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Abstract

The surface water quality of the Okavango Delta has been investigated since 1989 in a
programme under the auspices of the Botswana Department of Water Affairs. These studies
have mainly focused on the ceniral section of the Delta, the Jao/Boro River with associated
swamp and floodplain areas. The chemical composition of water flowing out of the Delta is
different in many respects from its initial composition in the Okavango River. There is a
gradient of increasing concentration towards the outlet in all chemical constituents of the main
channels while spatial and temporal variations in the swamp areas are more complex, reflecting
the great heterogeneity of habitats within the swamps. While evaporation contributes to
concentration of all solutes, part of the changes can be attributed to biological processes. These
transformations which are more clearly defined for N, P, and C components, are related to
specific physical attributes of the sampled sites, such as vegetation cover and extent of flooding.
Whilst a seasonal pattern in variation of water chemistry is apparent, the data suggest that
modifying effects of the swamps on water chemistry are limited. River channels are mainly
oligotrophic habitats. Swamps and floodplains vary between oligotrophic and mesotrophic, and
isolated water bodies and outlet areas are clearly mesotrophic to eutrophic. The data further
suggest differential removal of solutes and a net ion accumulation in the system during the study
period. In general, channel waters, which flow considerably faster than the swamp waters, are
poor in most solutes and trace elements, and moderately richer in silica, dissolved organic
carbon, and organic nitrogen. Waters of the Delta’s outflow at Maun are of poor quality,
turbid, and affected by anthropogenic inputs. Total bacterial counts in the surface waters were
in the range 0.07 to 3.89 x 10° cells/l. Overall, phytoplankton concentrations were low in river
channels and only a few algal groups were recorded in this habitat. By contrast, phytoplankton
communities were well developed in swamp areas and isolated -water bodies. Preliminary
identification of the dominant zooplankton taxa showed that river channels in the upper Delta
were almost devoid of zooplankton while high densities were found in terminal areas of the
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Delta. A preliminary investigation of water chemistry and microbiota of the Kwando-Linyanti-
Chobe River suggest that these waters are slightly more acidic, and contain higher sulphate
concentrations than the Okavango River, :

Introduction

Increasing demands of human expansion and resources exploitation, aggravated by
prolonged droughts in the dry belt regions of Africa, will have ecological consequences in many
ecosystems. In Botswana, and in the region as a whole, water requirements will rise in the
foreseeable future, and this will necessarily increase the pressure on the few sustainable water
resources across the region. The Okavango Delta and the Kwando/Linyanti/Chobe River system
(hereinafter referred to as the "Linyanti”) are the country s major perennial surface water
sources (Fig 1). Because of their rich diversity of habitats and fauna, they belong to the world’s
most important wetland ecosystems. Due to its remoteness and the presence of tsetse fly
(Glossina morsitans), the Linyanti has, fortunately perhaps, been overshadowed by the
internationally better known Okavango Delta. Since historic times both systems have sustained
human populations for whom the generation of income from utilisation of these systems is
essential for their livelihood and continued existence. These systems are unique, not so much
because they are complex (all ecosystems are, depending on scales of observation) but rather
because they are still in a relatively undisturbed state. This creates an opportunity to define
reference levels of various environmental variables in relation to future changes.

Over the past decades much effort has been invested in studying the hydrology and
geomorphology of the Delta in an attempt to predict surface water outflows (for references on
the Okavango, see UNDP/FAOQ, 1977, Dinger e af, 1978, 1987, SMEC 1987, 1989, Shaw,
1988, Shaw and Thomas, 1992, McCarthy, 1992, IUCN, 1992). Much effort has also been
directed to mapping of vegetative cover and soils in order to delineate areas of particular
ecological value or risk of degradation. Considerably less is known of the Delta’s ecology,
hydrogeology, or hydrobiology. Information on the Linyanti is scarce. Apart from studies in
the late 1970s on the limnology of Lake Liambezi (Seaman ez al, 1978), which has been dry
ever since, and sporadic monitoring exercises on water levels and quality in conjunction with
the aquatic weeds control programme, little is known on the hydrology or hydrobiology of the
Linyanti.

Since the late 1980s a monitoring programme on surface water quality has been carried
out by the Botswana Department of Water Affairs (DWA) in collaboration with workers from
the University of Botswana and Lund University, Sweden. The programme mainly focused on
the central corridor of the Delta, the Jao/Boro River and adjacent swamp areas. From a water
management point of view, this system is the most relevant outlet at present and its study would
allow the assessment of chemical changes in water flowing through the Delta. In addition to
these natural processes, a variety of human activities may have an impact on downstream areas
(eg, zlong the Thamalakane and Boteti Rivers) and groundwaters.

It is generally perceived that use of water for households and small scale agriculture by
commuynities in the Panhandle, the Deita, and along the fringes of the Linyanti, would have little
impact on water quality. Possible effects would mainly arise from large scale water abstraction,
transfer and mixing of waters of different hydrobiological composition, or return of waters
enriched in agrochemicals or nutrients from commercial farming activities. In the first case, it
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is believed that water abstraction, apart from reduction of the flooded areas, and outflows, would
net have noticeable effects on water quality. This may not be the case, because wetland
functions are almost exclusively regulated by microbiota and flowing water is of importance in
providing microbial access to dissolved organic matter and nutrients, which will be transformed,
stored, and exported. Moreover, processes leading to soil desiccation would occur in some areas
as well as increased surficial salt accumulation. With respect to transfer of water, possible
impacts would be related to changes of salinity, transfer of organisms leading to shifts in algal,
invertebrate, or fish populations, or increase in the transmission of waterborne parasitic diseases.
As concerns the third aspect, ie, the introduction of exogeneous chemicals or high nutrient loads,
the negative impact of insecticides on biota is well known whereas the capacity of the systems
to retain or export nutrients depends upon a variety of factors. It is not possible therefore, to
generalise from examples available in the literature to the Okavango or Linyanti. However, the
study of nutrient dynamics over several years and comparison with stdies in similar wetland
systems, may provide some indication of possible effects.

Less frequently recognised are impacts resulting from increasing use of boats and vehicles
in the Delta. Both study areas lie in areas of medium seil degradation and wind erosion severity
(UNEP, 1992). Physical effects like soil erosion or destruction of submerged aquatics are
probably easy to detect. Discrete or diffuse chemical inputs, such as release of fuel by outboard
engines, soluble gaseous hydrocarbons, or fuel additives (eg, tetracthyl lead) will necessarily
affect water quality, but it is difficult in many instances to demonstrate causal relationships. It
can be argued though, that high water temperatures would be conducive to a rapid loss of
volatile organics from surface water. These compounds, however, may induce formation of
microbial bicfilms, complex to humics, or absorb onto suspended particles and that might
explain why floating oily patches were observed in nearly all surveys.

Aithough some of the work has been published elsewhere, it was felt opportune to
attempt to synthesise the available information on water chemistry and microbiota. The specific
objectives were to describe the natural variation of the water quality in the Delta and thus outline
a preliminary working scheme, based on which simple conceptual and hydrochemical models can
be developed. .

Given the great heterogeneity of the stdy areas and the different time scales on which
ecological processes operate, it is noted that neither the temporal nor the spatial scales used in
this study are satisfactory. For example, the residence time of the waters of the Jao/Boro system
can be estimated as 7 years. In addition, drought cycles in the region recur approximately every
decade. This means that a sampling series with a period of at least twenty years would ideally
be required to detect average conditions or long-term trends. It would, however, have been
extremely costly to have increased the resolution or frequency of the observations. The small
fraction reported here may or may not be representative of key hydrobiological processes and
therefore this record cannot easily be extended to other hydrological conditions. The above
constraints notwithstanding, it is believed that an understanding of cause-effects relationships is
a prerequisite for good management and that major processes influencing surface water
chemistry can be outlined from the available data. Moreover, suggestions for supplementary
studies can be made.

While the analysis in this report is centred on observed variables, it is acknowledged that
latent, unobservable, or simply unavailable information {eg, aperiodic events such as fires and
storms, or impacts on biogeochemical cycles brought about by animals) are likely to play equally
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important roles in the Interpretation of factors affecting water quality. Reporting of the data was
organised along geographical criteria. One set of data considers the Jao/Boro system including
observations from Seronga (Fig 1), in the Okavango River, upper Jao, upper Ngoqga, to the
lower Boro at its junction with the Thamalakane. These datz also include observations at
Xakanaxa lediba (lagoon), Maxegane pools, and Khwai outflow at Bodiyo (North gate), A
second set of data includes the Linyanti along the Botswana margin of the river from upstream
of James Camp in the Kwando to Kasane in the Chobe River, as studied on two occasions. In
addition, this report includes data on microbiota of Lake Ngami as studied on one occasion after
the lake had received some freshwater inflow from the Delta.

Study Areas and Sample Collection

The Jao/Boro River system

Water samples were collected along the Jao/Boro River from a network of 67 to 77 sites,
located in 10 transects across the main channel (Fig 2b). Flooding zonation and flood
progression in the Delta are illustrated in Figures 2a and 3 respectively. Transect locations, co-
ordinates, and major habitat features are given in Table 1. Water samples were collected at or
below the surface (0.1-0.2 m). In locations with sufficient water depth, eg, in some lagoons and
in the Okavango and Ngoga Rivers, vertical profiles were also obtained. Specific conduction,
water temperature, dissolved oxygen content and pH were measured in sitw. Phyto-,
zooplankton, and bacterial numbers were determined using standard limnological and
microbiological techniques. Details of sampling, sample preservation, and analytical methods
are given in Sawula et al (1992) and Cronberg er al ( 1995). Pore water was obtained from three
sets of 9 mini-piezometers installed about 0.3 and 0.5-0.7m below the river bed. They were
placed at three locations in the upper Delta in the edge of the papyrus mat: a channel near
Tichira lediba (mostly coarse sand substratum), Moshupatsila (coarse sand with small amounts
of silt), and at Jao cross-link inflow near Khwihum (sand, silt, and traces of clay). The
piezometers consisted of 50 ml conical glass collectors with a sintered glass filter at the base of
the collector connected to PVC tubing. The samples were obtained by suction with a syringe.
Pooled samples from each site and depth were used for chemical analysis. A few seepage rate
measurements at locations in the lower Boro and Tichira were also made using a technique
described by Isiorho (1987). The seepage metres were placed on river beds at depths of about
0.5 0 1.0 m below the water surface.

The Kwando/Linyanti/Chobe River

Ten surface water samples were collected on two occasions along the Kwando and
Linyanii Rivers, 20 km upstream of James camp to Shaile, during October and November 1992
(Fig 4). In addition, fifteen samples were collected in each of two occasions (March and
November 1992) at Ngoma bridge and in locations along the Chobe River from Chobe Game
Lodge to Kasane. Shaded areas in the figure correspond to areas with various depths of
flooding. Both the Makwegana and Savuti channels were dry at the time of the surveys. In
addition, the course of the main channel between Horseshoe Bend and James camp had been
altered due to blockage by vegetation and anastomosis. Sampling and analytical protocols were
as for the Okavango Delta.
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Results and Discussion

The Jao/Boro River system
Temporal and spatial variability of physicochemical variables in surface waters

The Okavango Delta exhibits a variety of landscapes and habitats, and has commorly
been characterised as a mosaic-type patiern wetland, with changing aquatic, semi-aquatic, and
terrestrial habitats in a range of temporal scales. This pattern, which is influenced by climate,
geology and hydrology, adds to the problems of analysing the system’s environmental data.
Large spatial heterogeneity and temporal fluctuations of surface inflow and precipitation, result
in high variability in most environmental factors. Table 2 shows the available data, sampling
date, and type of sampled locations. Approximately half the number of samples was obtained
in the Panhandle and perennial swamps and the remainder in seasonal swamp areas. All major
physico-chemical constituents exhibited a wide range of values (Table 3), spanning over four
orders of magnitude in a few variables. The coefficients of variation (CV) varied between 5.7%
(pH) to over 300% for chlorophyll a concentration. The exceptionally high CV of turbidity
resulted from a few large values: omitting these outliers reduced the CV to about 135%. In
general, solutes which are controlled by physical and chemical processes such as chloride or base
cations, exhibited a CV between 55 to 85% while solutes controlled by biological processes, had
a CV between 100 and 210%. The probability distribution of the data is typically positively
skewed: more than half of the data fall below the mean value for most variables. Consequently
arithmetic means are not the most suitable parametres with which to describe the characteristics
of such data. Median values and frequency distributions are probably betier measures of the
water chemistry.

With the spatial scale of this study, each sampling point was assumed to be representative
of an area of approximately 35 km?. This low resolution resulted in most locations having a
variety of sub-environments. At this scale, only a few sites could be considered to represent a
homogeneous space unit (or ecotone in the designation of Risser, 1990) such as some Jreas
within the papyrus swamps or in the seasonally flooded grassland. The chemical water
characteristics were therefore the end result of an array of processes, some linked to the
particular environment, but all influenced by hydrological conditions at the specific locations.

The data were divided into large spatial units, each including a variety of habitats. Thus
river channels and swamps constituted two such units (habitats 1 and 2, respectively) while
separation into perennial and seasonal swamps {habitats 3 and 4, respectively) provided
additional categories. The four habitats overlap and intercept each other to a certain extent, of
course, and a sharp distinction cannot be made between them. For example, river channels in
the upper Delta have different characteristics from channels in seasonal swamp areas. While the
former are largely bordered by pervasive reed or papyrus stands and elevated above surrounding
areas, the latter are incised channels in some reaches. A further example would be that some
areas in the periphery of the perennial swamps have a vegetation cover similar to that of the
seasonal swamp areas, but those areas were nevertheless included in the perennial swamp habitat
type. Despite these limitations, the subdivision into four major habitats has been used here in
an attempt to explain the chemical modification of swamp and channel waters.

Estimated average concentrations of major physico-chemical variables by habitat type are
shown in Table 4. Differences in water composition between habitats were tested using a
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median test for 27 variables (Table 5). For this exercise, the data were aggregated in two
groups: group 1 compares habitats 1 and 2, and group 2, habitats 3 and 4. The test identified
major differences in water chemistry between the two groups. For example, while it is apparent
that there was no difference in median values of total N (TN) or total P (TP) between rivers and
swamp areas, there was a significant difference in distribution of these variables in perennial and
seasonal swamps. A further example would be the alkalinity (as bicarbonate), where little

Conversely, the distribution of SiQ, or SO,* was practically independent of the habitat type. The
data indicate, therefore, that river chemistry was coupled with processes in the swamps and
floodplains, while most of the chemical differences within the system could be attributed to
differences between the perennial and seasonal swaimp areas,

Temporal variations are shown in Fig 5 in box plots, each representing the data between
the first and third quartiles, bisected by a line at the value of the median. The figure shows a
clear seasonal pattern, associated with annual inflow to the Delia, despite the gaps in the data.
The variance of the data depends on a number of factors. While surface water temperature is
obviously coupled with the climatological cycle, other variables such as TN or turbidity are
strongly associated with flowing water, whereas others, eg, chlorophyll g concentration, are
weakly dependent on season.

The seasonal variability of composition seems to reveal both the behaviour of the entire
system as well as differences in factors regulating water chemistry. Although there appears a
concordant seasonal variation in chemical composition during the surveys, some differences were
clearly there. For example, the concentration of Si0; (excluding the April 1990 survey which
was based on only a few values) seemed to be fairly constant despite a slight dilution at high
water levels. This may suggest regulating mechanisms for silicon of either chemical or
biochemical origin, through precipitation-dissolution cycles and/or microbial and algal uptake
processes. Likewise, algal biomass, whether it was expressed as freshweight/volume or
chlarophyll a concentration, seemed more strongly dependent on the habitat type than on the date
of surveying (Tables 4 and 5). All outliers in the normal distribution of chlorophyli a
concentration corresponded to values observed in sites with stagnant or semi-stagnant water
which suggest that physical factors, such as water flow velocity may play a greater role in
controlling algal abundance than, for example, light or nutrient availability.

A pattern of change of major abiotic variables over a seasonal cycle can be obtained
through normalization, interpolation and smoothing of available data (Fig 6). To normalize the
data the ratio was taken of the observed vaiues to the mean value at Sepopa/Seronga. It should
be noted that the figure represents the variation observed in a rather crude spatial scale obtained
by roughly dissecting the Delta into two halves (at site Xo0-9), corresponding to the perennial and
seasonal swamps. Higher resolution to take into account the variation in individual sites would
result in small differences in the chemical component behaviour (see below), without changing
the general pattern. Although the figure is only intended as a qualitative illustration of the
seasonal variability of the whole system, it nevertheless shows important differences in behaviour
of nutrient concentrations.

The distribution of major abiotic variables across the study area is shown in Fig 7. The
numbers 1 to 12 on the vertical axis represent the transects across the Jao/Boro River (Table 1,
Fig 2a). The figure shows the values of selected physico-chemical variables observed along the

156



Botswana Notes and Records, Vol 27

Jao/Boro River and their range in the swamp areas. The perennial swamps, which roughly
cotrespond to tramsects 1 to 4, are indicated as shaded fields, while seasonal swamp areas are
shown as lightly shaded areas. The hydrograph at Mohembo and the total discharge in the six
months preceding the date of sampling are shown in the top row of Fig 7, to illustrate the
influence of hydrology on the distribution of the physico-chemical variables,. The second row
in the figure shows the distribution of §"*0 (*/,, SMOW) and the approximate hydrological status
at the time of sampling. Enrichment of §'°0 in surface water can provide an indication of total
evaporation and transport efficiency of the various distributary systems within the Delta. Inflow
5120 values at Mohembo-Shakawe in the Okavango River range from -4.9 to -3.9 */,,, with a
typical value of 4.0 °/,, (Dinger er al, 1978), while the range observed at Duba Island, in the
study period, was -3.36 to -2.45 °/,,. This indicates that significant evaporative losses are
already taking place as the flood waters move down the upper Delta. With few exceptions, less
enrichment was found in waters of the Jao/Boro River than in swamnp waters. The same trend
also appeared in the distribution of total ionic content, as characterized by specific conductance.

As noted above, the concentrations of all chemical constituents showed considerable
variation along transversal gradients, but less along the main axis of the Delta. This general
pattern was affected by the amount of inflow water. Particulate fractions of N and P constituted
approximately 85 and 76% of the total amount of N and P components, respectively. The
concentration of this fraction increased at the onset of flooding (Fig 6) to decrease as the flood
progressed, partly by loss from deposition and partly by dilution. Total N concentration (mostly
in reduced form as organic nitrogen) increased in the expanding flow phase, both in the
perennial and seasonal swamp areas, and decreased subsequently at high water, to increase again
in the stagnation period. Nitrate and ammonium showed similar increase in the expanding phase
but concentrations were observed to reach a maximum prior to the high water stage and then to
decrease by dilution as the Delta attained its highest water level. The nitrate concentration
almost doubled as compared to that in the stagnation period while ammonium concentrations
increased only slightly.

There were, however, differences in the pattern of nitrate and ammonjum concentrations
in specific locations in the seasonal swamps and in locations at the northeastern end of the Duba
Island and Madinare transects. In general, sites which had lost all water during the drawdown
period, for example the outer edges of transects downstream of Xo flats, showed higher nitrate
concentrations upon return of new flood waters than those in locations which had remained
inundated during the low water period. The former locations appear to be in microtopographic
highs, sufficiently elevated to promote nitrification, whereas the latter sites maintained anaerobic
conditions under which denitrification processes prevailed. Higher ammonium and lower nitrate
concentrations therefore prevailed in these sites.

Total P concentration was practically unchanged in the perennial swamps but attained its
highest level in the stagnation period in the lower Delta and then decreased by dilution with
fiood waters. Lower concentration gradients were observed for $i0,. Dissolved oxygen values
were more erratically distributed during base fiow or stagnation period. At high water, oxygen
saturation in the river channels was 80-120% but much lower values were observed in the
swamp areas. The new flood waters, which were normally well aerated and more oxygenated
than the residual waters, also removed organic matter trapped in the reed swamps. This organic
load in renewed suspension resulted in increasing oxygen demand, further depressing the
concentration of dissolved oxygen in the swamp waters. In the receding phase and stagnation
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period, daytime dissolved oxygen concentration was usually below saturation in seasonal swamp
areas and in the river channel at the Delta outlet. Dissolved oxygen concentration could,
however, attain values well above saturation in some densely vegetated sites within the swamps
and in water below floating vegetation cover. Like oxygen, suspended sediments also showed
erratic distributions. In general, lower turbidity was observed in river channel than in swamp
areas. High values were consistently observed at Boro junction probably due to mixing with the
more turbid waters of the Thamalakane River.

It appears from the distribution of SC or CI, and to a lesser degree HCO, (Fig 7) that
waters in swamp areas located between transects 4 and 5 (which correspond to the transition
between perennial and seasonal swamps), showed a higher degree of horizontal mixing than that
in other transects. Salt content in Jao/Boro River waters at Xo-site-9/Xo flats was often lower
or the same as that in upstream locations of the channel which suggests that fresher water was
transported more rapidly through the Xo-flats than through the Jao/Boro River. This is
illustrated in Fig 8 which shows contour plots for specific conductance, chloride and 50 at high
water (July 1992). Lower water transfer seemed to occur in areas between the main channel and
Chief “s Island and in the seasonal swamps.

The scale-dependent physico-chemical patiern can be summarized in a diagram as
illustrated in Fig 9. Total variability, ic, temporal plus spatial variability, was estimated from
the frequency distribution of all measurements while temporal variability was evaluated from the
frequency distribution in four surveys (November 1991 to October 1992). The latter measure
was estimated as the difference between the 75% percentile of the observations corresponding
to largest and lowest median values, divided by the mean value of the medians. In terms of the
18 physico-chemical variables, considered in the analysis, turbidity exhibited far greater ternporal
variability while the pH showed little spatial or temporal variation. As anticipated, chlorophyll
a concentration exhibited the largest spatial variability. Algal abundance was strongly dependent
on the habitat type: river channels were practically devoid of algae while stagnant waters
exhibited up to 45 mg/! as freshweight algal biomass. Among the nutrients, total variability in
nitrate- and ammonium-N concentrations was high, with a strong spatial contribution. These
components, as well as SO,*, are controlled by biochemical and redox reactions and their
concentrations are thus strongly dependent on water depth and flooding stage.

Relationship of solutes with discharge

The influence of Delta inflow on the variables is illustrated in Table 6 with data from two
surveys. At these dates Delta waters reflected similar conditions: base flow in the upper Delta
and receding waters in the lower Delta. The total inflow at Mohembo in the 365 days preceding
the dates of sampling were 6.99 and 9.37 x 10° m* in Nov 1991 and Oct 1992, respectively.
The short-term data obtained in the two surveys are insufficient to assess the impact of water
budget changes on the variables but may provide some information on the relative importance
of inflow volume on transpott of major chemical constituents.

Total N and total P concentrations in the November 1991 survey should be regarded as
estimates since they were based on only a few samples on. Concentration of major ions either
varied inversely with the amount of inflow water or was unaffécted. The exception to this trend
was the concentration of Mg?* which seemed to increase with discharge suggesting a purging
effect of this constituent, by removal and dissolution of precipitated magnesium salts. A purging
effect was also observed in suspended sediments as measured by turbidity. This parameter
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includes both inorganic constituents and biological material in suspension, such as algal cells and
detrital material. A dilution effect was observed for TN and NH,*-N concenirations whereas
TP and NOy-N concenirations were probably conserved in relation to increased discharge.
The influence of discharge on major ion concentration (as specific conductance) is
illustrated in Fig 10. In the Panhandle and upper Delta, total ionic concentration increased with
discharge at low discharges (flushing or purging effect) but was inversely proportional to
discharge as the discharge increased (dilution effect), with a threshold value at about 300 m’s*.
This pattern was progressively offset in a downstream direction. The range of solute
concentrations at the Panhandle and inlet of the Delta and at outlet areas is shown in Fig 11.
A ratio of about 3:1 between the total ionic content at the outlet to that of the inlet provides a
guide to the effect of modification of the chemical composition as the waters move downstream.
Lower ratios were found for 8iQ,, DOC, Mg and TP concentrations, while the ratic of
concentrations of N-components was more variable but still with a mean value of about 3:1.
With the data collected in the surveys it seems that the response of individual solute
concentrations to discharge has a strong spatial component. A simple power function would
therefore oversimplify solute response to changing flow conditions. Furthermore, it must be
stressed that interpretation of ionic content variation with inflow is not as straightforward as it
might appear. For example, comparison with earlier data from the 1970s and the 1980s may
suggest that ionic content (SC) would not only depend on the discharge at the time of
observation but also on antecedent condittons with unknown time span. This is important
because it indicates that long-term hydrological records are not only crucial in the prediction of
outflows but are also necessary to interpret and forecast hydrochemical and ecological changes.

Chemical modification of inflow waters

Discussion of pathways and processes affecting chemical composition of Delta surface
waters requires extrapolations and simplifying assumptions. These are necessary because key
information is either not available or insufficient to substantiate conclusions unequivocally. For
example, while continuous unidirectional transport of soluble materials induced by the seasonal
pulse of inflow water from the Okavango River is a major feature of the Delta, rainfall inputs,
especially of transition metals and some components of N and S loads, are not negligible but
cannot be quantified at present. A further example would be the transformation of chemical
constituents in sediments resulting from processes governed by aquatic vegetation, processes of
immense importance in wetlands for which little direct inforrnation is available. Although the
effect of these individual processes cannot be assessed with the available data, it seems possible
to evaluate the combined effect of all non-conservative processes on water quality at the
outflows.

Surface water inflow from the Okavango River provides the main input route of chemical
constituents into the Delta. The inflow is essentially a dilute bicarbonate and SiO, solution, very
low in chloride, sulphate, and nutrients. The ionic load is then increased from passage through
the swamps and from internal runoff in the seasonal swamp areas. Further contribution to the
jonic load is brought about by atmospheric precipitation. Although these processes are
imperfectly known, the few data available support the suggestion that bulk precipitation inputs
of S, nutrients, and the majority of minor elements are 1 to about 5 times larger than surface
input via the Okavango River.
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The Delta lies in 2 region of anticyclonic atmospheric circulation and may therefore
receive particulate fallout emitted from industrial areas in South Africa, Zimbabwe and NE
Botswana. The importance of rainfall input to the chemical load in the Delta can indirectly be
appreciated from published precipitation chemistry data for the region (Table 7). Although it
is not possible to ascertain the sources of the elements, the data suggest non-marine atmospheric
contributions of Ca, Na, K, Mn, Fe, S, Sr, and most trace metals. Most of these probably have
their origin as washout from dust, whereas S and trace metals originate mainly from
anthropegenic activities. A note of caution is needed here. Most of the industrial emissions
with potential impact on the Delta occurred in the last 2 to 3 decades which is a short time
period to detect statistically consistent changes in water quality. Unfortunately there are no
historic data with which to compare present findings and earlier data from the 1970s are too few
to be useful.

Sediment deposition improves water quality by decreasing turbidity and immobilising
nutrients and metals. Both physical and chemical precipitation have been documented
(McCarthy and Meicalfe, 1990, McCarthy ef al, 1991a,b, Sawula and Martins, 1991), whereas
solute transport to the deeper groundwater has recently been discussed by McCarthy and Ellery
(1994, 1995) and Gieske (1995). A brief account of the chemical composition of suspended Ioad
(particulates, or colleidal particles in suspension) in Delta water is given here. Water samples
were split into a mumber of analytical fractions for separate analysis. The first fraction was
obtained by filtering the water through a (.45 um membrane filter whereas the second fraction
consisted of the "raw” unfiltered water sample. The third fraction contained the particulates
ranging in size from 0.45 to about 30 pm, which remained behind on the membrane filter and
which were redissolved, acidified and analysed by AAS. The fourth fraction was obtained by
adding strong acids to the original water sample. Analysis of this last fraction will in principle
give the total concentration of the elements in the sample, ie, not only the amounts dissolved
in water, but also those adsorbed to sand and clays, and contained in detritus and biological
material. It should be noted at this stage that analytical procedures may influence the outcome
of the chemical analysis, as discussed by McFarlane (1991) and McFarlane and Bowden (1992)
(see also the discussion on aluminum in the section on water quality criteria). Results given here
should be considered preliminary and are subject to further investigation.

Figures 12a and b show, on a logarithmic scale, the ratios of element concentrations in
fractions two, three and four to that in fraction one. Little difference was found between the
concentrations of Ca, Mg, Na, K, Si, and § in fractions 1 and 2 (Fig 12a) which indicates that
these components were mostly present in a "dissolved" form or particulates of less than 0.45 pm
(see Danielsson, 1982). No difference was found for CI' either (not shown in Fig 12).
Transport of Fe, Mn, and Al seems to take place mainly by particulate matter suspended in the
water (Fig 12b). This fraction accounted for about 70 to 75% of the transport of Fe and Al, and
for about 50 % of that of Mn. In contrast, particulates accounted for only 15 to 25% of the
transport of heavy metals.

It is clear from Fig 12 that concentrations of all elements in fraction 3 are higher than in
fraction 1 which seems to indicate that most of the element transport in Delta water takes place
through particulate matter - of biological or inorganic nature - greater than 0.45 um and oot in
"dissolved” form.

Significant differences were found between the concentrations in fractions one and four. The
concentration of Ca, Mg, Si, K, and Na in fraction four was 2.0 to 3.4 times that of the filtered
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fraction which may indicate that considerable amounts of these elements were adsorbed to or
enclosed by particulates. Similarly, the amounts of Fe, Mn, Al, and heavy metals incorporated
in particulate matter were found up to two orders of magnitude higher than that in filtered
samples. Lower total amounts of Mn were found in the particulate fraction compared with Fe
or Al. Since Si is not elevated in comparable fashion to the Al, this indicates that the Al is
disassociated from the Si, that is, it is not simply in clay form. This is consistent with the
findings of McFarlane (1991).

Nutrients (P, N and 8) appear largely to be transported in the system as particulate
matter. The large difference in concentration between TN and the filtered fractions of this
element (Fig 12a), and between TP and soluble P (niear or below detection} suggests that the
detrital fraction contains the bulk of nutrients. Sulphur concentrations were also over two times
higher in particulate material than in solution, probably because of surface adsorption of
sulphate. The detrital fraction, deposited as sludge, appears to play a central role in nutrient
storage and cycling. The sediment load carried by the Okavango River, mostly as bed load, is
deposited in the upper Delta (McCarthy er al, 1991a) and little is transported downstream.

Sediment/water boundary interfaces are important loci of biogeochemical transformations
in wetlands. These transformations are predominantly governed by micro-organisms but also
controlled by the physico-chemical characteristics of water environment such as pH, redox and
oxygen status, and availability of carbon compounds. Possible transformations of nutrients at
these interfaces can be inferred from conceniration profiles of N, and P components in pore
waters, as illustrated in Fig 13. Although the profiles were generated from pooled samples
{March and November, 1992) at three sites with different sediment composition, the
concentration trends were consistent in individual profiles. The profile data cannot, however,
be used in the evaluation of nutrient diffusive flux or residence times in sediments, since the
distribution in the uppermost layers (indicated by question marks in Fig 13) could not be
determined due to technical difficulties. Seepage rate values are shown in Table 8. It is difficult
to assess the accuracy of the seepage data since no independent measurements were made. The
data are too few for any definite conclusions and serve only as an illustration of the complex
water cycle dynamics in the Delta.

Pore water pH and SC values were undistinguishable from those in the overlying water.
The concentration of both TN and NH,*-N increased with depth in the profile. They were, at
-0.6 m, on average about two times higher than the concentration in overlying water. In
contrast, NO;-N concentration decreased with depth and was near or below detection at -0.3 m.
Total P concentration in pore water increased initially with depth and at -0.3 m it was about 1.3
times higher than that in the overlying water, to decrease at -0.6 m to almost undetectable
concentrations. The concentration of DOC in pore water was unknown. However, the
concentration pattern of ammonium and nitrate suggests reducing conditions in the profile which
implies that only a small proportion of DOC has been oxidised. Pore water DOC concentration
in the upper layers can therefore be assumed to be at least equal to that in the surface water (7
to 10 mg C/1).

Phosphorus, a more persistent element in wetlands compared with N, also seems to
accumulate in the upper layers of the sediments but its concentration declined rapidly with depth
suggesting that P was efficiently recycled - a trend often observed in systems where P may limit
the productivity (Bowden, 1984, Walbridge ef al, 1991). It seems likely that P was incorporated
as organic P associated with detritus in the upper sediment layers. Part of this P would
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eventually be released as a result of the instability of C-O-P bonds. The relative availability of
the different P pools as well as the factors regulating release and retention of P are practically
unknown and need further investigation.

Deposition of detritus in swamp areas will consume dissolved oxygen and will
consequently decrease oxygen concentration in the water column. This situation has been
observed in sites in the seasonal swamps, in deeper lagoons in the upper Delta and in Seronga
lagoons in the Okavango River where the oxygen concentration in bottom layers was below 1
mg/l. The water column in these lagoons showed a slightly unstable stratification which suggests
near anoxic conditions and little mixing of the water column. This stratification is probably
destroyed during the night which may add a diurnal period to fluctuations of some biotic and
abiotic variables. River channels were, in general, well oxygenated. An example of anoxic and
reducing conditions in shallow waters was the Tichira lagoon, which is about 1 m deep and
exhibits extensive sediment accumulation. Sulphate concentration in the water was below
detection limit and hydrogen sulphide was easily detected by smell. However, in apparently
similar areas with substantial organic accumulation, H,S could not be detected which may
suggest that both microbial reduction and adsorption or incorporation in organic matter are
important mechanisms for sulphate depletion and organic matter may therefore be a potential
sink for sulphur.

Incorporation into biomass and decomposition of particulate organic matter are major
controls of water quality. Nutrients released upon senescence of living tissue are, in general,
rapidly recycled by microbiota and relatively small amounts N and P leave the system. A
characteristic feature of natural wetlands is retentive and cycling capacity of nutrients and
exports of dissolved organic matter under average hydrological conditions. This also seems to
be the case in the Okavango Delta. Approximate input-output solute mass budgets of the
Jao/Boro system suggest high turnover rates of inorganic N and TP, and less so of dissolved
organic carbon and organic N. Much of the dissolved organic matter in freshwaters emanates
from organic products of plant origin. Except from studies of major ion uptake and release in
peat areas of the Nqoga-Maunachira system (McCarthy et al, 1989), little is known of the
processes controlling incorporation or release of N, P, and C components in various biomass
"compartments" or of standing stocks of elements and nutrients.

Most dissolved organic carbon in the Delta’s water is in the form of humic and fulvic
acid-like substances. This fraction, characterised on the basis of retention onto resin columns
(Leenheer, 1981, Thurman and Malcolm, 1981), accounted for about 77.6 to 82.8 % (9-10.5
mg C/1) of the DOC load, the remainder were hydrophilic bases and acids, and neutrals. During
decomposition, labile compounds are degraded much faster than humic and fulvic acid-like
compounds resulting in net accumulation of the more refractory carbon. The proportion of
humics increased downstream which indicates a continuous input from the swamp areas but
which may also indicate that only the fraction more resistant to degradation remains to be
transported to the Delta outlet. Complexation to high molecular weight DOC compounds or
sorption onto particulate organic matter may be of overriding importance in processes involving
N and P cycles in peat areas. These areas consist mainly of macrophyte detritus, in various
degrees of degradation and consolidation, and they are rich in lignin derivatives of which humic
substances seem to be a major component. Neither the origin of the different DOC components
nor the relative importance of the various DOC source(s) are known at present. Source
contribution cannot be specified with the available data. Chemical structure determination of
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Bacteria assemblages and plankion communities

Bacterial abundance, as total bacterial numbers (TBN), averaged 0.94 (+0.16) x 1¢°
cells/l, with a range of 0.07 to 3.98 x 10° cells/l (n = 56). Bacterial abundance in river
channels did not significantly differ from that in swamps, lagoons, or floodplains. Although the
data were biased towards the upper regions of the Delta it seems that there were no significant
differences in TBN between the perennial and seasonal swamps but intersite variation was
considerable. Viable counts were about 1/3 of the TBN values. Viable counts averaged 0.32
{+£0.34) x 10° CFU/1, with a range between 0.002 and 1.0 x 10° CFU/I.. Characterisation of
46 water samples showed that the majority of the strains isolated were Gram-positive aerobic
rods. Gram-negative bacteria were dominant in only 7 samples. Identification of the bacterial
strains is shown in Table 9. Identification of the Gram-positive species Arcanobacterium
haemolyticum, Bacillus insolitus, Corybacterium jeikeium, Curtobacterium citreum, Micrococcus
luteus, and Streptococcus sobrinus as well as the Gram-negative species Brucella abortus,
Kingella kingae and Moraxella atlantae was based on a few positive tests and less confidence
can, therefore, be put in their identification.

Gram-negative bacteria of public health interest are listed in Table 9. The identification
system used was able to identify 15 strains to the species level (12 species), 2 strains to the
genns level (1 genus), while 6 strains could not be identified. Seven of the identified strains
(Enterobacter spp., Enterobacter agglomerans, Erwinia chrysantemii, Plesiomonas shigelloides,
and Serratia marcescens) belong to Enterobacteriaceae while the remainder strains belong to the
genera Aeromonas, Alcaligenes, Pseudomonas, Shewanella, and Xanthomonas. Enterobacter,
Erwinia, and Serratia have frequently been isolated from a variety of environments. Mesophilic
bacteria within the Entercbacteriacea family are common inhabitants of the intestinal tract of
animals, including man, and some are pathogens or opportunistic pathogens. Three strains were
identified as Plesiomonas shigelloides, which is frequently isolated from a variety of
environments but is also considered as an enteric pathogen. Enterobacter is also regarded as
opportunistic pathogen while Erwinia is a plant associated and sometimes plant pathogen. The
genus Aeromonas cousists of free-living bacteria as well as bacteria associated with aquatic
animals. Some Aergmonas species are fish pathogens,

An evaluation of 340 phytoplankton samples collected during 1991-1994 suggests a rich
algal population with large species diversity in the Delta waters. Although over 225 algal
species were recorded, net plankton samples (10 - 45 ym mesh size) suggest a greater number
of species than hitherto identified. Some species have probably not yet been recorded in the
literature and therefore detailed identification with electron microscopy (EM) will be necessary
to differentiate the large number of chrysophytes, diatoms, and dinoflagellates. Examples of
scanning EM images of representative chrysophytes and diatoms of the Delta are shown in Plates
L. A more detailed taxonomic characterisation of the algal flora will be reported elsewhere
while a detailed assessment of the phytoplankton communities by habitat will be part of a later,
companion paper.

About 75% of the recorded species are cosmopolitan whilst the remainder are typically
found in tropical and inter tropical regions. A few representative tropical species of the Delta
are shown in Plates [V-VI: Aphanizomenon volzii, Cylindrospermopsis africanum, C. raciborski,
Planitothrix raciborski, Asterionella thomasonii, Synura australiensis, Allorgeia incredibilis,
Micrasterias foliaceae, M. sudanensis, and M. tropica. Despite the rich species variety only a
relatively small oumber of species contributed significantly to the total phytoplankton biomass.
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Blue-green algae and green algae were well represented with 50 and 110 species, respectively
(Table 10). Table 10 also includes, for comparison, the phytoplankton recorded in three
eutrophic water bodies, the Maxegane pool, King s pool, and Lake Ngami. Among the blue-
green algae, the small-celled chroococcal blue-green algae belonging to the genera Aphanccapsa,
Aphanothece, Chroococcus, Merismopedia, and Microcystis were more common than filamentous
blue-greens. Among the diatoms, the genera Aulacoseira, Cyciotella, and Synedra were most
frequent. The greenalgal flora formed an important component of the phytoplankton. They
exhibited great species diversity, in particular the chlorococcal green algae and desmids. A rich
blue-green algal flora, with Microcystis aeruginosa and M. flos-aquae as the dominant species,
was also recorded in the polluted Maxegane pools, which host considerable numbers of crocodile
and hippopotamus, and are extensively used by wildlife for drinking. Similar algal flora was
also found in King °s pool in the Linyanti. Euglenophytes and chlorococcal green algae were
the dominant groups in Lake Ngami waters as recorded in November 1992. On that occasion
the lake was practically a shallow muddy basin about 1 m at its deepest part, and it was
extremely turbid and polluted by cattle and waterfow!l. In the Khwai River at North gate the
channel was no more than a ditch at the time of observations and very little phytoplankton,
mostly small amounts of Cryptomonas, was then recorded. Low biomass was also found at the
inflow to the Xakanaxa lagoon, and species of the genera Cryptomonas and Synedra were
dominant, while higher biomass and richer algal variety were recorded in the lagoon proper and
at the outflow. The blue-green algae Anabaena sp, Cryptomonas, and the dinoflagellate
Peridinium were common. Zooplankton taxa were identified from about 30 samples (Table 11).
About 45 species or groups were recorded. Rotifers were the dominant group although
cyclopoid copepods were often frequent. Cladocerans abundance was, in general, very low with
Bosmina longirostris and Diaphanosoma sp as the dominant species. The absence of large
cladocerans might depend on the low phytoplankton biomass in most of the studied locations,
which was insufficient to sustain a large zooplankton population, or by the intensive predation
by numerous small fish. In the Maxegane pools and King ’s pool, Brachionus (Plate VII) and
Filinia, which were, however, different from the species found in the Delta, totally dominated
the zooplankton communities.

Qutline of the Delta"s hydrobiology

The Okavange Delta encompasses a range of physiographic features with complex
hydrological patterns. Inevitably, a wide range of physicochemical and biological
characteristics of surface waters is found. Most of the variance of water chemistry was related
to spatial heterogeneity and seasonal inflow as described earlier. Passage of the water through
the papyrus swamps in the upper Delta did not result in a consistent chemical modification
pattern, except in a slight increase of TP during throughflow and the occurrence of slightly
elevated levels of TN and organic N in the stagnation period. As expected, higher concentrations
of all chemical constituents were observed in the seasonal swamnp areas, with the exception of
iron concentration, which was consistently higher within papyrus swamp areas than in the lower
Delta. These findings are comparable with chemical changes observed in papyrus swamps in
Kenya (Gaudet, 1979).

The present studies suggest that the effects of the swamps on nutrients, or on water
chemistry in general, could be traced to physical effects, especially. the effects of depth and
duration of flooding. Biological effects are of course operative throughout but they are often
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however, seerned to be more frequent in the upper Delta. Among cladocerans, Bosmina
longirostris, Ceriodaphnia sp., and Diaphanosoma sp. were the dominant species.

In the present data set chlorophyll @ was well correlated with biomass ( = 0.710, n =
74) and could, therefore, be considered a reasonable index of total phytoplankton biomass.
Regressions of chlorophyil ¢ with major nutrient concentrations were significant, with correlation
coefficients ranging from 0.271 with TP concentration to 0.594 with ammonium-N concentration
{n = 158).

Nitrogen/phosphorus ratios are often used in water quality analysis to determine which
putrient is limiting primary aquatic productivity. Generally P is considered the limiting nutrient
in freshwater systems at N/P molar ratio above 10 to 15 (Hecky and Kilham, 1988). Total N
and total P concentrations in channels and swamp waters were weakly correlated but they
showed significant correlation in isolated pools (= 0.770, n = 31). Approximate TN/TP
molar ratios in channels and swamp waters were in the range of 22 to 88 with an average value
of 49.5+19.0, or above the minimum for P limitation, while TN/TP ratios in isolated pools
were between 6 and 16, which might suggest that N and not P was the critical nutrient in these
waters. Low inorganic-N/TP ratios in some samples may also indicate enhanced denitrification
and coupling of P with high load of sediments rather than a high supply rate of available P.

Classification of trophic relationships using concepts, which were originally developed
for lakes and marine systems, like oligotrophy and eutrophy (Carlson, 1977, 1984, Peters, 1986)
may be useful in water resources management as easily available data can be used, although
quantitative measurements of nutrient concentrations and algal abundance provide a better
description of trophic status, With the available data it is apparent that the waters of river
channels, with low chlorophyll a concentration, could be classified as oligotrophic in respect to
the phytoplankton but oligotrophic to mesotrophic in respect to the inorganic nutrient
concentrations (Hikanson, 1980). Swamps, floodplains, and lagoons varied between
oligotrophic to mesotrophic, while most of the stagnant waters, isolated pools, and backswamp
areas were clearly mesotrophic to eutrophic. Bacterial numbers in unpolluted freshwater systems
range from 107 cells/l in oligotrophic waters up to 10" cells/1 in eutrophic waters. In the Delta
waters, bacterial counts were on average about 1 x 10° cells/l, which further suggests that most
habitats were oligotrophic to mesotrophic.

In summary, a tentative characterisation of the Delta s hydrobiology would underline the
jow amounts of ions, trace elements, and nutrient inputs, and emphasise the retention of most
inorganic nutrients within the system, which suggest an efficient utilisation of the available
nutrients by aquatic autotrophs. The concentration of all solutes is progressively increased
towards the terminal areas as a result of high evapo-transpiration rates (Dinger et al, 1978) but
differential removal of major ions by a variety of mechanisms (McCarthy, 1992) moderates the
salinity at the Delta’s outlets, whereas sedimentation and plant uptake are important in
maintaining low inorganic nutrients output. Decomposition processes, mostly from decay of
vascular plants, are responsible for the high dissolved organic carbon and moderate organic
nitrogen loads exported from the system. The Delta’s fairly large bacterial biomass contributes
to high mineralisation but it seems plausible that it is insufficient to completely break down all
C and N components. Phytoplankton and zooplankton cannot efficiently establish in running
waters but produce very rich communities in the slowly flowing swamp and floodplain areas,
and in larger open water lagoons. Periphytic communities may constitute an important part of
the total phytoplankton biomass.
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toxic, and present as chromate ion at pH>>6.5. Filterable Cr concentrations were determined
in twelve samples randomly selected throughout the Delta. Chromium was not detected in two
of the twelve samples, and it was present at an average concentration of 0.3 ug/l in the
remaining ten samples. Although the standards for the protection of drinking water are based
on the assumption that Cr®* is the dominant species, no attempt was made in the present
investigations to separate the different forms of chromium. The data include therefore all forms
of filterable Cr in the Delta waters. Chromium was present at low concentrations and as such
does not constitute a potential environmental or health risk.

Estimated mean values of filterable Cd, Pb, Ni, Cu, Zn, and Co concentrations in one
location in the upper Delta and at the outlet at Boro junction with the Thamalakane are shown
in Table 13. With the exception of zinc, the concentrations of the studied metals were below
pg/1 level and they can reasonably be assumed as the background concentration of these metals.
Heavy metal contamination may however occur locally as, for example, the result of disposing
vehicle batteries and domestic sewage in the fringes of the Thamalakane, or cleansing of
outboard engines and disposal of petrol/oil along the main channel in the Delta.

Impairment of water quality by micro-organisms remains the principal concern of water
management. This concern has not only been focused on the potability of water but also in
reflecting the importance of water in transmission of diseases. The absence of pathogenic
organisms in the source does not, however, always ensure a good micro-biological quality to the
end user. In effect, no other attribute of water quality is so dependent on a variety of external
factors as is the micro-biological status of the water. Bacteriological contamination can occur
at any stage of water utilisation, along a sequence from the source, at distribution, during
storage, at disposal, to the return of the original waters and therefore the micro-biological status
should be assessed at all these stages.

The overall micro-biological quality of water is, in general, determined by detecting
predominantly the faecal coliform indicator Escherichia coli (Table 13). E. coli is not usuaily
a long-term occupant of aquatic ecosystems and serves therefore only as a useful indicator of
recent faecal contamination. In Delta waters, however, a continuous supply of E. coli can be
expected from the large number of resident animals. Recent evidence suggests that other
microbiological contaminants, as well as protozoan cysts and viruses, should be considered when
assessing water quality (Geldreich, 1989). Consequently, revised legislation (USEPA, 1990)
includes maximum levels for four microbiological contaminants in addition to faecal coliform
counts, and proposes more frequent testing of every pathogen that could possibly be present in
the water source. Human activities are not the sole source of pathogenic organisms of public
health interest. Caitle and wildlife are not only carriers of human pathogens but can also be
infected by human pathogens. Heterotrophic Aeromonas spp and members of the
Enterobacteriaceae family are part of the natural bacterial flora in aquatic environments but they
also cause a variety of pathologies in humans through ingestion or contact (Janda and Duffey,
1988, von Graevenitz and Althwegg, 1992). Various factors can influence bacterial numbers,
dominant biotype, or species virulence, but little is known on the virulence or pathogeneity of
environmental strains, Detection of opportunistic pathogens strains, eg, some Aeromonas spp
and species belonging to Enferobacteriaceae family, during the present surveys, suggests that
future assessment of the Delta water microbiological quality should include the screening of
these bacteria. Although only one E. coli strain was identified, most samples from the
Okavango and Linyanti waters exhibited degraded quality from faecal contamination probably
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from wildlife. For example, the opportunistic Plesiomonas shigelloides, an enteric pathogen,
was isolated from drinking water supplied from stand pipes in the Serondela camp site and it was
probably also present at the North gate camp site water supply and in King s pool. Although
the origin of P shigelloides remains uncertain, and its presence in the few samples studied does
not preclude the use of the water, it suggests, nevertheless, source contamination and a potential
health risk. '

Deterioration of water quality as a comsequence of algal blooms and release of
cyancbacterial toxins are sporadic features in many natural waters (Carmichael ef af, 1985, Codd
et al, 1989, Carmichzel, 1992) and have commonly been associated with increased
eutrophication of the waters, although recent studies have documented toxic algal blooms in
oligotrophic aquatic systems. Species and strains of common planktic cyanobacterial genera
produce natural toxins of which the hepatotoxins are the most commonly encountered toxins
involving this algal group. These toxins are produced by strains within the genera Anabaena,
Cylindrospermopsis, Microcystis, Oscillatoria, but other species are also able to produce
chemically related compounds. Although there are no reported cases of lethal poisoning in
humans due to toxin ingestion (only because the floating scum makes the water less attractive
for drinking) field poisoning involving cattle and wild animals is widespread (eg, Wicks and
Theil, 1990). During the present investigations a few algal blooms were detected, mostly due
to Microcystis and Cylindrospermopsis. Toxin producing species Microcystis aeruginosa Kiitz
were also found in locations throughout the Delta and Linyanti. These planktic communities
were particularly well developed in eutrophic pools, such as the King“s pool in the Linyanti
{Table 10), the waters of which are used both by wildlife and humans (Game Scouts camp), and
in Kavimba and Maxegane pools, which are mostly utilised by waterfowl and wildlife. These
species, given the favourable temperature and environmental conditions that normally prevail,
can quickly proliferate during the wet season constituting a potential environmental and health
risk

Suspended sediment load is an important determinand of water quality. Suspended
sediments are commonly determined by sequential filtration and a cut-off value of 0.45 um has
arbitrarily been set to discriminate between dissolved and particulate matter (Danielsson, 1982).
This cut-off value under-estimates the amount of particulate matter by not taking into account
the amount present in the colloidal size range fraction. Suspended sediments in the Delta waters
were moderately low, with a median value of 13 mg/l and a range of values between 0.2 and
130 mg/l. Turbidity is often used to characterise the solid load as it gives an indication of the
weight concentration of solid particles. This latter measure cannot, however, be determined
directly and accurately from turbidity unless a good correlation between suspended sediments
and turbidity can be demonstrated. In the present data set turbidity was fairly correlated with
suspended sediments {r* = 0.477, n = 91) but this correlation was lost at high sediment load.
High turbidity is detrimental to water quality not only by degrading the physical characteristics
of the drinking water but also by providing a substrate in which bacterial aggregates may become
established. Turbidity in the Delta waters ranged from 0.3 to 289 ntu, with a median value of
1.46 ntu. As was the case with sediments, high turbidity values were cbserved in the lower
Boro downstream of Buffalo fence. In general, within the constraints of the methods used, the
waters exhibited low turbidity and could be considered of good quality with regard to suspended
sediments.
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Although non-specific organic determinations, such as COD and DOC, are important in
defining the purity of drinking waters, naturally occurring organic compounds do not, at present,
constitute priority determinands in standard or guidelines of water quality. The Delta waters
contain high amounts of dissolved organic carbon of which a large proportion is in the form of
humic and fulvic acid-like substances with slow biodegradation rates. The importance of these
compounds to the water quality derives principally from their strong ligands and hence their
effect on availability and geochemical mobility of metal ions and other elements (Schlesinger,
1977, Aiken e al 1985, Thurman, 1986). In addition, high DOC concentrations in the waters
may also have important consequences for the maintenance of water distribution systems, design
of water treatment processes, and operation of groundwater extraction.

In summary, analysis of key water quality parametres (Tables 3 and 9) indicates that turbidity
exceeded S ntu in 19.0% of the samples, TN concentrations exceeded 1.0 mg/l in 35.3% of the
samples, and TP concentrations were above 0.1 mg/l in 9.8% of the samples. Ammonium-N
and nitrate-N concentrations were equal to or exceeded 0.1 mg/l in 15.3 and 8.7% of the
samples, respectively. Calculated free ammonia concentrations according to Effler ez al (1990)
were in general below 0.005 mg NH,-N/1 but could reach 0.060 mg/l in some eutrophic pools.
Non-ionized NH, is toxic to freshwater fish at concentrations above approximately 0.03 mg/l
(Whitelaw and Solbé, 1989). Fluoride ion concentration was between 0.1 and 0.3 mg/l, except
in the case of strongly evaporated waters, where it could reach over 3 mg/l. Swamp waters
were generally of poor quality; the more stagnant the waters, the more degraded the quality,
partly as a result of being more concentrated by evapotranspiration, and partly as result of
processes described above. The waters in river channels were, in general, of good quality.
Nevertheless, ternporary deterioration of water quality may occur downstream of villages and
tourist lodges. The raw water in the lower reaches of the Delta downstream of the Buffalo fence
was often of low quality and therefore unsuitable for human consumption.

Implications for management and suggestions for further studies.

A basic premise in management of the Delta, as currently accepted, is that there will be
no major alteration of the hydrology of the Delta proper as a result of human intervention.
However, offtakes of up to 3% of the inflow of the Kawango River upstream of the Panhandle,
and outside Botswana, may become a reality in the near future (Petitjean and Davies, 1988).
Thus, management should be oriented towards the operational maintenance of an acceptable
environmental quality in the face of seasonal variability and occurrence of extreme events, such
as droughts. Upstream offtakes would, of course, have the largest impact during drought
periods, by further increasing dry areas, lowering the water table, and increasing the surface
area exposed to oxidation.

Seasonal water level variations have important and predictable consequences for the water
chemistry, phytoplankton and emergent plant production, but little is known of the effects of
prolonged drought on these. There are numerous studies of the wet/dry cycle effects on the
water quality in wetlands but only a few studies in the temperate zone were based on field
experiments (Freeman et al, 1993, 1994). These studies suggest a reversal of many functions
in the wetlands during droughts, leading to changes in hydrochemistry but not necessarily
detrimental to water quality. Relatively less organic and more inorganic solutes would be
released during drought periods. These findings cannot be directly related to the Okavango but
they suggest important consequences for the uses of the surface and ground waters of the region
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in drought and post-drought periods.

Although it is not possible to identify and detail all impacts on the water quality, it is
certain that water quality always deteriorates with increasing human use. Consequently,
deterioration of the Delta water quality from previous use of insecticides is to be expected.
While it is essential to further investigate their impact on biota it is equally important to evaluate
the relative contribution of various long-range sources, some of which still operate,

The Kwando/Linyanti/Chobe River

Chemistry of the waters. Comparison with the Okavango and Zambezi Rivers

Like the Okavango Delta, the Linyanti (Fig 4) encompasses a variety of physiographic
features and aquatic habitats. Along the upper reaches of the Kwando River the main channel
is confined on its right bank but forms a narrow floodplain on the Namibian side. Below about
Horseshoe Bend the river divides in a number of smaller channels forming the swamps proper,
with open water lagoons in a few locations. For 30 km downstream from Sajawa the channel
is confined on its right margin by an incised bank, but again flows within a narrow floodplain
downstream from there. Further below Shaile the channel becomes ill defined and remains so
until about 5 - 10 km SW of Ngoma bridge. From that point the Chobe River flows within a
floodplain, interspersed with a few sand banks until its confluence with the Zambezi below
Kazungula. At the time of the surveys, most of the floodplain north of Kachekau was dry as
was the floodplain in the Kavimba area. The water depth in the Kwando and Linyanti Rivers
was about 2 to 3 m. The water depth in the channel at Ngoma bridge was between 1.8 and 2.0
m in April 1992, but only a few decimetres in November 1992 as the waters had by then
receded, leaving only a few depressions with strongly evaporated water. The water depth at mid
channel of the Chobe River at Kasane was 5.1 m and about 2.6 m at the Chobe Game Lodge
river front during April 1992,

Within this largely inaccessible system of swamps and channels of the Linyanti, the
processes of water flow, spilling, and sedimentation must be complex but they remain to be
studied. The hydrology of the system is not well known. A schematic outline indicates that the
water of the Linyanti River waters is partly derived from the Kwando and partly from spilling
from the swamps, while the water of the Chobe downstream of Ngoma bridge mainly comes
from the Zambezi River backflow. The geomorphological context of the Chobe/Zambezi results
in the Chobe River flowing eastwards towards the Zambezi when the latter is in receding phase
{October) but when the upper Zambezi floods (peak in April), the flow reverses. Information
on the Linyanti and upper Zambezi is scarce (Davies, 1986). Man-made alterations to their
basins, such as withdrawals from the Zambezi to supply areas further south, or drainage of the
Barotse and Chobe swamps to alleviate inflow deficits to the Kariba Reservoir have been
proposed (Petitjean and Davies, 1988, Pinay, 1988). The effects of the natural flow variations
contributed by the various sources, on the chemistry and microbiota of the river water are not
known nor are ecological consequences, as a result of the proposed alterations,

The chemical data obtained in the two surveys are summarised in Table 14. The data
are too limited to allow an evaluation of water quality. They do suggest, however, that the
chemical composition of the Kwando may differ from that of the Okavango River. The Kwando
waters have a higher ionic content, lower pH, and higher sulphate concentrations than the
Okavango River water, and both rivers were poor in nutrients. The composition of Chobe water
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seemed to be similar to that of the Zambezi at Kariba inflow, based on the only available data
for the upper Zambezi catchment (Balon and Coche, 1974, Davies, 1986). Both the Okavango
and Kwando rivers drain mineral-poor catchments with similar lithology and land-use. The
higher total ionic content observed in the latter may possibly be related to the catchment
morphology which results in higher runoff from overland flow in the Kwando. The isotope data
did not show a consistent pattern. For example, §'%0 values in the Kwando, from Horseshoe
Bend to Shumamorei ranged from +1.43 to -0.11%,,, increasing again to +1.88 /, at Sajawa.
Isotope values may thus be related to the complex flow pattern of the river, which has an
irregular and meandering pattern, with sinuosities and blockages where the flow is much reduced
or stagnant.

It is interesting to note that the highest salt concentration ever recorded in surface waters
in the Okavango or Linyanti was in one of the pools at Ngoma bridge area in November 1992,
Water in this pool reached a salinity of 27500 pS/cm, was moderately alkaline (pH 8.55), and
had a high concentration of sulphate (500 mg/l), total N (6.45 mg/1), and total P (0.345 mg/l).

Bacteria assemblages and phytoplankton communities )

A preliminary screening of Gram negative fermentative bacteria of public health interest
from the Linyanti waters showed the presence of species similar to that of the Okavango (Table
9), with the possible exception of a fish pathogen Vibrio anguillarum which was only detected
in some eutrophic waters of the Linyanti system, such as King ‘s pool (as well as in Lake
Ngami) but was not detected in the Okavango waters.

Both the Kwando and Linyanti Rivers had few phytoplankton species and low total
‘biomass (0.02 to 0.32 mg/l). Cryptomonas, Cyclotella, and Synedra were the dominant species
in both habitats (Table 12). The Chobe River had a higher phytoplankton biomass (0.05 to 0.86
mg/l) than the Linyanti. Blue-green algae Microcystis aeruginosa and the diatoms Awlacoseira
and Cyclotella were the most common. Hardly any zooplankton were recorded from the running
waters of the Linyanti (Table 12), whereas large numbers of zooplankton were recorded in the
Chobe River at the Game Lodge river front. Nauplius larvae dominated the zooplankton fauna
but cladocera Ceridaphnia were also abundant. Rotifers belonging 1o the genera Brachionus,
Keratella, and Hexarthra were also recorded. In general, locations with high phytoplankton
biomass also had rich zooplankton communities.

In summary, planktonic communities of the Kwando/Linyanti/Chobe River were similar
to those found in the Okavango Delta. The relatively greater richness of the latter was probably
related to the greater variety of habitats within the Delta which resulted in the development of
specific communities. However, it should be noted that the swamp areas in the Linyanti system
have not yet been investigated. [t may well be that comparable species richness will be found
in both systems when the Linyanti swamps are fully investigated.

It is interesting to compare the phytoplankton of the Okavango Delta and Kariba
reservoir, two systems with widely different morphology and physiography but both located at
the same latitude, Although many species are common to both systems, the composition of the
phytoplankton communities are different. In particular, the Kariba phytoplankton population has
fewer species. The greater species diversity of the Delta is particularly pronounced among the
green-algal flora. However, a rich green-algal flora has also been recorded in Kariba shortly
after filling of the reservoir, but a large number of these species has gradually disappeared
(Thomasson, 1965, 1980).
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Conclusions

The work reported here has shown that the natural variation results, as anticipated, in
considerable uncertainty in interpretation of environmental data. These findings are particularly
important because they demonstrate that water quality indicator variables cannot be based on
average values. Since rainfall varies greatly from year-to-year in climates such as Botswana,
import of salts and suspended sediments into the Delta is also highly variable. This suggests,
therefore, that future water quality models should be based on a probabilistic rather than
deterministic approach.

Although the present report was mainly dedicated to investigation of the Okavango’s
water quality from a practical perspective, it also provided a glimpse of a narrow portion of the
trophic chain of the system, from bacteria to invertebrates. There are, however, a few general
points to be made regarding the results of this study. First, there is the question of scale which
imptlies that the present findings are of limited value unless they are placed in the context of the
long-term perspective of the hydrobiological status of the Delta. Second, the question of
method, which implies that, although the composition of the populations of various organisms
is essential information, simply cataloguing species does not provide a very useful insight into
the systemn function. Finally, there is the question of representativeness of the data, which is
a direct consequence of the great spatial heterogeneity within the system, and the lack of detailed
hydrological information in general and on the swamp areas in particular. To the latter factors
should be added the paucity of knowledge on essential links between metal biochemistry and
geochemistry, as well as on the inter-relationships between chemical species and biotic
communities.

The present studies also expose some of the large gaps in knowledge of the Okavango
and Linyanti. As with West African wetlands (John, 1986), more attention has so far been given
to descriptive studies, often confined to short periods of time, than to dynamic and functional
aspects of the hydrobiology and ecology. In that regard it would be worthwhile to study the
extent to which some paradigms of tropical limnology, largely established for temperate regions
(Lewis, 1987, Williams, 1988, Heckman, 1994), deviate from experience in tropical wet-dry
climatic zone wetlands, of which the Okavango is only one example. These aspects as well as
the application of models in designing long-term monitoring strategies and in interpreting the
variation of water quality will be examined in a forthcoming publication.
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Transect Location, co-ordinates and short description of major habitat

features (as in March 1994)

Table 1:
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Dag:

Type®)

Channels

Swamps o

Isolated pools x x \-_f x x - ox
Available data:

Major elem.b} x x x x x x x x x x
Minor elem £) x  x x x x x x oz x x I
Nutrients 9 X x x x x
Transition metals &) x x x x x
Dissolved org. carbon x x X X i. '
Phytoplankton x x x x x x
Zooplankton X X x
Bacterial numbers : : ST AR

a) Type of sampled location; Channels; are defined as areas with active flow which includes river channel,
secondary channels, and lagoons formed in broader parts of the main channel. Swamps are defined as swamp
areas, floodplains, and lagoons and include areas of open water, with or without vagetation, which

maintained hydrological continuity with surrounding areas. Swmps had usually low flow velocity or were
stagnant. [solated pools: pools. puddles, or pans with stagnant water, apparently without hydrological continuity
with tneighbouring surface waters; b) Base cations, HCO3~, CI*, $042-, and $i09: c) Fe, Mn, and Al; d) Total
N. total P. nitrate, and ammonium; e} Zn2+, CuZ+, Pb2*, Ni2+, Cd2*, Co?*. and total Cr.

Table 2: Type of sampled location, dates of sampling, and available hydrobiological data
(Jao/Boro system)
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Units n Mesn  St.dev. Min,  Max Median

sc uSfcm 367 860 909 2.1 1600 756
pH 34 70 04 56 88 70
Temp. oc 82 26 43 126 342 250
Dod) % sat. 275 819 316 100 167 82.5
Turb. ntu 253 s91 239 03 289 146
Ca+ mg/ 361 470 240 0.76 172 4.40
Mg+ " 82 1N 114 0.34 134 142
Na* " 363 524 283 114 280 497

K+ - 358 348 278 055 250 292
HCO3" pequivl 345 676 305 115 1750 627

cr mg/l 358 168 141 03 112 1.21
8042 " 328 029 048 0.02 6.54 017
Si02 . 326 155 82 32 7.1 134
DOC " 181 273 237 34 105 170
TolN " 207 1140 1160 0230 9400 0300
NO3TN  * 230 0072 0.147 0005 0910 0020
NHg*N * 29 0069 0135 0005 1600 0030
Total P . 205 0068  0.126 0010 0950 003
Chlo.a eyl 263 122 407 0.2 412 21
Fetoal  * - 268 515 426 75 175 28.0

Fe filt. 26 176 135 24 91 128
M total 268 106 94 30 782 71
Mnfit. " 268 56 18 0 986 35
Altoal " 248 137 181 A0 139 3 J.
Mt U1 36 46 02 405 28,
a) Daytime dissolved oxygen saturation. R TR

Table 3: Summary of statistics of major physichemical variables in the Jao/Boro system
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Habitst 1 Habitat 2 Habitst 3 Habitat 4

Jeo/Boro Swampw and Perennial Seasonal

River floodplains swampe swamps

xied med  xisd med  xbsd med xdad mad
sC 6.1125.0 664 83464350 72 S4It158 10 91.04319 86.6
pi 5.5£035 70 71222 69 6.8:0:4 69 8105 70
Temp 240138 282 DIM9 4.1 .24 250 23.444.2 250
DO TR2EVA 705 83.H29.6 £7.0 68.6431.9 £5.0 90.1428.7 920
Tueb, 2.48143.38 1B 64211 152 24429 148 7.264309 136
Ca2t 4412263 430 ATW22T 432 343152 313 5324269 4.74
Mg2+ 1.48:0.83 123 1.8B+1.36 158 1164037 LIS 1.8021.16 1.80
Nt 4364214 450 5544289 53T 300167 261 5914152 5.63
K+ 2924191 257 3504263 308 2414000 231 3774274 315
HOOy 5984224 588 7064328 648 4455125 443 7642301 706
cr 1474197 100 17341325 133 054044 038 1.7641.11 136
$042 0.2340.20 018 03n079 017  02u047 020 0294036 0.19
Sioy 15.918.22 130 . 149476 13.2 16,6490 13.0 15.648.1 134
Doc 21.2414.6 155  210+145 170 209:169 150 2254149 178
Toual N 10234042 0540 09241005 0800  OB0LLOIZ 0450 12130886 0970
NOy-N 0.07410.104 0020  007410.151 0020 003240037 0020 009::0.166 0030
NHg*-N 007940237 0020  0.050:0062 0030 006410170 0020 007110.163 0030
Towd P 003840.81 0030 00540076 0034 00310030 0.023 005940072 0038
Chiog 92544969 154 10.1433.2 300 2141150 187 14.04507 293
Fe ol 63.3244.9 574 5032645 250 63N 548 4434433 248
Fe filL 16.3£10.0 114 186155 134 22879 19.0 1608041 108
Mn total 110485 63 9948.6 6.5 8.137.1 52 9.448.1 63
Mn filt. 70464 42 53143 36 54143 34 5.845.4 36
Al total 19.7423: 130 1526242 108 9958 90 2334293 134
Alfik. 424356 37 5564 40 325 30 ems2 . 42
Units as in Table 3. ' ’ . _ LT 0 TR SRR R SR H S

Table 4: Estimated average concentration of major chemical constituents in the
Jao/Boro River, swamps and foodplains, perennial swamp areas, and
seasonal swamp areas (habitats 1 to 4, see text).
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et ot e Tpmetpe s - e e - -

] N "‘:" - TATHL
Nov 1991 Oct 1992
Varisble Mean 1ad Median Meon isd Median Effect of discharge
@
Total N 3072161 3.40 0.760.26 0.78  Decrease with Q
NH,*-N 0.10240.144  0.040 003040048 0010 "
(0. 2634165 223 1824144 100
pH 7.5110.04 750 6.4740.50 620 *
ca?* 4394107 457 2.5441.00 233 "
K* 2901097 291 248166 2m ¢
sC 9114353 850 7424352 07 *
DOC | 3061268 206 . 195195 175 *
Na* 5154235 534 4564254 451 "
$i0, 143172 126 122441 120  Unaffected
so 0365042 030 02810.17 03
Total P 004210014  0.042 003780020 0031 *
NO,-N 001310009 0010 004620120 0010 *
HOOy 7341301 686 7274318 ™
Chlor.a 45347.04 201 6.8616.10 400 *
Mgt 1134014 114 1671061 150  Increase with Q
DO 680121 670 §7.01320 880 "
Turbidity 2.001.57 152 4008371 20 "
Units as in Tabie 3. ' . T s AL,

Table 6: Effect of discharge on the concentration of selected variables. Total
volumetric flow at Mohembo in the 365 days preceding the date of sampling
were 6.99x10°m® (Nov 1991) and 9.37x10°m’ (Oct 1992)

186



BIUJY ISty pue uRyjneg ur Ansiunys uonednaid jo uosLredwo)

2L JqeL

wonsedop J1aa § Jo e Jo sowy g o) dn
pasxa pmood motpsodop YJnq § Jeq) sayeanpRn anfes STy ‘16 /fe/By ymn (p) Sm/S mr nogeIow0s jososay () EeT “wodme mEp (g) Lngdms jo ssem Imjosqy (v)

(1961 “Te 12 oqpoy) wogendoasd

M (6) €861 “Te 1 wieBouuy) w/S7 ur vopexECNCY punciBiyeg (8) {8861 “Te 1 vodL) wonendnoud g (1) (cssr ersdmay pue wewsog) exgy gmos
sopepdoaid ying @eﬂﬁ%ﬁ?:&.a@.@ 067'62-68'T1°ST porrad ‘wapt (b} {06'¥'67-68°€ 1T pouad ‘mapt (€) {(p66T “T8 13 O[OR[IS "T66T “IBHO) 06'SZT
~68°01L ‘vonendpaid Yjnq jo sBeiswe ‘TG (7) HZ6'T- ‘g9 ) ZEOT'ELL BUPLL JW3wD B0 Pus (T°¢- Qg2 ) T661 TT'R Tdndag juase suo ‘vonendpard ymg (1)

(A2 A)

5

Boeswana Notes and Records, Vol 27

ST000°0 L0€0 L |

£000°0> L5991 ¥1-L'0 q4d

STO0°0 L 0950 N

£000°0 S¥T-L 81 no

£000°0 oL1> THI-B'T 74

L9T¥E v

$000 2 L1z ¥1-90 . UW

T Sr+€ ge8y /¥ o

TTIE61 204

LTOH00 d PPL

€ZoT0> 90€0 N-,'HN

goro> (890 LoTo 160 o1 811 1134 N-fON

FLT-SE0 CLSTFE LS6T 180 60°T or't T @61 .Nmn.w

6STI¥E oS

920 ES-T1 (e 6TY1 s

0150 o ErrYo L1850 £50 0 90 1) €092°0 0

9020 600 o1-10> L90 €0 00T 180 o610 b |

o1€0 010 1 £0 o't o 820LT0 eN

TOH00 9020 910 SE0 050 SID w0620 R

£0T0 oo £-L'0 £L0 "o 060 080 $¥C0-0E0  [/8m e)

£F 42 13 et €5CF Hd

1€ o6-TT 1 91 ST [r4 g wo/g s

ehray wqrueN  eanmily pepdepooy "N wnep suvsey 12T ) vdodsg

{6) ® (2] {9) (c) () €) [t4] () smpn

187



Botswana Notes and Records, Vol 27

Toation 7 e Date Rate

(mm/day)
lower Boro (Prison farm) Nov 1991 025
Lake River (bund) - +5.00
Boro junction March 1992 276
lower Boro (Prison farm) . +1.45
Buffalo fence * 367
Tichira . -290

Note: ncgative rates indicate scepage from pore water to surface water.

Table 8: Seepage rates (mm/day) at lower Boro and Tichira
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Table 9: Bacterial assemblages from the Okavango Delta and Kwando/Linyanti/Chobe
River surface waters represented by strains isolated from R2A and VRBG
and identified by the Biolog rapid identification system

Identification Okavango Okavango Linyanti
from R2A from VRBG from VRBG

Gram positive isolates:
Arcanobacterium haemolyticum
Bacillus sp

Bacillus insolitus

Curtobacterium citreum
Connebacterium feikeinm
Micrococcus luteus

Streptococeus sobrimus

Non identificd Gram positive rods®
Gram negative isolates:
Acinetobacter baumannii
Acinetobacter sp

Alcaligenes xylosaxidans

Aeromonas hydrophila

Aeromonas jandei

Aeromonas medialike

Aeromonas schubertii

Aeromonas veronii

Aeromonas spp

Bruceila abortus 2
Chromobacterium violaceum 2
Edwardsiella tarda

Enterobacter spp

Enterobacter agglomerans

Enterobacter cloacae B

Enterobacter intermedius

Enterobacter taylorae ’
Erwinia chrysantemii 1
Escherichia coli E

Escherichia vuineris C
Kingella kingae -1
Moraxelia atlantae 1
Pantoea agglomerans T
Piesiomonas skigelloides

FPseudomonas sp 1
Fseudomonas citronelloiis

Reromge-

::on NGO\I—'
O I )

(SRR U K R
- b

SH
=1
-

[

Pseudomonas fluorescens C

Pseudomonas fuscovaginae

FPseudomonas mendocing

Pseudomonas putida B 2
Pseudomonas stutzeri 1
Xanthomonas maltophila

Serratia fonticola 1
Serratia marcescens 1
Shewaneila putrefaciens RN
Vibrio anguillarunt

Nou identified Gram negative rods® 1

[ e

]

% 50% of strains isolated from R2A and 21% from VRBG could not be identificd by the Biolog system.
b Presiomonas shigelloides, opportunistic pathogen isolated from drinking water from stand pipe at camp site.
¢ Fish pathogen isolated from Lake Ngami (Okavango? ad eutrophic pools (Linyanti).
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(TR L S E

ol BwHned D

=

Kingella kingae
Moraxella atlantae
Pantoea agglomerans
Plesiomonas shigelloides 12 1b
Pseudomonas sp 1

Pseudomonas citronellolis o 1

Pseudomonas floridana | %

Pseudomonas fluorescens C

Pseudomonas fuscovaginae

Pseudomonas mendocina o
Pseudomonas putida B 2

Pseudomonas stulzeri
Xanthomonas mallophila A I

Serratia fonticola 1

Serratia marcescens 1 2

Shewanelia putrefaciens ' 1 BUPURTRE R Eg
Vibrio anguillarum® SR T

Non identified Gram negative rods® 11 2

a 50% of strains isolnedfmmRZAmd21%&orhVRBGcmﬂdnotheidmﬁfiedbyﬂwBiolog system.
b Plesiomonas shigeiloides. opportunistic pathogen isolated from drinking water from standing pipe at camp site,
€ Fish pathogen 1sclsted from Lake Ngami (Okavango) and eutrophic pools (Linyanti)-

Table 9 continued
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Table 10: Phytoplankion species recorded in the Okavango Delta, Maxegane”pools,
King’s pool, and Lake Ngami. D, dominant species.

Localitles (see below table for meaning of codes) 1 2 3 4
CYANOPHYCEA .
Aphanocapsa delicatissima W, & G.S. WEST x x -

A. elachista W.G.S. WEST S

A. nubiturn KOM. & KLING I x

A. pulchra (KUTZ.) RABENH. x x
Aphanothece stagnina (SPRENG) A. BR. x

Chroococcus aphanocapsoides SKUJA b 3
Chroococeus of. koordesi STROM x

C. limneticus LEMM, x b 4 X
Chroococcus sp. X x

Coelomoron of, pusifius (van GOOR) KOM. x
Cyanodictyon imperfectum CRONB. & WEIB, . x
Cyanodictyon sp, x

Cyanonephron styloides HICKEL x x x
Epigioeosphaera sp, x b 4
Johannesbaptista pelfucida TAYL. & DROUET PR N

Merismopedia glauca (B.) NAG. x

M. tenuissimag LEMM, b 4 t O

"o

Merismopedia sp. 1 (diam = 0.8 1an)

Merismopedia sp. 2 (diam = 2-2.5 1)

Mycrocystis aeruginosa KOTZ,

M. botrys TEIL,

M. flos-aquae (WITTR.} KIRCHN,

M. incerta (LEMM.) LEMM,

M. wesenbergii KOM. in KONDR,

Radiocystis of. geminata SKUJA

Snowella lacustris (CHOD.) KOM. & HIND. .
§. litoralis (HAYR.) KOM. & HIND, : ' x
Worontichinia cf. compacta (LEMM.) KOM, & HIND, :
Nostocales

Anabaena sp. x

Angbaenasp. 1 x
Anabgena sp. 2 (small spirals)

Aphanizomenon gracile LEMM, b ¢
A. volzii (LEMM.) KOM.

Aphanizomenon sp. 1

Cylindospermopsis africanum KOM. & KLING

C. philipiniensis (TAYL.) KOM. x
C. raciborskii (WOLOSZ.) SENN, & SUBBA RATU x
Gloeotrichia sp. x
Oscillatoriales
Oscillatoria sp. :
Planitolymgbya circumereta (G.S. WEST) ANAGN., & KOM. x
P. tallingii KOM. & KLING x
P. undulata KOM. & KLING

Planktothrix agardhii (GOM,) ANGN, & KOM. x
Planktothrix raciborskii (WOLOSZ.) ANAGN. & KOM. x
Pseudanabaena sp. '
Raphidiopsis mediterranea SKUJA
Romeria sp.

Spinding sp.

MM MHK MM
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TABLE 10 coatinued

e Y Ly ik e Y midlri R e

Localitles

fasnhars 1o 3ainaany wl iy v gy bk &

F et S s bt A i e U S

Trichodesmium sp.

Stigonematales

Scylonema sp.

DIATOMOPHYCEAE

Acanthoceras sp.

Asterionella thomasonii NAUW,
Aulacoseira granulata (E.} SIM.

A. granulata var. angustissima (MULL.) SIM,
Aulacoseira spp.

Cyclotella spp.

Eunatia of. zazuminensis (CAB.) KORNER
Fragilaria crotonensis KITTON
Rhizosolenia cf. eriensis HL. SMITH
Rhizosolenia of. longiseta ZACH.

Synedra spp.

CHRYSOPHYCEAE

Dinobryon cf. crenulatum W, & G.5. WEST
D. divergens IMH.

D. sertularia E.

Mallomonas akrokomos RUTTN.

—

M. bangladeshica (TAK. & HAYEK) WUJEK & TIMPANO

M. favosa NICHOLLS
M. mangofera HARRIS & BRADLEY
M. mangofera £. foveata DURRSCHMIDT

M. matvienkoae var. grandis DORRSCHMIDT & CRONBERG

M. tonsurata TEIL.

Mallomonas spp.

Paraphysomonas vestita (STOKES) de SAEDELEER
Synurg australiensis PLAYF,

§. echinulata KORSHIKOV

Synura sp.

XANTHOPHYCEAE

Centritractus africanus FRITSCH & RICH
Goniochioris smithii (BOURR.) FOTT
Pseudostairastrum sp.

CHLOROPHYCEAE

Volvocales

Eudorina elegans E.

Gonium pectorale O.F. MULL.

Pandoring morum {(MULL.) BORY
Pleudorina cafifornica SHAW

Volvox sp.

Tetrasporales

Chlamydocapsa planctonia (W. & G.S. WEST) FOTT
Pseudosphaerocystis lacustris (LEMM.) NOV,
Chlorococcales

Actinastrum hantschii LAGERH,
Ankistrodesmus bemardii KOM.

A. bribraianum KORSH.,

A. falcatus (CORDA) RALFS

A, Jusiformis CORDA sensn KORSH.

A. gracilis (REINSCH) KORSH.

s —

“-»
~
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TABLE 10 continued

Locallties

Arkyra sp.

Botryococeus of. neglectus

Boatryococcus sp. 1

Botryocoeous sp. 2

Botryacoccus spp.

Coelastrum cambricum ARCH.

C. microporum NAG.

C. pseudomicroporum KORSH.

C. reticulatum (DANG.) SENN,

C. sphaericum NAG,

Coelastrum sp.

Crucigenia quadratea MORREN

C. tetrapedia MORREN

Crucigenielle apiculata (LEMM.) KOM.

C. pulchra (W. & G.5. WEST) KOM.

C. rectangularis (NAG.) KOM,
Dictyosphaerium ehrenbergianum NAG.

D. indicum IYENG, & RAMANATH,

D. puichellum WOOD

D. tetrachotomum PRINTZ
Dimorphococcus lunatus A. BR.
Elakathotrix biplex HIND.

Elakathotrix gelatinosa WILLE
Golenkinia radiata CHOD.

Kirchnenella contorta (SCHMIDLE) BOHL
K. funaris (KIRCHN.) MOB.

K obesa (W. WEST) SCHMIDLE
Lagerheimia citriformis (SNOW) COLLINS
L. subsala LEMM.

Micractinium pusilium FRES.
Monoraphidium contorturn (THUR.) KOM.-LEGN.
M. setiforme (NYG.) KOM.-LEGN.
Oocystis solitaria WITTR, in WITTR & NORDST.
Oocyseis sp.

Nephrocytium sp.

Pediastrurm angulosum (E.) MENEGH.

P. biradiatum MEYEN

P. boryanum (TURP.) MENEGH.

P. boryanum var. longicormne REINSCH

P. duplex MEYEN

P. duplex var. gracillimum W. & G.S.WEST
P. simplex MEYEN '

P. tetras (E.) RALFS

Scenedesmus acuminatus {(LAGERH.) CHOD.
$. areuatus (LEMM.) LEMM,

§. armatus CHOD.

5. brasiliense BOHL

S. dispar (BREB.) RABENH.

5. opoliense P. RICHT.

Scenedesmus spp.

Selenastram capricomutum PRINTZ
Sorastrum spinulosum NAG.

HMHHAM L MW MMM M

"
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TABLE 10 contivoed

Localitles

Tetrallantos cf. lagerheimia TEIL.

Tetraedron caudatum (CORDA) HANSG.

T. minimum (A.BR.) HANSG.

Tetrastrum staurogeniaeforme (SCHROD.) LEMM.
Treubaria planctonica (G.M. SMITH) KORSH.
Westella Botryoides (W.WEST) DE-WILD
Zygnematales

Allorgeia incredibifis (GRONBL, PROWSE & SCOTT) THOM.

Bambusina brebissonii KUTZ.

Closterium aciculgre TUFFEN WEST

C. acutum var, variabile (LEMM.) KRIEG,

C. gracile (BREB.) RALFS

C. incurvum BREB.

C. kuetzingii BREB,

Cosmarium spp.

Cosmocladium sp.

Desmidium bailey (RALFS) f. tetragonum NORDST.
D. greviltii (KUTZ.) DE BARY

Euastrum subsp. africanum var. minus NORDST.
E. didelta RALFS

E. elegans (BREB.) KUTZ. ex RALFS

Euastrum spp.

Gonatozygon aculeatum HAST

Hyalotheca dissiliens (SMITH) BREB. in RALFS
H. mucosa (MERT.) E.

H. undulata NORDST.

Micrasterias alata WALLICH

M. americana (E.) RALFS var, americana

M. apiculata (E.) MENEGH. ex RALFS

M. crux-melitensis (E.) HASS

M. foliacea BAIL, ex RALFS

M. mahabuleschwarensis HOBSON

M. novae-terrae (CUSHM.) W. KRIEG

M. pinnatifida (KUTZ.) RALFS

M. radians (TURN,) var. ewoluta (TURN.) KRIG.
M. radiata (HASS.) var. brasiliense GRONBL.

M. radiosa RALFS

M. sudanensis BOURR,

M. ropica NORDST,

M. 2eylanica FRITSCH f.

Mougeotia sp.

Phymatodocis irregulare SCHM.

Fieurotaenium nodulosum (BAIL.) LUND
Sphaerozosma laeve NORDST.

Spirogyra sp.

Spondylosium nitens f. tensa TURN.

S. planum (WOLLE) W & G.S. WEST
Staurastrum bieneanum RABNH. var. brasiliense GRONEL.
5. fuelierbornii SCHMIDLE

3. leptociadium var. comutum f. crassus GRONBL,
8. ophiurum var, cambricum W. & G.S. WEST

NﬁiHRHMN”HHHHNﬂHNﬂHHHNﬂNNHﬂﬂIﬂNNNHNNNNHNNHNHHH

1%



Botswana Notes and Records, Vol 27

TABLE 10 continged

LG et Y il

Localities

-

S. paradopum var, pervum W. WEST

S. setigerum CLEVE

S. spiculiferum BORGE

8. stelliferun var, africanum FRITSH & RICH
§. tetracenurn RALFS

S. of. tetracenin RALFS

S. tohopekaiigense WOLLE

S. of, wildemannii GUTW.

Staurastrum spp.

Staurodesmus extensus (BORGE) TEIL,
5. subulatus £. major THOM.
Staurodesmus spp.

Teilingia granulata (ROY et BISS) BOURR.
Triploceras gracilis BAIL.

Triploceras spp.

Xonthidium subinlobum W. & GS. WEST
Xanthidium spp.

CRYPTOPHYCEAE

Cryptomonas sp.

Katablephanis ovalis SKUJA

Rhadomonas sp.

DINOPHYCEAE

Ceratium cf. furcoides SCHROD,
FPeridinium gatunense NYG.

Peridinium spp.

Peridiniopsis elpatiewsid (OSTENF.) BOURR.
EUGLENOPHYCEAE

Euglena acus E.

E. sanguinea E.

Euglena spp.

Lepocinclis of. ovum (E.) LEMM.

Phacus caudatus HUBN.

Strombomonas sp.

Trachelomonas armata {E.) STEIN
T. hispida (PERTY) STEIN

T. sidneyensis PLAYF.

T. vohocing E,

Trachelomonas spp.
RAPHIDOPHYCEAE
Gonyostomum sp.

Merotrichia sp.

é}fm
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number of samples analysed

Okavango Delta (1991-94) .
Maxegane Pool (1992)
Kings Pool (1992)

: Lake Ngami (1992)
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Taxon

RHIZOPODA

Arcefla spp.

CILIATA

Difftugia spp.

ROTATORIA

Anurasopsis fissa (GOSSE)
Ascomorpha ovally {BERGENDAL)
A. saftans BARTSCH

Ascomorpha sp.

Asplanchna priodonta GOSSE
Brachionus angularls GOSSE

B. calycifiorus PALLAS

B. claycifiorus 1. amphiceros (EHRB.)
8. calycifforus f. snurasiformis (BREHM)
B. caudatus BARROIS & DADAY

8. falcatus ZACH,

B. patuius (MOLL.)

Brachionus sp.

Collothece sp.

Conochilus sp.

Fllinia longissta (EHRB.)

F. opoliensis (ZACH.)

Fitiria  8p.

Gastropus sp.

Hexarthra sp.

Keratolia cochiearls (XOSSE

K. tecta (GOSSE)

K. ropica (APSTEIN)

Pilatyiag quadricomis (EHFB.)
Polyarthra cf. remats (SKORIKOV)
P. vuiganls CARLIN

Polyarthra sp.

Synchaeta sp. 1 (large)
Synchasia sp. 2 {small)
Testidunelia sp.

Trichocerca birostris (MINIKIWIECZ)
T. elongata GOSSE

Trichocerca sp.

Unidentified bentic rotiters

CLADOCERA

Alorna spp.

Bosmina fongirostrls (MULL.)
Cerfodaphnia sp )

Chydorus sphaericus MULL,
Daphnia taevis BIRGE

Daphnia sp,

Disphanosoma brachyurum  (LIEVIN)

COPEPODA

Calanoid

Cyclopoid

Nauplius

Table 11:  Zooplankton taxa from the Okavango Delta
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Trichocerca birostris MINIKIWIECZ

Trichocerca sp.

B. candatus BARROIS & DADAY

Brachionus sp. 1

Bosmina longirostris (MULL.)

Keratella cochlearis GOSSE
K. tecta (GOSSE)

K. tropica {APSTEIN)
Polyarthra vulgaris CARLIN
Ceriodaphania sp.

Chydorus sphaericus MULL.

Daphnia sp.

B. calyciflorus PALLAS
Brachionus sp, 2
Hexarthra sp.
Diaphanosoma sp.
Total nuwmbers per litre

Filinia spp.
Copepoda

Nauplius

Cladocera

[u—
p =]
o



-12ARY 0JOg/0Bf
ay) ur uonoun( olog puUe PUEIS] BYN( Ul S[EPW UOHISURN Jo (WM S$p'g)
UONRRA] PAIIANY N} W (PS TF) UOHLIJUIDUGD UBAW INEM DBLINS pajeun)sy  CL AL

TSI 1A S0UYY JO SORIBAY TEWY 4T YILN UOLIMINISINP 15041 (u)
PoUImISISS 30U (pu) Isajdews o sagunu (U} J1/80 Uy TUOLINJIUSINDTY

() L O%IL°D (1) 170> <) 907032170 pu pu PU g™
(2) 96'0%RL7Z (L) Z°S  4E) SLMFEY"y (D) OY'IFRL'E () SI°i%I16°2 (S) S0°OF95°E 2

L) 10> (£) 807032270 L pu (5) £L* 0

b

0 (8) BETOR2YD (L) §°0 (£} SLUOWES'D (E) 0ET0FOY'0 (£) LZ'0FEY'0 (S DY ORLS'O +2M
0

0

7 (1) 2% (©) 08136178 (€ Z1T0%8S°E (§) SL™2FL0°Y
()Y £0  (£) 02°0%22°0 (L) SEOSYY 0 (£) 52'0%65°D
(1) €70 <€) Q2 OFIE°0 (S 0L70%22°0 (£} 62°0%8L‘L (5) 997D
() ¥y0  <£) JL70%SY'0 (£} SLTO¥OL0 (£} 020%0%'0
Cb) 1'0» {2 2170%80°0 (€} SL'ORRL0 (D) ZL-0%s2°0

(€) 50703220 (1) £70 (£} ST°OWED (£) 9V"0%02°¢ (£) S0°0FL%°0 (S) 92 035E'0 +zN
(9) SL703s2°0 <L) £'0 () L1°0%82Z°0 (£) L1°0%0Z°0 (€) Z2°0%92°0 (%) £L°0FLL'0 +ﬂ£
(S) gi°0%22'0 () LL"o%e2 0 (L) 10> (L) SL°O¥BL°0 (£) @0'0%Li0 {£) ZZ"0%%2°D (S) [170%82°0 +N3

Jo Iy 24 390 £2 26 unr 52 06 994 02 68 170 02 &R A 02 L6 a5 26 30 52 24 unr 92 06 93 02 4] 0

TG ih

ucjIoun{ adeg PR 8] wqng

Botswana Notes and Records, Vol 27

199



‘UIAISAS ox0g/0B( I} JO SIIJEM IDELINS
) W (P66I-6861) SONEA PIslasqo Jo aduea adre] 0y paxedwod sprepue)s
Jdjes SUNULIP U0 paseq sispwered [eIMUIYD PIJIARS JO SHONEIIUIIUGD
o[qessTHLIMd WINWIXR]A ~AJEununs SpIepue)s pue LR Aurenb mdjesn

b1 JqeL

"PRIEIS ASIMIIYIC Ssaun /3 w suonenuaonoe)) wn/gv w1 sowenpuod sipveds (7 ‘paraippun (3 iskep

FATINDISROD

7 1 9fg10a% s MG ¢ 30 (4w Apuom) M | (J ‘MOGRHWIN0I JYQISSTIUPE WNEKEN ARMIEO) Mwouosy weadomy (9 ‘surmredio snenbe ue PAjS JO SBA] GMORY
AP 1349 RuTIEINes W pasodosd IO (2 tea0] JeUTare n00 umanxem juarms IO (q {861 VIS P03 a3y juvmureluos whamXew TN

o) e 0005 wrz

@ (s'sL) ooot-62 005 saL

st oS ssaweuely

o &) 518 00E uosy

z apuengy

0001 1addopy

o @GN zIt0 1,54 (1/3w) apuopys

o &) 611> 00T-SL 08 Wy

SPAdL Lrwpuosss |

0150 (1/3uw) 1usunpas “dsng

(1) 682€0 1> "0 ST (mo) Anprqmy,

~ 0 0 ™ 001/1 SWICHOD)

N M 001/t BUaRRY

= (v0) 1-T0> v d 001 001 PPIN

1 (€0} L0 10> 14 05 ST § S 0 pea]

M €0-500> 00T 000 apuonyy

(ro) s0-T0> 4 00€1 00T 1addo)

F (30 @) 101> 0s 05 Gy)2 001 oS 00t wWRROI)

s (610) woeoo> $ $ sTo 3 o1 3 nmwpe)

m sjpaat Lrwwrpg |
{uetpow) aBuwa sugopm?

w3sks osog/oef OHM (OHH o X1 TON @I =« ON

200



Botswana Notes and Records, Vol 27

31/3- 1/4/1992 - 30/10-5/11/1992

Ngoma Chobe Kasane James Sajawa Shaile Ngoma Chobe Kasane

bridge®? lodge gauge camp bridge® lodge  gauge
SC 1097 80 NS %2 1019 102 1960 1025 872
pH 783 15 68 66 63 64 83 16 71
Temp. 264 281 283 244 241 241 240 251 251
DO 108 120 67 26 15 nod nd 132 12
Ca?* 1012 408 346 505 445 509 1238 516 476
Mgt 1L 278 245 173 212 266 1770 366 408
Na* 908 408 380 460 562 478 3350 840 788
K* 2568 118 144 188 225 190 2820 250 220
HCOy 5180 540 475 550 610 615 1330 690 625
cr 850 334 358 051 057 046 300 219 169
s> 511 240 185 088 098 110 >100 3M 206
Si0, %7 17 94 48 62 68 nd 103 97
DOC 192 55 87 150 222 205 >50 122 193
Total N 070 0350 0340 0485 0530 055 0930 0530 0290
Total P 0065 0015 0014 0026 0030 0025 0040 0030 0018
Chlor. a 781 36 41 33 4 od 30 1 3
Sedim. " T34 284 119 od nod uod nd nd nd
&t +289 od nod +1.43;) +183 204 od 029 +042

-0.11

Units as in Table 3. a) Ngoma bridge, flowing water; b) Stagnant pool close to the first bridge span from
the Botswana border (see text); c) Relic channel upstream of James camp; d) Flowing water in the river
channel; (*) Suspended sediments in mg/1 ; (nd) not detcrmined.

Table 15: Kwando/Linyanti/Chobe River surface water chemistry,
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Figure 1; Okavango Delta and Linyanti Swamp Lecation map (after UNDP/FAO, 1977)
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Figure 2a:  Flood zonation map (DWA, SMEC, 1989) of the Jao/Boro River system.

Figure 2b:  Jao/Boro River system sampling locations. Numbers 1 to 12 correspond to
transect number as described in Table 1.
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Apr/May Jul/Aug

Sept/Oct _ Jan/Feb

Perennial swamps Figure 3:

Flood progression in the Delta.

Seasonal swamps and dry land

Flood waters




Botswana Notes and Records, Vol 27
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N Choma Bridge
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] - 100 km
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Channel

Figure 4: Kwando/Linyanti/Chobe River sampling locations,
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Figure 5: Tukey box plots of selected variables in the Jao/Boro system. Stars: possible
outliers. Circles: probable outliers. Obs: data from March 1992 are biased

towards the upper Delta. Units as in Table 3.
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Figure 5 cont’d .
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3 Total-N Total-P

Nomalised concentration
M

NO; -N —_—
24
!
JFMAMJJASOND  JFMAMJJASOND
Figure 6: Variation of selected chemical constituents over one seasonal cycle. Y-axis:

concentrations normalised to the inflow concentration. The horizontal line
represents the approximate high water period in the lower Delta.
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Distribution of selected physicochemical variables along the Jao/Boro
River (solid vertical lines) and associated swamp and floodplain areas
(estimated range as shaded fields). Y-axis: transect number. Dark
shaded field: perennial swamps. Light shaded field: seasonal swamps.
Units as in Table 3.
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Figure 7b
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July 1992. High water

SC seronga COF 6120

Boro junction

Figure 8: Contour plots of specific conductance (#S/cm), chloride (mg/1), and 510 (oo
relative to SMOW) at the high water phase, July 1992,
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Figure 9: Schematic representation of total versus temporal variability.
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Figure 10:

Variation of specific conductance with discharge at Mohembo and Maun and
with stage height at Tichira and Thokatsebe.
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figure 11:  Range of concentrations of selected physicochemical variables at the injet
(Sepopa-Seronga) and outlet (Buffalo fence-Boro junction). Units as in Table
3.
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Figure 12a: Relative proportion of selected chemical elements in analytical fractions:
Fraction 1: unfiltered; Fraction 2: filtered + particulate (size smaller than
extracted with acids, evaporated to dryness and rediluted before analysis).
Y-axis: concentrations normalised (log scale) to the estimated concentration
in filtered sample (0.45 wm). *not determined.
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Figure 12h:
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Relative proportion of selected chemical elements in analytical fractions:
Fraction 1: unfiltered; Fraction 2: filtered + particulate (size smaller than
extracted with acids, evaporated to dryness and rediluted before analysis).
Y-axis: concentrations normalised (log scale) to the estimated concentration
in filtered sample (0.45 pm). *not determined.
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Figure 13:  Profiles of nutrient concentrations in pore water. Pooled samples from three
locations in the upper Delta. Concentrations in pngll.
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Plate 1: Scaled chrysophytes (scale = 1pm)
1 Matlomonas favosa NICHOLLS
2 M mangofera HARRIS & BRADLEY
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Plate I: Scaled chrysophytes (scale = 1xm)
3 M mangofera f favoeata DURRSCHMIDT
4 M matvienkoae var grandis DURRSCHM & CRONB
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Plate II: Scaled chrysophytes (scale = 1um)
1 Synura echinulata KORSHIKOV
2 Mallomonas bangladeschica (TAK. & HAYEK.) WUJEK & TIMPANO

221




Botswana Notes and Records, Vol 27

Plate HI: | Scaled chrysoph and diatoms (scale = ,um)

1 Paraphysomonas vestita (8TOKES) de SAEDELEER
2 Aulacoseira granulata (E) RALFS
3 Aulacoseira sp 222
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Plate IV: Blue-green algae, greenalga and euglenophytes (scale = 20um)
1 Microcystis aeruginosa KUTZ
2 Episphaerogloea sp
3 Cylindrospermopsis raciborskii (WOLOSZ) SEEN. & SUBBA-RAJU
4 Aphanizomenon sp 1
5 Coelastrum sp
6 Euglena sanguinea E 223



Plate V:

7

Greenalgae (scale = 20) . . ;

1 Phymatodocis irregulare SCHMIDLE £ 6 Micrasterias zelylancia FRITSCH T

2 Micrasterias foliacea BAIL 7 Botryococus of neglectus W & G S WEST) DOM. & MAR
8 Euastrum subsp africanum var minus NORDST

5 Micrasterias radians TURN

3 Spondylosium cf nitens f tensa TURN
4 Micrasterias alata WALLICH 224






