that inhibition becomes greater
at high temperatuvre and oxygen concentrations and when the

cells are nutrient deficient.

Many studies have shown (Vollenweider and Nauwerck, 1961;

Rodhe, 1965; Talling, 1970; Steemann~-Nielsen, 1975) thal the
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effect of lisht on photosynthesis cnn be desceribed by o curve

which is generally hyperbolic., As n general‘rule, active pro-
duction by phytoplankton will oxtend to the depth at which the
incident ligsht (measuraed just boelow the surfaée) is attenuated

to about 1% (Talling, 1960b; Fogg, 1980)., This usually corresvonds
to the compensation depth (The depth at which oxXygen production

in photosynthesis and oxygen consumption in respiration are equal),

’

2=1=2-%, Diwrnal and seasonal changes of biomass and

photosynthesis in relation to light intonsity.

Biomass aﬁd photosynthetic rates of phytoplankt-n in
an agquatic cavironment change not only with depth, but alsc
with the timc of the day and scnsons of the year. Diurnal phyto-
plankton migrations normally decrease photosynthesis close to the
surface around ncon in addition to inhibitory effects,snd at the
same time lead to enhanced photosynthesis in deeper water (Tilzer,
19733 Ganf, 1974C). Fhotosynthesis is lawer in the afternoon than
in the morning at similar irradinsnces, which can be duc to depletion
of nutrients (Ohlo, 1958; Gunf,,19?5), accumalation of inhibiting
substance ond increasing respiration (Doty and Oguri, 19573 Lorenzen,

1963; Ganf, 1974¢), bleaching of pigments {(Yentseh and Scagel, 1958;
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Goldman ef al., 1963) and grazing by dimrnally migrating zoo-
plankton (MacAllister, 1963). As a result of great variation
in inecident irrsdiance, the position of the most productive

layer shows s diuwrnal change (Vollenweider and Nauwerck,1961).

Phytoplenkton growth and primary production show
characteristic scasonal variations (Fogg, 1975; Golterman,
19%5), Variation in light inputs seems to be the major
reason for scasonal changes of primary production (Fogg,

1980; Westlake, 1980),

Seasonality of phytoplankton abundances and photosynthesis
are familior features of African lakes. Descriptions of secasonal
changes in snecies composition and abundance of phytoplankton in
the white Nile (Prowse and Talling, 1958), in Lake Victoria (Talling,
1966a) in Lake Ueorge, Uganda (Ganf, 1974a), in LakesOloidien

(Melack, 1979 a,b) and Sonachi in Kenya (Melack, 1976) and in

Lake Chad (Lemoalle, 1973%) are available.

Seasonnl changes of the total concentration of phytoplankton
and primary procduction reflect many factors, among which the
seasonal aspect of climate is of great importance (Talling,
1965b) . According to Talling (1965b), the winter miniwmum -
of incident solar radiation was the most critical environmental
feature resvwonsible for the seasonnl fluctuations observed

in Lake Windemere, England., As a result of this minimun




R

solar radiation, the phytoplankton crop was brought to

low levels as shown by chlorophylla (Talling, 1965b) and cell
counts (Lund, 1564). In Lake Victoria ( a tropical lake)
this factor is substituted by seasonal loss of heat with
resulﬁing vertical mixing dependent upon wind regine,

as a critical cycle-generating event (Talling, 1965b ).

In temperate lokes, phytoplankton number and bionass
increase during soring when light conditions are improved,
and build up to a spring maximum (Wetzel, 1983). Also primary

production follows the annual cycle of solar radiation.

In keeping with the relatively constant environmental
conditions, the seasonal variations in tropical waters are
much lower, often as 1it£le as five fold (Fogg, 1965) ns
compared to the thousand fold variations of temperate lakes
(Wetzel, 1983%), HMost tropical lakes exhibit pronocunced

seasonal variation that usually correspond with differences

caused by rains, rivers, or vertical nmixing (Melaclk,1979b). .

2-1-%, Tenperature znd related phenomena

Solar radiation has a critical role, both as a direct
supply of energy for photosynthesis and as a more indiredt
determinant of water temperature, thermal stratification,
and assoclated chemical variations in inland water bodies

(Talling, 1965b), S8ince most of the incident light energy is
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transformed into heat, %emperature conditions are usually dependent
upon the light regime (Butchinson, 1957)., The temperature of
gquatorial lakes of the world show very Yittle variation,

though diel changes very near the surface could be great

(Beadle, 1981).

The surface temperature of Lake Awasa was found to bhe
in the range of 21-25°C (Gasse et al., 1983). It has also
been reported (Baxter and Golobitsch, 1970) that the surface
temperature of Lake Awasa was between 2% and 27°C. The
surface temperaturc of other Bthiopian Lakes is not very much
different from that of Lake Awasa except for the very low temper-~
ature (11-11.2°9C) of Garba Guratch, a Bale wountain Lake in

Ethiopia (Loffler, 1978),

The Hthiopian highland lakes can experience high diel
fluctuations of surface temperatures because of their relatively
high altitudes as well as great seasonal fluctustions ia rainfall,

humidity, and cloud cover (Wood gt al., 1976),

Temperature excerts many fundamental effects on
limnological phenomens such as lake stability, gas solubility,
and metabolism of organisms (Boney, 1975:; Lind, 1979).

With rise in temperature; there is decreased solubility




of oxygen (Ruttner, 1963%; Cole, 1983). Moreover, as a
result of temperature differences with the resulting

density gradienit thermal stratification ensues.

During periods of stratification and a stable thermo-
cline, exchange of materials between epilimnion and hypo-
iimnion is reduced. Therefore, the supply of nutrients from
deeper layers is reduced (Findenegg, 1965a; Talling, 1969).
It appears (Wood et al., 1978) that circulation in the Ethiopian
rift valley lakes is frequent for there has been no indication of
strongly developcd thermal stratification, although slight gradi-

ents of temperature were ohserved for Lake Shalla {Baxter et al.,1965).

Studies on the thermal characteristics of the Bishoftu
crater lakes in Eihiopia were made by Baxter and Wood (1965),
Baxter et al. (1965), Yood et al. {1969) and Wood et al,
(1976). The two deepest and most sheltered lakes, Lake
~Bishoftu (87m) and Lake Pawlo {(65m), showed the most stable

thermal stratification and an anoxic lower layer.

The observations over a long period by Wood gt al.
(1969) suggest that Lake Pawlo is annually mixed towards the

end of the year. This is atiribuied to the breakdown of thernal
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stability through coeling at the surface due both to increased
evaporation during the day and to a greater loss of heat at
night. The shollowest lake, Kilole (6,5m) is almost continually
astirred to the bottom, Lake Aranguadi (%5m) is markedly strat-
ified but its high algal productivity is suggesti%e of frequent

stirring inte atleast the upper part of the anoxic layer.

The effeot of temperature is not confined teo physical
stratification., This physical stratification can also result
in the subsequent chemical and biological stratifications,

In lake Windemere (Fngland) stratification in summer resulted
in the epilimnion being stripped of silica below the critical

level of 0.5 mg n=> (Talling, 1965b).

In lakes Bunyoni and Mutanda in Uganda, an oxygen free
lower layer was created as a result of sharp thermal disconti-
nuities (Baxter et al., 1965). Lake Mutanda is sufficiently
deep (B#4m) snd sheltered to be stratified and deoxygenated for
a long time. The most stratified of 81l known African lakes,

Lake Kivu (480m deep) in the western rift has very high salinity
in the lower water (below 70m) and an accumulation of very high
concentrations of nitrate and phosphorus in the saline lower water

(Degens et al., 1971)

When thernal stratification occurred in Lake Waldsea

in Australia, a differcnce in the metalimnion and hypolimnion
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from a PH of 6.9 to 8,2 and redox natential of +390 to

-185 mv was observed (Cohen et al., 1977).

During periods of thermal stratification, there is
a concomitant stratification of phytoplankton (Westlake,
1980). The stratification may be stable over quite long
periods (Moss, 1969b) but may also be altered.daily by
verticnl movements of photosynthetic flagellates (Happey

and Moss, 196%7; Tilmer, 1973).

There is another interrelationship between temperature
and the concentration of many essential nutrients since the
remineralization rate due to bacterial degradation is temperature.-

dependent (Stengel and Soeder, 1975),

Finally, the increasing sensitivity of algae to  high
light intensities at supraoptimal and suboptimal temperatures
may be of ecological significance (Sorokin and Krauss,

1962). Moreover, temperature inhibition of photosynthesis
may take place through the inhibition of the temperature
dependent dark rcactions of photosynthesis and respiration
(Bauver et al., 1975). Bxtrene temperafnres may not only
inhibit GO, uptoke, but may also have aftereffects which
inhibit subsequent photosynthesis at optimal temperatures

(Edmondson, 19563 Bauer et al., 1975). According to Talling
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(1965a) the phtosynthetic activity of phytoplaonkton in the east
African lakes was nlwoys high compared to temperate lakes wnrobhably,
due fto a high and rether uniform value of the photosynthetic capo-

city (¢) which may be influenced by femperature,

2=2. Primary production, biomass and chemicnl factors,

At a piven depth, the upper threshod of productiviiy perx

unit biomass is clearly set by tho under water light climate (Stenpel

and Soeder, 1975), That rates of actual nroduction in notural
waters are far helow the production potential offered by the
radiant energy inpubt, is due to the limitation by factors other

than light.

In addition to light energy, plants are dependent upon an
adegquate supply of nutrients (Stewart, 1974; ¥ogs, 1975). It
has been indicsted (Hutchinson, 1957) that critically low levels
of certain inorganic nutrients are believed to limi£ primary
productivity ot certain times of the year in many temperate
lakes. But detailed knowledge of nutrient limitation in
tropical lakes is scarce (Talling and Talling, 1965; Moss,
1969a3 Schindler, 1978) in spite of the many works done on

factors controlling primary production.

In tropical lakes light and temperature are probably not

as frequently limiting as they are in tempegate lokes (Lund, 1964)
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and nutrient availability probably plays a major role in
controlling the scasonal pattern of algal growth (Hoss,

1969a) ,

Latitude was found (Brylinsky and Mann, 1973 )to provide
much more predictive information about the productivity of
lake than nutricnt concentrations, However, Schindler and
Fee (1973,19?4) found a good correlation bhetween annual phy-
toplankton production and phosphorus input. Moreover, tho
importance of nutrient supply to the productivity and abundance
of phytoplankton has becn shown by enrichment experiments on
natural populations (eg. Melack et al., 1982; Setaro and Helack,

1984},

In many tropical lakes surrounded by extensive nutrient
buffering wetlands and receiving perrenial inflows, total
phytoplankton biomass and productivity are larger and more
constant seasonally than those found in temperate lakes
{Beadle, 1981), This phenomenon is atiributable to nutrient
loading as a result of windn;nduccd vertical mixing and marked

scasonality of rainfall (Talling, 1969; Lewis, 1974; Melack, 1979bJ.
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It is becausa of the abundant supply of nutrients that
primary production and hiomzss are exceedingly high in Lake
Aranguadi, Bthiopia (11-22g Cn~2da-T1 and 221-325 mg chla.m™2)
(Talling et ale, 1973), in Lakc Simbi, Kenya (200 mg chla m~2)
(Melack,1979¢) and in Lake George, Uganda (400 mg chla m"2)

(Ganf, 1974%a), Most of the photosynthetic activity of phytoplankton
is carried out in the surface layers and it is here wherc nutricent
limitation is likely to have a great offect on the total primary
production of a water body (Moss, 1969a). Algal communitics may
respond to a decreascd supply of a limiting nutrient either by
decreasing the optimum photosynthetic rate of nroduction or by
producing less e¢fficicently at suboptimal irradiances (Schindler

and Fee, 1975).

Studies on plant nutrients ewmphasize the importance
of nitrogen and phosphorus {Boncy, 1975). There is a rapidly
growing body of evidence (Schindler, 1974; Schindler and Fee,
1974) that control of phosphorus alone is sufficient to halt

or even reverse the course of eutrophication in many cases.

According to Talling and Talling (1965) and Helack and
Kilham (1974) high concentrations of phosphate are not . typical

of African lakes, especially of the Soda Lakes including thosc

in Kenya (Lake, Nakuru and Magadi). Very high concentrations of
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phosphate wore found in Lake Chammo and Abaya (Amha Belay and +ood,
1982) and in the two Ethiopian Spirulina lakes-LakerAranguadi and
Chitu, (Wood, 1968). Phosphate may be limiting in Lake Mariut,
Egypt (Aleem and Samaan, 1969) during periods of high photosynthetic

activity.

The comprehensive studies in the rivers of the Nile
(Talling and Reoska, 1967) and in Lake Victoria, Uganda
(Talling, 1966L) suggest that nitrogen may limit algal growth
in Tast African lakes because nitrate concentrations in the
water bhodies surveyed were often very low {(Talling and Talling,

19653 Hammer, 1981).

A clear case of correspondence between depletion of
lnitrate and reduced algal grodth aﬁd productivity was
reported for Lake Victoria (Talling, 1966b), Lake Lano,
phillipines (Lewis, 1974} and in the reservoirs along the
Nile river in the Sudan (Prowse and Talling, 1958). Nitrate
is generally low in saline laokes (Hammer, 1981). Exceptions
incmlde Lake Humboldt in Canada {(Haynes and Hammer, 1978) and
Lake Werowrap in Australia (Walker, 1973). In the former
drainage and scwage are the responsible agents whéroas in the

latter gull populations make a large contribution.
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Distinct relationships between silica and diatom
periodicity have been found in Lake Windemere, Lngland
(Lund, 1964), Very high concentrations of silica were found
in Lake Nakuru, Kenya (Mclack and Kilham, 1974), Kilole

o

and Aranguadi (Prosser et al., 1968),

Most African lake waters studied so far show a mayked
vredominance of HCO; + CO; among the anions (Talling and
Talling, 1965; Prosser ¢t al., 1968; Vood, 1968; Helack and
Kilham, 1974). Unlike other African lakes in which sodium
bicarbonate and carbonate dominatz, the dominance of
sulphate and chloride in Lake Mahepa, Uganda is very unusual

(Melack and Kinam, 1972),

The proportional concentration of major cations and the
ratios of monovalent to divalent cations (M:D) are also
known to influence the metabolism of certain algae as much
as absolute concentrations can (Wetzel, 1983), According
to Wetzel (1983) the three major penera of diatoms common

to oligotrophic lakes - Fragillaria, Asterionella and Tabellaria-

are stimulated by high levels of calecium, With decreasing

M:D ratios, decreased rates of photosynthesis were also
observea. This is exempiified by the apparent relatidnship.
noted between low levels of algal productivity and unfavorable
M:D ratios (Wetzel, 1965).

Talling and Talling (1965) have found the predominant
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cation to boe sodium in the very saline lakes of Africa
including those in Ethiopia: Lake Shalla, Abiata, and
HMetahara., On the other hand, in the wmorc dilute waters of
Africa, such as Lake Victoria in Uganda and Lakes Tana and
Ziway in EBthiopia, calecium or less frequently mognesium is
present in high proportions by equivalents. The excess

of magnesium over calcium has also been reported for Lake
Hayy, Bthiopia (Baxter and Golobitsch,1970), Bale

mountain lakes in Ethiopia (Loffler,1978) and Bishoftu
crater lakes (Prosser et al., 1968), In lakes Chammo and
Abaya calcium was found to be in excess of magnesium

(Amha Belay and Y%ood, 1982).

A very strong correlation has been found between
the species composition of algal community and the inorganic
carbon system (PH,CO», Alkalinity and others) (Lund, 1964;
Moss, 1973). 'Te high alkalinity of the Bast African lakes
including lake Aranguadi (Wood, 1968; Talling gt al., 1973)
and Chitu (Yoocd, 1968) in Ethiopia and Lake Simbi in Kenya
(Melack, 1979c¢) is believed (Melack and Kilham, 1974) to
influence the species composition of alpgsl communities,

This has been indicated by the association of the blooms

of Spirulina platensis with high alkalinity (I1tis, 1968).

Limitation of production by . pH is probably morce frequently
£
AP
important at low ot hipgh hydrogen ¢ .icentrations

(Stengel and Soeder, 1975). Some aigae like Chlorella
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vulpgaris (Osterlind, 1950) are unable to use bicarbonate
as a carbon source and are restricted to waters with

PH values very near or sliphtly above ? since they become
carbon limited if pH approaches 8., A further ecologically
important action of pH concerns the solubility and hence the
availability of polyvalent cations such as iron (¥etzel, 19065).
Reducing and acid conditions promote the solubility of

iron, whereas iron precipitates in alkaline and oxidizing
conditions (Cole, 1983} Iron is found in acid to necutral
waters which are very low in oxygen and with redox potentials

between 0.3 and 0.2 V.

The most productive saline lakes, including Red Rock
Tarn in Australia (Hammer, 1981), Mariut in EBigypt (Alecem
and Samaan, 1969) and Arangusdi in Ethiopia (Talling et al.,
1973), tend to have pH values between 9,0 and 10,5, These
high alkalinity lakes are so well buffered that pH tends

to be stable at high levels.

In the Ethiopian rift valley, pH values for surface
water were found to be 8,7-8.8 for Lake Awasa, 7.6 for Meki
river, 8,0 for Black river (%ikur Wiha), 8.6 for Lake Chammo
and 7.4 for Lake Zivay(Makin et al., 1975).

Carbon dioxide limitation of photosynthesis is most

likely to occur in waters of low alkalinity (Schindler and

Fee, 1975) whers the liberation of CO» by degradation of
) 2
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sewapge~dorne organic substrates may result in an escalation

of eutrophication (TLanige, 1971),

Salinity becomes the limiting factor in production only -
under extreme condilions, i.e. in hypersaline waters (Stengel
and Soeder, 1975). Extremely dense algal populations with
very high rates of photosynthesis are found in hypersaline
lakes of very nigh alkalinity and pH (eg. Aranguadi) or
with relatively low alkalinity and near neutral PH’ as in Lake
Mariut in Bgypt (Beadle, 1981),

The wost saline Lake, Lake pink in Australia has very
low production {(Hammer, 1981}, Another lake, Waldesa in
Canada (Hammer, 19783 Hammer angd Haynes, 1978; Hammer et al.,
1978) is similar in productivity to Lake Pink but has low

salinity., The most productive lakes tend to encompass a

broad spectrum of salinity from 3 to 10 m S cm“q, althouph
most of the hipghly productive lakes fit into the 3 to 50

n S om~t range (Hamner, 1981),

In the thiopiau rift valley salinity tends to increase
from Ziway (Makin ¢t al., 1975) to Lake Shalla (Baumann et al.,
1975). Hora Orgona, a high mountain lake in Bale (Bthiovia) is
known to have considsrably elevated salt content due to the

contribution of alkaline Trachyte of the surrounding rocks

(Loffler, 1978). Lake Awasa has very low salinity which,



according to Beadle (1981), is attributable to probable seepage

as subterrancan outflow through the bed of the lake.

\

Tt is known (Blster, 1965; Stern, 1975) that within
certain limits, there is no general correlation between the
trophic level of a lake and the photosynthetic activity of its
phytoplankton at a pgiven time. AL similar environmentsal
conditions, relative photosynthetic activities may differ by
more than one order of magnitude (Blster, 1965}, These disc-—
repancies point to the importance of physiological status of

algae (Fogs, 1980; Westlake, 1980),

Given an optimum tempersature, with unlimited nutrients
and COp, the theoretical limit to the rate of photosynthesis
would be set mainly by the numbers of algal cells that can be
exposed to the most light below the inhibiting light intensity
for the longest time (Talling, 1970). Doubtless, the productivity
of phytoplankton depends on a complicated and multidimensional
network of extrinsic and intrinsic factors besides the availability

of nutrients, inorganic carbon, light and temperature conditions.
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TIL., Description of the Siudy Area.

Lake Awasa (Fig.1), the study area is a lake of fairly
high altitude found between the four northernmost lakes (Shalla
Abiata, Langano, %iway) and the two southernmost lakes (Chamao
and Abaya) of the main FBthiopian Rift Valley. The lake bhasin
is totally enclosed by faulting, a feature which renders it uvnigue
(Monr, 1962}, Some of the physical and chemical characteristics

of the lake as described on previous works are given in table 1.

" The lake has no discernible outlet, and its comparatively
low salinity is, according to Beadle (1981), probably due to
subterranean out flow by secepage through the bed of the lake.

It is fed by the Tikur Viha river, which enters from north-
east draining on extensive swamp, which is a remnant of a
drying lake, lake Shallo. The main runoff entering the lake
ig derived from slopes to the south and east of basin, The
catchment to the north and west appears to contribute little
gsurface runoff nossibly due to permeable volcanic soils

(Makin et al., 1975).

The lake is oval in shape. The drainage basin is
of varied relief, predominantly agricultural and is underlain
by quartz and pumice (Mohr,1960), The geolopgy of the lake is

documented in HMohr (1960,1962),

The lake experiences a pronounced fluctuation of water
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Loevel with alterunting dey snd wet scasons. There arc
indications thot 1t may well have stood some mcters above

its present level in the relatively recent past (Grove and
Goudie, 1972), The annual rainfa2l} over the arca is between
a monthly average total rainfall of 26,7 mm for the dricst
months (NovomberuDecembothanunPy) and 133 mm for the wettest

months (July, August and Scptember) (Filahun Kibret, 1985)

The lake hos an extensive littoral emerpent and submerfent

macrophyte vepgeintion with Fotamogeton schweinfurthi, Pospallidium

germinatum, Typha latifeolia and T, angustifolia as the dominant

species. Among the plankton, the diatom asscmblages include some

specics of the pgenera Helosira, Hitsschia, Cyclotella and Navicula

(Gasse et al., 198%). Baxter et al. (1965) roported the prevalence
of phytoplankton of mixecd myxophycene. According to Getachew Teffera
(unpublished data) the lake plankton includes Cyanophyta (Chroococcus,

Gleocystis, Microcystis, Gleocnapsa, Arthrospira, Oscillatoria,

EL_RE e ¥

Gleotheca, Merismopedial), Chlorovhyta (Botryococcus, Scendesmus,

Ankistrodermis) and Bacillarioohyta (Pinularia, Cymbella Naviculal.

ki

There is o flourishing commercial fishery which is

based almost entirely on Orcochromis niloticus. The species of

fish encountered in the lake are Oreochromis niloticus,

Barbus grepgorii and Clarias sp. (Getachew Teffern, pers.
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Table 1. Some characteristics of the lake

Charactevistic

Latitude * 6033l - 7033[N
Longitude* 38022I - 38%29 'E
Altitude® 1680 m
Areg®** 88km”
Volume™® 1.3 X 109m3
Depth-maximur® 22 m

~mean” 11 m
Maximum Llength*® 17 km
Maximum width* 11 km
Shore~ line length * 52 km
Catchmentiarea* 1250 km2
Conductivity (Keo)** 1050 atmho o

. . . . X
Total dissolved solids 3% 650.4 ng/l
- (Dg )Ex

Na** 235 mg 1

K *% 45 mg 1~1
Ca** holr ng 47
Mg ** Yo7 mg 177
=g303+ 003** 10,5 ug 1"4
CL=* 24 mg 171
80, ** 2 mg 17
Total P 98 g 17
810, , 75 wg 1

*

from Yelcome (1972)

* R

from Talling and Talling (1965)

*** from Herrmenn (unpublished data)
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comm.; Shibru Tedla, 1973). Close to the lake, the
Life is rich and varied. Limnological sfudies mad
lake are limited and of short-duration. Previous

include those of Baxter et al, (1965), Talling and

Gasse el al. (1983%) and Amha Belay and VWood (1984)
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1¥, Hatorials and Hethods

The following parameters were measured durin

* study period (November, 1983- March, 1985).

1.

Biological parametors
1=1. Phytoplankton photosynthesis

For the first four months of the study pe
integrated samples were collected. Thereafter,
samples were collected with a Van Dorn sampler
5 litre capacity. The collected materials were
into 120 ml pyrex clear and dark {covered with
glass bottles which were attached at intervals
and suspendaed at depths distributed over the eu
zohe. The dark botiles {(one pair) were incubat
the bottom of the series of bottles. Samples w

for four hours (10:00 a.m~2:00p.m).

A buoy was used which consisted of two fl
connected by a rizgid metal tube from which line
bottles could be huné without shading. Duplica

were always used from which the mean values wer

- Photosynthesis and respiration were measu

change-in oxygen concentraltion in dark and ligh

Oxypen concentration was determined by the Wink

(Hackereth et al., 1978).

1-2. Phytoplankton standing crop (=Biomass)

Pigmoent oxtracts were used to estimate
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standing crop. The phytoplankton samples were
off from 0.25 to 1,0 litre of lake water with \
GF/C glass fiber filters and extracted using ws
methanol as the solvent. The absorbance of cen
pigment exiracts was measured at 665 nm { the r
maximun) spectrophotometrically and corrected f
possible fturbidity by subtracting the correspon
reading at 750 nm. The corrected value was usc
calculate the optically equivalent concentratic
chlorophylla using the approwmimate relations of
and Driver(1963). No determinations of chlorog

degradation products were made.

2. Physical parameters,

During the incubation, the photosyntheticall
radiation (Ph.A.R) for the incident radiation fallj
horizontal suriface was meoasured at 30-minute intery
using IL-COR quantum scnser (LI-190)SB) connected t

integrator. “he values obtained for the different

periods were cealculabted and compared. The readings

converted to col cm"2 h_q after caliberation with e

. . -2 .~
instrument that records in g cal em min

Light penctration was measured using a seler
cell in a watcrproof housing with diffusing opal an
color filters which were of the types VG9, BG12, RG

RG610, RG695, BG? and VG14 of Schotts, Mainz, Vest
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Germany. The operational mid-points of the cell-fi
combinations were approximately 540, 460, 630, 610,
530 (Ganf, 1974 b3 Ganf and Horne, 1975; Yood et al
The optical characteristics of the lake at differen
of the yearéﬁgﬁﬁared in terms of extinction coeffic
Extinction coefficients (£, 1n units m” 1 yere calou

using the following relation

£ = 1 1n (s}
2 Iy

Where I, is the intonsity just below the surface an
the intensity at dowth 2 in m (Wetzel and Likens, 1
Fuphotic depth (Zeu) was determined by ascribing 30
35% of the Ph.A.R, to the blue, green and red spect:
respectively (Talling, 1957). 4oy was also calcula:
using the rclation which was found to #ive the best
fit for optically wide range of Bast African lakes (

1965 a; Ganf, 974 b),

-

whore Ymin is the extinction coefficient of t
penetrating component of lightg

Underwvater photosynthetically active radiatio
measured in;uEEmnas"? with LI-COR quantum sensor (LI

which was connected to LI-185 B quantum photometer,

!



Lake transparency { = vertical visibility) =

using a standard secchi disc.

Depth distribution of temperaturce and OXYyEen
followed by readings taken on a dissolved oxygen uc
using a dissolved oxygen probe with builtin thermis
(YSI Model 57) thermometer. Percentage saturation

oxygen was calculated as in weitzel and Likens (1995

3. Chemical parameters
. . - . -1
In situ conductivity (in ssmho cm” ') and sal
were messured vyith a combined conductivity and sali
meter probe, and o thermistor temperature scensor (Y
. o}
33 5-CeT meter). Temperature corrections to 25°C v

made as in detzel and Likens (1979) for in situ con

measurements.

Iin situ PH measurements of lake surface wat

made with a portable digital _H meter (Model 607).

b

Vater samples collected in polythylene bottl
the lake surface or frvom various depths and filtere
Whatman GF/C glass fiber filters were used for seve
analyses. Alkalinity due to carbonate and bicarbon

determined by titration wilh HCL to H 4.5 with met

P



SRIVI.

as end-~point indicator. These resulis were used w:
pH of the samples to approximate total free 002 as
Lind (1979), Chloride was estimated by titration ws
nitrate using chromate indicator (APHA et al., 198
phosphate (without extraction) and silica (after a:
with NaHCO3) were determined colorimetrically as tl
molybdate complexes. Nitrite was measured colorime
diazotization with sulphanilamide and by azo compot
with N-(1-naphbhyle ethylene diamine ai-HC1) (Golt:
Nitrate was measured as nitrite after reduction wi-
Society for Microbiology, 1981), Sulphate was det
pitation as barium salt and by spectrophotometric

turbidity (APHA ot al., 1980), Sodium and potassii

by flame photomeiry and calcivm and magnesium by :

Explanation of the symbols used throughout
are listed below., The symbols are those used by T

et al. (1973) and Ganf and Horne (1975).

~ . . : - . . =
¥~ extinction goefficient, in 1ln units n

&ﬁiny minimum extinction coefficicent over the s
4y~ depth of the euphotic zone, in m

Zeucaln cuphotic depth calculated from the relati,

Zeudet“ euphotic depth determined as depth of 1%
irradiance

Zéu(max)—euphotic depth at gero chlorophyll concen
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population density or standing crop, in t
popuiation density per unit area (populat
in the cuphotic zone), in mg chla m"2
gross photosynthesis per unit wator voluxn
ng OzmMBh"1

light-saturated rate of pnotosynthesis pe
water volume in mg OalmHBhuq

hourly rate of gross photosynthesis per u
in g Opm™on"

daily integral gross photosynthesis, in g
specific rate of gross photosynthesis per
biomass (standing crop), in mg 05 (mg chl

light-s8turated ratc of gross photosynthe:

of chlorophyll a, in mg 0, (mg chl a)" 1 n

photosynthetically-active radiation in cal
or}JEmmzsﬁq

secchi depth, in m,

Irradiance immediately below the surface
(400-700 1m)

lrradiance meésuring onset of light-satura
of photosynthesis, in % of the irradiance

below the surface,.

r

Optical. depth - Zmix where Z'mix is the frrely mixed

2
eu

c¢u is cuphotic depth determined as

1% level of irradiance.
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V, Results ond Discussion

1e The thermal characteristics of Lake Awasa
The sensonnl patterns of depth distribution

and oxygen are given in Fig 2.

The temperature of the surface water of Lnke
awveraged 23,8°C with a maximum of 28.4°C in Hay and
minimum of 20,5°C in February, 1984, The temperatu
the deeper layers did not shew very pronounced vari
and averaged 21.0°C with a maximum of 23.200 in May

a minimum of 20°C ip February, April, 1984 and Janu

The temperature of the upper 1 m stratum was
higher than thait of the underlying layers. The max:
recorded tenperature difference between surface and
deepest depth of measurement (15m) was 5.200 (May, 1"
and the minimum was only 0,5°C (February, 1984). O
sampling dates, from about 5 meters downwards the t

was nearly uniform.

The vertical temperature profiles measured d
study period usually lacked pronounced stratificati
thermal gradienl extended from the surface to an alj

iscthermal regiocn below the depth of superficigl he

Althoupgh gentle thermal gradients prevailed

the upper part of the water column, there has been |
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indication of strongly developed (deep-~seated) therm
fication. Instead, there has been thermnl stratifice
of the superficial type described for tropical Afric:
lakes of moderate altitudes (Baxter et gl., 1965},
superficial type of stratification which was observer
the lake is the expected result of solar henting dur:
calm periods. #ven this strﬂtificatioh affected mais
0-1 m stratum in which stecp gradients of temperature
hence of density could develop. There weré some cas
multiple thermoclines. In such cases the thermal gre
were either very gradual, as in December, 1983 or st

in April and August, 1984,

But it was notcd (Herrman, pers-comm,) that i
middle of March, 1984, there was a well marked strat:
with a sharp thermocline and anoxic lower layer. The
same phenomenon was observed in March, 1964 by Baxte:
(1965) when the thermal. discontinuity occupied betwe

5 and 12 m.

According to Baxter gt al. (1965) thermal st
was rudimentary in Lake Awasa during their February :

samplings, but wellemarked during their March samplis

According to Getachew Teffera (unpublished d:
the superficial stratification that results from sol

heating during calm sunny periods scems to be short-!
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for frequent strong winds from northeast of the 1ak
able to crente wave action sufficient to mix it. O
or almost couplete mixing occurred in Lake Awasa in
June and December, 1984, The mixing phenomenon is
associated with overcast skies and turbulence.
Generally, the near uhiformity of the physi
parameters measured along the vertical profiles in
afternoon (Getachew Teffera, unpublished data) seen
indicative of the frequent occurrence of mixing in
the upper half of the water column in Lake Awasa,
mixing of lakes is not uncommon in Bast Africa. Th
and exposed Bast African lakes such as Lake George,
(Ganf and Horne, 1975) and Kilole, Ethiopia {(Jood ¢
are frequently stirred except in rare periods of cu
Well-marked nd prolonged stratification has been f
the deep and wellesheltered lakes such ns LakesPawd

Bishoftu in Ethicpia (Baxter et al., 1965),

Temporal changes in oxygen concentration we
during the study period (Fig 2)., These fluctuation
be the result of the fluctuations observed in phytc

photosynthesis or locnl climatic conditions.

A1l depth profiles show an oxygen maximum i

0-3 m layer. BSeasonal variations in these oxygen n
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were observed (Fig.2). The concentration of oxyger
upper 0-3 m layer lay between 71 and 1307 of satur:
values. The higher concentrations of oxygen were,
of the time, associated with higher photosynthetic

activity (Fig.kDd),

Dissolved oxygen was usually lower at the s
lake, The declinc of oxygen concentration at the e
is attributablc to the influence of rising temperat
the solubility of oxygen., It could also be the res
less contribution of photosynthesis as a consequenc
light inhibition, since surface maxima of oxygen cc
were observed on cloudy days. As a result of the =
oxygen produccd by photosynthesis in the 0-1 m laye

if the weather continucs to be calm.

Below the 0-3 m layer the oxygen concentrat
very gradually to above 10 meters, whercupon the de
becomes sharp te 13 m and the concentration becomes
negligible at about 15 meters. The -oxygen concent:
below the trophogenic zZone was always below saturaf
suggesting probably that consumption of oxygen per

area was higher than The net rate of influx from t}

trophogenic zone,



The substantial oxygen deficit that existed
times in the deeper water columns should be expectle
occur in a productive lake water. In a lake like A
~ where there is a fairly abundant organic matter for
and decomposition, depletion of oxygen in the deepe:

of the water column is to be exXpected,
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2. The optical characteristics of lake Awnsa,

The photosynthetically active radiation (Fh
on the lake surface on days of nrimary production m
is given in Table 6. and its scasonnl trends arc in
in Fig. 7A. The th,A.R. was high (29-30 cal N
for the low value {(13%.5 cal cn”?n” 1) recorded in Se

under cloudy conditions.

Phe vertical extent of underwater illuminat
hence of the photosynthetic zone is controlled to a
extent by the winimum extinction coefficient, ﬁﬁin
(Talling, 1957b). The vertical extinction coeffici
three spectral blocks red, green zand blue as appro
RG 630, VG9 and BG12 respectively are given in Tabl
vertical extinction coefficients are very hipgh for
low for red and green indicabting that the long wave
penetrate the farthest and blue light is attenuated
Phis pattern is similar to that reported for other
dense standing cropé of phytoplankton or in which %

is very turbid due to non-alpgal materials (Dvihally

Vollenweider, 1961; Sakamoto and Hogestu, 1963, Tal
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1965a; Talling et al ., 1973., Ganf, 197%b; Ganf and
1975). The reason why blue lipght is the least penet
component in the lakes just considered is that phytc
have marked effects on light in the blue region of t
(Talling, 1960a, 1970; Ganf, 1974b) and attenuation

solids is usually highest for blue light (Westlake,

Similar results were ruported for Lake Awass
{(Amha Belay »nd Wood, unpublished), the four norther
lakes in the Ethiopian rift valley (Wood‘éﬁ al., 197
for Lakes Chammo and Abaya (Amha Belay and Yood, 198
Lake Hayq, Ethiopia, the situation is different., Th
in Lake Hayq has the greatest transparency for green

least for red (Baxter and Golobitsch, 1970),

The minimum vertical extincltion coefficients
(the extinction coefficient of the most penetrating
(Talling, 1957b) showed some seasonﬁl variations (Fi
with the highest values in December, 1983, September
and March, 1985, . These values coincided with period
relatively hipgh algal crops or increased concentrati

dissolved materials or both (see Fig 4 and 7).

By adownting an apyropriate value for increme

change in extinction coefficient per unit changes in



a concentrations (specific extinction coefficients,
(Talling, 1960a), it is possible to calculate the
of light extinciion due to algae and the depth of ¢
zone at O chlorophyll a concentrations, Zeumax(WOOd
et al,, 1978). By values were frequently found bet

and 0,02 in units per mg chl a n™2 (Talling, 1965a;

loss, 1974; Ganf, 1974 b; Berman, 1976; Jewson, 197

Here an ES value of 0,015 has been used to
the percentage Llight extinetion due to algae and th
depth at O chlorophyll a concentrations Zeu(max) (4
The percentage extinction due to algae is always 1le
50% and seems to indicate that the background atten
light is more important than attenuation by chloror
The percentage of light extinction due to algae shc
values in August, November and December, 1984 durin

algal crops were relatively high (Table 3),

Lake Abiata, with an algal crop of 56.6 mg
was found to have only 22% of light extinction due
(Wood et al., 1978). According to Wood et al. (1497
percentage light extinction due to algae in Lake Zi
and Shalle was less than 10, and the calculated Zev
each of these lakes was only a little greater than
measured Zeu. In Lake Abiata and Awasa, the Zeu(ma

be as much as 50% (Wood gt al., 1978) and 40% respe
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greater than the mensured Zeu' Light attenuation ¢
non-algal couses is large in all lakes of the nortl
Ethiopian rift valley as the % light extinctions du
algae suggest (Wood et al., 1978). In lake Awasa,
ground attenuation is more apparent at the low val
crops 1In dlake George, Uganda, non-algal attenuatic
Was‘found to be high (Ganf, 1974 b).l In Lake Arang
et al. 1923) the extinction of light due to algae

important than in 2ny other Ethiopian lakes.

The transparency of the lake as approximnte
a standard Secchi disc varied between 65 and 95 om
High Secchi disc readings (> 88 cm) were found in !
December, 1983 and December, 1984, The lake is of
high transparency though not as transparent aé lake
Ethiopia (8,=8-9m) (Baxter and Golobitsch, 1970) @
Shalla (Z_ , 3.7-4.93)Wood et al., 1978; Auha Bel:
Wood, 1984). In the very productive alkaline salir
in Africa, Nekuru and Blementeits, Kenya, Secchi 4
readings of only 15 and 17 cm were found (Melack ar

1974), In these lakes extinction coefficients (in



for blue were as high as 50 and 10-12 for red nnd
These values are high in compnrison with most natu

produce very shallow euphotie depths (Talling

[
[

|

The relntion of Secchi depth to the compens
has received cttention in the Literature since Poo
(1929) calculanted an approximate ratio of 1.7 in w

~ 5D
the Secchi dentih in meters. The guatient gives th
extinction coefficient of light absorption. Limno
also tried to find factors which can be used to tr
euphotic depth by determining the ratio Zeu/'SD. '
the mean depth of the cuphotic zone (2.34m) and th.
depth (O.??m).in inke. Awasa is a quotient very clo:

factor, when multiplied by the Secchi depth in met

depth of the approximate compensation point for Lal

Among four Kenyan freshwaters the average Se
of Lake Awasa is closer to Luke Oloidien (Melnck, 1
Lakes Naivasha and Winam Gulf have Secchi depths o
1-1.5 meters, wherens L, Crescent Island Crater has

depth of 4,6 neters (Meluck, 1979a),

The Buphotic depth (m) (i.e. the depth at wh
of the surface light intensity is found) (Tal1ling,
Talling, 1960b; Fogg, 1980) varied betyeen 1.59 ana
(see table 2), These values were in close agreemen

Zeu taken as egunl to 2e7 din which € . is the exti
§ min

oyt

min

Bl

_~—— e L ] O — -1
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(Talling, 1957b; Talling, 1965a; Ganf, 1974b), The
values (%eu cal) were, of course always greater th
measured (Zeu det)., The average of Zeu of lake Aw
is more than twice that of Loke George, Uganda (Ga
about 5-10 times that of the most productive lakes

Lakes Aranguadi and Kilole (Talling et al; 1973).

Talling (1957b) defined the limit of the e
as equal to the depth ¢ which 1% of the surface p
lrradiance is detected. It was, however, found he
elsewhere (Tnlling, 1965a; Talling ot al., 1973; B
1976; Grobellar and Stegmann, 1976) that some evol
0, still takes place below the 1% level of the inc
irradiance. Although there is little doubt as to -
lity of assessment of the euphotic zone by means o
synthetic prolile, expression of the euphotic zone
of the incident irradiance penetrating to the varic
depths will undoubteély persist since it is more e:
quickly measured. Moreover, since light is a cruc:
for primary production, the determination of the e:
zone by the penetration of the Ph,A,R. in natural

seems to be justifiable,

For most of %he study period the euphotic ¢
Lake Awasa were somewhat intermediante between the ¢

deep lake Shalla and optically shallow lakes dvei,
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and Langano in Bthiopia (Wood et al., 1978).

In lake Abiata, the shallowness of the eup
is due to high algal crops whereas in Lake Langano
¢olloidal-based turbidity is responsible for the s
of the suphotic zone. In lake Awasa, the underwat
is determined by the extinction of light due to ph
and non-algal materials as in any other lakes. Bu
crops seem (Table 3) to contribute a lot to the at
of light. The euphotic zone of lake Hayq is expec
very deep as c¢an be implied from the very low mini

coefficient (0,17 in units m“1) (Baxter and Golobi

In spite of what the cause of light attenu
a lake is, the absolute depth of the euphotic zone
is of less significance than the ratio of freely m
(%2 mix) to euphotic depth (Zeu), which is known as

depth (VWood et al., 1978).

There hns been no indication of strongly d
stratification in lake Awasa for most of the study
It, therefore, seems rensonable to assume the freq
of mixing in lake Awasa and consider that its mixe
is equdl to the mean depth (Z) as done by Wood et

for other Ethiopian rift valley lakes, In line wi



-

assumption, the optical depths (Zmi /Zeu) were calc

X
given in Table 2, It con be seen that for most of
period the optical depth of Lnke Awasa wns less the
taken by Wood et al. (1978) for the light-limitatic
production, The optical depths of Lake Awasa seem
the absence of light limitation as compared to 1ok
and Shalla for which values in excess of 15 and 26
were found (Yood et al., 1978). The optical shallc
" Awasa is not.of courseicomparable to that of Lake ?
optical depth values were found to fall for below
The optical dewnths of Kenyan freshw&ters‘range fron
Island Crater) to 6.9 (Oloidien) with an intermedi:

5.1 for Naivashn (Melack, 1979a).

In light of the calculated optical depths,
nssumed thal Pel-tively larger provortions of the
colunns in Lake Ziway, Awasa and Crescent Island Cr:

illuminated as compared to the other lakes just cor
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2+ The surface water chemistry of Lake Awasa

The major chemicnal constitusabm of the sur

of Lake Awasa are given in Pable 44,

"~ The totsl ionic concentration was approxima
the concentrations in milliequivalents per litre (w
of both the principal cations (Na¥ + '+ cd™ + ME")
principal anions (HCO; + CO; + CLT + SOE) (Palling
1965; Wetzel and Likens, 1979; Wetzel, 1983). The

the concentrations of the anions and cations were f

agree fairly closely with each other.

Phe salinity of Lake Awasa water is express
sum of the eight major cations and anions in mass ¢
(mg 1“1). The salinity of the lake is very low, al
than 1 gm, and is only ptie-twentieth of the salinit
Shalla (16 g 1Y (Baunann et al., 1975). Since th
discernible outlet, the low salinity of the lake is
to subterranean outflow by seepage through the bed
lake (Beadle, 1981). According to Richardson and ¥
(1972) and Goaudet and Melack (1981), various freshe
mechanisms may have operated in African rift valiey
during the past 5000 years, including burial of alk

layers, underground seepage and ion removal by aqua



4 U= S AR S AN SRS SO 0 A I AT FSCIN I T O I S ')




.

Blectrical conductivity (K 5) is not well cor

2
(R=-0.03%) with thc cstimates of total ioniec concent
This is to be oxpected in light of the non-liner r«
between the concentration of solutes and conductiv:

1963%) especially for minor constituents of lakewat«

(Wetzel, 1983).

The lake is basically similar to other Afric:
with sodium as thoe major cation and bicarbonate + «
the predominant anions, This pattern of ionic dom:
characteristic of many African lakes studies (see |
Wood, 19653 Talling and Talling, 1965; Prosser et
Baxter and Golobitsch, 1970). Potassium is always
amounts than sodium and its concentration usually :
in o manner parallcl with the increase in salinity
is always in excess of magnoesium as in Lake Chammo
(Amha Belay and Yood, 1982), Lakes Zwei and Tana
and Talling, 1965) an Tikur ¥iha river all in Ethi
(Tilahun Kibret, 1985). This dominance pattern is
from that of Lake Hayq, Bthiopia (Baxter and Golob
and Bale mountain lakes, Ethiopia (Loffler, 1978}

magnesium is prescent in hipgher proportions by equi

than calcium. For lake Awasa, the cations are the

in the order Na K Ca Mg,

Among the cations, Mg and Ca were found to ch

very little seasonally. The concentrations of sod
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potassium showed seasonal variations with peaks of
concentrations during the periods from April to Ji

and from January to March, 1985,

The hardness of the lake water was calculs
plying the concentrations (ug 1"1) of the two har
cations (Ca and Mg) by appropriate factors (Yetze:
Likens, 1979). The products were summed to obtain
hardness. The average total hardness was found 1«

-1

1 CaCOE. Jiccording to the classification by B

{(1970) the lake water is soft.

Some ionic ratios involving cations deser:
As secn in Table 4B, the ratio of monovalent to di
cations (Na «+ K)/j(Ca + Mg) are frequently in tl
11.0-15.0. These values are much higher than the
limit of the catio (1.5) éonsi@ered to favor the «
by diatoms of the algal flora (Wetzel, 1983), The

ratio of calcium to magnesium is very close to 2.(

ids already indicated, CO3 + HCO3 is the
anion, The anionic proportions follow the order |
This pattern of anionic dominance is characterist:
aquatic systems over large arecas of the temperate
(Wetzel, 1983) including praire ponds (Driver and

1977) and other African lake waters (Talling and

1965; Prosser et al., 1968; Baxter and Golobitsch.
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Table 48, Cation ratios

ey e s ==

Date Monovalent: Divalent Caleciw
27-X1-83% o547

éé_rv;su 12.0

25-V-8h 4.0

15;v1~84 13.3 :
25-VITI-84 9,1 :
24 TX-84 11.9 :
25-X-84 10,3 :
23.XIT-84 6.9 :
14 XIT1-84 9.2 ;
25-1-85 11.9 :
28-11-85 4.7 ;

27-111-84 11.6
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Melack and Kilham, 1974; Amha Belay and Wood, 1982
Alkalinity (HCO3 + 003) showed some seasona
(Fig %) with the highest concentrations in Septenmbe
1984 and February-March, 1985. The pil of the surf
water is beitween 8.7 and 9.05. The highest PH valu
observed in April and September, 1984 and Mérch, 19
These values coincided with relatively high alkalin
and low free carbondioxide concentrations. The cor
(r=0.24%4) between Alkalinity and PH was poor. Thié
be due to the accumulation of 002 from respiration
decomposition as well as due to its removal by phot
The trend of variation of both pH and Alkalinity is
shown in Fig 3. As can be seen in Fig. %, an incre
Alkalinity did not result in a concomitant increase
This is probably due to the accumulation of dissolv
carbondioxide which tends to reduce the pH; Likewi
alkalinity value was found to coincide with high PH
is probably the result of the removal of 002 from w
aquatic plants. This removal increases the carbona

which hydrolyze to yield hydroxyl ions and raise th

{Boyd, 1979),

Chloride showed little seasonal variation (
As has bheen found for other African lakes {see Beac

Talling and Palling, 1965; Baxter and Golobitsch, 1
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sulphate concentrations were always low ({5 mg 1ﬂ1)
has been indicated by Talling and Talling (1965) th
estimation of sulphate by precipitation with barium
might have contributed to the low levels obssrved,

are, of course, certain African lakes like Lake Mak
Uganda (Melack and Kilham, 1972) and Lake Kitagata,
(Kilham, 1984) in which exceptionally high concentr

of sulphate were found (61000 and 62370 mey, 17 50,

Among the major mineral nutrients, silica i
relatively high concentrations (see Table 44), Thi
have resulted from either the relatively insignific
ribution which diatoms make to the phyftoplankton o
or from the dominance by qguartz of the rock at the
bottom (Mohr, 1962). Very high concentrations of s
weré also reported for Bishoftu crater lakes (Pross
1968) L, Nakuru, Kenya (Melack and Kilham,1974) and
Halawi (Moss, 1969b). Silica was found to change ¢
with the highest concentrations in December, 1983,

and November, 1984 (Fig. &),

Nitrate-nitrogen and nitrite-nitrogen are g
in Tropical African saline lakes (Hammer, 1981), L
concentrations of nitgate and nitrite were also rey
many other African=lakes (Talling and Talling, 1965

t al,, 1968; Amha Belay and Wood, 1982), Take Aws
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concentrations less than EOOfnjﬂdq is not an excent
Nitrate-nitrogen was found to show seasonal variati
peaks of concentrations in January, February and M:
(Fig, 4)., This is probably associated with evapore

ntrations since these months are relatively dry.

High concentrations of phosphéte are not ai
African lakes (Talling and Talling, 1965) cspeciall
lakes includiné those in Kenya (Nakuru and Magadij
and Kilham 1974) and in Ethiopia (Aranguadi and Chi
Concentrations as high as 500}*‘-;;1”1 of phosphate we
reported for Lakes Chammo and Abaya.(Amha Belay a:
1982}, But in Lake Awasa reanctive phosphate was al
than 5O)wj1“1. The low concentration of phosphate
water could be the result of luxury consumption by
(Mackreth, 1953%), Phosphate analysis was done wit}
For this analytical reason, it is also 1ikely that
has underestimated the concentration of phosphate :
Awasa., Phosphate showed seasonal variations, with
values during the relatively welt months (June.and i
The high levels of phosphate in these months could
result of phosphate loading of the lake through Tl
coming from the surrounding agriculiurnl lands dur:
precipitation.

The sensonal trends of silica, phosphate,
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(Fig.4) probably reflect various stages of runoff,
(precipitation), phytoplonkton uptake and evaporati

processes,

It is intersting to note that the concentrs
almost all mineral elements in the river that feede
lake, Tikur iha (Tavle, 5) is very low as compare
lake, It is likely that the swamp through which ti
flows ¢an act as nutrient filter with a consequent
in the salingty of the river. The higher salinity
lake isralso the expected result of evaporative cor
of a closed basin receiving inflows. It is, therefc
reasonable to assume that inflows coming through Ti

have a dilution effect on the lake watbter.

In the river, as in the lake, sodium is in

3

predominant anion. The anionic¢ dominance pattern f

concentrations than the other cations, and HCO is
sante order as in the lake, but the cation proportic
different with calcium being in excess of both pots

magnesium,

Chemical analyses of lake waters donot nece
indicate potentially limiting factors since the aqu
environment is a dynamic system in which chemical i
between the diversity of organismé and abiotic fact

taking place, It is not, therefore, wise to %alk o

P B T Y JU T TH IR DU DAL R N 1






B

4, Standing crop and photosynthesis of phytoplank

Lake Awasa

The phytoplankton of Lake Awasa includes m
of diatoms, greens and blue greens. The colonial

Botryococous was frequently seen at the lake surfa

streaks. The appeéarance of high concentrations of
at the surface mny not necessarily be the result o
growth, but of localized events resu}ting from the
effect of wind combined with its buoyant condition

fat production.

- "The seasonal trends of algnl crops iﬁ Lake
measured by chlorophyll a concentrations) in relat
inorganic nutrients is illustrated in Fig., 4. Lake
exhibited fairly high algal crbps for most of the
period. The low algal crops observed in November-
198%, and in April-May, 1984 built up in June and

1984, For the low algal crops observed in the fir
bmonths of the study period, the possible explanati
is that integrated samples taken for the first fou
are likely %o give lower values as compared to sur

in which a very high concentration of Botryococcus
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There was no pronounced variation in the a
from November, 1984 to March, 1985, Generally, th
algal crops observed seem to be the result of incr
concentration of phosphate as a result of runoff c¢
the lake during periods of precipitation (July-Sep
and of nitrate as a result of the evaporative conc
of lake water during the driest months (November-J

and months of the 'small rains' (February-March).

The high algal crops (as measured by chlor
concentrations) of Lake Awasa are many times highe:
those of lakes Langano and Shalla and are a little
that of Zwei and only half of Lake Abiata (Amha Be
1984), The algal crops of Lake Awasa are sipgnific
than those algal crops reported for Ethiopian soda
(225-300 mg chl a n"%) (Talling et al., 1973), Lak
Uganda (400 mg chl a m <) (Ganf, 197%a) and Lake |
Kenya (330 mg chl a mnﬁ) (Melack, 1976). The amou
chlorophyll in the euphotic Zoné is comparable fo
zone chlorophyll content of moét African lakes lis

Melack (1979a).

It is well established that considerable v
occurs in day-to~day productivity in lakes. The g
productivity picture, however, does emerge from mo

determinations with the degree of loss of precisio
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upon the ﬁagnitude of population oscillationg with
The measurement of primary production by p
in lake Awasa can be compared in o time sequence w
interpretation of the results of measurements ﬁade
relation to temporal changes of population density
chemical and physical aspects of the lake and its

Phe depth distribution of gross photosynth
3

unit water volume (A: mg 0, 0 2n 1) is given in fi
vertical dist~ibution of photosynthetic activity p
volume of water was of a typical pattern for phyto
(Talling, 1965a; Ganf, 1974a). The depth profiles
synthesis measured in the lake showed variations b

the maximum rate (Amaxg attained and in the extent

occupied by the euphotic zone. Because surface or
samples were used, the depth variations observed w
exXpression of varying phytoplankton densities but

responses of uniform algal material to different 1

intensities.

For meaosurements taken on bright sunny da&
a general ftendency in many profiles for the highes
rates to be at depths below the surface., The dept
preduction was, of course, dependent upon the lake

and amount of surface radiation. The depression o
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surface may be attributable to light inhibition (!
Nielsen, 1952, 1962; Ryther, 1956; Goldman et al,
and Kok, 1966 a,b; Soeder and Stengel, 1974) whic
in the inactivation of enzymes involved in photos
(Steemann-~Nielsen, 1952; Steemann-Nielsen and Jor
1962). Lower surface photosynthetic activity has
been observed by many workers {(Talling, 1957a; Go
Talling, 1965a, 1966a; Lewis, 1974 and Ganf and H
But it is intersting to note that on 14 December,
irradiance of 27 cal em™“n™" produced a 62% reduc
B ax &F the surface, whereas on 23 November, 1984
irradiance of 26,8 cal om “h” "' caused only a 22%

in B+ On Februvary 28 and March 22, 1985 an ir
of 27.09 cal i on” produced 67 and 50% reductioi
respectively. It is, therefore, safe to draw the
that the degree of surface depression of photosyn
in lake Awasa is not a function of only the incid

Similar trends were reported for Kinnego Bay by J

In some cases the gone of inhibition was
to only 25cm froﬁ the surface. In others, the zo
was deeper and was found to exfend as far as 1.5
from the lake surface, In the latter cases, the
inhibition constitutes a significant fraction of
genic zone, wilth a consequential reduction of the

photosynthetic activity per unit area,
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On the other hand, for measurements taken under c!
conditions with intensities less than 1500}!Em“25'
was no inhibition at the lake surface., In other
maximum photosynthetic activity took place at the

with gradual decline in oxygen production hecause

linear decrease in light intensity with increasing

For photosynthetic profiles with light in}
the surface, the depth of maximum production (Opt:
was frequently ab 1.00m‘corresponding to a light
(400~-700 nn) of 10 to 20% of the surface irradian

330ﬁﬂfm—25"1) ag measured by the underwater photor

From the relationship between the photosy:
expressed as a ¥ of the maximum rate of photosynti
and irradiance expressed as a % of the intensity :
the surface I (L00-700 nm), the light intensity |
the onset of 1light saturation (Ik, Palling, 1957a.
determined . The values obtained were between 8 |
sub-surface irradiance (hOO—?OO nm), The % range
to 1.2-3 cal om “h” with most values close to 2.
The incident irradiance (400-700 nm varied wit}

of 29,.3%-30,1 cal cmuzhﬂqapart from one lower valuc

om™h™ ") measured on a very cloudy day (Septembe:

The light saturated rates of photosynthes:

fairly high ranging from 217 to 425 mg0 mth"1, \

2
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about a twofold variation. These maximum rates ar
equivalent to a fixation of carbon amounting to 68
Bh""l

ng Cm if a photosynthetic guatient of 1.2 is

The maximum rates of photosynthesis (Amax)
Awasa are usually hipher than those reported for 1
Naivasha and Crescent Island Crater in Kenya (100-
50-180 wg 0, m"2n respectively) (Melack, 1979a).

7
highest maximal rates of photosynthesis {(mg 02 m -
Lake Oloidien and Winam Gulf (750 and 640 respecti

hevever, much greater than that of Lake Awasa (425

The highest and most efficient photosynthet
tropical soda lakes occur during the blooms of Sg
platensis (Hammer, 1981)., Very high, licht-satux
of phytoplankion photosynthesis have been reportec
Aranguadi and Kilole in HBthiopia (10000 and 3420 «
C m"Bh-1, respeotively) (Talling et al., 1973), fc
Mariut in Egynt (40000 mg C m-Eh"1) (Aleem and Sar

and Lake Simbi, Kenya (4300 mg C m“3h 1 ) Melack,

Several seasonal trends are indicated in Fi
Higher maximum rates of gross photosynthesis were
during periods of relatively high phosphate or nit
concentrations {(Fig., 4). It seems that there is o

stimulation of growth and photosynthetic activity
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of phytoplankton by nitrate alone or in combinatio
phosphorus, The limitation of algal growth in BEas
lakes and rivers has frequently been associated wi
as the comprehensive studies in the vivers of Nile
Talling, 1958; Talling and Rzoska, 1967), in Lake
(Palling, 1966a) and in Central African waters (Mo

suggest.

The maximum photosynthetic rates are not cc
{(r=~0,008) with the standing crop. But there is a
general tendency (Fig 7B) in A .. to increase with
in Biomass. Pentecost and Happey-Yood (1978) have
higher correlations (r= +0.450 and + 0.671) hetwee
(light~saturated) photosynthesis and chlorophyll c

for welsh lakes.

Higher photosynthetic rates in Kenya:freshv
found to occur with high chlorophyll concentration
1979al). But Talling et al, (1973) found relativel
saturated raFes of photosynthesis with high algal
mg chl a mnj) and the relatively low algal crop( i
chl a m™>) was found to yield the highest A in
Aranguadi, Likewise in Lake Awasa, relatively lov
were found to yield the highest maximum rates in I
198% and February, 1984, The observed maximum rat

be the result of high photosynthetic efficiency (f

{mg chl a) ) (Hammer, 1981).
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In all depth-profiles of photosynthesis in
at a certain devth below the optimal depth (depth
photosynthetic activity), the oxygen production f:
a point where it is Jjust equal to the amount consu
respiration and decowposition. This depth, known
compensation denth, was frecuently found between 2
meters. For souwe depth-profiles,the compensation
clearly located., This is probably due to fhe inad

spacing of the -depths of incubation. This depth
found to move uvward with decreases and downward v

in penetration of light and surface radiation.

The lower limit of the euphotic zone, as de
by the photosynthetic profiles was found %o some w
the corresponding limit of the euphotic zone deter

depth of 1% of the available sub-surface radiatic

Specific rates of photosynthesis ( }5 S

Fig 6) gave depth-profiles similar to those of pho

rates expressed per unit water volume. The specif

low at the surface for measurements taken on days
I

intensity. Tk~ photesynthetic e-“iciency pﬂ max =

(ng chl a) =3, Taple 6 ) for :.ake Awasa approa

with most values between 6 and 10 and with high va

during periods of low algal crops. High photosynt

efficiency with low algal crops were also reported
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Jnd

Kinneret in Israel (Berman and Pollinger, 1974)Afc
lakes (Pentecost and Happey-¥ood, 1978). High alg
values need not effect high photosyntﬁetic activii
1981)., BEvidence also exisis (Wrighﬁ, 1960; Finde:
CooPer-ﬂ97O) for an inverse relotionship betwean c

concentration and pholtosynthetic capacity.

The highest photosynthetic efficiency valuc
wg 0, {mg chl a) w1y are greater than those res
lakes Ziway (9.6) and Abiata (14.8) Amha Belay anc
1984) but are close to the values reported for Lal
Uganda {17-18) (Ganf and Horne, 1975) and other E:

lakes (25 + 6) (Palling, 1965a).

The estimation of net primary production is
importance since only the amount of carbon fixed
the respiratory requirements of phytoplankton is ¢
to higher trophic levels, The maximum net photos;
activity (Table 6 ) averaged 214,6 nmg O2 (66.95 mg

with a minimum of 130 mg 0, (40,56 mg C) R

maximum of 325 mg 02(101.4 mg C) non"

Calculation by planimetry of the area enclc
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depth profiles allows an estimate of the rwvareal p
activity. The values obtained planimetrically ar
in Table 6., Integral photosynthesis ranged from
=2, = ! -2 =1

0.73 g O, m "h " (0,094 to 0.226 g Cm "h” ). Th
seem to be more indicative of the maximum rates (
e Oamﬂah_’E ) (Fig 7B and 7C) of photosynthesis t
differing depths of the euphotic zone and the pos

variations in the specific rates of photosynthesi

saturation (5Xmax, see trble 6),

Talling (41957b) has shown that if the phot
algal population is evenly distributed and not ma

differentiated with depth, the ratio A / & . i
max Min

determinant of the integral photosynthesis per un
(ice $A in g 02 mﬂahdq), Fig 7C presents the gen
between the seasonal variations of these two quan

Since g.

vin tends to increase with the population

‘increase in B would be expcocted to result in a le
increase in the_ratio Amax/ %nin and hence in the
productivity (Talling, 1965a).. This divergence a
to Talling (1965a) is a seasonal expression of se
effects in the algal population. This feature ha
deseribed for algal populations in an English lak
Talling (1960b).

Integral photosynthesis showed some varint

variation seems to be dominated by the changes in
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the variation in population density (Fig 4B)

The seasonal variation of the photosynthet
radiation falling on the lake surface (Fig 74) is
apart from the unusually low record on a very clo
Its significance for integral nhotosynthesis is,
very nuch reduced by the effects which light satu

on the depth profiles of photosynthesis.

To make the data more comparable to many A
the hourly raotes were converted to daily rates by
used by Talling (1965a) for other Bast African la
emplirically derived factor of 0.9 was multiplied
of hours of sunlight and the poduct multiplied by
rate. The estimated values of integral photosynt
(1% 4, 8,0 n™?d™ 1) are listed in Table 6. The ca
values ranged from 3.3 to 7.8 g 0, (1.03 to 2.4 g
They are very close to those reported for Lake Na
Oloidien and crescent island creters in Kenya (Me
and are greater than those of Lake Zwel and Abiat

Belay and Wood, 1984).

2d-1) for lake Awasa cor

The value ( g Cm
with the highest values recorded for temperate

lakes (1 = 3 g Cn™2a” ") Talling, 1965a).
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Talling (1965a) estimated daily integral
(%:4) that ranged from 2.2-4.8 g 0, (0.8-1.8 gC)
for the swmall highland lakes of Bunyoni and HMule
intermediate values of 5.4-10.5 g O2 {(2-l gC) n”
most experiments in other lakes, to a few values
10.5-16 g O2 (a6 gC) n2a”7 from LakgaGeorge, B
Albert and offshore Victoria water. Helack (197
a daily integral close to 36 g 0, (11.3 gC) m~%q
Simbi in Kenyo.,

The efficiency of utilization of photosyn
available radiation by phytoplankton photosynthe
calculated on energy basis as in Lind (1979). T
values indicate that 1.7 to 2.9% of the photosyn
available radiation was utilized in gross photos
production. The very high efficiency of light u
corresponds to measurements taken on very cloudy
Similar resulis were found by Talling (1965a) fo
water of Lake Vicitoria. At low light intensity
be high efficiency of light utilization in the a
light saturation effects, because there is a pro

between light intensity and rate of photosynthes
Nielsen, 1957). Horeover, elimination of the re
inhibition would usually increase overall effici

(Tilzer et al., 1975).

High efficiencies appear to be characteri
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production with heavy plankton concentration (Mel
In dense phytoplankton suspensions, such as those
of African soda lakes, high efficiencies of light
are possible., This is because a larger proportio
insolation is absorbed by photosynthetic pigments
becauée surface inhibition and light limitation a
are reduced ner cell as the phytoplankion circula
steep gradients of light (Tilzer et al., 1975).
lake of Australia-Red Rock Tarn~light utilization
were found to be between 3 to 8% (Haummer, 1981).

The annual mean primary productivity in la

~2g (21.13% cal if an approximate equ

1.88 g &énm
of 3.5 k eal (g (52)“'l is assumed (Cole, 198%3). N
taken have shown that the values recorded vary to

T to 2,43 g C m

within the range of 1.03 g € m~Za
calculated annual productivity of the lake is 686
hectare. This value must be viewed as an approxi
because of the monthly interval of sampling and t

variation in porductivity within a wmonth and in 4

parts of the lake,

Helack (1979 b) recognized three patterns
variability of phyloplankton primary production i
lakes. The classification of tropical lakes into

patterns recopgnized was bhased on calculated coeff



variation (CV, standard deviation divided hy mean).
Accordingly, the monthly CV of Lake Awasa primary
was calculated. The calculated CV value of Lake Ay
puts it under pattern B with Lakes Naivasha (Melacl
and Nakuru {(Melack and Kilham, 1974) in Kenya ..and
coupling of nrimary production and biomass to the s
of the weather., Lake Awasa can be hest compared i«
freshwater, Lake Naivasha, fringed by papyrus swam)
papyrus swamps are believed to have a buffering ef:
acts of the seosonal rains and effect a regular nu

(Melack, 1979a).

According to Melack (1979a) the productivit;
of Lake MNaivasha i1ncreascd from June to September
remained constant., The overall pattern in take Na:

corresponded with the rate of change in the lake 1

Lake Awasa has an extensive littoral vegeta
extends as far as 100 meters towards.the centre of
littoral vegetation in combination with the swamp
which the Tikur Wuha river flows to the lake, may
a nubrient filter that reduces the amplitude of th
variation in pelagic phytoplankton photosynthesis,

The productivity ( g O2 mﬁah_ﬁ) of lake Awa

from November, 1483 to February, 1984 before decli
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a value in September. Near constancy in primary p
was observed from November, 1984 to March 1985, T
seem to be associated with the conditions of the d
wettest periods, In the former, the evaporative ¢
of lake water and in the latter an increased suppl
through runoff from the lake surroundings during p
of precipitation’ seem to be responsible for the hi
synthetic rates observed. Both have, of course, d

on the lake water level.

In lLake Elementeita, Kenya, the initiation
biological change (Melack, 1976; Livingstone and M
coincided with a period of rapid lake-level declin
evaporative concentration. Other lakes with a coi
of primary productivity and rain-induced lake leve
include Lake Chad (Lemoalle, 1975} and é fishw-pond

Ife, Nigeria (Imevbore et al., 1972).

There isg comparatively little variation in
variation reaching the lake surface. Thus the sea
of rainfall seceus to play a predominant role in de

the nutrient status, algal crop asnd primary produ

phytoplankton in Lake Awasa,



Conclusions and Recommendations

Though not pronounced, spatial (vertical) a
variations of phytoplonkion standing crop and pri
were observed, The vertical variations appear to
of variation in the underwater radiation which is
the lake's transparency and amount of surface rad
observed itemporal variations in phytoplankton sta
primary production seem to be controlled more by
than energy supply. The seasonality of rainfall
to play the predominant role in determining the n

and extent of algal growth and primary production

Various indices of the nutritional status o

plarkiqn progduction should be. included in order

an evidence for nitrogen or phosphorus limitation
tion of changes in primary production in response
enrichment as o direct measure of the limitation
plankton production is, therefore, desirable. Mo
our approach is broadened to include sediment che
the study will be of greater utility in explainin

nutrient limitation of phytoplankton primary prod

It is well known that considerablevariation
day-to-day productivity in lakes. The general pr
picture, however, does emerge from monthly detern

in order to get a better picture of the seasonal

P U T B T T T o
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