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1.2 SUMMARY

Hartbeespoort Dam is a hypertrophic, warm, monomict ic impoundment.
With a mean depth of 9.6 m and a surface area of 20 km?2, the system
demonstrates that hypertrophy is not confined to sm all shallow lakes

as concluded by Barica (1981). The combination of h igh nutrient
loading, high incident solar radiation, low wind sp eeds and warm
water makes it the ideal environment for the prolif ic growth of the
buoyant blue-green alga, Miarooystis aeruginosa* Photosynthetic
production of this organism is regulated mainly by the penetration of
light through the water column. The Miorooystis population grows to
such large levels that the population self-shades i tself, i.e., the

alga is usually the dominant factor regulating ligh t penetration in

the water. Unlike most hypertrophic lakes, wide spr ead anoxia
resulting from the 'die-off* of the large Miovoaystis population does
not occur in Hartbeespoort Dam. Rather, Microcystis tends to accumu-
late in large, floating mats termed hyperscums and then is redistri-
buted throughout the dam under favourable wind cond itions. However,
the anaerobic hypolimnion, which may extend upward to within about

8 m of the lake surface, contains large concentrati ons of reduced
compounds (e.g., NHA-N, H »S) and it is the release and distribution

of these throughout the water which may result in a Imost total lake

anoxia at overturn.

The excessive nutrient loading to Hartbeespoort Dam has produced
large bacterial populations concomitant with the la rge algal popula-
tion, neither population being N or P growth rate | imited. The
bacteria are very small in size (0.1 um), whereas t he colonies of the
dominant  Mierocystis tend to be too large for zooplankton grazing.

Thus, although the rates of algal production for th e dam are the
highest measured in the world, the zooplankton popu lation remains

small in relation to the dam's primary producers.

Although the annual yield of fish from the dam was 348 kg ha ! which
in natural African lakes is exceeded only by three shallow (mean
depth <3 m), eutrophic, tropical water bodies (Frye r & lies 1972),
the fish population of Hartbeespoort Dam has been a victim of hyper-
trophy. The poor water quality, especially the high pH; the small
zooplankton population and an algal population domi nated by blue-
green algae, have all but reduced the fish populati on to three
species: Clarices gariepinuej Cyprinus carpio and Oreoohromis mossam-
bicus. C. carpio and 0. mossambieus  are detritivores while C. garie-
pinus feeds mainly on invertebrates. The data produced by the study
indicate that the main energy pathway in this hyper trophic lake is
through a detrital cycle. Preliminary data indicate d that the
zoobenthos population was large, further emphasizin g the importance
of detritus in Hartbeespoort Dam. Thus the statemen t by Barica
(1981), that hypertrophy produces ecosystem structu ral changes so
that the main energy flow is through zoobenthic pop ulations and

detritus, appears to be generally applicable.

This finding is important for the future scientific research pro-
gramme as detritus and major groups of detritus met abolizing orga-
nisms, the bacteria and benthic invertebrate fauna, have thus far not

been studied sufficiently for understanding of the flow of phosphorus

into and out of detritus.
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The study has shown that ecosystem modelling has a very useful role
in the management and integration of multi-discipli nary ecosystem
research programmes. In particular, it aids communi cating the
rationale of specialist's research priorities to no n-specialists and
summarises existing knowledge of the functioning of the ecosystem

under investigation.

At the interface between scientific research and ma nagement an
important finding has been the large modifications (reductions) of
the inflowing nutrient load between the point of ri ver entry into the

arm of the dam at weir A2M12 and the main basin of the dam. This
should be considered in the modelling of nutrient | oad/impoundment
response. This finding also stimulated the concept of pre-impound-
ment (see below) in the management of the dam. A re lated finding has
been that there is a large discrepancy (approximate ly 50%) between
the sum of the point source phosphorus loads discha rged in the
catchment (Grobler & Silberbauer 1984) and the rive r load measured at
weir A2M12. Many factors, including inaccuracies ar ising out of
measuring phosphate concentrations in surface water samples from the
river at daily intervals, could contribute to this discrepancy.

From the direct management of Hartbeespoort Dam asp ect, the discre-
pancy between point source loads and the river load at weir A2M12
bedevilled authoritative statements as to the impac t of the 1 mg z
orthophosphate phosphorus standard on the trophic s tatus of the dam,

for it would be unreasonably speculative to assume that the phosphate
load on the dam would be reduced in direct proporti on to the reduc-

tion at the point sources.

The study examined, in addition to the potential ef fect of the

1 mg Z ! standard, a number of other management procedures studied
and in certain instances utilized in other countrie s. Each of these
procedures was assessed for its effectiveness, eith er singly or in
combination, using published empirical models and t he Hartbeespoort

Dam Ecosystem model. The conclusions reached were:

(@) 1ing Z\ P standard - it was estimated that, had implementat ion
of this point source standard taken place in the hy drological
year 1980/81, a reduction of 75% JLn the phosphorus load from
point sources (i.e. from 539 t a 1 to 130 t a *) would have
occurred. However, in 1980/81 only 283 tonnes P wer e measured
at weir A2M12, just above the dam, indicating that about 50% of
the point source load was lost in the river. If the refore the
load at weir A2M12 were also to drop by 75% as a re sult of the
1 mg Z ! P standard it would be 71 t a '. Greater precision in
forecasting the likely alteration in the impoundmen t (A2M12)
phosphorus load is not possible, due to the unknown extent of
phosphorus losses in rivers. At a 75% reduction in the impound-
ment (A2M12 weir) phosphorus load, it is predicted that the dam
will remain eutrophic (chlorophyll > 30 yg Z *) or near the
lower limit of eutrophy. It is predicted that a red uction in
the impoundment (A2M12) phosphorus load of about 85 % will result
in a condition bordering between eutrophy and mesot rophy (chlo-
rophyll between 25 - 35 yg Z 1. This phosphate reduction can
be brought about by an effluent phosphorus standard of
0,5 mg Z * assuming no river phosphorus removal. It was
concluded that the phytoplankton content of the dam would reach
equilibrium with the new phosphorus load within thr ee to six

years.

1



0

©

v)

Pre-imp_oundment - a pre-impoundment of about 26 x.
tenth of the full supply volume of Hartbeespoort Da
cause an approximately 60% P load reduction in aver
This was regarded as a potentially promising eutrop
management option, if used to supplement point sour
removal.

Aeration/destratification - was identified as an in

ment technique which holds potential. Experimentat
technique was attempted in the mid seventies, unfor
little success due to the short duration of the tes
variety of practical problems. The current investi
‘desk-study' with no in-dam experimentation being u
thorough literature search was made and using this
and the data from Hartbeespoort Dam, the possible b
chemical consequences of aeration/destratification
sed. It was predicted that the application of this
may result in the change of the dominant algal spec
toxic blue-green to non-toxic green alga, as a resu
turbulence or a change in the nitrogen to phosphoru
was shown using the ecosystem model that should aer
tification result in dominance of the phytoplankton
palatable to phytoplankton grazing organisms, there
50% decrease in the standing stock of phytoplankton
zooplankton abundance would increase. Mixing of th
water with the warm surface waters may also result

of the water temperature with a concomitant decreas
evaporation rate. However, aeration/destratificati
result in a number of undesirable consequences, for
proliferation of filter clogging algae. Pilot or f
experimentation will be necessary to establish the

tial of this technique as a in-dam method for deali
eutrophied waters.

Protein harvesting -

(i) The fish community in Hartbeespoort Dam is bein
by anglers close to its maximum sustainable yield (
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525 t a ). Consequently a commercial fishery would

adversely affect recreational fishing and is theref
recommended. It should be noted that while the fish
(0,35t ha a ) is large relative to most African la
and dams (range reported 0,004 to 0,50t ha a ), it
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for its protein production potential. Unfortunately , the
factors controlling algal type are not sufficiently well
understood to make practical control in the dam a f easible
undertaking.

(e) Bio-manipulation - a variety of bio-manipulatio n strategies to
ameliorate the consequences of eutrophication were considered,
but none appeared to hold much promise as viable eu trophication
management techniques.

In summary, the only option for reducing the abunda nce of algae and

improving water quality in Hartbeespoort Dam that ¢ ould be recommen-

ded with a large degree of certainty was the reduct ion of the exter-

nal phosphorus load. This could be achieved either through point

source load reduction or pre-impoundment, but most likely through a

combination of both.

In addition to the research needs listed above, thi S ecosystem study

also high-lighted the need for continued research o n the role of

detritus and dissolved organic carbon in the functi oning of hypertro-
phic impoundments, on physical limnology and the fu rther refinement

of the ecosystem model. From the management perspec tive important

research and development needs are -

@  The assessment of the response of Hartbeespoort Dam to the
introduction of the effluent phosphate standard. T his is
crucial since such an assessment will validate the predictions
made by the ecosystem model (and other, empirical, models), in
order that such models can in future be used with ¢ onfidence on

other impoundments.

©  The dynamics of phosphorus in water courses. The u naccounted
losses of phosphates in river systems as well as in pre-impound-
ments are very significant and therefore need to be more tho
roughly quantified. The removal mechanisms and the parameters
which control them need to be identified and quanti fied. A
thorough understanding of these processes may affec t future
decisions regarding stricter effluent standards and allowable

impoundment phosphate loads.
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INTRODUCTION

As the population of South Africa expands and simul
standards and expectations increase, ever greater d
the limited water resources of the country. It has
apparent to planners that water resources can be li
guantity but also by quality, due to impairment by

by the consequences of nutrient enrichment or eutro

In the past, South African limnologists and water p
tended to follow the philosophy of the northern hem
regard to eutrophication. This philosophy is that e
undesirable and must be done away with, principally
input of phosphorus to the aquatic environment. It
research to prove that eutrophication could be elim

the quantities of phosphorus reaching surface water

ly, a related question was of paramount importance
managers - what is the maximum amount of phosphorus
allowed to enter a standing water body without its
phic? Research on this question has been carried ou
of the world, including South Africa, where work sp
Water Research Commission was reported on by Walmsl|
Features common to the world-wide results are that
given annual load of phosphorus are modified by the
hydrology of the receiving body of water. However,
predictive relationships established have a statist

tory predictive capability. For instance, the Walms
model's confidence bands are such that at certain p
rates the predicted resultant algal growth could be
conditions anywhere from oligotrophic to eutrophic.

said of the confidence bands around the many relati

by the Organization for Economic Cooperation and De
1982). Since the OECD data base was comprehensive,
doubted that more studies adopting a similar 'black
will considerably improve the precision of the pred

The starting point for the studies presented in thi

the imprecision surrounding 'black-box' models of e

in part due to a lack of understanding of the quant

ing of standing water ecosystems. An improved under
useful in planning the active, informed management
water body, both to derive benefit from its enhance

to ameliorate its undesirable characteristics. More
greater knowledge of functioning should yield impor
refinement of empirical models of the relationships

load and trophic status.

Hypertrophic (excessively enriched) Hartbeespoort D
the study site. This impoundment (20 km
management problems, enjoys intensive multiple use
all forms of aquatic recreation and raw water suppl

bly convenient to the laboratory. Toerien & Walmsle
ded that diffuse sources of phosphorus in the catch
are alone sufficient to maintain it in a eutrophic

a water body where in-lake biological, physical or
ment is likely to be required. Hartbeespoort Dam r

taneously living
emands are made on
recently become
mited not only by
mineralization and
phication.

lanners have
isphere with
utrophication is
by limiting the
resulted in much
inated by reducing
s. Simultaneous-
to water resource
that may be
becoming eutro-
t in many parts
onsored by the
ey & Butty (1980).
the effects of a
mean depth and
none of the
ically satisfac-
ley & Butty
hosphorus loading
representative of
The same can be
onships developed
velopment (OECD
it is to be
-box ! approach
ictions.

s report was that
utrophication was
itative function-
standing would be
of a eutrophied
d productivity and
over, this
tant leads to the
between nutrient

am was selected as

2), which has posed unsolved

for irrigation,
y, and is reasona-
y (1976) conclu-
ment of the dam
condition. It is
chemical manage-
epresents the



probable future fate of many other important impoun
Africa such as Vaal Dam, Bloemhof Dam, Loskop Dam a
whose catchments there is intensive industrial deve
urbanization. Hypertrophy is of national rather tha
importance.

The study presented here was structured around a si
ecosystem functioning in terms of phosphorus cyclin
model was built before research and monitoring comm
extensive but patchy existing data on the dam. In t

the model helped clarify concepts and identify key
ions.

In the next phase of the study variations in the pr

dam and those used to drive the model or to validat
monitored. At the same time many of the rates at wh
built into the model took place were measured. The

was frequently modified and updated as more knowled
ble and, where necessary, the research programme wa
model played a key role in research management and

the diverse team research on different components o
produced results which could be inter-related. Sinc
also an important algal nutrient, it was included i

does not feature in the overall ecosystem model.

Once the aim of building a reasonable simulation mo
tioning of Hartbeespoort Dam had been achieved, att
to the following objectives of the study, using the
predictive mode:-

@  evaluation of the impact of the 1 mg

the functioning of the ecosystem;

@ assessment of the consequences of hypolimnetic aera

destratification on the characteristics of the impo

©  feasibility of biological management of the impound

ameliorate undesirable properties;

@  assessment of the protein production potential of t
ment;

©  evaluation of any other in-lake management options
become apparent during the study.

This report is written for a wide readership, rangi
scientists to decision takers and managers. This ha
account in the structuring and style of this docume
be that the chapters on methods and the limnology o
little interest to some readers concerned mainly in
chapters have been written to be read individually,

dments in South

nd other dams in
lopment and
n regional

mulation model of
g. A preliminary
enced, using the
his initial phase
research quest-

operties of the

e its output were
ich processes
preliminary model
ge became availa-
s modified. The

helped ensure that
f the ecosystem

e nitrogen is

n the study but

del of the func-
ention was given
model in a

Z ! orthophosphate standard
for effluents discharged in the Hartbeespoort Dam ¢

atchment on

tion or
undment;

ment to

he impound

which might

ng from specialist
s been taken into
nt. It could well
f the dam are of
management. The
if necessary.



3. THE STUDY AREA

3.1 CONSTRUCTION HISTORY AND GEOLOGY

Hartbeespoort Dam (Fig. 3.1) was completed in 1925. Located 37 km
west of Pretoria on the Crocodile River, immediatel y downstream of
its confluence with the Magalies River, the dam is a variable radius,
mass concrete structure. It has a trough spillway | ocated on its
western flank, which was fitted with radial crest g ates in 1971 to

increase the storage capacity of the impoundment.

Two outlet works were constructed, one on each flan k serving canal
systems supplying water to a 130 km 2 jrrigation scheme. The outlet
ports are located at 20 m below full supply level.

A summary of the morphological characteristics of t he dam and the
impoundment is given in Table 3.1.

The geological structure of the area consists of qu artzites, conglo-
merates and shales of the Ventersdorp series and gr anites, dolomite
belts, quartzites, shales and diabase of the Pretor ia series (du Toit
1954). The dam wall is situated in an area of compa ct quartzites

with a northerly dip of about 30 °.

Table 3.1. Morphological characteristics of Hartbeespoort Da m.

Hartbeespoort Dam Wall

crest level 1167 m above mean sea level
high flood level 1165 m
full supply level
pre-1971 1160 m
post—1971 1162 m
crest width 4.6 m
crest length 140 m
outflow flood 2322 m3s”1

Hartbeespoort Dam

maximum depth 3Z2.5m
mean depth (z) 9.6 m
maximum breadth 12 km
length 5.6 km
full supply volume

pre-1971 168 x 10%m3

post-1971 195 x 10°n°®
full supply surface area 20 km?
catchment area 4144 km?
mean annual abstraction 127 x 10%m3

mean annual water residence
time 0.87 year
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Figure 3.1. Hartbeespoort dam at full supply level, showing surrounding hills
(land above 1280 mamsl) and principal study areas (traced from map
2527 DB/DD~ government printer).



3.2 MORPHOMETRY

A morphometric map of Hartbeespoort Dam is given in
former stream beds are clearly visible despite some
siltation.

3.3 LAND USAGE

Land usage in the Hartbeespoort Dam catchment can b
principle categories; namely, rural and urban. Urba
includes commercial, residential, and industrial ar

with the northern suburbs of Johannesburg and other

the Witwatersrand (Fig. 3.3). Twelve percent of the
classed as urban, the bulk of this area being withi

River catchment area. The other 88% of the catchmen

of this area is undeveloped land used principally f
natural reserves. The remainder is agriculturally

3.4 WATER USAGE

Water from Hartbeespoort Dam is used for domestic ¢
Magalies Water Board, for irrigation by the Hartbee

Water Scheme area, and for other uses by downstream
leased as compensation water). Water was also previ
power generation. Of the approximately 130 x 10

the lake annually, 6% is used for domestic consumpt
released as compensation water, and 82% is used for
purposes. Table 3.2 (Section 3.6) gives the water b
lake. Domestic consumption was divided between Brit
(2%), Schoemansville (2%) and Meerhof (2%). However
likely to increase as the area served by the Magali
expands. The lake is also a major centre for water

fishing, boating and water ski-ing.

3.5 CLIMATE

Hartbeespoort Dam lies in the Transvaal Middelveld

1 162 m above mean sea level. Climatically, the lak
between the well-watered Drakensberg Mountains and

Desert; the gradient of mean annual precipitation (

1 mm km ! from east to west in this region. The MAP at the |
approximately 700 mm per annum, being concentrated
during the summer months (October to March). Peak r
during December (Fig. 3.4).

Monthly mean evapotranspiration potentials approxim
rainfall with a small surplus of rainfall (approxim
20 mm month *) in summer. Evapotranspiration potent
rainfall at other times of the year. Evaporation, a

per annum, is more constant over the year than rain
concentration of cloud-cover in summer. This concen
affects insolation, which commonly varies between 1

290 (summer) W m"

The mean annual air temperature is about 19.5 °C an
< 2 °C in winter to > 32 °C during summer. Diel var
temperature are approximately 10 to 15 °C year roun
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Figure 3.2. Morphometric map, showing coatours at 5 m intervals and coordinates of
national (1 km) grid (traced from sediment survey chart 75328/80 -
Department of Water Affairs).
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The mean wind-speed on the lake surface is generall

monthly wind-speed varies seasonally between I m s in
25 ms !in October. The prevailing directions are ESE and
the vicinity of the dam wall, winds tend to be stro
reversing direction during the day and gusting to o
Although the area in the vicinity of the wall is sm

ficant that it is the deepest portion of the lake.

10% of the volume at full-capacity and c. 20% at 40

3.6 HYDROLOGY

River flow, like rainfall, is highly seasonal with
occuring between October and March. The seasonality
has an effect on nutrient and sediments loads to th
Crocodile River (Fig. 3.3) supplies over 90% of the
lake. In winter, flows in the Crocodile average 2.3

y low. The mean
June and
NW. In

nger, often

ver 10 m s .

all, it is signi-
It contains c.
% capacity.

the main flows
of the inflow

e lake. The
inflow to the
m?3 s *, whilst

in summer flows can range from 2 to 20 m 3 s on a daily basis. In

summer, base flow is normally less than 7 m 5s
endure for between 1 and 20 days, and may rise and

hours or days. The mean annual runoff (MAR) is abou

Table 3.2 gives the average water budget for Hartbe

Figure 5.6A (Section 5.1.4) shows the variation in

the last 20 years

Table 3.2. Long-term water budget for Hartbeespoort Dam
(data for period 1964-1978; Directorate of Water
Affairs, unpubl.).

. Spates commonly

fall within a few
t224x10 ®m®.

espoort Dam, while
dam volume over

Inflows (x10° m3)

river inflow 224.0
precipitation 9.5
3.5

B
Outflows (x10 m?)

sluices i01.9
abstractions
irrigation 82.3
compensation water 16.9
potable (since 1976) 6.5
seepage 1.3
evaporation 18,9
TOTAL 227.8

3.7 ECONOMICS OF HARTBEESPOORT DAM

In his economic survey of Hartbeespoort Dam and its

environs, Hofmeyr

(1978) identified three major types of development in the area

(monetary values are based on a 1970 Rand):

(a) 138 km 2 of irrigable land are dependent on the Hartbeespoo rt
Dam, the principal crops being tobacco, vegetables, and wheat,
of which tobacco is the most important (20 - 30% of total RSA
production). In 1970, crop production was valued a t nearly 12
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million Rand (R8m, R2.7m and R1.2m respectively). S
from sales of irrigation water during the same peri
R145 000.

tate income
od netted

©  Recreational developments account for 1% of the imp rovements in
the lake catchment and consist of accommodation; b oating,
sailing and angling facilities; and tourist amenit ies (such as
zoological parks and game reserves). The commercia | sector
supporting this industry has invested R13.3m and ge nerates a net
annual profit of about R1.5m. Property development s at Schoe-
mansville, Meerhof and Kosmos total R21.3m. Expend iture by
recreational users amounted to R1.8m with some R13. 3m invested

in capital assets. The majority of the recreationa

| expenditure

was contributed by anglers.

©  Domestic development has placed growing demands on
and sanitation facilities. Municipal wastewate

water supply
r treatment

facilities treating effluents entering Hartbeespoor t Dam have
been estimated to cost from R2m (for conventional p lants) to
RIO.6m (for Advanced Wastewater Treatment [AWWT] pl ants) annual
ly. At present only conventional plants are used, but upgrading
of these plants is continuing as a result of the ef fluent
phosphorus standards promulgated in 1980. Water tre atment costs
for potable water have been estimated to be about R 136 000 p.a.

(van Vuuren, de Wet & Cillie 1981).

Revenue and expenditure on goods and services relat
poort Dam are summarised in Table 3.3 for the perio

ing to Hartbees-
dc. 1970.
Table 3.3. Income statement for use of Hartbeespoort Dam
(c. 197Q) (data from Hofmeyr 1978).

Income (after tax) R'C00 R'000
AGRICULTURE
Sale of irrigation water 145
Crop production 12 000
Fish production 65 12 210
RECREATION
Service industry 1 500
User expenditure 1 800
Estimated annual ecapital
investment * 2 345 5 645
TOTAL INCOME R17 855
Expenditure
MUNICTIPAL
Wastewater treatment 2 000
Domestic water treatment 136 2 136
TOTAL EXPENDITURE R 2 136
Net income R15 719

*calculated as depreciation (total capital investment
+ 20 years).
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Obviously, these figures are related to the rate of Usage of the
lake's facilities and can be enhanced or reduced de pending on the
state of the lake. However, the net profit generate d by lake-related
industry would suggest that additional funds be exp ended to eliminate
user-identified eutrophication-related problems (Ta ble 3.4).

Table 3.4. User-identified problems (after Hofmeyr 1978).

AGRICULTURAL USERS toxicity
reduction of nutrients by
algae non-
potability

RIPARIAN OWNERS odours
excessive algal/macrophytic
growth

ANGLERS/RECREATIONAL USERS algal mats
changing fish species
tastes/odours in fish catch
health hazards (bilharzia)

PROPERTY OWNERS aesthetic considerations
decreased property values




4. METHODS

41 LOCATION OF SAMPLING SITES

Figure 4.1 shows the locations of the sampling site
Hartbeespoort Dam. Details of the parameters measur
station are given in Table 4.1, which refers to the

report giving details of the methods used.

Water samples were obtained at the surface and at f
vals from the surface to bottom at the pelagic stat
samples were obtained from0.5m 1, 2, 3,4,6,8a

1 (Fig. 4.1). Surface samples only were obtained fr
depth shore stations (stations 2, 6, 7 and 8).

PHYSICAL LIMNOLOGICAL METHODS

General meteorological data

Meteorological data were supplied from three shore-
stations installed and operated by the Directorate
Department of Environment Affairs. Wind speed, air
humidity and evaporation measurements were made at
stations (WI and W3 in Fig. 4.1) whilst only wind s

were measured at station W2. Total incident solar r
measured with a Moll-Gorczynski solarimeter (Kipp a
station W3.

Additional meteorological data were supplied by the
the Weather Bureau, Department of Transport Affairs
gical stations at Brits (Hartbeespoort Agricultural

and Pretoria.

General hydrological data

Hydrological data were supplied by the Directorate

from their gauging station network. Inflow volumes

from weirs A2M12 (Crocodile River:daily) and A2M13
River:weekly) (Fig. 4.1). Outflow volumes were meas

dam wall (A2R01) and in the canals. Additional data

and seepage flows were provided by the Directorate
monthly water balances.

Routine Physical Measurements

Temperature profiles at station 1 were determined u

model 8502-20 thermistor. At stations 3, 4 and 5 pr
determined with a YSI model 57 thermistor. Temperat
were made at meter intervals from the surface. At t

2, 6, 7 and 8 temperature was measured with a stand
mercury thermometer.

Water transparency was measured at stations 1, 3, 4
standard 25 cm black/white quadranted Secchi disc.
attenuation of photosynthetically available radiati

nm) was measured using a Lambda Instruments' quantu

s in and around
ed at each
sections of this

ive-meter inter-

ions. Additional

nd 13 m at station
om the fixed-

based weather
of Water Affairs,
temperature,
two of these
peed and direction
adiation was
nd Zonen) at

Directorate of
, from meteorolo-
Research Centre)

of Water Affairs
were supplied
(Magalies
ured daily at the
on abstraction
in the form of

sing a Cole-Parmer
ofiles were
ure measurements
he shore stations
ard laboratory

and 5 with a
At station 1, the
on (PAR, 400-700
m light meter, at
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for an index to stations and methodological desecriptions.
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Table 4.1. Sampling Notes on Fig. 4.1.

Sta. No. Description refer to para.

TO-T8 Trigonometric beacons used for
position fixing 424

WI-W3  Weather stations Kosmos, Harthees-
poort Dam and Oberon respectively 4.2.1

1-12 Lake, shoreline and river sampling
sites
- some routine physical measurements 4.2.3
- full range routine chemical
measurements 431
- chlorophyll measurements 442

9,10-12 Hydrological stations Crocodile R.,
Magalies R., canals and spillway

respectively
- full range routine chemical
measurements 431
1 Routine and special physical
measurements 423+
424
Routine and special chemical
measurements 431+
432
Full range biological measurements  4.4.1-5
2 Routine chemical measurements 431
P-fractionation and sediment chemistry 4.3.2 +
433
Some biological measurements: bacteria,
chlorophyll, zooplankton 44.1
442
445
Temperature 423
4 Routine chemical measurements 431
Special P-chemistry 432
Temperature 423
n Canal: chlorophyll 442
Routine chemical measurements 431
Hydrological measurements 422
SW, SC, SM Scum formation areas 442+
432
FI- F8 Fish population and feeding sampling 447 +
sites 448
ZI-Z5 Zoobenthos sampling sites 44.6
Dots (.) Sediment sampling sites 433

Pl- P13 Survey points used for special
physical measurements 424




25 to 50 cm intervals, from the surface to the dept .
sub-surface value was recorded (Z). Attenugﬂ%rﬂponents of PAR
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measured using glass colour filters, and the

attenuation coefficients (e) were calculated using

analysis (Robarts & Zohary 1984).

4.2.4 Specialised physical measurements

(2) Wind

Owing to the irregular terrain, winds measured at s

W2 and W3 were insufficient to yield an accurate pi
wind conditions at the lake surface. Two anemometer
model 4.3900.10 mechanical wind recorders) were mou
float and positioned wherever data on wind speed an

at the lake surface were required.

(k) River flow

O

©

Measurements of river flow (>0.05 m s *) were made

the Crocodile River with an Ott type 10.152 current
Additional measurements were made using a drogue tr
tacheometrically with a sextant for a specified per

Lake currents

Lake currents were measured using drogues. The drog
tracked using theodolites. Their positions were fix
specified times by both vertical and horizontal ang
three positions (using various combinations of posi

as Pl to P8 in Fig. 4.1). Wind-stresses on the staf
taken into account in calculating current-speed and

Water mass identification

Turbidity (Hach Turbidimeter model 16800), conducti
model LF56) and temperature (Cole-Parmer model 8502
measured in the Crocodile debouchement. Where turbi
excess at 100 N.T.U. were detected, the suspension

and the readings multiplied pro rata.

Continuous temperature measurements

In order to evaluate seiche movements within the la
continuously recording thermistor chain (Anderaa mo
deployed at station 1 during discrete periods in 19

Hydrographical measurements

In addition to position fixing by theodolite, a mar
held magnetic bearing compass and a sextant were us
currents were measured photogrammetrically in the v
the dam wall (drift cards were photographed from th
point of station P3). Depth was measured with an ec
(Kelvin Hughes).
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(g) Computations

(1) Calculation of nutrient balance

The nutrient balances for Hartbeespoort Dam show th
variation in quantities of five different nitrogen

and three phosphorus forms within the lake. The bal

are based on weekly data for lake level and nutrien
concentration and compensate for the changing volum

forms
ances
t

e of

water in each horizontal depth 'slice !, The total quanti-

ty of each nitrogen or phosphorus form in the lake
calculated as the integral:

T, =/ ™C A.dz
1 z Izoz

where: T. = quantity of constituent 1 (tonnes) z

= surface of lake (depth = 0 m)

z = maximum depth of lake (m) m

C, s~ concentration 9 constituent 1 at depth
12 z®gm ~

A = area at depth z (m 2)

dz = depth interval (m)

was

(i) Calculation of inflow and outflow loads_for in gut-output

model.

This calculation utilizes chemical data for both th
Crocodile (daily) and Magalies (weekly) rivers. Hyd

gical data were provided by the Department of Water
Affairs (Section 4.2.2). The calculation of loads o

nutrient form used the formula recommended by Toeri
Walmsley (1978):

LC =2Z Fr.C _
n . I ni
where: LC = load of constituent n (kg a )
F. = total flow since previous sampling
period (m 3)
C . = mean concentration of constituent n ni
during sampling interval (kg m
1,2 ...r =number of sampling periods during stu

i =time index

rolo-

f each
en &

%)
dy
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(iif) Calculation of_gredicted outflow loads and

mass balance

The outflow of lake water from the impoundment at t he dam
wall consists of two portions: the release of comp ensa-
tion and irrigation water via the canals and drawdo wn via
the radial sluices. Canal water is drawn off at a fixed
depth in the impoundment, via a 3 m diameter port | ocated
20 m below the full supply level. Water which is | ost via
the sluice gates is drawn from a depth of approxima tely
2 m. Therefore, outflow loads can be simulated by the
summation of loads lost from the 2 m and 20 m depth
intervals. A computer programme has therefore been
designed to do this, taking into account the variat ion in
lake depth and volume of each horizontal depth 'sli ce* on
the date of sampling, and using data for outflow hy drology
provided by the Department of Water Affairs.:
T-=<(C1 LV)+(C1 V) B
L S c
where: T- =tonnage of constituent 1
Cl, = concentration of constituent 1 at a
depth of 2 m (kg m %)
CI20 ~ concentration of constituent 1 at a
depth of 20 m (kg m~ %)
\% = volume of water lost through sluice gates
(m)
Vtcvolume of water lost via canals (m 3
The summation of the predicted outflow load for eac h week
can provide an estimate of the total predicted outf low for
a particular period, e.g. one year.
Whole-lake nitrogen and phosphorus balances for Har tbees-
poort Dam were also calculated using weekly data fo r lake
levels and nutrient concentration, compensating for the
changing volume of water in each depth 'slice'.
With the data on inflow and outflow nitrogen loads, plus
the nitrogen content of the lake, the mass balance equa-
tion of Messer & Brezonik (1978) was used to calcul ate the
guantities of nitrogen lost from the lake via sedim enta-

tion and denitrification.



- = = N -
Nin out Nden oK sed [#1
Nlsed , % .
sed [Plsed (Pin Pout &) [3]
= N -N -AN- JINlsed, «p _p _ ap) (6
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where: Nin = dinflow N load
N = putflow N load
out
Nden = quantity of N denitrified
AN = change in N content of lake
Nsed quantity of N lost to sediments
[N]sed = total N concentration in sediments
[Plsed = total P concentration in sediments
s = inflow P load
in
= outflow P load
out
AP = change in P content of lake.

4.3 CHEMICAL LIMNOLOG1CAL METHODS

43.1 Routine chemical methods

Routine chemical analyses were carried out by the A

ces

Division of the National Institute for Water Resear
automated analytical techniques (NIWR 1974). These
summarised in Table 4.2. Samples were obtained with
PVC Van Doom sampler and were processed within 12 h
The sampling interval was 5 m from the surface to b
oxygen (0,0.5m, 1, 2, 3,4,5,6, 8,10, 13 15, 2

and temperature (at metre intervals). Additional de
samples were taken using a 5 m x 3.3 cm diameter ho
surface. Samples for total constituent analysis wer
using an Ultraturex tissue grinder or Branson model

Dissolved nutrient samples were filtered in the fie

fibre filters (Sartorius SM134, Gelman A-E, or Mill
whilst samples for anion/cation analysis were filte
Whatman No. 1 filters. Nutrient samples were preser
of a saturated mercuric chloride solution per 250
analysed within 48 h of collection. On return to th
samples were stored in 250

Special chemical methods

(a) Phosphorus fractionation

Determination of the component fractions of soluble
phosphorus (SRP) followed the method of Downes & Pa
and used Sephadex G-25 coarse and G-10 gels in 40 ¢

(Pharmacia K26 and K16 columns respectively). The e

passed directly through a Technicon Autoanalyzer |
phosphorus fractions were determined using either a
chloride or ascorbic acid method (NIWR 1974). Surfa

depth and bottom samples were analysed from station

surface samples from station 2.

nalytical Servi-

ch using standard
methods are
a6 £ opaque
of collection.
ottom except for
0 25 and 30 m)
pth integrated
sepipe from the
e homogenised
S125 sonifier.

Id through glass
ipore AP40)
red through

ved with 0.1

xaZ sample and were
e laboratory all

mE

mé& glass stoppered bottles at 4 °C .

reactive

erl (1978)
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1 and



0

©

-19-

Phosphorus turnover times

Phosphorus turnover times were determined using the

of Lean & Nalewajko (1979). Abiotic uptake of

ted from biotic uptake using 1% formalin AR (Tarapc
Slavens & Maloney 1981).

Alkaline phosphatase activity

Alkaline phosphatase activity (APA) was determined
tometrically using a p-nitrophenylphosphate substra
chem-Behring SVR 869311, Fitzgerald & Nelson 1966).

Water samples from hyperscums

Water samples were obtained from M-Ccroaysti-s
defined by Zohary, in 1985) using pre-incubated dia
containing distilled water. After a 24 h equilibrat

the contents of the dialysis bags were siphoned int
glass stoppered bottles. Samples were analysed for
oxygen, pH, nutrient concentrations, and H »S.

4.3.3 Sediment chemistry

@

Phosphorus

Samples were obtained using a Van Veen grab and wer
nised on collection. Samples were stored undisturbe

at 6 °C before the overlying water was removed and
re-homogenised. After a further period of 12 h the
overlying water was siphoned off and filtered throu
filters (Millipore GSWP047) prior to analysis (this
assumed to be analogous with sediment pore water as
by centrifugation). Sub-samples of sediment were st

6 °C or dried at 60 °C . All analyses were based on
equivalents. Samples were analysed for water conten
mass on drying at 60
cle size distribution using the hydrometer method o
(1965), organic carbon content using the Walkley-BlI

tion (Black 1965), pore water conductivity, pore wa
bioavailable sediment phosphorus using NTA extracti
sediment: solution ratio of 0.1:50 (Golterman 1976)
phosphorus (TP) using potassium persulphate digesti
1974), and 24 h equilibrium phosphorus (EP) level u

of phosphorus concentrations from 0 to 1.0 mg 1 (EP
estimated as the concentration at which no uptake o
phosphorus by the sediments occurred).

Nitrogen

Total Kjeldahl nitrogen content of sediment samples
sured after potassium persulphate digestion. Inorga
gen fractions were measured in sediment pore*water
centrifugation at 1 000 g for 10 min using the meth
in Table 4.2.

% P method

® P was separa-

hak,

spectropho-
te (Calbio-

hyperscums (as
lysis bags
ion period,
0 125 mf
dissolved

e homoge-
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remaining
gh 0,2 um
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ored wet at
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t (loss of

°C) , loss on ignition (at 500 °C), parti-

f Black
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on with a
, total
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r release of
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extracted by
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Table 4.2. Analytical methods.
Constituent Method Reference
pH, redox Metrohm Herisau model E444
meter with a combined platinum
electrode
temperature Cole Parmer 8502-20 thermistor
or YSI model 57 thermistor
(hydrogen sulphide)
HS Chemetrics S10 kit
total alkalinity HCL1 titration to pH 4.5 end point APHA 1975
dissolved oxygen azide modification of Winkler
titration APHA 1975
conductivity  potentiometrically NIWR 1974
calcium )
sodium )
magnesium )
potassium )  atomic absorption spectophoto-
chloride )  metrically NIWR 1974
iron )
manganese )
Kjeldahl N persulphate digestion followed by
NH, analysis NIWR 1974
ammonium (NH 4) sodium hypochlorite method NIWR 1974
nitrate + nitrite hydrazine reduction followed
(NO3 + NO »,) by NO » analysis NIWR 1974
nitrite (NO 2)  sulphanilamide method NIWR 1974
silica (Si) molybdate method NIWR 1974
total P (TP) and persulphate digestion followed
total dissolved P by SRP analysis NIWR 1974
(TDP)
soluble P (SRP) ascorbic acid method NIWR 1974
dissolved organic
carbon (DOC) UV reduction method NIWR 1974
sulphate (S(\) barium chloride method NIWR 1974
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(9  Experiments with intact sediment cores

A continuous-flow adaptor was used in experiments w
sediment cores collected from exposed and submerged
a gravity corer (Twinch & Ashton, 1984).

@  Enclosures

Circular galvanised steel enclosures (area =0.2 m

to isolate portions of sediment and overlying water
periods to eliminate the effect of mixing and sedim
spension in shallow (0.25 m) water. Samples of lake
samples of water isolated from the sediment in poly
containers within the enclosures, were taken simult
comparative purposes.

©  Sedimentation

Sedimenting material was collected in sediment trap

ith intact
zones using

%) were used
for 24 h
ent resu-

water, and
ethylene
aneously for

s (sampling

area =5.5 cm %) suspended at various depths at stations 1, 3

and 4. Sedimented material was collected weekly and
for loss on ignition and total phosphorus content (
in Section 4.3.3(a) above).

4.4 BIOLOGICAL LIMNOLOGICAL METHODS

4.4.1 Bacteriological analyses

@  Bacterial numbers and activity

analysed
as described

Water samples were collected simultaneously with sa mples for
chemical analysis at station 1 between April 1981 a nd January
1983 and preserved in formalin for bacterial enumer ation.
Until July 1981, bacteria were counted using acridi ne orange
and thereafter using DAPI (Robarts & Sephton 1981). Between
December 1982 and April 1984, water samples were al so used for
heterotrophic uptake studies using a modification ( Robarts &
Sephton 1984) of the method of Hobbie & Crawford (1 969).

® Nitrification
Nitrification rates were measured by serial chemica | analysis
of the different nitrogen fractions. Nitrification potential,
assessed as the time taken to oxidize a known quant ity of NHi+"N
to NO ,-N (Cavari 1977), was measured at monthly intervals in
both water samples and intact sediment cores.

©  Denitrification
The 'acetylene block technique ! (Yoshinari & Knowles 1976;
Chan & Knowles 1979) was employed to measure denitr ification
rates in both water samples and intact sediment cor es at
monthly intervals. Extraction of dissolved gases wa s by
multiple phase equilibration (Chan & Knowles 1979) and gas

samples were analysed by gas chromatography.
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(d) Nitrogen fixation

Nitrogen fixation rates in both sediment and water samples were
measured with the acetylene reduction technique (As hton 1979,
1981), and gas samples were analysed gas chromatogr aphically.

A.4.2 Algological analyses

443

444

4.4.5

@  Chlorophyll
Chlorophyll a, collected on glass-fibre filters, wa s extracted
in 90% boiling ethanol and was determined spectroph otometrical-
ly at 665 nm according to Nusch (1980).

©  Algal _species composition

Algal species composition was determined from cell counts using
the inverted microscope technique (Lund, Kipling & Le Cren
1958). Cell numbers were converted to volumes from linear

dimensions using the formulae of Rott (1981).

©  Algal sedimentation

Sedimenting algae were collected in sediment traps as described
in section 4.3.3(e) with the exception that traps ¢ ontained 4%
formalin for preservation of the algae. Algal cells were then

enumerated as described in Section 4.4.2(b).

Primary production and respiration

Primary production was measured weekly using the 14¢C light/dark
bottle method as modified by Robarts (1984). To det ermine in situ
respiration rates at weekly intervals between Septe mber 1982 and
September 1983 the oxygen light/dark bottle techniq ue Tschumi,
Zbaren & Zbaren (1977) was used. Oxygen concentrati ons were deter-
mined spectrophotometrically (Mackereth, Heron & Ta iling 1978) after

fixation with Winkler reagents.

Assessment of  algal toxicity

Scott, Barlow & Hauman (1981) have shown that Microcystis sp.
toxicity in Hartbeespoort Dam is always linked with Miovooystis
aevuginosa forma aeruginosa, which can be distinguished from the

other common form, Miovoaystis aevuginosa forma flos-aquae, on the
basis of colony form and cell size (Komarek 1958). The percentage
composition of the two forms in lake samples was us ed as an index of
potential toxicity.

Zooplankton

Zooplankton were sampled weekly at station 1 using a 60 ym mesh
nylon net hauled vertically. Four samples were coll ected, of which
one was preserved for enumeration of species compos ition and abund-
ance (sub-sampled using the method of Allanson & Ke rrich 1961) and
three were used for dry biomass determination after removal of the

algal component through floatation and differential centrifugation.
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Zooplankton grazing rates were measured fortnightly at station 1
from January 1983 using an in situ method based on that of Haney
(1971). Radio-labelled ( 14C) Chlorella sp. was used as the food
source. In addition, for each grazing experiment, d ata on species
composition, abundance and total biomass were also collected. A
diel survey measuring zooplankton grazing rates, ab undance and
biomass at six depths every four hours, was carried out during the

24 h period from 26 to 27 January 1984.

Zoobenthos population size and biomass

Zoobenthos samples were collected from five sites ( ZIl - Z5) using
Van Veen grabs and perspex core tubes. Samples were poured through
various mesh sized sieves and the retained animals were subsampled
and counted using the method of Allanson & Kerrich (1961). Dry
biomass was determined after oven drying at 60 °C f or 24 h. Sta-
tistical analysis of 14 profundal and 15 littoral s amples showed a
contagious distribution of zoobenthos numbers and m ass per unit
surface area (Elliot 1977). Lake-wide densities and mass estimates
with 90% confidence limits were determined by the m ethod of Rendu
(1978).

Fish population dynamics

Fish were sampled using a fleet of multifilament gi Il nets made up
of 20 m panels of 35, 45, 57, 73, 93, and 120 mm st retch mesh nets,
and two seine nets measuring 20 x 1.5 m of 13 mm st retch mesh and
100 x 3 m of 35 mm stretch mesh. A further «gill ne t panel with a
stretch mesh size of 140 mm was added in June 1982. Monthly samp-
ling was undertaken from January 1982 to December 1 982; this was
reduced to bimonthly sampling from December 1982 to April 1984. The
fish caught, or a representative sub-sample, were e xamined for mass,
standard and total length, sex and condition factor (assessed
visually on a scale of 1 [inactive] to 7 [spent ]). Ovaries of
active-ripe (4) or ripe (5) fish were collected for fecundity
counts. The ages of fish were determined using scal es (0. mossambi-
ous) , vertebrae (C. aarpio) and pectoral spines (C. gariepinus),
Standing stock determinations were made for 0. mossambious and C.
gariepinus using the Petersen and Schnabel mark and recapture

methods (Ricker 1975). The biomass of C. oarpio  was determined by
Leslie s method (Ricker 1975). Littoral poisoning with 5% WP
rotenone applied in a concentration of 2 mg 2 in areas isolated
with a seine net was undertaken at three stations d uring 1982 and
1984. Poisoned fish were collected over a 24 h per iod.

Angling data were provided by the Division of Natur e Conservation,
Transvaal Provincial Administration, and whole-lake angler counts

were made by boat on five occasions (Cochrane 1985)

Adult total mortality rates were assessed from chan ges in catch per
unit effort (CPUE) of gill net catches (0. mossambious) and angler
catches (C. oarpio) . C, gariepinus rates were determined from
length frequency data. Fishing mortality was comput ed from TPA
angling returns. Young of the year mortality was ca Iculated from
catch curves (Ricker 1975) for Oreoohromis  and from the Leslie

matrix (Vaughan & Saila 1976) for the other two spe cies.
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4.4.8 Fish feeding

@

¢

Food sources of the major species

Having determined the optimal time for sampling ove
period using Windell's index of fullness (Windell 1
were obtained in the afternoon from littoral sites

of 1 to 3 months. Fish < 10 cm total length were pr
whole in 4% formalin, whilst only the gut of the la
was preserved. Length, weight and sex of the fish w
ded, and the stomach contents were microscopically
The percentage abundance of 8 major food types was
cally determined, and the frequency of occurrence,
number of times food items made up stomach contents
in excess of 20% of total, was calculated to determ
preferences of the fish species on a seasonal basis

Digestibility of food types in 0. mossambicus

Fish confined in aquaria were fed a single food ite
Microcystis sp. or
rus content of the food and of the faeces produced
mined and the assimilation efficiencies calculated
methods of Edwards & Horn (1982) and Langner & Hend

Urine phosphorus production in 0. mossambicus

The change in SRP concentration of water in the aqu
tion 5.4.18(e)) was determined as an estimate of ur
rus production (Langner & Hendrix 1982).

Feeding, ingestion and defecation rates in

raz24h
971), fish
at intervals
eserved
rger fish
ere recor-
examined.
volumetri-
as the
in volumes
ine the food

m (e.g.

Daphnia sp.). The protein, ash and phospho-

was deter-
using the
rix (1982).

aria (Sec-
ine phospho-

0. mossambicus

Fish were collected at 2 h intervals over a 24 h pe
station FI (Fig. 4.1). Each sample size was 40 juve
(6 - 10 cm total length). Half were preserved immed
formalin and half were placed in aquaria filled wit

lake water. These fish were held for 3 h before bei
served. All of the animals were weighed and measure
plus contents was removed and dried to a constant w
80 °C for 60 h. As a control, the gut weight of a r

tive number of starved (for 1 week) fish was also d

and this weight was subtracted from the combined gu
contents weight using a regression equation based o
length. The weight of the gut contents was then sta
and rates of weight change in the gut contents, fae

tion and ingestion were calculated according to Bow

riod at
niles
iately in
h filtered
ng pre-
d. The gut
eight at
epresenta-
etermined,
t and
n standard
ndardised
cal produc-
en (1976).
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5. RESULTS AND DISCUSSION

5.1 PHYSICAL LIMNOLOGY 511

Introduction to Lake Physics (@)

Definitions
Temperature, current, wind and light are the import ant physical
factors in aquatic ecosystems. They are interlinked and play
vital roles in the chemical and biotic functioning of lakes.
Radiation in lake-water is the residue of gains fro m direct
sunlight, indirect radiation and long-wave radiatio n, and losses
by reflection, upward scattering and long-wave emis sion (Wetzel
1975). The zone in which sufficient light exists fo r photosyn-
thesis is known as the euphotic zone (Fig. 5.1). The rate at
which light intensity declines with depth is define d by the
extinction coefficient
The effect of wind in mixing the irradiated surface water
downward depends strongly on the surrounding terrai n and land-
use. Where the terrain is hilly and covered randoml y with
houses, trees and grass, winds become fragmented at ground-
level. Large local variations arise in the stresses generated
by these winds on the water. Thus surface- and retu rn-currents
may flow simultaneously in many different direction s through a
lake. They interact partly by entrainment (i.e., ad jacent
currents pulling each other) and shear (i.e., teari ng of bound-
aries between adjacent currents). Because the energ y transmit-
ted by wind to water varies as the cube of wind-spe ed, local
funnelling (in, for instance, a narrow channel) pre judices the
authority of lake-wide wind-averages.
In winter, wind and gravity co-operate in mixing he avy, cooled
surface-water down to the bottom of the lake. Thus temperature
tends to be homogeneous over the whole volume. In s ummer, a
lake is often divided into three superimposed horiz ontal density
zones most easily separated by the associated tempe rature
differences. (Fig. 5.1). The epilimnion contains the surface-
water, which is heated by the sun and mixed by wind into the
first few meters of the vertical profile. The metal imnion
consists of one or more pycnoclines, i.e. steep per sistent
density-gradients which together form a barrier bet ween the
other two zones. Because of the non-linear relation ship between
temperature and density, the steepest temperature-g radients, or
thermoclines , may be located appreciably below the pycnoclines
in subtropical lakes (c.f. Denny 1972).
The hypolimnion is the lowest, coldest stratum, which often
remains intact from spring through to autumn. While it is

protected and undisturbed, it may lose oxygen and b

ecome anaero-

bic. It can be re-aerated by destratifying , or artificially

mixing the strata. Even without destratification, n

utrients are

carried up and down through the zones by diffusion and convec
tion . Heat is lost from the surface by evaporation and ex-
changed by conduction (sensible heat ) and throughflow (advec-

tion).
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The thermal regime is often described by simple sta tistics. The
work involved in raising temperatures from homogene ous winter
values to the stratified levels is expressed as win d-work .
Stability denotes the work needed to convert a stratified la ke
to constant temperature. Total heat is a measure of heat gained

and lost over the seasons. The tropicality index , or lowest
value of total heat divided by depth, is, as its na me suggests,
closely related to latitude. The likelihood of dist urbing
lateral constancy of stratification by inflow is de fined by the
internal Froude number , and the effect of wind on the epilimnion

by the Wedderburn number . The event during which gravity and
wind-stress first fully mix the lake-water during a utumn is
known as overturn :

In response to winds, surface-waves arise, the heig ht and length

of which depend on the fetch and depth of the relev ant channel.

In response to strong winds Langmuir cells are set up, in which

the water near the surface rotates on axes parallel to the
wind-direction. Where current-streams interfere, th e energy may
be converted to internal waves , that is oscillations of the

thermal strata at what is known as the buoyancy fre qguency . In
response to sufficiently violent changes in forcing functions
(wind or current), travelling waves are set up whic h transmit
disturbances across the lake, leading to oscillatio ns whose
frequencies depend on lake morphometry. These waves are known
as seiches , which are sometimes large enough to raise hypolim -
netic and metalimnetic water into the euphotic zone

Lake ecosystems are products of hydrology. In semi- arid zones,
such as the one under consideration, scattered stor ms produce

inflow in the form of widely separated spates

. The time distri-

butions of currents, due to both influent streams a nd wind
stress, strongly influence the erosion , transport and deposition
°f sediments . The period during which through-flowing water

remains in a lake is known as residence time

(b) The functions of hydrodynamics

Hydrodynamics govern the chemical and biological pr
lakes by processes such as:

(i) mixing and separation of compounds by currents
stratification;

(i) aggregation, deposition and transport of com
sediments near influent streams and within the lake

(i) formation of density-currents by sediment tr
(iv) isolation of the hypolimnion so that it becom

(v) modification of the biological environment by t
nutrients;

(vi) transport of small, non-motile organisms,
maintaining certain phytoplankton in the euphotic z

(vii) provision of light energy for primary produc

operties of
and thermal

pounds on

ansport;
€s anoxic;
ransport of
including
one;

tion.
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The chemistry/biota affect the physics as follows:

(i) large accumulations of algae inhibit light pen etration and
may increase viscosity under exceptional circumstan ces;

(i) dissolved solids modify densities.

5.1.2 Climate

@

©

Solar radiation

Solar radiation falling on the catchment showed a d istinct
seasonal cycle. Lowest mean daily values of between 150 and 166
W m % were recorded in June of each of the three years

(Fig. 5.2). Highest values for the years 1981/82 an d 1982/83
(271 and 272 W m %) were recorded in February and December,
respectively. In summer 1983/84 solar radiation was higher than
in previous years, with the summer maximum of 394 W m 2 recorded
in January, this being indicative of the general su mmer in-
crease. The increase was related to the reduced clo ud and the

associated reduced rainfall for this period.

Temperature, rainfall and evaporation

Climatic variation in the catchment (Fig. 3.3) is i llustrated in
Figure 5.3. Temperature, rainfall and evaporation a re roughly
synchronous. Evaporation and maximum temperature te nd to reduce
under heavy rainfall» due to cloud cover. The evapo transpira-
tion curve (Fig. 3.4) is also roughly synchronous w ith rainfall,
yielding a relatively small surplus in summer which contributes
to runoff.

Wind

Wind speeds measured at Oberon (Fig. 3.1) were gene rally low and
exhibited a typical seasonal cycle (Fig. 5.4). They were lowest
between May and July each year (0.5 m s 1), and increased in
August-September” reaching peaks in October-Novembe rr28ms

in 1981, 24 m s ! in 1982 and 22 m s ' in 1983. Figure 5.5
shows the monthly distribution of hourly wind speed s blowing
from 16 points of the compass during four selected months in
1981. In general, winds of lower velocity blew prim arily from
the E to SE and NW to W, while the strong winds ble w from
nearly all directions. In June 1981 wind speed did not exceed
28 ms !91% of the time. This_ was typical of all winters.

Wind speeds greater than 2.4 m s ! are required for vertical

mixing of the water column (Harris 1980; Scott, Mye r, Stewart &
Walther 1969). From these measurements, it is deduc ed that the
weather conditions on the dam were predominantly ca Im. The
influence on phytoplankton dynamics is explained in Section
54.

The relevence of the measurements is, however, prej udiced by the
interaction of three factors. Firstly, the lake is dendritic,
its shoreline development is 2.2 and no point lies more than
1.5 km from the shoreline. Secondly, it is surround ed by an

irregular assortment of houses, trees and open veld (terrain



400

300 -

200 -

100 -

Solar radiation {monthly average ) Wm™2

G 1N N N N T SO Y S 00 PO Y I A T A O I A O N O A O OV O L B AR O

1981 ! 1982 1983 1984

Figure 5.2. Monthly averaged solar radiation measured by the Department of Water
Affairs at point W3 (Fig. 4.1).

_62-



Rainfall / Evaporation mm / month

\ >\\/ Max. temp. \/
250 (= H—- ‘D._ K S
AL v i
\ R /
\ AR " i
200 “ a __ f | !
_
“ i Ju <\s | /\/\_ _C\)" _..
i n ._ p _._ “ ™ _~ Evaporation M
Y / ) _ A4y
\ \J
100 —1 |
i |
| _
50 — Ll
i I .
., | L . JRainfall  \ L}
0O - J f..\..f.\ _ /.. i .P.\
1980 198 | 1982

25

20

°C

Air Temperature

_OE...

Figure 5,3. Monthly averaged climatic data for the catchment measured by the

Department of transport at Irene (Fig, 3.3).



6]
" '

Wind speed {ms~!)
N

T

FMAMJJASOND|JFMAMJIJAS OND

Figure 5.4.

198! 1982

Mean monthly wind speed at point W3 (Fig. 4.1)

JFMAMJI JASOND
1983

(Zohary, in preparation).

J
1984



- 32 -

£

ses showing the distribution o
ions, at point W3 (Fig. 4.1).

d
eed is indicated by the distance from the base of the
Radius breadth is proportional te the time spent at a
specified speed and directiom.



-33-

categories 1 to 3 - Newberry & Eaton 1974). Thirdly , the slope
of the surrounding land varies from horizontal to v ertical.
Thus it is difficult to estimate wind speeds on the lake from on
shore, even with the aid of a physical model (Walde ck, private
communication, 1982).
This uncertainty was confirmed by correlations betw een wind
measured with anemometers located in different area s and is
discussed under section 5.1.7(c). Wind speeds measu red on the
dam wall could be 2-3 times those at Oberon. The ma in thermo-
cline (Section 5.1.5(f)) may thus be established an d deepened
principally by winds blowing down the dam wall cut (Fig. 3.1).
5.1.3 Underwater light-climate
@  Vertical extinction
The mean vertical extinction coefficients of the wa velength
ranges passed by the filters used are shown in Tabl e 5.1. Blue
light (443 nm) was rapidly attenuated and the depth at which 1%
of the sub-surface value remained ranged between 0. 3and 4.3 m
(x = 2.3 m). Although there was no significant diff erence
between the extinction coefficients for the blue-gr een, green
and red wavebands, green light (550 nm) always pene trated the
furthest (the attenuation coefficient of green ligh t is referred
to as e in the text). The level at __ which 1% of gr een light
remainea ranged between 0.5and 9.5 m (x =4.2 m).
©  Euphotic zone
The euphotic zone depth (Z ) (the depth at which 1% of photo-
synthetically available raaiation remained) ranged between 0.9
and 7.6 m (x = 4.3) in 1981/82 (Robarts 1984), betw een 0.6 and
6.4 m (x 3.7) in 1982/83 (Robarts & Zohary 1984) an d between
0.45 and 8.4 m (x = 3.9) in 1983/84 (Fig. 5.58). Th ese data
indicate an unstable light regime for the phytoplan kton popula-
tion. During the three year study, light conditions in the lake
were usually best in August-September and worst in January-
February and coincided with the wax and wane of the algal
population (see Section 5.4.7).
Table 5.1. Mean vertical extinction coefficients (e, In m
+ 95% CL) obtained with optical filters (mid-points
of wavelength ranges in parenthesis) used in
Hartbeespoort Dam during 1981-84.
Filter e
Blue (443 nm) 2540 (£0.292, n = 145
Blue-green (520 nm) 1531  (£0.206, n o » 144
Green (550 nm) 1397  (£0.186, n = 152
Red (670 nm) 1555 (£0.212, n = 144




-34-

5-1-4 Hydrology and morphometry

The period 1980-1984 was characterised by a prolong ed drought, the
most severe in the Vaal catchment since records wer e first kept in
1906 (Alexander 1984). Rainfall, flow and evaporati on in the Hart-
beespoort Dam catchment during the relevant hydro logical years

(October-September) was as follows:

Table 5.2. Hydrological statistics from the Directorate
of Water Affairs and Department of Transport.

Hydrological rainfall inflow outflow evaporation
year (mm/year) (@2x10%) m?x10°) (w3x105)
Mean 695 168 153 18
1980-1981 696 234 212 26
1981-1982 543 144 186 25
1982-1983 520 99 le6 14
1983-1984 676 121 99 14
! Mean annual rainfall' was averaged in time from 19 16 to 1984, and
flow and evaporation from 1923 to 1984. Rainfall wa s averaged in
space from data taken at four stations, one close t o the dam-wall and
the others near the Jukskei, Hennops and Magalies h eadwaters.
Thus, for two years, rainfall was well below averag e. Inflow fell
dramatically. Outflow was curtailed after three yea rs to compensate.
Evaporation decreased due to the reduced lake-area, in spite of
reduced cloud cover. The extraction rate for irriga tion above the
lake was roughly constant at ca. 54 x 10 m 3 year. The drought has
meant that the stored volume has been reduced to ge nerally below 40%
of its maximum value, the area to 10.5 x 10 m 3 as opposed to 20
(maximum) and the level by 7m from 1 162 to 1 155 m .a.s.l.
(Fig. 3.2).
Four consequences of the reduced volume are: a smal ler space for the
biota to live; the conveyance of nutrients further into the lake;
earlier overturn and a larger proportion of the lak e-volume in the

vicinity of the raft (station 1 - Fig. 4.1).

Heat related statistics

(a) Data
Simple physical, chemical and biological statistics are often
taken as representative of whole lakes, and are cro ss-correla-
ted. For Hartbeespoort Dam, the chosen physical sta tistics are

diffusion, buoyancy-frequency, pycnoclines, stabi lity, wind-
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work, total-heat, residence-time, Wedderburn number
cline. Measurements at station 1 (Fig. 4.1) were ta
representative of the lake, as it was situated at t

part and on the edge of the main basin.

Care was taken to simplify interactions between fun
referred to the surface (for instance wind and radi

those referred to the bottom (for instance off-take
currents and resident chemicals) by choosing a hydr

during which the level remained essentially constan
summer of hydrological year 1981-82 was chosen as r

(Fig. 5.6) in deriving results discussed in Section

c, d, and g).

(b) Vertical transport

Turbulent diffusion is one of the principal mechani
transport (Robarts & Ward 1978). It tends to be slo
the metalimnion (Fig. 5.1), the depth-range over wh
gradients, and thus also buoyancy frequencies are h
diffusion coefficients lowest. In the total transpo

the breakage of pycnoclines, due either to shear st
motion across the littoral zone, would be in system
with turbulent diffusion in the hypolimnion.

Diffusion is intrinsically a passive process. In si

given insulation at the boundaries of a medium and

of fixed potentials (temperatures) at extremes, it
constant gradient across the medium after infinite
elapsed. Thus, in assessing values of diffusion fro
ture profiles, the effects of forcing functions (ex
influences such as wind and radiation) should be el
(Jassby & Powell 1975). No direct method of elimina
effects of forcing functions from the data set has
developed. Diffusion is, however, such a significan
that it it worthwhile to make the best possible est
practical conditions.

The profile for the summer of 1981-82 (Fig. 5.7) is
shown in Figure 5.8, in order to eliminate computat
lity due to seiches. In using the smoothed data, it
that wind directly affected only the epilimnion, an
because the euphotic zone ended generally above the

temperature measurements in the metalimnion and hyp

could yield usable first-approximations to diffusiv
these zones.

Diffusion coefficients for overlapping 5 m depth ba
monthly Intervals were averaged over the summer of
locus is displayed in Figure 5.9. The depth at whic
minimum value occured provided an estimate of the m
of the pycnocline. This corresponded closely to the
shown in Figure 5.29, and may have been mainly resp
its existence. The mean position of the pynocline a
sponded closely to the thermocline depth defined fo
fetch in a study of continental, LEWG (Lake Ecosyst
Group, University of Toronto) and Japanese Lakes (S
1983).
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A comparison of values related to diffusivity in se ven lakes
(Table 5.3) shows that shallower, colder, high lati tude lakes
have broader ranges of buoyancy-frequency and summe r temperature
and lower ranges of diffusivity than do deeper, war mer, low-
latitude lakes.

As will be explained in Section 5.1.7(c), it was es timated that
seiches of mean amplitude 5 m occurred over 15% of the summer
season. Taking into account the bottom area swept b y the
metalimnion, the vertical depths of the meta- and h ypolimnion
and the contact area between them, it was calculate d that such
seiches would lead to a 12% increase in mean diffus ion over the

summer season.

(°) Buoyancy-frequency

The buoyancy, or Brunt-Vaissala frequency, serves t hree main
functions. Firstly, it is used as an analog of the density
gradient. Secondly, it defines the frequencies of i nternal
waves, which are considered in detail in Section 5. 1.7(d).
Thirdly, it can be used for checking estimates of d iffusivity.

Mean values for the summer of 1981-82 were calculat ed. The
maximum value was an alternative estimate of the me an position

of the pycnocline (Fig. 5.9). It was close to that of the

minimum value of diffusivity (Section 5.1.5(b)).

@  Mean dissipation

In order to check the precision of estimates of dif fusion and
the buoyancy frequency, they are included in an est imate of
dissipation, which is checked against two other rel ated esti-
mates.

In Figure 5.10, the mean product of diffusivity and the buoyancy
frequency squared is shown as 0.0129 mm 2's 3. The goodness of
fit of the data to the curve (g.0.f. =1 - SSq /SSq ) is 0.74.
Thus the mean dissipation of the water mass is calc ulated to be
0.026 mm 2 s~ ® (Imberger 1982). Given a lake volume of 175 Mm 3,
this means a power consumption of 4. 5 kW. Alternat ively,
assuming a mean wind speed of 2.5 m s in summer (Se ction
5.1.2(c)) and a mean corresponding surface flow of 2% of this
(Section 5.1.6(a)), the dissipation is 3.2 kW. Thir dly, given
wind work of 1.344 k N m generated (at maximum rate ) over four
months (Section 5.1.5(e)), the dissipation was calc ulated to be
2.6 kW. The standard deviation of these three estim ates is 28%

of the mean, which gives an idea of their precision

(€  Stability, wind work and whole lake heat content

Weekly values for the Schmidt stability index (Symo ns 1969),
Birgean wind work (ldso 1973) and whole lake heat c ontent
(Wetzel & Likens 1979) are shown in Figure 5.11.

In Hartbeespoort Dam, maximum stability values were recorded in
mid-summer (January) when thermal stratification wa S greatest.
Similarly, minimum stability values were recorded f rom after

overturn (March - April) until the onset of stratif ication



Table 5.3. Values associated with diffusivity for seven lakes
o R Lat%tude Altitude Zm Summerotemp Nz_z Diffusivity
m.a.s.l. n range °C -logi1gS mms “s

Augher Rippey 1983 54N 0 5.5 8 - 18 2.5 - 4.7 0.5 - 10
Grevelingen de Bruijn et al. 1980 52N 0 4.2 7 -~ 18 1 - 0.1 - 10
Castle Jassby & Powell 1975 41N 1706 7.4 4 - 20 2.5 0.7 = 5.0
Valencia Lewis 1983 108 420 lg.b 26 - 28 - 9 - 23
Lanao Lewls 1982 8N 702 60.0 24 - 26 - 22 -~ 200
McIilwaine Robarts & Ward 1978 178 1368 9.4 22 - 24 35— B3 16 - 50
Hartbeespoort  This study 1985 268 1162 9.6 20 - 28 3 =4 I1s = 70

_.I'?_
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(August - September) during isothermal conditions.
tic events (e.g., storms, strong winds) decreased s
increasing vertical mixing, while periods of calm,
reduced vertical mixing and thus increased stabilit

The Birgean wind work statistic (B) indicates the a

that must be applied to the surface of the lake to

the summer heat income. Thus, the magnitude of B is
on the total heat content of the lake. This was cle
strated by Hartbeespoort Dam, where B remained high
after which values for B and total heat content (H)
rapidly as the lake continued to mix and lose sensi

the atmosphere. During each winter, minimum values
work and total heat were recorded. The lack of a si
point in summer was due to the local effects of cli
tors.

The values for lake stability (S) and B are influen
morphometry of the lake basin, local climatic facto
latitude_of the lake. The highest values for S and
1638 N m *, respectively) recorded at Hartbeespoort
unexpected in view of the shallow mean depth (9.4 m
not persist for longer than one week.

The total heat budget of Hartbeespoort Dam, calcula
difference between maximum (summer) and minimum (wi
for heat content per unit area (Fig. 5.11), ranged
0.45 (1983-84) and 0.55 G J m
somewhat low, but are comparable to those of other
similar size (Hutchinson 1957). With the progressiv

lake volume during the study, successive summer and

values for heat content per unit area were progress
and the total heat content of the lake also decreas

Some clima-
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The progressive drop in lake level also gave rise t
summer stability values than those recorded when th
full (1980-81) and reduced the quantity of wind wor

mix the lake. This progressive decrease in summer s
(resistance to mixing) was such that the low wind s

ly recorded during February and March each year wer

to permit complete mixing (turnover) to occur on pr
earlier dates (Fig. 5.11). This was confirmed by ex

the chemical data which demonstrated the presence o
conditions throughout the water column (see Fig. 5.
fore, the stability index (S) provided a good indic

when the lake was likely to turn over.

(f) Thermocline

The depth locus of the main thermocline (Fig. 5.12)

ted from the temperature profiles in terms of the p
inflection of cubic refinements (pooled g.o.f. was
stratified periods only, >0.99; 24 readings during
periods were rejected). The annual cycle could be e
a cisoid of one year periodicity (pooled g.o.f. was
stratified periods only, >0.98). In spite of variat
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over 1980-1984, the amplitude of the cisoid remaine
constant at 10 m . The degree of stability (Section
correlated well with the depth of the lake below th
cline, and overturn could be forecast by the onset
changes in the parameters of the equation.

The difference between the mean depths of the pycno

tered in Figure 5.9 (10 m) and the thermocline show
Figure 5.12 (17.5 m) can be explained by closer exa
individual plots of temperature and density against

most of them there existed, together with the main

which deepened smoothly over the season, a sharply
gradient at around 9 m depth. Although the temperat

depth varied over the season, the gradient was virt

tionary, and thus predominated in the time averagin
produced the curves in Figure 5.9.

In theory, the main thermocline shown in Figure 5.1

have been deepened directly by wind mixing across a
persistent thermocline. Deepening might, however, h

to convection at the shore line. Breakage of thermo
shore-lines due to seiche action is discussed in Se
5.1.7(c). By the time the temperature of the rotate

equalised at the raft, oxygen could have been remov
down-driven epilimnetic water by decay and added to
driven hypolimnetic water by wind. A similar convec

nism is postulated in Section 5.1.6.

Deepening due to inflow was discounted, as temperat
generally lower than those of the lake. Outflow was
agent, as it was taken from the lower (colder) stra

As measurements were taken at a fairly constant tim

the upper thermocline was not detected on each occa

rary, diurnal stratification could not be discounte
effect would correspond to a breeze thermocline, wh
differentiated from a larger, storm thermocline by
(1982). In its presence, daily averaged mixing woul
continuous and the oxycline would have represented
dynamic balance point between aeration due to wind

nation due to biological oxygen demand. Corresponde
mean breeze thermocline would thus be coincidental.

(g) Wedderburn number

The dimensionless Wedderburn number quantifies the
between forces due to applied wind and pressure rea
ciated with thermocline tilt. It determines the app

of one dimensional concepts and models, in which it

that temperature strata are horizontal (Patterson

Where the number is greater than ten, surface stirr
dominant mixing process and the thermocline is esse
horizontal. As the number decreases toward 3, shear
become more noticeable. Below 3, stirring at the up
produces an upwelling front which mixes the lake. A

the therraocline surfaces at the upwind end. The We
number for Hartbeespoort Dam was highly variable, r

<<1 in winter to >100 in late summer (Fig. 5.13).
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case, within 1.2 standard deviation of the mean, an
within 0.6 standard deviations, they are regarded a
with the set. One of the largest proportional devia
S.D. in respect of the long-wave residue) indicates
tion and sensible heat could affect the balance.

From Figure 5.13, it is deduced that temperature sa mples taken
at the raft were usually representative of the lake mainly
between December and April. Those taken in October and November
should be viewed with care, in spite of the high de gree of
stability.
The specification of the Wedderburn number involved an assump-
tion of an 8 km fetch in relation to wind-direction . In this
context, it may be useful to regard Hartbeespoort a s cruciform
rather than dendritic. By horizontal resolution, it could
probably be shown that the effective fetch is reaso nably con-
stant for all wind-directions. An 8 km fetch was as sumed in two
other calculations, namely pycnocline depth (Sectio n 5.1.5(b))
and maximum wave-amplitude (Section 5.1.7(d)), in w hich the
answers corresponded closely to observed values.

(h) Thermal budget
A thermal budget, calculated as in Hutchinson (1957 ) over the
early summer of 1982-1983, was entered into Table 5 .4 alongside
those of other lakes.
Heat acquisition (Fig. 5.11) and incident short-wav e radiation
(Fig. 5.2) were measured directly. The latter was a ssumed to
include contributions from the sun, sky and atmosph ere. The
generally-favoured 6% reflection/radiation ratio wa s used to
calculate reflected radiation. Evaporation losses w ere derived
from data_ supporting Table 5.2, assuming latent he at as
2.46 MJ kg 1. Sensible heat, which in many lakes is small,
could not be assessed from either the Bowen ratio o r Johnson
expression, as the relevant local temperatures and vapour
pressures were not known. Losses into vapour were i gnored, as
in all Che data entered directly into the Table. In yearly
budgets for lakes Hula and Kinneret, such losses am ounted to
less than 1% of incident radiation. Transfer due to advection,
which is neglected in many lakes, could not be asse ssed in
Hartbeespoort owing to the absence of relevant temp eratures.
The long-wave residue was inserted so as to balance the budget.
The value corresponds to a difference of 11°C betwe en air and
water surface temperatures, a figure consistent wit h conclusions
from a brief examination of the incomplete availabl e data.
No obvious sub-classifications or general trends we re found in
Table 5.4. Thus the columns were characterised by m eans and
standard deviations. As the Hartbeespoort entries w ere, in each

d on average,
s consistent
tions (one
that advec-

5.1.6 Aperiodic, wind induced currents

tions from the
ts were taken in

In order to assess the significances of local varia
whole lake averages, several specialised measuremen
discrete areas.



TABLE 5.4, Power budget during periods of rapid heat acquisition,
in ten selected lakes, arranged in order of increasing

latitude
Height Maslmon  Mess Short Reflection
Lake Reference Latitude above Pr— Death Period wave Reflection radiation
sea-level P P radiation ratio
°8/N m.a.s.1. m m months Wm 2 Wm 2 4
Titicaca Carmouze ¢t al (1983) 165 3810 283 - November 299 ~212 7
Aswan Omar & E1 Bakry (1980) 220 175 90 25 April - - -
Hartbeesp. This report (1985) 265 1162 32 9.6 Oct -~ Feb 255 -15 6
Le Roux Allanson & Jackson
{1983) 308 1200 69 29 November 224 -16% 7
Kinneret Hutchinson (1957) 33N -210 50 24 May 281 -172 6
Hula Hutechinson (1957) 33N 67 4 1.7 May 302 -182 6
Mead Hutchinson (1957) 36N 366 137 59 May 334 -207 6
de Grote Rus de Bruijn (1982) 52N 0 - 5 Mar & Apr - - -
Petrusplaat de Bruijn (1982) 52N 0 = 15 Mar & Apr - - -
Klammingen  Hutchinson (1957) 59N 0 - - May - June 209 - -
Mean 35.9 657 95 21 - 272 17.8 6.3
Standard deviation (8.D.) 14,1 1211 93 18.2 - 45 2.3 0.5

HBPD deviation/S.D. 0.7 0.4 0.7 0.6 - 0.4 1.2 0.6




ontinued)

o — Long-wave Radiation Sensible Evaporation Advection Total Aci;igiﬁ
residue residue heat loss transfer acquisition e —
Wm 2 Wm? Wm 2 Wm?2 Wm > Wm? Wm 2
Carmouze et al (1983) ~-78 220 ~22 -179 - - 40
Omar & E1 Bakry (1980) - 219 +406 ~183 ~12 69 81
This report -611 179 - ~131 - - 40
Allanson & Jackson
(1983) ~101 122 +7778 -467 - - 101
Hutchinson (1957) -87 203 -5 =46 - - 150
Hutchinson (1957) -87 242 -5 -194 - - 12
Hutchinson (1857) -126 191 +15 -102 1453 242 97
de Bruijn (1982) - 62 +36 -28 - - 37
de Bruijn (1982) = 65 +86 -15 = = 65
Hutchinson (1957) -54 155 - -53 -1.3 - 102
-85 165.8 5.1 -97.7 - - 72.5
iation (S.D,) 24 63.9 18,0 69.4 - - 41,4
1.0 0.2 - 0.5 - - 0.8

on/S.D.

Value fixed to balance the power budget,
Values calculated from given ratio but not used in budget.

Difference between total acquisition and acquisition without advection.
Difference between total acquisition and advection-transfer,

Balance reckoned from radiation residue onwards,
From the texts, it is concluded that the negative values presented are
intended to be read positive in conmection with the budget.

The figures for sensible heat and evaporation-loss were transposed in the
text. By comparison with other results, it is assumed that this was a
misprint, and they were entered as shown,
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Wind induced currents were relevant particularly to the locations and
build-up of algal hyperscums (Section 5.A.8). Curre nts were measured
on several occasions in three different areas: the dam wall cut, the
main basin and the Crocodile debouchement (Fig. 3.1 ).
A sharp change in wind velocity occurred at around mid-day on
1983-08-04 (Fig. 5.14). The full response of the la ke currents to
the wind is shown in Figure 5.15. In order to obtai n initial under-
standing, the long term trends and oscillatory comp onents of the
curves are separated out in Figures 5.16 and 5.18 a nd resolved
orthogonally. An assumption was made that the modes were only
loosely coupled over the measurement area. The foll owing deductions
were drawn in respect of steady state:
@  Surface currents settled (in steady state) to aroun d 2% of the
driving wind speeds (Fig. 5.16), which agrees with the experien

ces of both Langmuir and Olson (Hutchinson 1957).

0  Steady state was reached approximately one hour aft er the change
in wind velocity (Fig. 5.16).

©  For currents flowing parallel to the dam wall cut, the vertical
distribution (Fig. 5.16) agreed with that proposed by Hutchinson
(1957) for a system closed at one end.

@  Due presumably to the topography and morphometry, ¢ urrents
tended to enter and leave the cut with a corkscrewi ng motion, as
shown in Figure 5.17. This convective effect is me ntioned also

Section 5.1.5(f).
5.1.7 Seiches

(@) Introduction

Seiches occur at interfaces between media. Surface seiches,
i.e., those between water and air, are believed to be of too
small an amplitude and too high a frequency to affe ct any
significant limnological function in Hartbeespoort Dam.

The main limnological significance of internal seic hes, which
correlate with low Wedderburn numbers (Section 5.1. 5(g)), lies

in their tendency to break under shear and at bound aries. They
can also confuse readings of temperature used to ca Iculate whole
lake statistics, and their effect thus needs to be taken into
account when making such calculations. They they ca n also
convey nutrients in and out of the euphotic zone.

Several seiches were detected in Hartbeespoort Dam, both by
current and temperature measurements. They occurred in the main
basin (on one occasion) and the dam wall cut (on se veral occa-
sions). In the other sections of the lake, namely t he Crocodile
and Magalies debouchements, the exponential shape o f the chan-
nels (c.f. Richardson 1953) and the presence of lit toral vegeta-
tion (c.f. Madsen & Warncke 1983) possibly facilita ted absorp-

tion rather than reflection of wave energy.
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Dam wall cut (winter)

The main significance of seiche data taken near the dam wall has
been to eliminate them when estimating long-term tr ends, and
thus to avoid confusion in interpretation. The dang er of this
occurring is illustrated by the curves shown in Fig ure 5.18, in
which the fluctuations are of the same order as the trends in
Figure 5.16. The Wedderbum number was 0.5.

The observed seiches were associated with a thermoc line created
by diurnal heating of the water column probably ful ly mixed each
night (c.f. Section 5.1.5(f)). The predominant peri ods lay
between 2 000 and 8 000 seconds. These periods coul d be defined
by the transverse dimensions of the cut (Fig. 5.17) , that is,
between 90 and 200 m, at a full depth of 20 m and a temperature
differential due to diurnal heating of 0.4 °C, and assuming a
single thermocline (Hutchinson 1957). There were so me pronoun-
ced harmonic relationships, indicating that certain transverse

resonant effects were coupled together.

The coupling mechanism from transverse to in-line m otion may
have been due to:
(i) coriolis, unlikely owing to the small dimensio ns involved;
(i) wind, owing to the convolutions of the above surface
channel;
(iii) current itself, owing to the convolutions of the below sur-
face channel.

Main lake (summer)

One main lake seiche was detected during the period (Fig. 5.19).

It arose, on 1984-01-08, in response to a 17 m s sp ike of wind
in the cut and lasted approximately 18 h, with a pe riod of 12 h,
which was consistent with a fetch of 4 km. This is the diameter
of the main basin at reduced level, and is also the distance
from the dam wall to the nearest bank down the chan nel. The
Wedderburn number was 0.3. A rapid attenuation was seen, which
might have been connected with the uneven width of the channel.

It seems unlikely to have been attributable to the wind reversal
at O6h00, as the wind speed at that time was much | ower.

A steady 8 ms ' wind occurred about ten days later. The lake

responded by mixing but not oscillating. The Wedder burn number
was 1.5. This indicated that the onset of seiches o ccurred in
response to windspeeds of between 8 and 17 m s . It would
also be influenced strongly by the spectral distrib ution of the
wind-time pattern. The creation of seiches by winds in the
above velocity range was confirmed by Fischer and S mith (1983)
in respect of another dendritic lake - Lake Mead, U SA.

The likelihood of internal seiches in Hartbeespoort Dam has been

assessed from four sources, namely:

(i) The frequency of high winds in the wind distri butions shown
in Figure 5.5;
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(ii) the ratio of wind velocities at Oberon and th
shown in Figure 5.20;

(iii) the frequency of large sudden variations in
the temperature profiles shown in Figure 5.7; and

(iv) the frequency of gusts of ¢ 15 m s amplitude
the dam wall during December 1983 and January 1984.

From this evidence, seiches of mean amplitude 5 m w
to occur over 15% of the summer season.

There appear to be more short-period variations in
profile than in those of other lakes. If it is foun
measuring point lies at a thermal antinode, it may
geous to shift it to a quieter location.

(d) Other disturbances

The height of the highest surface waves observed du
period was approximately 1 m. This agrees with Stev
formulation (Hutchinson 1957) assuming a fetch of 8

Langmuir cells were observed on several occasions i
wall cut in the presence of high winds. In their mo

lar manifestation, large nodules of algal scum were
rows parallel to the wind-direction.

Internal waves (of higher frequency than seiches) w

in temperature profiles. Although eddies at the buo
frequency (Fig. 5.9) could not be picked up individ

15 min sampling intervals, an idea of the amplitude
gained from the variations. In the dam wall cut, in

e dam-wall

amplitude in

measured at

ere estimated

the thermal
d that the
be advanta-

ring the
enson's
km.

n the dam
st spectacu-
arranged in

ere detected
yancy
ually at the
could be
a tempera-

ture gradient of 0.2° m" 1 0.2° variations were prevalent,

indicating 1 m amplitude. In the Crocodile debouche
the gradient was 4° m"
observed, indicating 0.1m amplitude. In neither cas
these amplitudes comparable with those of the main

5.1.8 Inflow

Inflow currents were monitored at points shown in F
order to help determine the introduction, depositio
flocculation of nutrients (c.f. Stumm & Morgan 1970
Hauenstein & Dracos 1984, Fischer & Smith 1983). Th
are regarded as a restricted set to be used later i

others for developing a comprehensive model.

Since knowledge was already available on the role o
inflow current was present, emphasis was laid on th

in the absence of wind. As this situation almost ne
practice, the measurements were made under conditio
inflow, the effects of which would be more visible

at the time.

(a) Forcing function

The spate examined was, from the point of view of a
productive a forcing-function as could be expected

ment, where

! during a flood, 0.4° variations were

e were
basin seiches.

igure 5.21, in
n, uptake and
, Chapra 1980,
e data gathered
n conjunction with

f wind when little
e role of inflow
ver occurs in
ns of very high
than those of wind

nalysis, as
(Fig. 5.22),
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The 1 M m ® pulse was sensibly isolated from others before and

after. Although it contained only about 0.7% of the
annual recharge, and was thus smaller than many, th
edge was exceptionally sharp (less than one hour) a
was a nearly perfect exponential decay with a time

average
e leading

nd the tail

constant of

approximately 10 h . The Laplace transform was thus

I/(p + 1/36 000), which yielded a spectral function

from infinite period down to 10 h, and a 6 dB per o

ment at shorter periods (Fig. 5.23). In qualitative

meant, for instance, that a toe of influent water s

into the lake which did not happen when the same qu
water was released as base flow over a longer perio
supplementary data have been gathered, this effect
expressed numerically, along with others, to form a

the above model.

fairly flat
ctave decre-
terms, this
tretched far
antity of
d. When
will be
component of

Spate

Four input-processes were demonstrated during the e xcercise:

(i) The spate took approximately 10 h to cover the 80 km from
its source (Johannesburg) to the lake (Fig. 3.3). T hus it
travelled at approximately 2.5 m s 1. The sharpness of
the leading edge was presumably due firstly to the paved
surfaces on which the rain fell, and secondly, to t he fact
that the storm itself travelled roughly downstream with the
current. This effect confirms that reported in Foro ud et
at.  (1984).

(i) On entering the channel, the low conductivity run-off
pushed the high conductivity resident base water ah ead.
Thus the run-off arrived some ten hours after the f ront of
the spate, when the current had decayed to approxim ately
0.5 of its peak value of 22 m ®g" 1 (Fig.5.22).
(iii) The conductivity response preceded, by some 5 hours, the
temperature response, in respect of both rise and f all

(Fig. 5.24).

(iv) Turbidity double-peaked (Fig. 5.25), firstly 4
the front and secondly, a much broader peak, when t
run-off arrived.

From this it was deduced that the main sediment loa

from the ground onto which the rain fell, and a sec

load was resuspended from the channel. In view of t
between the loads it is deduced that the spate at n

above the river-banks.

The onset of the second turbidity peak coincided wi

of the drop in conductivity, which was possibly inf

much by the aggregation of solutes as by the change
basewater to runoff.

Lake response

Radiation, wind and inflow influenced the debouchem
follows:

hours behind
he

d was eroded
ond, smaller

he gap
0 stage rose

th the start
luenced as
from

ent as
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(i) During and after the spate, the denser influent water
flowed under the resident lake water in the debouch ement.
The following three processes contributed to the de nsity-
differential:
Initially, the conductivity of the spate was higher than
that of the lake proper, indicating a higher concen tration

of dissolved solids (Fig. 5.26).

At two stages, high concentrations of suspended mat ter
arrived.
Inflow temperature (Fig. 5.27) at all times remaine d lower,
and at some times much lower than that of the lake proper.

(i) Adms 1 wind blew over the lake during the storm, that
is, before the spate arrived, and effectively mixed the
water in the debouchement, probably right down to t he
sediment (Fig_. 5.27). At the end of the first day, a
second (3 ms *) wind began to mix the cold bottom w ater
with the surface layer, which had been heated by di urnal
solar radiation (Fig. 5.27). This second wind was n ot,
however, strong enough to influence the spate water near

the sediment (Fig. 5.27).

(iii) The conductivity difference appeared to progr

ess along the

lake bottom for a shorter distance than the tempera ture
difference, again suggesting aggregation. The turbi dity
peaks decreased fairly evenly along the bottom, mor e or

less in-line with the temperature difference (Fig.

5.1.9 Summary of physical limnology results

The thermal budget of Hartbeespoort Dam was consist
taken from nine lakes In the tropical and temperatu
components such as solar radiation were seasonal an
from year to year. The depth of penetration of sola
varied widely and was limited largely by the densit

in the irradiated (euphotic) zone as demonstrated |

Rainfall and evapotranspiration potential were roug

over the seasons. Excess moisture (that is - runoff

of variations In these large quantities, and varied

to decadal time-scales. Two main consequences were
control was kept on outlets to customers and a sign

of natural inflow arrived In the form of isolated s

During one such spate, which was monitored, the war
water was pushed ahead of the colder runoff. Two tu
occurred; the first at the front of the spate and t

arrival of the runoff. A drop in conductivity coinc
arrival of the second turbidity peak and preceded t

rature. Conductivity was possibly as strongly influ
aggregation of solutes onto particles as by the cha
base-water to run-off. The colder, denser, turbid r
along the floor of the lake for at least 36 hours a

peak had passed. Thus spates probably exerted a cru
both eutrophication (Section 5.2) and siltation (Se

5.28).

ent with examples
re zones. Budget
d highly variable
r radiation
y of algae growing
n Section 5.4.9.

hly synchronous
) was the residue
widely over daily
that careful
ificant proportion
pates.

mer base-flow
rbidity peaks
he second at the
ided with the
he drop in tempe-
enced by the
ngeover from
unoff flowed
fter the current
cial influence on
ction 5.3).
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Figure 5.28, Time-averages of turbidity, measured at
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showing progressive decrease along channel
(Hely-Hutchinson, in preparation).
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Wind speeds over the main basin tended to be low (o
s" 1), which enabled
maintain its position within the euphotic zone and
(Section 5.4.14). Accumulations were blown into she
where they thickened vertically to form conso
(Section 5.4.8).

Due to the terrain, wind patterns in such inlets co
different from those in the main basin. Differences
noticeable in the dam-wall cut, which was in-line w
slope of the terrain between Johannesburg and Brits
wind, which tended to reverse direction twice per d
mountain fashion, was concentrated and accelerated
hills.

Like other lakes in southern Africa, Hartbeespoort

be warm, monomictic; that is - stratified and mixed
Temperatures, which varied from 12°C in winter to b
and 26 (surface) in summer, influenced the distribu
(Section 5.4.14). The study period covered one of t
droughts in record. This resulted in a reduced epil
much smaller hypolimnion and nutrients being carrie
normally into the main basin during the period. The
tion that the biomass changed dramatically over the

The oxycline was found to be close to a persistent
cline, and may have been controlled mainly by the |
mixing. The level was well above that of the classi
thermocline, the depth of which varied cyclically,

lake content. A period at the end of 1983, when the
along the lake bottom (Fig. 5.12), corresponded to

of the oxycline (Figs 5.29, 5.53 and 5.54). Times o

is - sudden, large increases in diffusion in Autumn

on lake content and occurred in March (when low) an
full).

Diffusivities in the hypolimnion and metalimnion, a
summer period, were found to be consistent with tho
low-latitude, high-altitude lakes. There was strong
convection occurred at the lake shorelines, togethe
breakage due to seiche action. These effects would
tive diffusivity.

Total heat, when expressed as a tropicality index,
follow trends for the southern African region. Tota
work, which were the results of external influences
tion) , did not alter greatly over the drought peri
reduced considerably in tune with the reduced volum
be confidently forecasted in terms of either stabil
typifying equations of the main thermocline.

The thermal profile was equalised over the whole la
forces within a day or so. Wind in the dam wall cut
enough to disturb this steady state by reducing the
sufficiently to set seiches in motion. During seich

ties of water were transferred back and forth acros
largest seiches could raise anoxic hypolimnetic wat
into the euphotic zone and submerge algae below the
hours at a time. Where readings of limnological pa

n average 1.7 m

Miavoeystis (the dominant alga, Section 5.4.6) to

to accumulate
ltered inlets,
lidated scums

uld be very
were most
ith the NNW-SSE
. The ambient
ay in typical
by the surrouding

Dam was found to
once per year.
etween 18 (bottom)
tion of species
he most severe
imnion, a very
d further than
re was no indica-
period.

breeze-thermo-
imit to daily
cally defined
independent of
thermocline lay
a brief collapse
f overturn (that
) depended closely
d April (when

veraged over a
se of four other
evidence that
r with thermocline
increase effec-

was found to
| heat and wind
(wind and radia-
od. Stability
e. Overturn could
ity trends or the

ke by gravity
was violent
Wedderburn number
e action quanti-
s the lake. The
er temporarily
zone for several
rameters were
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taken at thermal antinodes, seiches could render th

and instantaneous significance. By comparison with
profiles in other lakes, those taken at the main me
seemed to suffer from unusual short-term variabilit
found to be due to seiche-action, the point may be
quieter location.

5.2 CHEMICAL LIMNOLOGY

5.2.1 Introduction to lake chemistry

The composition and abundance of the chemical subst
dissolved in water has a profound influence on the

of particular importance are oxygen, carbon, nitrog

silica. An absence of oxygen precludes the survival

animals and many other organisms. Bound carbon, nit

phosphorus are essential for the growth of primary
the phytoplankton, among which the diatoms also req
growth.

The atmosphere and photosynthesis by aquatic plants
sources of dissolved oxygen. Carbon dioxide arises
processes of aerobic decomposition of organic matte

in the water. Sources of other inorganic dissolved

are principally the inflowing water, the bottom of

lesser extent, the atmosphere. Losses of dissolved
stances occur with the water released from the lake
uptake, chemical precipitation and adsorption onto

cles.

Summer stratification (Section 5.1.5(f)) results in

in the chemical composition of the epi- and hypolim

in hypertrophic lakes. The epilimnion isolates the

the atmosphere and provides a rain of organic matte
limnion. Bacterial decomposition of this organic ma
depletes the oxygen in the hypolimnion. Certain com
iron, manganese and phosphorus, which are insoluble
conditions, become soluble under anaerobic conditio
hypolimnetic waters therefore usually contain eleva

of phosphates, iron and manganese. Other processes
under anaerobic conditions include the denitrificat
nitrogen gas and the reduction of sulphates to hydr

An important feature of hypertrophic impoundments
nitrogen: phosphorus ratio. This is brought about b
effluents with low N:P ratios, elevated levels of d

such waters and also through losses of ammonia by v
high pH values caused by intense photosynthesis. Do
phytoplankton by blue-green algae is characteristic

in which the nitrogen : phosphorus ratio is low.

In this section on Chemical Limnology emphasis is p
chemicals of biological importance. The variation i
tration levels over the three year period of the st

These data are compared with chemical measurements
son, Pickford & Schuurman (1932) when the lake was
with later conditions described by Allanson & Giesk
Scott  etat. (1977; 1980).

em only of local
temperature
asurement point
y. If this is
shifted to a

ances and gases
biota. Elements
en, phosphorus and
of virtually all
rogen, and
producers such as
uire silica for

and algae are the
mainly from

r and respiration

matter in a lake

the lake and, to a
inorganic sub-

, by biological
sediment parti-

important changes
nion, particularly
hypolinmion from
r into the hypo-
tter rapidly
pounds containing
under aerobic
ns. Anaerobic
ted concentrations
which take place
ion of nitrates to
ogen sulphide.

s their low
y the input of
enitrification in
olatization at the
minance of the
of water bodies

laced on those
n their concen-
udy is reported.
made by Hutchin-
oligotrophic and
es (1961) and by
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5.2.2  The oxygen regime and its relationship to phy sical characteristics
Hartbeespoort Dam is a warm monomictic lake (Robart s ot at 1982,
Section 5.1). Both thermal and oxygen stratificatio n develop in the
lake during spring (September to November) and the lake remains
stratified throughout summer. Stratification breaks down in late
summer-early winter (March to May). A distinct, cla ssically-defined
thennocline has been observed, although the oxyclin e usually provides
a more clearly defined index of stratification. The position of the
oxy-thermocline varies during the season (Figs. 5.7 and 5.29) al-
though it averages between 10 and 15 m for most of the season.
During hydrological year (HY) 1983 and part of HY 1 982 when draw down
began having an effect on lake volume, wind-mixing had a greater
effect on the oxy-thermocline causing greater fluct uations of the
hypolimnetic surface. Scott et at. (1977) observed a similar insta-
bility in the oxy-thermocline during 1973-74 when t he lake level was
similarly low and their data shows possible polymic ism (their Fig.
19, which shows oxygenation of the hypolimnion duri ng January 1974).
Scott et aV 's. Figure 10 shows also that the thermal regime wa s
affected during this period. Increased nutrient con centrations
coinciding with this period also act to substantiat e this interpre-
tation. Recent data (October to December 1983) also suggest that at
low levels Hartbeespoort Dam can show signs of poly micism.

Oxygen saturations range from nil to over 100% with values of 150 -

200% not uncommon in surface waters during summer.

5.2.3 Inorganic chemistry

Using conductivity (Eg) as an index of the inorgani c ion status of
lake waters, Hartbeespoort Dam is fairly typical of most southern
African man-made lakes (cf. Thornton & Nduku 1982). Conductivity
ranged from 50 - 65 mS m" 1 during 1980 - 83 (Fig. 5.30) and has
increased gradually since the study of Scott et al. (1977; Appen-
dices 5.1 to 5.4 and Table 5.5). The increase in co nductivity values

in recent years may be a function of the lack of si gnificant inflow
rather than a real increase in mineralization in th e lake catchment.
However, it is difficult to accurately assess this trend until such
time as more normal rainfall is experienced. At pre sent, Hartbees-
poort Dam is on the boundary of Tailing and Tailing 's (1965) Class |
soft water African lakes. The lake is alkaline (mea n pH = 9.2) with
an alkalinity of between 130 and 200 mg Z~' cacCg;.

Most of the inorganic ion concentrations remain rel atively constant
throughout the year. This is in agreement with the findings of Scott

et at* (1977) who noted slight changes in ion concentratio ns as a
result of storm events and changing hydrological re gime. lron is an
exception to this general rule undergoing a definit e seasonal cycle
(Fig. 5.31). Iron maxima occur during spring in the surface waters
(September to November) whilst hypolimnetic maxima occur during
winter. Cation dominance is in the order Mn<Fe<K<Mg <Ca/Na. Calcium/
sodium appear to be co-dominant in Hartbeespoort Da m. Anion domi-
nance is CI<SOi +<HCQ/CO; . There has been no change in the order of
dominance of the major ions in the lake since the s tudy of Scott et
at*  (1977) although slight increases in some ionic conc entrations
have been observed (Table 5.5). The increase in chl oride concentra-
tions, which has been widely publicised in the popu lar press due to

alleged damage to tobacco crops, is such that Hartb eespoort Dam falls
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Tahle 5.5. Comparison of mean (range in brackets) surface water chemistry of Hartbeespcort Dam,

1928-1984, Concentrations in mg/€ .

Parameter 1928 1958 1974 1981 1982 1983 1984
Nitrate-N 0.68 2.27 2.09 0.93 1.10 0.94 1.46
SRP 0,005 0.05 0.64 0.30 0.39 0.42 0.52
pH 1.2 (7.8-9.1) (8.5-10) 9.3 G.45 9.2 9.2
Silica - 5.3 3.9 5.4 5.2 4.7 4.4
Magnesium 4 - 19 22 23 21 21
Chloride 7 - 42 43 48 65 58
Sulphate 10 - 64 - 100 113 114
Conductivity (mS m 1) - - 50 g5 59 59 67
Alkalinity (CaCOg5) 127 - 130 142 160 135 138
Max. SDT° (m) - 3.8 3.0 3.0 2.9 5.9 Sud
Reference a b c d d d d

a) after Hutchinson ¢ gl. (1932):
b) after Allanson & Gieskes (1961);
c) after Scott et al. (1977);

d) present study;

e) secchi disc transparency.
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at the extreme of natural, non-saline waters (Wetze
excessive. Nonetheless, any further increase should
possibly controlled should such increases be anthro
generated and not an artefact of evaporative concen
below).

There have been few apparent changes in the chemica
the lake as a result of low rainfall and extensive
general, it is difficult to distinguish between tem
such as (perhaps) the increase in conductivity valu
effects such as (perhaps) increasing chloride conce
though the latter decreased during early 1984 in re
dilution factor resulting from rainfall (Table 5.5)

of the chemical environment of the lake, it is not
discuss the effect of the low rainfall period with
except insofar as anion/cation concentrations have
1980-81. These changes have been noted in the prev

5.2.4 Nitrogen

In common with other eutrophic and hypertrophic lak
nitrogen concentrations in Hartbeespoort Dam are hi
degree to which the lake is enriched. Treated domes
rial effluents are the major source (> 90%) of the
content (Toerien & Walmsley 1978, Scott

years the total nitrogen concentration in the lake
increased due to progressive urbanization and devel
catchment (Table 5.5). As a consequence, Hartbeespo
likened to an oxidation pond (Cholnoky 1958, Allans

and is now regarded as one of the most hypertrophic
(Robarts 1984). Implementation of the proposed 1 mg
standard by 1986 will, depending on the type of pro
concomitantly reduce the nitrogen load to the impou
reduce the present rate of enrichment.

(a) In-lake nitrogen concentrations

et at.

| 1975) but is not
be monitored and
pologically
tration (see

| environment of
drawdown. In
porary effects
es and longer term
ntrations, al-
sponse to the
. Thus, in terms
possible to
any certainty
increased since
ious sections.

es (Barica 1981),
gh, reflecting the
tic and indust-
lake's nitrogen
1980). During recent
has steadily
opment within the
ort Dam has been
on & Gieskes 1961)
lakes on record

£ * phosphate

cess employed,
ndment and thus

In Hartbeespoort Dam the inorganic nitrogen forms N 03-N, NO ,-N
and NH 4,-N make up between 50 and 70% of the total nitrogen
content. The remainder is composed mainly of solubl e forms of

organic nitrogen (20 - 35%) and, to a lesser degree , live

(phytoplankton, zooplankton) and dead (detritus) pa rticulate
organic nitrogen.
Depth-time isopleth plots of inorganic nitrogen con centrations

(NO3-N, NO ,-N and NH4-N) in Hartbeespoort Dam are shown in

Figures 5.32A, B and C respectively, for the study period
80-10-20 to 84-07-31. In each diagram the zero mg O , 2!
isopleth line demarcates the extent of the anaerobi ¢ hypolim-
nion. Short-term fluctuations brought about by phys ical factors
such as wind-mixing and changing lake levels modifi ed the
distinct seasonal concentration patterns of each of the three
nitrogen forms. However, despite this variability, the basic
seasonal concentration patterns were repeated each year (Fig.
5.32) and are typical of highly enriched lakes (Hal | et at.

1978, Jones etal. 1980, Bostrom 1981).
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The concentration patterns of NO 3-N (Fig. 5.32A) and NO 2-N
(Fig. 5.32B) during the 46 month study showed sever al close
similarities. Both compounds were characterized by steep
concentration gradients during summer stratificatio n and the
lowest concentrations of both NO >N and NO 3-N were recorded in

the anaerobic hypolimnion.

During summer NO ,-N concentrations increased sharply at or just

above the oxycline and then decreased in the epilim nion. The
highest summer concentrations of NO3-N were recorde d above the
oxycline in the epilimnion. After overturn, NO 3-N concentra-
tions throughout the water column increased dramati cally.

During winter, high NO2-N and NO 3-N concentrations were recorded
immediately above the sediments. With the onset of summer
stratification each year, NO »-N and NO 3-N concentrations in the
hypolimnion decreased rapidly; similar patterns hav e been

recorded by Jones et at. (1980) and Bostrom (1981).

Conversely, ammonia (NH 4-N) concentrations were highest in the

anaerobic hypolimnion during late summer, decreasin g sharply
above the oxycline to a minimum (< 250 ug -2 1) in the aerobic
epilimnion (Fig. 5.32C). The destruction of this st eep concen-
tration gradient during and after overturn has been described
in detail by Robarts et at. 0 982). During winter isothermal
conditions, NH4-N concentrations in the water colum n were
generally low. The accumulation of NH 4-N in the bottom waters
indicated that either NH4-N had diffused from the s ediments or
was lost as a result of the ammonification of sedim ented
detritus, or that both processes occurred simultane ously
(Bostrom 1981). With the onset of summer stratifica tion during
September - October each year, dissolved oxygen con centrations
in the hypolimnion were rapidly depleted. A steep N H"-N
concentration gradient re-developed™ with low (< 25 Oyg £ %
epilimnetic and higher (> 1 000 yg S. *) hypolimnetic concentra-

tions. The extent of this summer NH4-N concentratio n gradient
decreased from that recorded during the 1980-81 sum mer to that

found during the 1983-84 summer.

Examination of the variations in NO 3-N concentrations in
profundal waters 0.5 m above the sediment surface p rovide an
insight into the nitrogen cycling processes that ta ke place in
this part of the water column (Fig. 5.33). During s ummer
stratification, NO 3-N concentrations are usually less than

10 yg £ ! whilst NH 4-N concentrations increase progressively

from the onset of stratification to just before ove rturn due to

the ammonification of sedimented organic material. Prior to
complete overturn, NHi®N concentrations in the rela tively small
hypolimnion plummet to near zero as a result of dil ution with
epilimnetic water and nitrification while NO 3-N concentrations

rise rapidly due to nitrification. From overturn un til early
August (the isothermal period) the well-mixed lake cools and
loses sensible heat to the atmosphere (Section 5.1) . During
this period NH”-N concentrations remain low while N 0s-N concen-
trations show a steady if somewhat erratic increase as the
NH4-N that diffuses out of the sediments is nitrifi ed to NO ;-N
(Cavari & Phelps 1977). When the lake gains heat du ring August

and September, thermal stratification gradually dev elops and
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profundal oxygen concentrations decrease though a t

anaerobic hypolimnion does not yet develop. In this
NHif-N concentrations increase as nitrification slo
concentrations decrease as denitrification rates in

a distinct anaerobic hypolimnion develops, these tr
accentuated and the remaining NO
NHi+-N concentrations continue to rise. Seasonal va
the rates of nitrification and denitrification in H

Dam are described in Section 5.4.4.

During this study, falling lake levels caused a dec

size of the anaerobic hypolimnion in successive sum
1980-81 to 1983-84 and caused a progressive decreas
fundal NH4-N concentrations (Fig. 5.33). This trend
during January and February 1984 when a rise in lak
permitted deepening of the anaerobic hypolimnion an
sudden rise in NHA-N concentrations (Fig. 5.33).

N:P ratios

Weekly values of the ratio of total dissolved nitro
dissolved phosphorus (the 'N:P ratio' on a mass bas
Hartbeespoort Dam are shown in Figure 5.34. The N:P
tended to follow a distinct seasonal cycle in the |
minimum values recorded at or just before overturn
values at the onset of stratification each year. De
seasonal variations in the N:P ratio, the ratio rem

10.0, a characteristic of eutrophic and hypertrophi
(Smith 1983). Indeed, the lowest value of 1.04 reco
21/3/84 is similar to values recorded in the highly
Rietvlei Dam (Ashton 1981). The highest N:P ratio f
Hartbeespoort Dam (7.83 on 1/10/81) is still below
(10.0) considered to characterize highly eutrophied

1983). The N:P ratios measured during successive an
turns in Hartbeespoort Dam progressively decreased

This may be related to increased rates of denitrifi
sedimentation associated with the declining lake le
present range of low N:P ratios found in the lake i

the growth of blue-green algae (Smith 1983). Howeve
the N:P ratio continue to decrease, the lake will p
conditions suitable for the growth of nitrogen-fixi

algae (Ashton 1979, 1981).

Inflow/outflow loads and the nitrogen balance

The first rough estimates of the nitrogen loads rea
beespoort Dam were made by Osborne & Halliday (1976
guent, more accurate estimates have been made by Sc
(1977, 1980), Toerien & Walmsley (1978) and Thornto
(1982). These authors demonstrated that the largest

(> 90%) of both the hydrological and nutrient loads

to the lake via the Crocodile River. During this st

of nitrogen from the atmosphere and minor streams w

to be insignificant. Since the lake and its catchme
located in the summer rainfall zone, river flows ar
seasonal, with major inflows entering the lake duri

months. The nitrogen loads reaching the lake show s
variability, and the highest loads enter the lake d
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gure 5,34, Weekly values for the whole-lake N:P ratio, (total dissolved nitrogen:total dissolved
phosphorus), in Hartbeespoort Dam from 1980-10-20 to 1984-08-27. After Ashton (1985).
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The quantity and composition of the total nitrogen

load entering

Hartbeespoort Dam during the first three and a half years of
this study are shown in Table 5.6. Oxidized forms o f nitrogen
(NO,-N and NO 3-N) comprised, on average, 84.7% of the total

nitrogen load to the lake while NH”-N accounted for 2.9% and
organic nitrogen 12.4% . The progressive decrease i n the total
nitrogen load to the lake reflects the progressivel y worsening
drought that characterized the study period. Due to the pro-
gressive decrease in the nitrogen loads entering th e lake, areal

loading rates also declined though this was partly
receding lake level.

Monthly values for the major components of the nitr

offset by the

ogen balance

in Hartbeespoort Dam are shown in Figure 5.35. Duri ng the first

20 months of the study, the lake level remained vir tually
constant at full supply capacity. During this perio d the
combined nitrogen content of the lake fluctuated be tween 305 and
480 tonnes in response to the variable inflow and o utflow loads
as well as to losses by sedimentation and denitrifi cation. The
highly variable rates of nitrogen loss by net sedim entation

(Fig. 5.35) were due to the interactions between gr
ation and resuspension which are driven by climatic
namic forces. Since net sedimentation of nitrogen i
from an average N:P ratio in the sediments, variati
quantity reflect variations in the net sedimentatio

rus (Fig. 5.37B).

oss sediment-
and hydrody-
s calculated
ons in this

n of phospho-

Between May 1982 and November 1983 the lake level f ell 12 m (a
70% drop in volume) due to a combination of increas ed draw-offs
of irrigation water and reduced river inflows. In t he same
period the lake nitrogen content fell from 350 to 6 0 tonnes, a
decrease of 83% . The major causes of this loss wer e net
sedimentation and denitrification (Fig. 5.35). Redu ced denitri-
fication during the remainder of 1983, combined wit h increased
inflow loads, caused a rise in lake nitrogen conten t. Typical-

ly, denitrification losses were greatest during the spring,
summer and autumn months each year. This feature su pports the
observations of Messer & Brezonik (1978, 1983) who observed si-

Table 5.6. Areal lcading rate and composition of nitrogen
loads entering Hartbeespoort Dam.
Areal
Hydz:ioglcal Loading fate T?Ezin::?d Load composition (%)
¥ (g m 22 1) NHy-N  ORGANIC N  NO,-N4NO3-N

1980-81 88.0 1709 3.5 15.7 80.0
1981-82 79.6 1448 21 16.8 81.1
1982-83 76,0 771 2.5 8.8 88.7
1683-84% 58.5% 482% 3.3 8.4 88.3

*Based on data from first 6 months.
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milar trends in Lake Okeechobee, Florida. The data shown in
Figure 5.35 have been recalculated on an annual bas is and are
shown in Table 5.7.

From the data presented in Table 5.7 it is evident that sedi-
mentation and denitrification accounted for the maj or propor-
tion of the nitrogen lost from the lake, again supp orting the
observations of Messer & Brezonik (1978). Each year , denitri-
fication losses from the lake were equivalent to be tween 39 and
49% of the total annual nitrogen inflow load via th e Crocodile

and Maealies Rivers.

Table 5,7. Summarized annual nitrogen budget for Hartbeespoort Dam,
(All values are in metric tommes of N), Values in
parentheses indicate percentage of inflow load.

Budealocienl Initial N

yerologica content of AN Inflow Outflow Sediments Denitrification

year
lake

1980-81 388 +62 1709 387 419 841
(22.6%)  (24.5%) (49.2%)

15381-82 450 =173 1448 540 418 663
(37.3%)  (28.9%) (45,8%)

1982-83 277 -118 771 282 304 303
(36.6%)  (39.4%) (39.3%)

(d) Nitrogen in Hartbeespoort Dam sediments

Chemical analysis of 48 sediment samples collected from diffe-
rent areas in Hartbeespoort Dam showed extremely hi gh variabi-
lity in nitrogen content (x = 0.36%; cv = 122%), wi th the
highest values recorded in sediments from the Croco dile River
arm of the lake. A more detailed description of Har tbeespoort
Dam sediments is given in Section 5.3,1. Because of extremely
high variability in the nitrogen and phosphorus con tents of the
sediments, the sediment N:P ratio varied from 1,02 to 10.69
with a mean of 2.04 and no spatial separation of di fferent

sediment types could be made.

Vertical profiles of different inorganic nitrogen f orms in
sediment cores collected from aerobic (marginal) an d anaerobic
(profundal) zones in the lake also showed great var iability.
Representative profiles of NO 3-N and NH 4-N in the two sediment

types are shown in Figure 5.36. The 'marginal ! core is charac-
terized by a shallow (s 1 cm) aerobic zone with hig h NO 3-N
concentrations overlying a deeper anaerobic zone wh ere NO 3-N
concentrations are virtually undetectable. In the a erobic
zone, NH”-N concentrations are low, increasing shar ply in the
anaerobic zone. The 'profundal ! core was characterized by an

almost complete lack of NO 3-N throughout its depth and very

high NH”-N concentrations (Fig. 5.36). Further core s collected
from the profundal zone after overturn showed the d evelopment
of a shallow (ca. 3 mm) aerobic microzone at the su rface” This
microzone contained high concentrations (> 2 500 yg £ 1) of

both NO 3-N and NH 4~N and supported high rates of nitrification
and denitrification (Section 5.4.4).
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5.2.5 Phosphorus loads and the phosphorus balance

Estimates of phosphorus loads were first made for H artbeespoort Dam
in 1975 by Toerien & Walmsley (1976) and Osborn & H alliday (1976).
Estimates of the 1974 phosphorus loads to Hartbeesp oort Dam are
given in Table 5.8, together with more recent estim ates made by
Scott et at. (1980) and other authors (c.f. Thornton & Wrimsley 1982
and this study). All of these studies have found th at the major
source of phosphorus to Hartbeespoort Dam is the Cr ocodile River.
Although there has been some hydrologically-induced variability, the
mean phosphorus load to the lake was 276 + 130 s.d. tonnes P (n=7)
Monthly values for the components of the phosphorus balance are
shown in Figure 5.37. During the first 20 months of the study when
the lake level remained virtually constant at full supply capacity,
the phosphorus content of the lake fluctuated betwe en 69 and 115
tonnes in response to variable inflow and outflow | oads. Between
May 1982 and November 1983 the 12 m drop in lake le vel (a 70% drop
in volume) was accompanied by a drop in phosphorus content from 115

to 31 tonnes, a decrease of 73%.

Seasonal cycles were pronounced in the lake (Fig. 5 .37A), but were
moderated in the inflows due to the higher inflow | oads of phospho-
rus which was associated with increased river flows in summer and
the high proportion of sewage-derived phosphorus in the Crocodile-
Jukskei River which maintained high phosphorus load s during winter
(Fig. 5.37B).

Losses of phosphorus via the outflow (Fig. 5.37(C)) were dependent
on outflow hydrology; high outflow loads always bei ng associated
with increased draw-offs of irrigation water during both spring and
winter planting periods. The net sedimentation loss es shown in
Figure 5.37D were highly variable and no seasonal p attern was evi-

Table 5.8, Comparison of phosphorus leads to Hartbeespoort Dam.
loads in metric tonnes,

Year Total-P Reference

Inflow 1973 260 Osborn & Halliday (1976)
1974 336 Osborn & Halliday (1976)
1975 350 Toerien & Walmsley (1976)
1977 418 Scott et gi. (1980)
1981 283 This study
1982 323 This study
1983 206 This study

Qutflow 1981 80 This study
1982 107 This study

1983 86 Thig study
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dent. This was brought about by interactions betwee
tation and resuspension which were, in turn, driven
and climatic forces.

The range of total phosphorus concentrations in the
04mg” ' toover2.0mg
0.3to0 1.3 mg | ! reported by Scott et at.
phosphorus concentrations occurred in the hypolimni
whilst minimum concentrations occurred in the surfa
various times of the year. The distribution of othe
fractions in Hartbeespoort Dam surface water for 19

Figure 5.39. SRP formed about 60% of the TP concent
lake. Of this, LMWP (low molecular weight phosphoru
approximately 2 x void volume) accounted for betwee

the SRP concentration (over 100% recovery was due t
error which was estimated to be about 10%). HWMP (h
weight phosphorus eluting at void volume) was rarel

was detectable on five occasions during winter circ
concentrations of HMWP were observed just prior to
stratification and amounted to < 10% of the TP conc
between 5 and 15% of the SRP concentration. Unreact
particulate (PP) phosphorus fractions accounted for

the TP concentration on average, respectively. No X

lar weight compound defined by Lean 1973) was disti
mably due to its absence in the system. If an XP fr

date reactive, was present in Hartbeespoort Dam, it

it was included in the LMWP fraction with which it

to the short columns employed in this study (Clarke
comm.).

The high concentration of SRP in Hartbeespoort Dam
TP concentration was characteristic of a eutrophic
(Peters 1979, OECD 1982). Downes & Paerl (1978) and
(1980) suggest that the dominance of orthophosphate
fraction is common. In New Zealand lakes, orthophos
accounts for between 63 and 100% of the SRP concent
the percentage of LMWP was found to decrease with i
status (White & Payne 1980). This observation led t

also that detectable quantities of HMWP were indica
systems, as this fraction increased in concentratio

sed in their lakes. HMWP formed between 2 and 76% o
concentration in the New Zealand lakes which were |
nantly in agricultural catchments. HMWP concentrati
Hartbeespoort Dam fall at the lower end of this sca
suggest that the findings of White & Payne (1980) m

to catchment land use. The major source of P to Har
was treated municipal wastewater discharged into th
River, which has apparently led to lower HMWP conce
observed in the lake. This aspect would require fur

tion to clarify the reason for the differences betw

Dam and the New Zealand lakes.

White & Payne (1980) also showed increased HMWP con
the end of summer (their data for Lake Okaro show a
HMWP from 0 to 25% of the SRP concentration between
1978). This seasonal distribution is similar to tha
Hartbeespoort Dam where HMWP was measured following
(0 - 58% of the SRP concentration). The occurrence

n gross sedimen-
by hydrodynamic

lake was

Z~* (Fig. 5.38), which is greater than the
(1977). Annual maximum

on in summer,
ce waters at
r phosphorus
82-83 is shown in
ration in the
s eluting at
n 70 and 100% of
o the analytical
igh molecular
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ulation. Maximum
the onset of
entration, or
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beespoort Dam may be related to the increase in bac
In May-June 1982, following overturn, bacterial pop
(from<10x10 ®t0o>21x10 ©® m24),
cation, bacterial numbers exceeded 37 x 10
similar peak was observed in June 1983 (Fig. 5.51).
ous occurrence of HMWP and aquatic bacteria has not
the literature.
5.3 SEDIMENTS
Sediments have been shown to play a central role in
cycling in lakes (Syers et at, 1973, Bostrom
larly in relation to eutrophication management thro
reduction. Lakes retain large amounts of phosphorus
ments and during eutrophication this build up is ac
of the sediment phosphorus becomes irreversably bou
transformations, but some remains loosely bound and
ported into the overlying water under suitable cond
becoming available to organisms in the water. This
phate loading can delay, or even prevent, trophic r
eutrophic lakes in which rehabilitation measures ar
Quantification of sediment/water phosphate flux, an
of the factors that control the rates and direction
therefore important requirements for effective eutr
control. This section addresses the question of sed
phosphate exchange with a view to incorporating it
beespoort Dam ecosystem model.

5-3.1 Characterisation and distribution

Physico-chemical characteristics of bottom sediment

poort Dam, compared with those from other South Afr
(Grobler & Davies 1981) where possible, are summari
Variability between samples was generally high for
measured suggesting a heterogenous distribution of

dam. The importance of overlying water depth in con
ment distribution and determining sediment characte
evident in its significant (p = 0.05) negative corr
equilibrium phosphate, pore water SRP and pH and it
correlation with total phosphorus (TP), biological

phorus (BAP), organic carbon and loss on ignition.

ships indicate that the finer grained deep water se

ing from 'sediment focussing
and contain more total phosphorus (TP) and organic
less pore water SRP, than those in marginal zones.

In a dendritic impoundment with two river inflows ¢
chemical and hydrological characteristics, and ente
river-like
ristics would be expected (Bostrom et at.
from Hartbeespoort Dam was categorised into Main Ba
River Arm and Crocodile River Arm, as shown in
(Section 4.3.3), with the exception of silt content
highest in the Crocodile River Arm, no site specifi
non-phosphorus parameters were evident. However, ce
for all phosphorus fractions measured in the Crocod
were significantly higher (P - 0.05) than those at

5 m£

et at.

1 arms, site dependent differences in sediment chara
1982). When sediment data

Figu

terial numbers.
ulations doubled

and similarly_prior to stratifi-

! (Fig. 5.50). A
The simultane-
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phosphorus
1982), particu-
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nd by geochemical
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itions, thereby
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d identification
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Table 5.9. Descriptive statistics for sediment characteristi csin
Hartbeespoort Dam and other South African impoundme nts.
Means and ranges presented (others from Grobler and
Davies 1981).

Units Parameter Hartbeespocrt Dam Others
mg g Total P 0.99(0.18-2,73) 0.38{0,15-0.98)
mg g ! Bioavailable P 0.58(0.11-1,88) 0.04(0.0 -0,17)

mg £ ! Pore water SRP  0.68(0.0 -2.7) -

mg £ 1 Equilibrium B 0.24(0.17-0.95) =
% Organic Carbon 2.9 (0.1 -5.8) 1.5(0.6-4.0)
pH 7.5 (6.9 =8.4) 6.7(4.9-8.3)

Particle Size

>300um (sand) 45 (6-93) =

% 50-300um (Silt) 46 (5~84) -

% <50um {Clay) 9 (0-46) -

- data not available

sites (Fig. 5.40). Since the main river inflow ente rs via the
Crocodile River Arm, this suggests that a large pro portion of the
incoming phosphorus load is lost to sediments neare st the inflow,
probably via silt deposition, and that the characte ristics of
sedimenting material varies with site in the dam (S ection 5.3.3).
On the basis of this sediment survey it is not poss ible to classify
Hartbeespoort Dam according to a single sediment ty pe. Although the
phosphorus fractions in Hartbeespoort Dam sediments are at least
twice as high as comparable mean values for other S outh African
impoundments, and generally higher than most record ed values (Bost-
rom et at* 1982) due to its hypertrophic condition, factors su ch as
morphometry and loading pattern interact to create a wide range of

sediment types in the dam (Table 5,10).

5.3.2 Sediment/water phosphate exchange

(a) The relationship between phosphate concentratio n in the overly-
ing water and sediment/water phosphate exchange

The ability of Hartbeespoort Dam sediments to take up or
release phosphate, depending on concentrations in t he overlying
(or surrounding) water was demonstrated using sedim ent sub-
samples in suspension and intact sediment/water sys tems with
continuous flow adaptors (Fig. 5.41). Over the rang e of
phosphate concentrations used in these experiments both methods
yielded linear relationships between phosphate conc entration in
the water and the amount of phosphate taken up or r eleased from
sediments. The existence of a sediment/water phosph ate equili-
brium, facilitating phosphate release when concentr ations in
the water drop below equilibrium and phosphate upta ke by
sediments when the equilibrium level in the water i s exceeded,
is clear from these results. However, under natural conditions
the estimates using intact sediment cores are more applicable
because they provide more realistic simulations of areal

exchange between bottom sediments and the overlying water.
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Figure 5.40,

A comparison of mean values for various phosphorus
fractions in sediments at different sites in the dam.
TP = total phosphorus; BAP = biologically availlahle

phosphorus; SRP = soluble reactive phosphorus in the
pore water; EP = equilibrium phosphorus; M = Maga-
lies Arm; C = Crocodile Arm; MB = Main Basin.

Confidence bands (P = 0,05) indicated as bars.
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Figure 5,41,

Phosphate added (mg 1~')

Phosphate conc.(mg{™')

Phosphate uptake/release by sediments under aerobic conditions

treated with varying concentrations of phosphate A) Using sediment
B) Using continunous-flow systems with intact cores,

subsamples

Symbels represent different sites in the Crocodile River arm

(Twinch 1984).



-06 -

Table 5.10. Mean values for regression constants derived from

relationships similar to those show in Figure 5.41 at
various sites in Hartbeespoort Dam. The phosphate uptake
release characteristics are described by simple lin ear
equations:

(y =mx+c) where: _

y = phosphate flux rates (mg m 2h ¥

m =slope

¢ =y intercept (maximum release rate).

The equilibrium concentration SRP is calculated as the
concentration at which flux rate = 0 using mean slo pe
and intercept. Rate (0.45) = predicted flux rate at
0.45mg Z inoverlying water (mg m 2 h) (negative
values indicate uptake; CV = coefficient of variat ion
in %).
Site Slope (m) y intercept (c) SRP_ Rate (0,45)
<10 m depth
Magalies -0, 0081 5.83 0.719 +2.19
cv 56 45 =
(n = 5)
Crocodile -0.0064 1.33 0.208 -1.55
cv 63 44 ~
(n = 4)
Main basin ~0.0140 7.08 0.505 +0.78
cv 78 39 =
(n=13
>10 m depth
Magalies -0.0038 4,12 1.085 +2.41
CY 42 37 -
(n = 5)
Crocodile -0.0048 4.57 0.952 +2.41
cv 48 37 -
(n = 5)
Main basin -0.00326 4,77 1,463 +3.,30
cY 35 15 -
(n =5)
The linear relationships (Fig. 5.41) provide a conv enient means
of predicting the direction and rate of phosphate f lux between
sediments and water at varying phosphate concentrat ions in the
water on an areal basis. Diffusion models, commonly used for

modelling sediment/water phosphate flux under non-m ixed condi-
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tions (Bostrom et at
conditions which predominate in shallow water bodie

& Jansson 1983). Under such conditions turbulence i
dominant factor controlling the rate of phosphate f
since it varies with wind and water movement in lak
cannot be accurately simulated in experimental syst

these experiments water residence time in the conti
systems was about 15 min and there was insufficient

to cause sediment resuspension. Under natural condi
shallow waters turbulence ranges between virtually
times of calm to turbulent resuspension during stor

Conditions in the continuous-flow systems were assu
represent an 'intermediate’ condition.

The phosphate exchange characteristics measured at
shallow and deep sites in Hartbeespoort Dam during
using the approach shown in Figure 5.41 are summari
Table 5.10. The phosphate exchange characteristics

water sediments generally were more variable than t
deep water zones. In shallow water areas equilibriu

levels ranged from 0.72 mg z !

greatest significance in assessing whether the sedi
acting as phosphate sources or sinks at the ambient
concentrations in the dam (about 0.45 mg

rates and directions of flux at this concentration
shown in Table 5.10 (note that positive values indi
phate release). These data show that when concentra
the overlying water are less than the equilibrium c

(Magalies Arm and Main Basin) phosphate release wou

induced and when the reverse gradient occurs (Croco

phosphate uptake will occur. Assuming that the rela

surface areas of these sediments are equal a mean r
from shallow water sediments (< 10m) of +1.42 mg m
calculated. In the deep zones (> 10m) the sediments
a markedly higher release potential with equilibriu
concentrations ranging from 0.95 mg

release rates at ambient phosphate concentrations i
(045 mg Z ') ranged from 2.4 mg m
the deep zones no site dependent differences were e
the basis of data in Figure 5.42 it is clear that t

rates cannot be maintained indefinitely.

Variability in the phosphate exchange characteristi
different sites (particularly in shallow zones) was
coefficients of variation frequently exceeding 50%.
more, due to practical limitations in the procedure
number of measurements made was inadequate to obtai
indication of the relative surface areas of sedimen
representative of the exchange characteristics show
Table 5.10. For modelling purposes this posed a pro
was solved by assuming that the ambient phosphate c
tions in the dam must reflect the average phosphate
concentration for sediments in the dam. Thus the me
and Y intercepts shown in Table 5.10 were used to d
sediment/water phosphate exchange in the dam assumi
brium concentrations equal to ambient phosphate con

in the dam.

2h 't03.3mgm

1982) are not applicable to turbulent

s (Hakanson
s the

lux and,

es, it

ems. During
nuous-flow
turbulence
tions in
zero at

m events.

med to

various
1982-84
sed in

for shallow
hose from
m phosphate

in the Magalies arm to
0.21 mg Z !inthe Crocodile Arm. These values are probably of

ments are
phosphate

Z 1). The predicted

are also
cate phos-
tions in
oncentration
Id be
dile Arm)
tive
ate of flux
2h * can be
exhibited
m phosphate

Z to 1.46 mg Zz ! and

n the dam
2h *. In
vident. On
hese release

cs at
high with
Further-
used, the
n a reliable
t that are
nin
blem that
oncentra-
equilibrium
an slopes
escribe
ng equili-
centrations



-08 -

Since the internal loading from sediments is a pote
important factor controlling the response of eutrop
rehabilitation measures, long-term phosphate releas
ments were undertaken on aerobic sediment cores fro
sites in the dam (Fig. 5.42). The rate of phosphate
decreased gradually with time approaching a slow, b
tent, base rate after about three weeks. The absenc
phosphorus input to the sediments via sedimentation
difficult to assess the applicability of these expe

natural _conditions. Phosphorus sedimentation rates
300 mg m 2d (mean 137 mg m
able, were measured in sediment traps in the dam (S
5.3.3). Even under a reduced phosphate loading regi
inputs would tend to perpetuate the more rapid rele
measured at the initial stages of the experiment.

The declining release rates as the experiments prog
indicate that the easily exchangeable phosphate in
sediments was gradually removed and that subsequent
rates were limited by slow phosphate diffusion from
sediments. An alternative, and perhaps more likely,
tion is that slow geochemical binding of exchangeab
occurs in the deposited sediments resulting in slow

ally permanent immobilisation of short-term exchang
phate. These experiments indicate clearly that the

ous exchange rates measured in short-term experimen
maintained indefinitely. Quantification of the limi
phosphate release, in response to reduced phosphate
remains an urgent requirement. In the absence of qu
information it is assumed for modelling purposes th

P is irreversibly bound at a rate of 10% p.a.

(b) The influence of dehydration and rewetting on
phosphate exchange

The influence of dehydration on sediment/water phos
exchange was examined by monitoring sediment phosph
characteristics along a transect through the draw-d

two sites (Fig. 5.43) and in laboratory simulation

(Fig. 5.44).

The laboratory simulation experiment was based on a
cores from approximately 10 cm above the water line
draw-down zone in the Crocodile River Arm (these ar

to as initial exposed cores). In addition another s
cores from about 10 cm below the water line were sa
controls (these are referred to as initial submerge

The initial exposed cores are estimated to have bee

for approximately 48 h. Phosphate exchange characte
the initial exposed and initial submerged cores wer
immediately. Thereafter some of the initial exposed
stored in the laboratory under a 10 cm layer of dis

and others were stored dry. At weekly intervals pho
exchange characteristics of these wet and dry cores
monitored (Fig. 5.44).
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Cumulative phosphate release from intact sediment cores from
3 sites. Solid line = Magalies Arm shallow site;
broken line = Crocodile Arm deep site; dotted line = Magalies
Arm deep site.
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Figure 5.43.

Distance (m)

Phosphate release from Intact cores collected
below the waterline and along transects within
the draw-down zone in the Magalies Arm (X) and
the Crocodile Arm (). Distance is from water's
edge.
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Figure 5.44. Changes in phosphate exchange characteristics
of sediments collected above the waterline in
the Crocodile Arm, compared with sediments
samples below the waterline, during five weeks
storage. The exposed cores were stored dry (X)
and wet (0), MRR = maximum release rate;

SRPo = equilibrium phosphate concentration.
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A comparison of phosphate exchange in the initial e
initial submerged cores shows that even a short per
exposure results in a big change in exchange charac
Both EP and maximum release rate (MRR) in the initi
cores were less than half those in the initial subm
Prolonged exposure of the initial exposed cores res
little further change in phosphate exchange charact
(Fig. 5.44). The initial exposed cores that were st

water showed progressive decreases in both EP and M

5 week experiment. EP dropped by about 65% and MRR
40%.

The decreasing phosphate release potential of dehyd
sediments was also evident in experiments along tra
the draw-down zone (Fig. 5.43). Although the releas
from sediments in the Magalies River Arm was far gr

in the Crocodile River Arm both sites showed rapidl
release potential with increasing distance from the

and, assuming progressively increasing dehydration
tance from the water line, supporting the conclusio
laboratory simulations. These experiments suggest t
periodic exposure of marginal sediments to the atmo
during draw-down, which can effect 50% of the sedim
area in the dam, results in a marked increase in ph
uptake potential on re-flooding. Prolonged storage
flooded sediments under laboratory conditions resul
continuing declining trend in phosphate release pot
five weeks suggesting continuous geochemical bindin
ment phosphorus. Under these conditions sedimentati
taken into account. Under natural conditions the ra

tion of sediments (Section 5.3) would result in rap

in the characteristics of surface sediments and for

the laboratory experiments must be interpreted with
Sedimentation probably results in reflooded sedimen
attaining phosphate characteristics more typical of
flooded sediments.

(c) The influence of temperature, pH and oxygen on

phosphate exchange

Examples of the influence of varying temperature, w
surface sediments, on SRP release from intact sedim
continuous-flow experiments are shown in Figure 5.4
experiments temperature was recorded continuously v
couple positioned 1 cm below the sediment surface.

tures between 4 and 25 °C no change in SRP concentr
outflows from continuous-flow sediment/water system
evident at two sites in the dam. Within the tempera

in the dam (9-25 °C) it therefore seems that temper

not have a marked influence on sediment/water phosp
change, which contrasts with findings in some other
(Bostrom et at,
in the overlying water were adjusted showed that at
(deep main basin and shallow Crocodile River arm) p

between 4 and 10 had no influence on phosphate rele

(Fig. 5.46) whilst at two shallow sites in the Maga

arm release rates were more than doubled at high pH
indicates that pH increases in some marginal areas,
algal or macrophyte photosynthesis, could induce si
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Figure 5.45. The influence of temperature fluctuations (1 cm beneath
the sediment surface) on soluble reactive phosphorus
concentrations in the ocutflows from continucus-flow
sediment water systems. A) Deep station in the Main
Basin. B) Shallow site in the Crocodile Arm.
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Figure 5.46. The influence of pH fluctuations on soluble reactive
phosphorus concentrations in the outflows from con-
tinuous-flow sediment /water systems from shallow and

deep sites in the Main Basin (MB), Crocodile Arm (C)
and Magalies Arm (M).

Temp. °C o——e




103 -

significant releases of phosphate from sediments, a
shown for other lakes (Jacoby et at.
are insufficient to quantify the relative surface a
sediment that may exhibit this pH dependency. For m
purposes the influences of temperature and pH on se
phosphate exchange were considered to be of minor i
since values measured in the lake were always withi
experimental ranges used.

As expected the sediments from the deep areas showe

typical response to anaerobic conditions with relea
increasing five fold when inflows to sediment/water
were purged of oxygen with nitrogen gas and sodium
solution. The consequences of this in the hypolimni
clear in the phosphate build up that characterises
periods in the dam (Section 5.2.3). During stratifi

the rate of phosphorus movement train hypolimnetic

the epilimnion is not dependent on sediment/water p
gradients but on mechanisms controlling vertical tr
across the thermocline. Increased phosphate release
anaerobic sediments is included in the ecosystem mo

(d) Seasonal and abiotic influences on sediment/wa

s has been

1982). The data available

reas of
odelling
diment/water
mportance
n the

d the
se rates
systems
sulphite
on are
stratified
ed periods
sediments to
hosphate
ansport
from
del.

ter phosphate

exchange

Three deep stations were monitored regularly to ass
fluctuations in sediment/water phosphate exchange.
results are summarised in Figure 5.47. Mean values
phosphate release rate and equilibrium phosphate co

ess temporal
These
for maximum
ncentration

from the three stations showed no marked seasonal f luctuation,
suggesting that biotic processes, that would be exp ected to
show some seasonal response, were not dominating th e exchange.
This is borne out by the data in Table 5.11 which s how that
addition of azide (as a biological inactivator) gen erally had
little influence on the exchange characteristics. On the basis
Table 5.11. Linear regression constants and related parameter s
describing the phosphate exchange characteristics o f
sediments from Hartbeespoort Dam prior to and fol-
lowing addition of azide. Definitions as for Table
5.7.
Date Site Azide y Intercept Slope SRPO
82-10 Mag ne 3.496 -0.00378 0.925
yes 3.358 ~0.00477 0.704
83-04 Mag no 1.450 -0.00716 0.202
yes 1.446 -0.00537 0.269
83-04 Mag no 1.508 -0,00275 0.548
yes 1,279 -0.00163 0.784
83-05 Croe no 5.261 ~0.00754 0.697
yves 8.697 -0.01028 0.846
83-07 Croc no 4,986 ~0.00382 1.305
yes 3.436 ~0.00293 1.173
Mag no 1.301 -0.00169 0.770
yes 0.913 -0.00111 0.823
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Date

Temporal changes in sediment/water phosphate exchange
characterlstics in the Main Basin. Intercept = maxinum
release ratej; SRP = equilibrium phosphate concentra-
tion. Vertical befs indicate range.
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of this no attempt was made to differentiate betwee
abiotic processes in modelling sediment/water phosp

5.3.3 Sedimentation

The rates of sedimentation of various components at
water sites in the dam are summarised in Table 5.12
qguent unavoidable discontinuities in the data some
are evident. The mean deposition rates of dry mater
material (estimated as loss on ignition) and phosph

in the Crocodile River Arm (CRA). In the CRA the ra
tation tended to increase with increasing river flo

the other sites further from the river showed no di
tionship with flow rate (Fig. 5.48). In Hartbeespoo
fore, the highest sedimentation rates were recorded
shallow area adjacent to the main river inflow.

A comparison of phosphorus and organic content of t
material shows that the CRA is generally characteri

ing material lower in both of these components, com
main basin, particularly at times of high flow in t

n biotic and
hate exchange.

different deep

. Despite fre-
clear patterns
ial, organic
orus was highest
tes of sedimen-
w while those at
scernable rela-

rt Dam, there-
in the fairly

he sedimenting
sed by sediment-

pared with the

he river. This

is attributed to a larger proportion of inorganic s ilt in the area
closest to the river inflow.
Table 5.12. Characteristics of sedimenting material collected in
sediment traps at sites in Hartbeespoort Dam. LOI =
loss on ignition, DRY = dry mass sedimentation ORG =
organic matter sedimentation based on LOI, PHOS =
phosphorus sedimentation PCON = phosphorus content of
sedimenting material (per unit dry mass). MB = Main
Basin CRA = Crocodile River Arm, MAG = Magalies Riv er
Arm.
ait LOI DRY _ ORG_ PHOS PCON
N 4 gm2dl gm2d? g m 2d7} mg g |
All data mean 58 24.3 73.4 13.6 137.4 3.1
min 10.9 5.7 1.6 12.7 0.2
max 41.4 494.5 715.6 414.9 7.3
MB mean 15 27.2 42.2 10.3 131.4 3.6
Bottom min 15.5 5.7 1.6 1247 0.2
max 41,4 106.8 28.8 199.4 7.3
MB mean 14  30.1 20.8 5.9 74.7 4,1
middle min 19.5 8.4 2.6 36.6 2.0
max 40,6 38.9 1.8 118.7 7.1
CRA mean 21 17.5 131.1 18.8 183.5 2,1
Bottom min 10.9 13.7 3.0 41.5 0.8
max 24,7 494.5 54.3 414.9 3.0
MAG mean 8 23.5 85.6 18.8 142.1 2.8
bottom min 20.8 12,6 3.0 46.1 0.9
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Figure 5.48. A) Crocodile River flow rates. B) Fluctuations in rates of sedimentation and characteristics
of the sedimenting material in the Main Basin and Crocodile Arm. Week numbers from start of
'the study. L0OI = mass loss on ignition.
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These results, based on sedimenting material trappe
sediment surface, demonstrate that there is a large
phosphorus onto the sediments via sedimentation in
mean deposition rate measured during this study is
areas of the dam exceeding 5 m water depth at FSL (
surface area) an annual flux of 660 tonnes of phosp
sediments can be calculated. This estimate exceeds
phosphorus load to the impoundment by almost three
that internal processes (resuspension and recycling
contributors to gross phosphorus sedimentation in H

or that the method overestimates sedimentation rate
balance calculations net phosphorus retention in th

to 60% of the total load (Section 5.2.5).

5.3.4 Vertical stratification in sediments

Single cores from deep zones in the Main Basin and
Arm showed complex vertical profiles (Fig. 5.49). (
which the gravity corer used penetrated the sedimen
dependent on the sediment texture. However, at neit
cores represent the entire sediment depth. Gravity
suitable for the sampling of deep sediment cores.)
never dropped below 55% and in the Crocodile River
showed little change in water content with depth. H
Main Basin the profile was more variable, and water

to increase below 40 cm. The organic content of the
sediments (reflected by mass loss on ignition) was

in the top 5 cm in the Main Basin (25-55%), below t
dropped sharply to between 5 and 20%. In the Crocod
high organic content was evident in the top 1 cm on

this, levels fluctuated between 3 and 12%, generall

than corresponding levels in the Main Basin.

Total and biologically available (NTA extraction) p

similar patterns of stratification. In the Main Bas

at 5 cm depth and showed an inconsistent decreasing

of about 30 cm, below which concentrations again in
Crocodile River Arm both phosphorus fractions were
corresponding levels in the Main Basin, particularl

5 cm. Generally, about 60 - 70% of the total phosph

table with NTA indicating that it is mobile and can
organisms under suitable conditions.

Detailed analysis of these vertical profiles cannot

here. They do, however, show that the sedimenting m
varied considerably over the years. No clear trends
accelerating eutrophication are evident in these co
differences in sediment characteristics between the
Crocodile River Arm probably reflect the influence
carried in by the Crocodile River and are in agreem
discussed in Section 5.3.3.

On the basis of the bioavailable phosphorus profile
that a large pool of potentially mobile phosphorus

in the sediments and, as shown in Section 5.3.2, th
ported into the overlying water under suitable cond

d 1 m above the
gross flux of
the dam. If the
applied to all
about 60% of the
horus to the
the total annual
and indicates
) are major
artbeespoort Dam
s. Based on mass
e dam is closer

Crocodile River
The depth to
ts was largely
her site do the
corers are not
Water content
Arm the profile
owever, at the
content tended
stratified
distinctly higher
his levels
ile River Arm
ly (25%). Below
y remaining lower

hosphorus showed
in both peaked
trend to a depth
creased. In the
lower than
y in the top
orus was extrac-
be taken up by

be attempted
aterial has
indicative of
res. The
Main Basin and
of the silt
ent with the data

s it is clear
has accumulated
is can be trans-
itions.



- 108 -

*(gW) urseq uTeW pu® (D) WIy STIPOd0I) 243 UT So3fs dosp
WO13 SIUIWIPHS UL (DM) IUSIU0D I31BM pur (IQT) UOI3Tudl uer SSO] Ssew “(ave)
snioydsoyd syqerreae A7TEoT3070Tq (41) snaoudsoyd ye303 yo sepryoad TeOTIIspA "gh°C 2indTg

4 0¢
_ r- St
1
,Wn - e g
r_m _|~H M
G2 e
_ 273
= Sl
. - T —— . m
rlr||..,|H_ rﬂn ] .. !
oo__ omo.o_omm.mmm o__ n"m nw_ .m. _m m € 2 m m __ m w
g O =[] J g 9 an )
(%) oM (%) 101 (;.6bw) dvg (;-Bbuwy 41



5.4

541

-109 -

BIOLOGICAL LIMNOLOGY

Intr

_oduction to lake biology

An understanding of the biology of lakes is obtaine

the role of living organisms in ecosystem functioni
quires energy which is captured from light by photo
organisms, mainly plants. Major groups of plants in
macrophytes (Leaved plants), which may be emergent
free-floating or rooted to the bottom, and the alga
planktonic (the phytoplankton), attached to the bot
algae) or to other plants (the epiphyton). The role
that of primary producers
chemical substances to produce new biomass. They fo
link between lake chemistry and biology.

Aquatic animal life is divided into animals which |
bottom (the zoobenthos), small animals which live i

(the zooplankton) and large animals such as fish. F
animals are consumers
vores (detritus-eating), carnivores (meat-eating) o
(mixed diet).

Detritus  is non-living particulate organic matter derived f
plants or animals and from animal faeces. Detritus
organic matter are the energy base for the third ma
group of living organisms, the decomposers

other micro-organisms. They mineralize or break dow
so provide the second important link between the bi
components of the ecosystem. Many detritivores deri
tion more from the decomposers in the detritus than
the detritus itself.

An even simpler functional classification of life f
division into autotrophs
(feeding on organic substances). All organisms deri
from sunlight are autotrophs, whereas all other org
utilize previously bound energy are heterotrophs.

Interrelationships between functional groups are co
simple. For instance, phytoplankton is consumed by
which is eaten by fish. When the fish dies it forms
dissolved organic carbon, which are decomposed to ¢
nitrate, orthophosphate and small amounts of other
Together with sunlight these substances are the nec
further phytoplankton growth. In reality, however,
(feeding) relationships between the functional grou

less direct and energy flows through many pathways
utilized. Due to the numerous pathways which organi
energy may follow from the producers to the decompo
recognise food webs, rather than simple pathways le
from producers to herbivores to carnivores.

The importance of the various functional groups cha
chemical nature of lakes. In oligotrophic (nutrient

open water food web is dominated by the phytoplankt
fish chain. In eutrophic (nutrient rich) systems th
becomes dominated by algal species of low palatabil

d by determining

ng. Life re-
synthesising

lakes are the

or submerged, and

e, which may be
tom (the benthic
of plants is

, utilizing sunlight energy and dissolved

rm the major

ive on the
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unctionally
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rom dead
and dissolved
jor functional
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n detritus and
otic and abiotic
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directly from

orms is the
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ving energy only
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ton, which markedly decreases the importance of the
phytoplankton to zooplankton. It would appear that
pathways between phytoplankton and fish become phyt
detritus - fish or even phytoplankton - fish.

In studies such as that reported here, where an imp

is to quantify the functioning of an ecosystem, mos

are treated as functional groups rather than as sep
This statement is, however, untrue of the approach
fish in Hartbeespoort Dam, where the dominant speci
individually. Research is undertaken to measure the
functional groups, to identify the major pathways o
between functional groups, the rates at which such
place and the major factors governing these rates.
that exchanges between minor functional groups do n
effect exchanges between major functional groups.

This section of the report is a presentation of the
ings on these aspects of the biological functioning

direct link from
the dominant
oplankton -

ortant objective
t of the biota
arate species.
adopted to the
es are treated
size of the
f exchange
exchange takes
It is assumed
ot materially

research find-
of Hartbeespoort

Dam.

54.2 Bacteria - distribution, seasonal cycles and controlling factors
Figure 5.50 shows the seasonal cycles of the upper (8 m) water
temperature and mean number of bacteria for 1981 to 1983. The

population showed two annual peaks, a winter peak f

and a summer peak following stratification. A simil
observed in deeper waters. To relate this seasonal
physical-chemical changes the data were divided int

ries: epilimnion (0 to 8 m); aerobic hypolimnion (w
0,>2mg 2 1) and anaerobic hypolimnion (water >15 m).

The range in bacterial numbers was epilimnion, 2.3
bacteria m£ *; aerobic hypolimnion, 1.4 - 22.7 x 10
anaerobic hypolimnion, 3.2 - 31.2 x 10 5 m2'!
1984). Table 5.13 shows the results of a Spearman R
analysis of the data, Epilimnetic population fluctu

closely related to changes in DOC and temperature.
hypolimnion population size was inversely related t
anaerobic hypolimnion it was inversely related to N
correlations were significant but not strong. Weak
resulted because different physiological types were
(Robarts & Sephton 1984). Jones (1971) also found t
bacterial populations in eutrophic lakes were influ

ture.

Aerobic zone bacteria were predominantly cocci (66.
78.1%) with diameters usually between 0.1 and 0.2 u
bacteria were also mainly cocci (51.6 - 72.4%, x =
greater morphological variation was observed.

54.3 Bacterial heterotrophic activity

The data analysis of bacterial counts with various

cal and biological variables indicated that little

the bacteria of Hartbeespoort Dam was to be gained
proach. While bacteria represent only a small porti
biomass an understanding of their function is essen

ollowing overturn
ar pattern was

cycle to various
o three catego-
ater >15 m, with

- 443 x 10
6 [

ank Correlation
ations were most
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correlations
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Table 5,13. Spearman Rank correlation analysis of bacterial counts and environmental parameters
for Hartheespoort Dam. r = correlation coefficient; n = number of observations;
p = probability.
EPTLIMNION
Temp Chl a D.0.C. NO4~-N NHy-N Parc N %4 0, sat pH Tot. P POy~-P
r 0,43 0.09 0.48 -0, 38 ~-0.07 0,04 0.04 0,23 0.14 0.14
n 714 706 566 721 567 721 688 703 566 567
p 0.001 0.010 0.001 0.001 0.05 0.001 0.146 0.001 0.001 0.001

HYPOLIMNION~AEROBIC

r 0.21
n 140
r 0.007

~-0.06 0.26 -0.21 -0.02 -0.,13 0. 67 -0,22 0.462 0.53
154 153 135 155 155 149 152 155 155
0.239 0.001 0.004 0.419 0.058 0.001 0.004 0.001 0.001

HYPOLIMNION-ANAEROBIC

r -0.22
n 89
p 0.021

-0.17 -0.08 0.31 ~0.47 -0.11 0.23 -0.16 ~0.09
3 97 97 96 97 91 96 96
0.050 0.209 0.002 0.001 0.149 0.013 0.061 0.188

- 2711 -
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are the first link joining the biotic and abiotic ¢
Consequently, studies were started in late 1982 on
trophic utilization of dissolved organic carbon (e.

study focussed on heterotrophic bacteria as photosy
were not present since the anaerobic zone essential
was always out of the region to which light penetra
and 5.58).

The seasonal cycles of bacterial numbers for the pe
heterotrophic uptake experiments were done are show

These data differ from those of past years in two w

Fig. 5.50). First, previous years have had a major
followed by a smaller bacterial peak in winter. Sec
numbers in summer 1983/1984 never attained the high
years.

Figure 5.52 presents the annual cycle of V , the ma

of substrate uptake. V ranged between Cr \unmeasura
L' h* 1 in January 1983. V was usually

1983 to a high of 3.9 pg™*"
greatest at the surface while little difference was

rates measured at 5 and 10 m . Basically, the rates
lity with the highest rates in summer and the lowes

was low in early summer (November to January) 1983
sharply in mid-January.

Table 5.14 presents the results of a regression ana

and some physical, chemical and biological paramete
significantly related to bacterial numbers, percent

oxygen and water temperature although the relations
particularly strong. A strong relationship was fou

and primary production.

(K + S), the theoretical maximum natural substrate
was lowest in summer and highest in winter (Fig. 5.

omponents.
bacterial hetero-
g., glucose). The
nthetic bacteria
for their growth,
ted (Figs 5.29

riod in which
n in Figure 5.51.
ays (cf.
peak in summer
ond, bacterial
numbers of past

ximum velocity
ble) in March

noted between the

showed a seasona-
tin winter. V

/84 but increases

lysis between V
rs. V. was
age saturation of
hips were not
nd between V

concentration,
53) and reached

242 ug C Si~' in June 1983. (K + S ) was often highest at the

surface which was the region of maximum algal produ

No significant relationship between primary product

was found possibly because this parameter is also i
allochthonous organic matter. The high (K 4- S ) va
are probably the result of the lower bacterial numb
inverse relationship between substrate turnover tim

ture (see below) which allows organic compounds to
the surface, the region of highest algal production

Figure 5.54 shows that T - the time required for th
population to remove all the available substrate, w

at the surface in September 1983. A general seasona
turnover times in winter and short turnover times i
seen. In summer 1982/83 turnover time was shortest
but from March onwards, the reverse was usually tru

is presently available for this.

Table 5.14 shows that turnover time was inversely r
rial numbers, water temperature and primary product

The difference between the numbers of bacteria and
activity for 1982/84 may be indirectly related to t

ction (Fig. 5.62).
ion and (K + S))
nfluenced by
lues in winter
ers and the
e (T ) and tempera-
accumulate near

e bacterial
as largest (342 h)
| trend of long
n summer can be
at the surface
e. No explanation

elated to bacte-
ion.

heterotrophic
he drought. The
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Table 5.14. Best-fit regression analysis of heterotrophic uptake
parameters and various physical, chemical and biological
parameters for Hartbeespoort Dam during 1982 - 1984,
(Robarts, in prep.) r = correlation coefficient;
n = number of observations; p = probability.
Bacteria % Sat. of Temperature Primary Production
(x 10° me) 0, (°C) (mg Cm 2 hn 1)
110 109 110 29%
max
r 0.582 0.566 0.600 0.817
P <0.001 <0.001 <0.001 <0.001
Tt n 110 - 110 29%
-0.621 - -0,711 -0.711
P <0.001 = < 0.001 <0.001

* for surface samples only

lower water levels have reduced water column stabil ity
(Section 5.1.8). The stability of the water column increased in
January 1984 although it never became as stable as in previous
years. This coincided with an increase in bacteria | numbers, V

TH3.X
and a decrease in both glucose and phosphorus turno ver times
(Figs 5.52 & 5.56). It is not yet clear why these ¢ hanges appear to
be related to water column stability. It might be e xpected that
this could be related to the association found betw een stability and
primary production (Robarts 1984). Table 5.14 supp orts this.
The present study of Hartbeespoort Dam has shown th at generally a
large and active bacterial population was present. The heterotro-
phic activity expressed as V of Hartbeespoort Dam b acteria
approached the highest published rates, (K + S) fe Il within the
range reported by others while surface T values ten ded towards
lower recorded values (cf. Hoppe 1978). Unfortunate ly, similar data
are not available for other African lakes. In the a nalysis to date
guantitative relationships between the aquatic bact eria and the
phytoplankton have been established. This might hav e been expected
but the demonstration of these relationships is not always easy to
do and few published quantitative results of this n ature are
available.

5.4.4 Nitrogen cycling

Nitrogen occurs in the biosphere in a variety of fo rms ranging in
oxidation state from +5 to -3. Inorganic nitrogen i S present
primarily as highly oxidized nitrate and nitrite, a s reduced ammonia
and as molecular nitrogen. A variety of intermediat e gaseous oxides
of nitrogen, important in atmospheric chemistry, se [dom occur in
significant quantities in natural waters (Brezonik 1972). Naturally
occurring organic nitrogen consists primarily of am ino and amide
(proteinaceous) nitrogen, along with some heterocyc lic compounds
such as purines and pyrimidines. Nitrogen compounds are present as
cellular constituents, non-living particulate matte r, soluble

organic compounds and inorganic ions in solution. All these forms
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COMPLEX HIGH  MOLECULAR
WEIGHT ORGANIC NITROGEN
1 2
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Figure 5.55. Simplified inorganic nitrogen cycle

3—""

NH,OH
3

N0

(1 = ammonia assimilation; 2 = ammonification;

3 - nitrification; 4 = nitrate assimila-

5 = denitrification; tion;

are interrelated by a series of reactions known col

6= nitrogen fixation).

lectively as the

'nitrogen cycle 1, which demonstrates the flow of nitrogen from

inorganic forms in soil, air and water into living

back again into inorganic forms. Figure 5.55 presen
reaction sequence of the interconversions between o
and the main inorganic forms in the aquatic environ
evident that these reactions are biologically media
1970).

Nitrogen has long been considered one of the princi
limiting primary production rates in aquatic ecosys

bility of nitrogen profoundly influencing and, in s
trolling algal biomass (Hutchinson 1957). However,

as rates of inorganic nitrogen turnover, relative n

ance of the various nitrogen forms and effects of ¢
rates of assimilation are scarce (Liao & Lean 1978)

The available evidence indicates that nitrogen tran
mediated by microorganisms can exert a marked effec
of a lake (Keeney, Herbert & Holding 1971). Of thes
tions, the oxygen demand created by nitrification (

and removal of inorganic nitrogen via denitrificati

in the absence of dissolved oxygen) are often of co

ance (Hall, Collins, Jones & Horsley 1978). In the
major emphasis has been placed on the processes of
nitrification and denitrification.

(a) Nitrogen fixation

Nitrogen fixation is the process whereby atmospheri

systems and then
ts a simplified
rganic nitrogen
ment and it is
ted (Painter

pal nutrients
tems, the availa-
ome cases, con-
information such
utritional import-
oncentration on

sformations
t on the biology
e transforma-
Burns & Ross 1972)
on (particularly
nsiderable import-
present study,
nitrogen fixation,

¢ dinitrogen

gas (N ,) is enzymatically converted to NH" in the absence

oxygen and is followed by subsequent amination reac
regulate the incorporation of NH” into proteins. No
nitrogen fixation is carried out by specialized gro

tions that
rmally,
ups of
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aerobic bacteria and heterocystous blue-green algae
equipped with specific physiological mechanisms pre

deactivation of the nitrogenase enzyme complex by o

However, certain less-common groups of anaerobic me
bacteria are also capable of fixing atmospheric nit
Normally, nitrogen fixation only occurs in lakes th
nitrogen limited, having low concentrations of inor

gen (Home & Viner 1971) and can provide a significa
tion of the lake's nitrogen budget (Ashton 1981).

In Hartbeespoort Dam, nitrogen fixation could not b
any of the sediment or water samples examined. This
unexpected in view of the low N:P ratios found in t
earlier observations, based on algal bioassays, tha
severely nitrogen-limited (Scott et at*
the relatively high concentrations of inorganic nit

in Hartbeespoort Dam promote the growth of non-nitr
blue-green algae, such as Microoystis
which can competitively exclude nitrogen-fixing blu
(Section 5.4.7). The high concentrations of NH4-N f
lake would also inhibit bacterial nitrogen fixation
1970, Brezonik 1972). Thus, in contrast to the case
Rietvlei Dam where nitrogen fixation can provide up
the annual nitrogen load (Ashton 1981), planktonic
fixation appears to be unimportant in Hartbeespoort

Extensive marginal communities of submerged macroph
their associated epiphytic flora can develop during

lake levels are stable. Much of this epiphytic flor

posed of heterocystous blue-green algae (Ashton - u
data) and Rogers (1981) has shown that similar comm
Pongola flood plain pan are capable of fixing atmos
nitrogen. However, fluctuating lake levels during t

study prevented the development of submerged macrop
ties and eliminated the possibility of epiphytic ni
fixation. During this period, no nitrogen fixation

ble in the weakly-developed periphytic communities.

(b) Nitrification

Nitrification is the process whereby ammonia is oxi

to nitrite and then to nitrate by a select group of
autotrophic bacteria which obtain their energy by n
oxidation and their cellular carbon by reduction of
dioxide. It has also been reported that a variety o

phic bacteria, actinomycetes and fungi are capable

tion, generally at much slower rates (Brezonik 1972
1981). However, the role of these organisms in aqua
cation is not well understood. The significance of

tion in the nitrogen cycle lies in the conversion o
ammonia (ammonium ion), which may be lost from solu
sorption onto sediments and by volatilization at hi

more stable form (nitrate). On the other hand, deni
reactions reduce nitrate to molecular nitrogen, and

tion is thus important in producing the reactants f
nitrogen sink.

that are
venting
xygen.
thanogenic
rogen.
at are

ganic nitro-
nt propor-

e detected in
is somewhat
he lake and

t the lake is
1977, 1980). However,

rogen found
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Laboratory experiments on Hartbeespoort Dam water a
samples indicated that the two nitrification steps,

and NO , to NO 3, occurred in two distinct phases, confirming the
results obtained by Cavari & Phelps (1977). The far
rates of nitrification in surface sediment samples

greater numbers of nitrifying organisms present in
sediments compared to lake water (Cavari 1977). The
nitrification activity in Hartbeespoort Dam water a

samples are shown in Table 5.15. Though these value
potential rates of activity, based on the oxidation

NH”-N spikes, they provide a basis for comparison w
studies. Field measurements using unspiked surface
samples yielded nitrification rates of 2.11 to 2.46

These are equal to approximately half the potential
activity measured in spiked surface water samples f

nd sediment
NH” to NO

higher
reflect the

surface
rates of

nd sediment

s are

of known
ith other

water

yg 8 'h L

rates of
rom Hartbees-

poort Dam and 'slightly higher than in situ rates measured by
Christofi et at. (1981) in eutrophic Blelham Tarn. Nitrifica-

tion potentials measured in surface samples of Hart
sediments and at the ammonia-oxygen chemocline in s
to 10 times higher (Table 5.15); these rates were a

beespoort Dam
ummer were up
pproximately

five times higher than laboratory rates measured by Henriksen
(1980) in surficial sediments from shallow Danish f jords.
The Hartbeespoort Dam results support other observa tions that
nitrification in lakes is usually highest at sedime nt - water
interfaces under aerobic conditions (Serruya 1975; Isirimah,
Keeney & Dettmann 1976; Stewart, Sinada, Christofi & Daft 1977,
Bostrom 1981) and confirm that the process can be s ignificant in
Table 5.15. Nitrification potentials in Hartbeespoort Dam wate r and
sediment sampes. (All values converted from times taken to
oxidize a known spike of NH” to NO 2). (Each value is a mean
of four replicates).
Depth at which sample collected
Month Surface 1 m above Below water surface
sediments sediments 10 m 5m 1m
(g g tn™h) (ug €71 17H
Jun, 83 21 lé 13 7 5
Jul. 83 21 17 11 6 4
Aug. 83 21 16 14 7 4
Sep. 83 12 9 18 5 3
Cct. 83 6 21 5 5
Nov. 83 2 4 22 4 4
Dec. 83 1 1 22 5 3
Jan. 84 1 1 21 7 5
Mar. 84 1 i 16 6 5
Apr. 84 28 23 10 7 5

2
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the water column during summer stratification (Burn s & Ross
1972; Hall et at. 1978; Takahashi, Yoshioka & Saijo 1982).

The development of zones of nitrification at the am monium-
oxygen chemoclines (Table 5.15), located approximat ely 10m
below the water surface, is of particular interest when the
seasonal patterns of deoxygenation and sediment NHt -N release
recorded in Hartbeespoort Dam and other eutrophic | f Ices subject

to stratification are considered (Christofi, Presto n & Stewart
1981). The observations by Cavari (1977) and Bostrb 'm (1981)
that nitrification rates in profundal waters were g reatest at

overturn were confirmed in this study (Table 5.15).

Nitrification significantly modifies the aquatic en vironment by
increasing the oxygen demand because two moles of o xygen are
required to oxidize one mole of ammonia (Brezonik 1 977, Cavari
1977). However, even though the presence of oxygen is a
necessary prerequisite for nitrification, very low levels of
oxygen are sufficient since nitrification has been shown to
occur down to 0.3 mg O 2 £ (Gunderson, Carlucci & Bostrb'm

1966). In anaerobic Hartbeespoort Dam samples, nitr ification
rates dropped to zero but rose rapidly when oxygen concentra-
tions were increased above 1 mg 0 > 2 '. Hall etat. (1978)
showed that the areal hypolimnetic oxygen deficit d ue to nitri-
fication in Grasmere amounted to some 100 mg 0 > m 2d repre-
senting between 8 and 17% of the total lake oxygen consumption.
This value was much higher than the 1.25% reported by Burns &
Ross (1972) for Lake Erie. These observations that nitrifica-
tion significantly increased the oxygen demand gene rated in
hypolimnetic waters were substantiated by field obs ervations
and measurements in Hartbeespoort Dam. During the 1 981 over-
turn, for example, oxygen concentrations dropped be lowlmg 2
throughout the water column and NO 3-N concentrations rose from

less than 50 yg Z *to over 1 500 yg Z in ten days (Robarts

et at. 1982). Similar, though less marked, patterns were

recorded at each successive overturn (Fig. 5.32).

In laboratory experiments conducted between 15 and 30 °C,
nitrification was found to have a Qio value of 1.83 (range =
1.80 to 1.86, n = 18). This value compared well wit h the
figure of 1.93 obtained by Klapwijk & Snodgrass (19 82). Thus,
nitrification is weakly temperature-dependant, incr easing
rapidly with increasing temperature over the range of tempera-
tures normally found in Hartbeespoort Dam, with hig hest rates
in summer.

Bacteria of the genera Nitrosomonas (which convert NHi* into

NO;) and  Nitrobacter (which convert NO 2 into NO 3), are the
principal but not the only agents of nitrification (Alexander
1961, Fainter 1970). These bacteria are obligate ch emoauto-
trophs and, interestingly, seem to be inhibited by high sub-
strate (i.e. NH4) concentrations (Vincent, Downes & Vincent
1981). This was substantiated in laboratory experim ents using
Hartbeespoort Dam samples - nitrification rates inc reased with
increasing NH”-N concentrations up to 2 mg 2 ' and then level-

led off. At NH4-N concentrations above 10 mg Z *, nitrifica-

tion rates decreased to a minimum. Thus, the hypoli mnetic
NHi+-N concentrations found in Hartbeespoort Dam at overturn (up

to7mg Z ) are sufficient to sustain maximal nitrification
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rates. Similarly, the high NHi+-N concentrations fo und at or
below the oxycline in summer (up to 1.8 mg Z ) can also
sustain high nitrification rates.

Experiments to determine whether the pH range found in the
profundal zone of Hartbeespoort Dam (7.0 to 8.5) af fected
nitrification rates were inconclusive. Core samples of Hart-
beespoort Dam sediments and overlying water appeare d to be able
to rapidly change the adjusted pH to its original v alue.

(©) Denitrification

Denitrification consists of the following sequence
mations , involving four separate and identifiable
systems:

NO; * NO, > NO + N,0 * N,

In denitrification, nitrate serves as a terminal el
acceptor by facultative aerobic and anaerobic bacte
in the absence of oxygen, and nitrite is formed as
intermediate in the process (Delwiche & Bryan 1976)

of transfor-
enzyme

ectron
ria, usually
the first
. Since the

principal end product (N 2) is a nitrogen form not utilizable by

most organisms, this reaction generally acts as a n
(Brezonik 1972, Andersen 1977, Cavari & Phelps 1977
al. 1981).

Lake sediments have long been recognized as a major
the process (Nedwell 1975, Brezonik 1977, Knowles 1
et al. 1980, Jones & Simon 1981). The importance of sedime
and profundal zone water as sites for denitrificati
confirmed in Hartbeespoort Dam. Significant rates o
fication were measured in intact sediment cores and
samples collected from 1 m above the sediment surfa
winter (Table 5.16). No denitrification was detecte
samples collected during winter at depths of 1, 5 a
below the lake surface where dissolved oxygen conce

the water column were in excess of 6.0 mg -? . A co
littoral (water depth =5 m) and profundal (water d
denitrification rates revealed that denitrification

the profundal zone were approximately 100% higher t

the littoral zone (Table 5.16).

itrogen sink
, Vincent et

site for
979, Jones
nts
on was
f denitri-
water
ce during
d in water
nd 10m
ntrations in
mparison of
epth = 18 m)
rates in
han those in

Table 5.16. Denitrification rates (N,0 production rates) in water
samples and intact sediment cores from Hartbeespoort Dam.

(Fach value is a mean of four replicates).

Depth below water surface
1l m above

intact

sediment core

Zone L 5m 10 m sediments

(mol 2° 1 n™ 1)

(ymol m 2 h™ 1)

Littoral - - ND 0.02
Profundal ND ND ND 0.04

102
200

ND = not detectable; - = depth not sampled (toc shallow)
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The seasonal variation in denitrification rates mea sured in
intact sediment cores and water samples is shown in Table 5.17.
From these results it is evident that the low denit rification
rates measured in profundal water samples during wi nter increa-
sed markedly at the onset of stratification. After this
increase, denitrification rates dropped rapidly to near zero,
probably as a result of depletion of substrate (NO 3-N). At the
same time, water samples collected 10 m below the | ake surface
showed increased denitrification activity. Therefor e, it can
be concluded that as stratification develops, denit rification

at or just above the sediment surface decreases due to lack of
substrate and the zone of maximum denitrification a ctivity
follows the oxycline upwards, using the supply of N O3-N pro-
duced during nitrification. At overturn, when oxyge nated water
is mixed down to the sediment surface, nitrificatio n of accumu-
lated NH~-N would provide further substrate for den itrification
activity at the sediment surface, giving rise to th e increased
rates of denitrification (Table 5.17) during March and April.

The presence of measurable denitrification activity in aerobic
water samples corroborates the observations of Cava ri & Phelps
(1977). However, this has several implications sinc e the role
of oxygen has been surrounded by some degree of con troversy'
(Brezonik 1977, Delwiche & Bryan 1976) and therefor e its
potential controlling effect has been considered in some detail
(Cavari & Phelps 1977, Nakajima, Hayamizu & Nishimu ra 1984a,
1984b). Tiren et at. (1976) pointed out that denitrification

could occur in sediments even though the overlying water
contained 6 to 8 rag O » £ . The possible occurrence of anoxic
microsites in apparently aerobic sediments has also been
considered by Brezonik (1977) and Nakajima et at, (19844,
1984b). Oxygen concentration, in turn, exerts a mar ked effect
on the redox potential (Eh) of sediments and the in ter-rela-
tionship of Eh and denitrifying activity has attrac ted con-
siderable attention (e.g. Jones et at, 1980). Kessel (1978)
concluded that denitrification occurred below the o xidized
surface sediments where the Eh was not greater than +100 mV.
This agreed well with the findings of Johnston, Hol ding &
McCluskie (1974) who observed an Eh shift from +340 mV to +100
mV as oxygen was used up and a poising of the sedim ent Eh at
this lower level until the nitrate was consumed. Gr aetz,
Keeney & Aspiras (1973) reported that nitrate stabi lized
sediment Eh at between +200 mV and +100 mV.

The highest denitrification rates measured in water samples and
intact sediment cores from Hartbeespoort Dam (Table 5.17) are
comparable to, but often exceed, the highest values recorded in
the literature. In water samples, Goering & Dugdale (1966)
recorded 1.1 Mmol 2 d beneath the ice cover of an Arctic

lake while Brezonik & Lee (1968) measured 0.6 - 1.6 ymol 2 d
1 in the hypolimnion of a _Florida lake and Larsen ( 1977)
measured 0.2 to 5.3 umol & 'd 1!in the hypolimnetic waters of

five Danish lakes. Messer & Brezonik (1983) reporte d denitri-
fication rates of 1.4 to 3.6 mg N m 2 d for sediment samples

from Lake Okeechobee, Florida. However, measured de nitrifica-
tion rates in lacustrine sediments are somewhat mor e variable
than the results of Messer & Brezonik (1983) would infer.

Vollenweider (1968) found 2.6 to 56.5 mg N m~ 2d" 1 for six
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Table 5.17. Denitrification rates (N 20 production rates) in water
samples and intact sediment cores from Hartbeespoor t Dam.
(All samples from profundal zone of lake). Each va lue is a
mean of four replicates).
Depth beleow water surface
L 1 shove sed:’{;zzitcore
Month 1l m 5n 10 m sediments
(umol £ 1 b71) (umol £°! h71) (umol m2 ™ 1)
Jun, 83 ND ND ND 0.04 200
Jul, 83 ND ND ND 0.04 185
Aug, 83 ND ND 0.01 0.05 220
Sep. 83 ND XD 0.04 0.1% 295
Oct. 83 ND ND 0.09 0.48 145
Nov. 83 ND ND 0.11 0.08 32
Dec. B84 ND ND 0.15 0.02 22
Jan. B4 ND XD 0.16 0.02 20
Mar. 84 ND ND 0.07 0.59 160
Apr. 84 ND ND 0.03 0.92 315

ND = no denitrification activity detectable.

Swiss lakes while Andersen (1977) measured maximum

to 500 mg N m 2 d in six unstratified Danish lakes. A study
of 29 Danish lakes by Jensen & Dahl-Madsen (1978) s
variability, with values ranging from 0.5 to 300 mg

Jones & Simon (1981) calculated that denitrificatio

profundal and littoral sediments were similar, thou

higher in littoral sediments due to the rapid provi

substrate (NO 3) by parallel nitrification processes. In the
above studies, losses of nitrogen from the differen

involved accounted for between 0.1 and 81% of the t

nitrogen loading to the system.

The presence of high denitrification rates in Hartb

during the winter months (Table 5.17) implies that

is not significantly affected by lower water temper
This hypothesis was checked in the laboratory by me
rates of denitrification activity at temperatures b

and 25 °C . It was found that the Qio of denitrific
activity in the laboratory was 1.37, a value which

very closely to the value of 1.35 measured by Cavar
(1977). This temperature range covers most of the t
experienced in the field and therefore provides an
assessment of the effects of temperature on the pro

It was evident from this study that an adequate sup
substrate is a major feature regulating the rate of

cation in Hartbeespoort Dam. Maximum rates of activ
recorded at a substrate (NO 3-N) concentration of 3.0 mg *
value occasionally attained in profundal waters dur
winter months (Fig. 5.32A). Similarly, high denitri
rates were recorded at the ammonia-oxygen chemoclin
summer stratification. Both of these zones are char

by high nitrification rates and thus nitrification

major mechanism involved in providing substrate for
cation leading to the subsequent loss of nitrogen f
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impoundment. The dissolved organic carbon (DOC) con centrations
found in Hartbeespoort Dam (4-12 mg £ 1, Robarts, unpublished
data) would probably not be limiting to these proce sses.
Nitrification can influence the composition of alga | popula-
tions (Liao & Lean 1978) by elimination of algal sp ecies which
are unable to compete with bacterial nitrogen uptak e and those
species which preferentially utilize NH[+-N (Cavari 1977). When
high nitrification rates supply sufficient NO 3-N to sustain
high rates of denitrification, considerable quantit ies of
nitrogen may be lost from the impoundment thus lowe ring the N:P
ratio. This would provide a competitive advantage t 0 blue-
green algae such as Microcystis and Anabaena (Smith 1983).
5.4.5 Phosphorus cycling between the water and th e phytoplankton

Lean & Nalewajko (1979) have proposed a radio-bioas say procedure

using 2P to measure biotic phosphorus demand in lakes. Thi s

technique has been successfully applied in temperat e lakes (Vincent

1981) and has been used in conjunction with standar d chemical

analytical techniques (Downes & Paerl 1978) and mea surements of

alkaline phosphatase activity (APA) to define the n utritional status

of algae relative to P.

(a) Phosphorus turnover times

32p yptake kinetics in Hartbeespoort Dam conformed to Lean's
Type |, log-linear curve (Lean & Nalewajko 1979), a nd were log-
linear over the 4 h incubation period throughout th e study.

Initial experiments indicated that the phosphorus u ptake curves
remained log-linear over a period of 54 h .

Type |, log-linear uptake curves are indicative of eutrophic
systems (Lean & Nalewajko 1979). In studies of Hear t Lake
(Canada) Lean and Nalewajko found that such curves were often
associated with nearly equivalent phosphorus uptake and release
rates. Healey (1982) gives evidence that cyanobacte rial uptake
of phosphorus becomes passive under such conditions ; e.0.,
phosphorus is simply moved through the cell from th e water back
into the water. Measured phosphorus release rates i n Hartbees-
poort Dam showed nearly 100% release of 32p into the medium
over a short period (<1 h). Subsequently, re-uptake over
longer term (2-3 h) was observed which resulted in a 90% re-
lease of 32p on average. These findings support the findings

of Lean & Nalewajko (1979) who found that Type | cu rves were
associated with long turnover times. Hartbeespoort Dam phos-
phorus turnover times (Ptt) were long ranging from 83.2 0.2
(S.D.) d in August 1983 (the end of winter) to 0.4 +0.0din
June 1983. No pattern of seasonal variation in pH w as evident,
nor could these occassional very low values be reat ionally
explained. Long turnover times suggest (a) high amb ient P
concentrations, (b) low algal biomass, (c) algal ph osphorus
sufficiency, and/or (d) other conditions not conduc ive to algal
growth (Rigler 1964, 1966, Peters 1975, Lean & Nale wajko 1979,
White et at. 1982). Low algal biomass can be dismissed as a

potential reason for long Ptt in Hartbeespoort Dam since
minimum chlorophyll levels measured during the stud y period
were in excess of 10 mg m ® (Fig. 5.56) and averaged

140 mgm 3. Phosphorus concentrations, on the other hand,
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were extremely high during the study period, rangin g from 0.29
to 2.05 mg £ * with more than 50% of the total phosphorus
concentration being in the biologically available L MWP form
(Section 5.2.5). This indicated that the algal popu lation was
P-sufficient, a factor which is discussed more full y below.
With regard to other factors, Robarts (1984) has su ggested that
the underwater light climate is probably the most i mportant
factor influencing algal growth in Hartbeespoort Da m. However,
Lean & Nalewajko (1979) and White et at. (1982) have failed to

find any significant effect of light on Ptt using n ear surface
samples.

Variations of_two orders of magnitude in light inte nsity (from
225uUEm 2s ! to between 550 and 2 200 uE m~ 2s Y had little
effect on turnover times at the P<0.01 level in Har tbeespoort
Dam. Variations in filter pore diameter from 0.22 t o0 0.45um
also had an insignificant effect on Ptt at the P < 0.01 level.
This suggests a minimal bacterial uptake component since only
the 0.22 ym filters would retain most bacteria (Rob arts &
Sephton 1984). Abiotic uptake was consistently an i mportant
component (<50%), of the total measured uptake. 32p release
from abiotic particles was, however, lower than fro m similarly
labelled biotic particles. Thus, of the factors inf luencing
phosphorus turnover times in Hartbeespoort Dam, amb ient P
concentrations and algal P-sufficiency would appear to be the
foremost reasons for the long turnover times record ed from the
impoundment.

(b) Phosphorus demand

Several methods are currently used to assess the de mand of
algal populations for phosphorus in aquatic systems (Vincent
1981); namely, 32p yptake kinetics, cellular phosphorus

status, ATP response and APA (alkaline phosphatase activity).

Of these methods 32p uptake kinetics and APA measurements were
employed directly on samples from Hartbeespoort Dam . Cellular
phosphorus accumulation, as an indirect measure of cellular
phosphorus status, was estimated as particulate nit rogen (PN)
to particulate phosphorus (PP) ratios after the met hod of White
et at. (1982).

32p turnover times have been discussed above (in Sect ion (a))
and are extremely slow, indicative of an eutrophic system. APA
was minimal and often at the limits of detection of the method
employed (Fig. 5.56) . Maximum APA was measured dur ing spring
(October 1982) prior to the onset of stratification . APA
decreased with decreasing Ptt until December when i t increased
slightly. The maximum value of APA, 48.4 mU mH *, was obtained

on one occasion, but APA rarely exceeded 2.5 mU m£ * throughout
the study. Low values of APA are indicative of an e nriched or
P-sufficient system (Vincent 1981, Healey 1982). Ce llular
phosphorus status as estimated by PN:PP ratios vari ed from 0.3
to 2.4 during the study. These ratios suggest a def iciency of
nitrogen which is consistent with bioassay evidence (Scott et
at. 1977). At no time, however, did ambient nutrient co ncen-
trations reach a level where nitrogen limitation mi ght serious-

ly result. The phosphate deficiency index (PDI, as defined by
Lean & Pick 1981 and Lean & White 1983) was variabl e but well

within the range of P-sufficiency,
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All of the indices used suggest that phosphorus in the impound-
ment is present in sufficient quantity to meet the requirements
of the algal population throughout the year.

Phytoplankton seasonal cycles

The seasonal changes of the phytoplankton community composition in
the main basin of Hartbeespoort Dam during 1981-198 4 are shown in
Figure 5.57. Based on cell volume, as well as cell numbers, the
blue-green alga (Cyanobacterium) Mioroaystis aeruginosa Ktitz. emend.
Elenkin was the dominant phytoplankton species in t he lake for most

of the year. M. aeruginosa reached its lowest concentrations in

late winter and spring each year when it represente d less than 25%
of the total phytoplankton volume. The filamentous diatom Melosira
granulata appeared for short periods in spring (1981), or in winter
(1982) and occasionally dominated the phytoplankton populations for

a few weeks. Oooystis sp. was the dominant alga during spring
(September and October) each year along with other chlorophytes such
as species of Ankistrodesmus 3 Coelastrum, Cosmarium y Pediastrum and
Scenedesmus. By early summer Microaystis aeruginosa comprised more
than 50% of the phytoplankton volume. The Microcystis population
continued to increase so that by December it usuall y represented
more than 90% of the total algal biomass. In 1981 a nd 1982 Micvoey-
stis  dominated (>95% by volume) the phytoplankton throug h overturn
into May (early winter). For 6 to 7 months the phyt oplankton
population of the lake was virtually unialgal. Duri ng June and July
the Mieroeystis aeruginosa population slowly declined until Melosira
granulata or chlorophytes replaced it as the dominant species in
late August. In 1983 the successional episode exten ded longer, into
January-February 1984, and cryptophytes were more a bundant than in
previous years. A late reappearance of Melosira  in January was also

noted and  Miovocystis dominance was established only in February.

Phytoplankton biomass

Hartbeespoort Dam is characterized by dense algal p opulations that
are maintained virtually throughout the year, due t 0 warm water
temperatures (Fig. 5.3), high insolation (Fig. 5.2) and abundant
nutrients (Figs. 5.32, 5.38).

A diagram of the depth versus time distribution of chlorophyll a
concentration (Fig. 5.58) at station 1 (Fig. 4.1) s hows the temporal
changes that occurred in the algal population of th e main basin of
this hypertrophic lake. Surface (top 11 cm) chlorop hyll a concen-
trations ranged over 3 orders of magnitude from min ima lower than
5mg m 2 (usually following overturn) to summer maxima exce eding
1000 mg m 3. Usually the bulk of the chlorophyll a was contained
in the upper 4-5 m of the water column, except imme diately after
overturn or during windy periods, when the vertical distribution of
chlorophyll was homogeneous. The distribution of th e algal popu-
lations varied markedly with time and space, depend ing primarily on

the wind regime.

Figure 5.59 shows the temporal changes in mean 0-5 m chlorophyll
concentrations (hose-pipe samples) at three pelagic stations (1, 4
and 5, Fig. 4.1). Horizontal variability in chlorop hyll concentra-
tions was high when Uieroeystis dominated the phytoplankton. This

species has a buoyancy mechanism (Reynolds & Walsby 1975) that
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allows it to float to the surface during calm weath
drifted with surface currents, accumulating tempora
parts of the lake. As a result, week to week variat
phyll concentrations and Microoystis
pronounced than the seasonal changes (e.g., Decembe
in Fig. 5.59, see also Fig. 5.67). The horizontal d
chlorophyll was more homogeneous in spring, when
clined and non-buoyant algal species were dominant
wind speeds increased (Fig. 5.5).

5.4.8 hyperscums

Micvooystis

During prolonged periods of calm weather, buoyant
colonies drifted and accumulated at wind-protected
forming thick, crusted, surface scums in which chlo
trations usually exceeded 100 000 mg m

exceeded a hectare in area, measured several decime
and remained in the same site for between a few day
months (Zohary 1985). These accumulations are terme
distinguish them from the more temporary, thin, sur
blue-green algae that are known as water blooms or

3

The largest hyperscums formed in Hartbeespoort Dam

wind speeds were lowest (Section 5.1.2). When water
hyperscums formed at different wind-protected locat

times. At full supply level a several km long hyper

the Crocodile River inlet in May-July 1982. At the

of winter 1983 a hyperscum formed against the dam w
existed for 3* months and contained up to two tonne

ji and up to 70% of the total phytoplankton biomass

chi g (tonnes)

S OND|J FMAMJJA SO
1982 1983

er. Miovocystis
rily in different
ions in chloro-

biomass were sometimes more

r 1983, station 4

istribution of
Mi-ovocystis de-
(Fig. 5.57) while

Micvooystis
lee shores,

rophyll a concen-

. These scums often

ters in thickness
s and several
d hyperscums to
face films of
scums.

in winter, when
levels changed,
ions at different
scum formed in
low water level
all. This
s of chlorophyll
(Fig. 5.60).

Figure 5.60.

Total chlorophyll @ in Hartbeespoort Dam (area below line)
and the proportion of the total that was contained in a
Microcystis hyperscum (shaded area).
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Due to the extremely high algal density the hypersc um environment
differed markedly from the open water environment. In Table 5.18
ranges of various environmental parameters measured over the same
period of time in a hyperscum and in the main basin are compared.
The hyperscum environment was continuously aphotic and anaerobic
with a fluctuating temperature regime and low pH va lues. With time
conditions became increasingly reduced, sulfide and ammonia accumu-
lated while nitrate and nitrite were depleted. Radi ocarbon uptake
experiments have shown that M-icrocystis remained viable in the
hyperscums for at least two months, retaining its p hytosynthetic
capacity (Zohary 1985). Therefore, when hyperscums broke with in-
creased wind speeds the lake was inoculated with su bstantial amounts
of Miorooystis*
Table 5.18. Comparison of ranges of several physical and chem ical
parameters from a hyperscum and from surface water at the
main basin of Hartbeespoort Dam, for the period 1 J une to 11
September 1983.
Hvper Main basin
TREESEMT surface water
Surface temperature, °C 4.2 - 23,4 12.5 =~ 16.7
Euphotic zone depth, m 0 1.8 - 8.4
% Oxygen saturation 0 65.5 - 125.3
H,S, mg £ ! 1~ 10 0
pH 6.2 - 6.8 8.8 -~ 9.6
NH,-N, ug £} 120 - 273 000 70 - 700
NO,+NO5-N, ug £ ° 20 - 580 590 - 2 700
SRP, ug 21 300 - 56 000 360 - 850
chl g,ug £ 1 144 400 - 302 00C 4,2 - 346
Algal biomass and underwater light attenuation
Robarts & Zohary (1984) have demonstrated that chlo rophyll a (algal
biomass) affected the visible, or photosyntheticall y available
radiation, region of the light spectrum in Hartbees poort Dam, The
presence of even a relatively small concentration o f chlorophyll
(14.7 mg m ) significantly increased the absorption of light i
Hartbeespoort Dam water indicating that chlorophyll a was a major
factor determining underwater light attenuation in the lake. This
can also be seen in the depth-time diagram of chlor ophyll a in which
the changes in the euphotic zone depth (z ) are als o0 indicated
(Fig. 5.58). e
The regression equation for the relationship betwee n e (the
attenuation of green light) and the mean chlorophyl | a concentration
of the euphotic zone (B) of Hartbeespoort Dam was
€n 70-65+0.012B (r=0.86, N =148, P =0.000 01).
The relationship between chlorophyll a concentration and attenuation
accounted for 73% of the variance suggesting other factors were also

influential.
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The slope of the above regression line, e (the incr emental increase
in the attenuation coefficient per unit chlorophyll ,0.012m 2mg ¥,
is similar to that reported by others (Table 5.19). The intercept
(e , m 2 mg *) represents the proportion of light extinctio n due to
factors other than chlorophyll a. £ was low compare d with values
reported from lakes of known inorganic turbidity su ch as Lake
George, Uganda where e was 2.55 to 2.83 (Ganf 1974a ). Both the
slope and intercept are least squares estimates and should be used
with caution (Dubinsky 1980). The theoretical propo rtion of light
attenuation due to chlorophyll a concentration for each date was
estimated as (e . -e )le . . The attenuation of lig ht due to
chlorophyll a ranged from non-detectable up to 92% in January 198

(X=41.1%).

Table 5.19. Comparison of 4¢n sity derived values of & (m? mgdl)

from various lakes with the ¢ value obta¥ned for
Hartbeespoort Dam (South Africa) phytoplankton (after
Robarts & Zohary 1984).

Dominant alga €y Reference
Stephanodiscus hantachii 0,007 Jewson 1977
nannoplankton 0.0086 Bindloss 1974
Stephanodiscus hantachii 0.009 Jones 1977
Oseillatoria agardhii 0.010 - 0,011 Jewson 1977
Microcystis aeruginosa 0.012 Robarts & Zohary
1984, Hartbeespoort
Dam
Microcystis aeruginosa 0.012 - 0.016 Ganf 1974a
Anabaena eirainalis 0.013 Reynolds 1975
Microcystis aeruginosa 0,021 Robarts 1979
Oscillatoria agardhii 0.027 Jones 1977
In theory, when chlorophyll a is the dominant (>50%) factor regulat-
ing light attenuation, the size of the organism or colony containing
it, should have a measurable effect on the depth of the euphotic
zone. The larger the particle for a constant chloro phyll a concen-
tration the lesser should be the light attenuation and hence the
deeper the euphotic zone depth (Kirk 1975). In Hart beespoort Dam,
changes in size of chlorophyll-containing particles were primarily
due to changes in colony size of Micvoaystis aeruginosa. It was not
possible using field data to measure the effect of colony size on
z at a constant chlorophyll concentration. Instead, using the
[?72/83 data, 11 dates were selected by Robarts & Z ohary (1984) on
which  Miarocystis aeruginosa dominated the phytoplankton (> 90% by
volume) and chlorophyll a concentration was the major (50 - 80%)
factor controlling light attenuation. When chloroph yll accounted
for less than 50% of the attenuation, the effect of factors such as
gelbstoff and changes in chlorophyll a concentration could not be
separated from those of changing colony size. Simil arly, when
chlorophyll accounted for more than 80% of light at tenuation,
ambient chlorophyll concentrations exceeded 185 mg m 2 and the

method of analysis was not sensitive enough to sepa rate effects of
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colony size from the effect of high chlorophyll con centrations on
light attenuation (Robarts & Zohary 1984). Colony s ize was expres-
sed as pg chl. a per Micvocy&tis aeruginosa, colony. The hypothesis
of Robarts & Zohary (1984) was that when chlorophyl | a concentration
was the dominant factor controlling light attenuati on z would
fu
decrease as the amount of chlorophyll a per colony decreased".
The relationship between z and Mi-cvocyst-is aerug-Cnosa colony size
is shown in Figure 5.61. The significant correlatio n calculated
supported the hypothesis. However, the data points covered a wide
range of chlorophyll concentrations (41 - 185 mg m %) and the
relationship may have been due to this variation. T he data were
plotted as z versus chlorophyll a for these 11 data points
(Fig. 5.61). wo significant (P <0.90) relationship could be esta-
blished. This indicated that the relationship betwe en colony size
and z in Figure 5.61 was not due to variations in ¢ hlorophyll
concentrations. It was concluded by Robarts & Zohar y (1984) that
colony size did have a significant effect on light attenuation and

z in Hartbeespoort Dam.

A laboratory experiment was also carried out by Rob arts & Zohary
(1984) to examine the effect of water turbulence on colony size and

the effect of colony size on light attenuation when chlorophyll a
accounted for greater than 95% of attenuation. They found that
large colonies of Microcystis subjected to a water current of

4-5cms  !rapidly fractured. The rate of colony fracture dec reased
logarithmically and after 1.5 h of turbulent mixing only small
changes occurred. During the 8 h experiment chlorop hyll a concen-
tration changed slightly from 1 590 to 1 560 mg m 3 . As colony
size decreased with time the depth of the euphotic zone decreased
and e increased from 0.007 to 0.014 m 2mg !. The data demonstrated

that at a high chlorophyll a concentration, changes in Micro-cystis

colony size affected light attenuation.

5.4.10 Primary production and its relationship to underwater light,
temperature, algal biomass, nitro gen and phosphorus
Representative depth-profiles of primary production for Hartbees-
poort Dam are shown in Figure 5.62. A , the maximum rate of
photosynthesis in the depth profile, rangea Between 124 mgCm 3h *
in April 1981 and 5916 mg C m %h 1 in December 1981 (Robarts 1984).
These were the lowest and highest values recorded d uring the three
year period (Table 5.20). Calculation of volumetric production per
unit chlorophyll a showed that >70% of the depth-profiles showed
surface inhibition. Paerl, Tucker & Bland (1983) ha ve shown that
Microcystis can increase its carotenoid content thus protecting the
cells from high light intensities as found at the s urface of lakes.
Their primary production data from North Carolina d id not show
surface Inhibition but their surface irradiance was only
1300 uUEm 2s !in summer. In constrast, surface irradiance at
Hartbeespoort Dam in summer was about 2 500 uE m~ 2g" 1 (Fig. 5.2).
For Hartbeespoort Dam, the combination of surface i nhibition and the
attenuation of light in the water column, resulted in production
being restricted to the upper 4 m of the water colu mn (Fig. 5.62).
A representative diagram of the seasonal variation of the integral,
hourly primary production (ZA, mg C m~ 2h 1y for Hartbeespoort Dam
(Fig. 5.63) shows a general trend to higher values in summer and

lower values in winter. ZA ranged between 46.3 and 3380.7 mg



- 135 -

(b)
[ ]
o L
&
a L ]
[ ]
= I = o o
~ [ ]
o
N oo/ Y=-1.69+083Inx [
r = 093
n= |\
0 1 1 { 'n 1 1
0 100 200 300 : 100 200
pg Chf a per I Cht a(mg m~3)
Microcystis colony :

Figure 5.61(a).

(b)

The relationship between euphotic zone depth (Z_ )
and mean M{erocystie colony size (expressed as the
chlorephyll & content per colony) in Hartbeespoort
Dam,

The relationship between Z

and ambient chlorophyll

e concentration for the poggts in Fig. 5.61(a)
(modified from Robarts & Zohary 1984).
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Primary Production (mg Cm-=3h~') and Chlorophyll g (mgm™>)
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Representative depth-profiles of primary production (e) and
chlorophyll concentration (x} in Hartbeespoort Dam (after
Robarts 1984). The arrows indicate the depth of 1% of surface
radiation. Thin lines are water temperature,
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C m"2*" 1 (Robarts 1984; Robarts & Zohary 1984) between 1981 and
1984 (Table 5.20). Statistical analyses of the mean s for these data
indicated no significant difference between years. Hartbeespoort
Dam is characterized by high £A values and on this basis appears to
be the most productive freshwater (Table 5.21) or s aline lake (cf.
Hammer 1981) studied.
These data confirm the importance of light attenuat ion in the water
to primary production. As algal biomass increased A also increa-
sed resulting in an increasing proportion of the ph ytoplankton
becoming self-shaded. The result was that at very h igh chlorophyll
a levels ZA approached A as light attenuation restr icted the
Table 5.20., A comparison of Hartbeespoort Dam primary production
data for the 3 year study period.
1981/82 1982/83 1983/84
iy (B8 Cm 2R 12.4 - 5916 13.8 — 1859  14.6 - 4087
A(mgCm?2hnly 46,9 - 3381 46.3 - 2292  57.6 - 3010
IA(gCm2dl) 0.4 - 30.9 0.4 - 17,5 0,5 - 25.1
nnual (kg Cm 2y 1) 1.47 1.83 8 F
hole lake (t Cy ) 28 769 30 014 18 687
euphotic zone to approximately the area occupied by A . As noted
earlier, changes in Miorooystis colony size had a moderating influ-
ence on increasing light attenuation with increasin g biomass but
this effect was limited as the data from this study have demonstra-
ted. The daily rates of areal photosynthesis (Z£A) in Hartbeespoort
Dam ranged between 0.4 and 30.9gC m 2g~1 in 1981/84 (Robarts 1984,
Table 5.20). A significant exponential relationship (r-0.71,
p = <0.001, n = 53) was found between ttA  and the weekly solar
radiation which accounted for 51% of the seasonal v ariation in
1981/82 (Robarts 1984). The importance of solar rad iation to daily
primary production decreased in each successive yea r. The correla-
tion (r = 0.53, p = <0.001, n = 148) for the three years was signi-
ficant but accounted for only about 28% of the vari ance in EZA.
This was probably due to the stronger influence of changes in algal
biomass and light attenuation.
Using the daily primary production estimates the an nual production

for Hartbeespoort Dam varied from 1.47 kg C m" 2 for 1981/82, to
214kgCm 2 for 1983/84 (Table 5.20). Annual whole lake produc

tion was similar in 1981/82 and 1982/83 but showed a marked decline
in 1983/84 (Table 5.20) with the reduction in lake volume associated

with the drought.

Temperature can be an important limiting factor to aquatic primary
production with its effects on several physiologica | parameters.
The photosynthetic saturation parameter, |, (the le vel of irradiance

at which a cell's photosynthetic mechanism becomes saturated),
varied widely in Hartbeespoort Dam ranging between 26.3 and 741.3
yE m~2s~' . Raps et at. (1983) concluded that the I, for Micro-
oystis aeruginosa_ can exceed 565 yE m 25 ! and recorded a value of

up to | 400 UE m 25 1. Log |, was significantly related to water

temperature (r = 0.49, p = <0.001, n = 139) as has been demonstrated

by Tailing (1957), Robarts (1984) and others.
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Photosynthetic capacity, A /B, has great physiologi cal and ecologi-
cal significance as it is linked to the growth rate s of phytoplankton
assemblages (Harris, Haffner & Piccinin 1980). Many workers have
found a general trend for increasing A /B with wate r temperature
(see Robarts 1984). A /B from April 1987 to April 1 984 ranged from
1.5t0 14.3 mg C (mg "Fifil a) h~!and was significantly (r - 0.74, P

=<0.001, n = 149) related to water temperature (Fi g.5.64).

Falkowski (1981) noted that the variations in A /B are primarily
due to the effects of nutrients, temperature, ceTl size and light
history. Eppley (1972) has demonstrated that the al gal carbon/chlo-
rophyll a ratio is an important factor. The A /B values for

Hartbeespoort Dam were within the range found by ot hers but lower
than the upper theoretical maximum of 25 mg C (mg C hi a) 'h calcu-
lated by Falkowski (1981). For Hamilton Harbor (Can ada) phytoplank-
ton, Harris & Piccinin (1977) predicted an A /B of 13 mg 0 »,
(mg Chi a)~'h~' (4.9 mg C[mg Chi a] 'h~') at ffI*C . From the
equation in_ Figure 5.64 A /B at 20 °C would be 5.6 mg
C(mg Chi a) *h !.The similarity of these predictions would seem

to support a universal relationship between photosy nthetic capacity
and temperature. However, such a conclusion may not be warranted
because, as Li (1980) has noted, our understanding of the influence

of temperature on phytoplankton growth in natural s ystems is inade-
quate.

Generally, there is a poor relationship between Zh and B (chloro-
phyll a, mgm 3) because, as Bindloss (1974) noted, the algal popu la-
tion density influences both the horizontal (A ) an d vertica

(e ) components of the photosynthesis depth-profile by self-sha-
ding. However, for Hartbeespoort Dam there was a si gnificant power
relationship between ZA and B (r = 0.78, P = <0.001, n = 147) and

also a significant linear relationship between £A a nd £B (chlorophyll

a, mg m~ 2) (r = 0.74, P = <0.001, n = 147). These relationsh ips
indicated other factors were influential on 2A as a Iready demon-
strated.

Smith's (1979) study of primary production in North American lakes
examined the relationships between production and n itrogen and
phosphorus concentrations. The mean daily rate of p hotosynthesis at
optimal depth, A , was correlated with mean total P (r 2-0.91).
In contrast, integral rates of photosynthesis were linked less
tightly to nutrient concentration because of their simultaneous
dependence on transparency. The relationships betwe en A and
nutrients for Hartbeespoort Dam are given in Table 5.22.

The data in Table 5.22 show that there was no signi ficant correlation
between any photosynthetic parameter and nitrogen a nd phosphorus.

Table 5.22. Correlation between some photosynthetic measurements
and total phosphorus (TP), total nitrogen (TN) and
NH,-N for Hartbeespoort Dam during 1981/82.

TP N NHy-N
o} T ) n r P n r P
LIA 42 0.09 >>0.1 45 0.06 >>0.1 37 0,23 >>0.1
Eopt 42 0.06 >>0.1 45 0.11 >>0.1 37 0.16 >*0.1

v 42 0,04 >>0,1 45 0.23 >0.1 37 0.29 >0,1
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NH”-N was used in the analysis because Miorooystis aeruginosa has
been shown to be able to use only this form of nitr ogen (Kappers
1980) although this conclusion may have been due to her experimental
procedure. The lack of correlation between primary production and
the major growth nutrients in a hypertrophic system such as Hart-
beespoort Dam was not surprising. The data show tha t nitrogen and
phosphorus occur in concentrations in excess of alg al requirements

(see also Section 5.4.5).

In summary, the factors permitting and controlling primary produc-
tion in Hartbeespoort Dam could be subjectively sep arated into two
categories. In Category 1, nutrients (N + P) , whic h were present in
abundance, permitted large standing crops of Microcystis aeruginosa

to develop. Wind patterns determined the dramatic s patial and
temporal changes in algal standing crop. In Categor y 2 were the
factors which affected the process rates. The buoya ncy mechanism
and the changes in colony size of Microoystis usually enabled the
alga to remain in the euphotic zone. With increasin g phytoplankton
vertical stratification, A was increasingly importa nt in integral
production. The saturation parameter I, and photosy nthetic capacity
were temperature dependent. Physical factors were t herefore domi-
nant in regulating phytoplankton production in Hart beespoort Dam.
Robarts (1984) has shown that water column stabilit y was signifi-
cantly related to primary production because stabil ity increased
with increasing epilimnetic temperature and increas ing stability was
indicative of less wind-induced mixing. This meant that the phyto-
plankton were less likely to be removed from the ce ntral basin of
the lake and that the buoyancy mechanism of Mieroeyst'is would be
effective in keeping the population in the euphotic zone.

5.4.11 Respiration

Respiration by the planktonic (bacteria, phytoplank ton, zooplankton)
community (= community respiration) is an important loss to algal
gross primary production. Several workers (e.g. Dri ng & Jewson
1982; Williams, Heinmann, Marra & Purdie 1983) have recently demon-
strated that the 14C uptake method for measuring primary production,

gave estimates of gross production when short-term incubations
(2 - 4 h) were employed. As this was the method use d to measure
primary productivity in Hartbeespoort Dam quantific ation of respira-

tory losses was essential for estimating net produc tion and for
simulating phosphorus flow from the primary to the secondary produ-
cers.

The changes with time and depth of community respir ation rates

(R ,mgo > m *h )inthe upper 10 m of Hartbeespoort Dam during

1982/83 are shown in Figure 5.65A. R averaged 56 mgO,m %h ,
and reached a maximum of 810 mg 0 > m 3hon 11 January 1983, at

1 m, the depth of maximum chlorophyll concentration (435 mgm 3.
Community respiration rates were not detectable dur ing late winter
and spring, when chlorophyll concentrations and wat er temperatures
were lowest and when the water column was undersatu rated with oxygen

(see also Tschumi, Zbaren & Zbaren 1977).

Community respiration rates in the upper 6 m were | argely dependent
on algal biomass, expressed as chlorophyll (r = 0.8 6, n - 141,
P =0.001). At 8 and 10 m, where chlorophyll conce ntration was
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Community Respiration (mg O, m™ h')
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Figure 5.65. Community respiration rates (R cora® *- " Hartbeespoort Dam,
1982/83.
A changes with time and depth of R com iN the upper 10 m
stratum.
Areas where R ., exceeds 50 mg 0 , m~3 h~* are shaded for
convenience. Crosses represent respiration values t hat were
calculated to be negative.
B. Seasonal changes in daily areal rates of com munity
respiration, 2Rcom ( *°li Y line) and gross production rates

(broken line).
jR cora Values were converted from oxygen to carbon units
assuming RQ= 1.00. (7ohary, Pais Madeira & Breen, in prep.)
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usually less than 20 thg m 3 (Fig. 5.58), the relationship between

R and chlorophyll was not significant, indicating t hat planktonic
organisms other than algae were the major oxygen co nsumers at these
deeper depths.

Plankton respiration rates are commonly expressed a s specific rates
per unit algal biomass (K, mg 0 2 (mg Chi) * h 1), assuming that
phytoplankton are the major oxygen consumers. In th e upper_6 m of
the water column R ranged from 0.1 to 2.9 mg O 2 (mg Chi) * h *.
This range is in agreement with other reported valu es (Table 5.23).
Since both maximum and minimum values were measured when M, aerugi--
nosa was dominant, this range can be regarded as specifi c for the
natural populations of this species in Hartbeespoor t Dam.

The seasonal variations in daily areal rates of com munity respira-
tion and gross primary production are shown_ in Fig ure 5.65B.
Measured hourly respiration rates (mg 0 > m 3 h* were integrated
over the upper 10 m of the water column by planimet ry and multiplied

ky. 24_h and by 0.375 to give areal daily rates in carbon units (mg C
m 2 h 1), permitting their comparison with daily gross pro duction
rates (ZZA, Section 5.4.10). On average, respiratio n processes in
the upper 10 m of the water column consumed approxi mately 50% of the
oxygen produced by photosynthesis. Respiration exce eded production
significantly only on two occasions in January 1983 (Fig. 5.65B).
No significant decline in oxygen saturation was det ected on those
occasions. Net production (gross production minus r espiration
losses) of 50% of gross was high when compared with estimates of net
production in other highly eutrophic systems, e.g. 20% of gross for
net phytoplankton production in Lake George (Ganf 1 972), 15% of
gross in Lough Neagh (Jewson 1976) and 40% of gross in Kinnego Bay
(Jones 1977). The high net production rates in Hart beespoort Dam
allowed maintenance of the large phytoplankton stan ding stocks.
According to Barica (1981) unstable oxygen regimes are typical of
hypertrophic lakes, where periods of oxygen supersa turation due to
dense algal blooms may be followed by periods of ox ygen depletion or
even complete anoxia when the blooms crash. Rapid b acterial decom-
position of the dead algal cells exert a huge oxyge n demand and,
depending on the degree of deoxygenation, severe fi sh kills may
follow. Hartbeespoort Dam though hypertrophic and ¢ haracterised by
dense blue-green algal blooms and large and active bacterial popula-
tions (Sections 5.4.2 and 5.4.7) does not undergo s uch catastro-
phies. During a full annual cycle the biological ox ygen demand in
the aerobic epilimnion rarely exceeded photosynthet ic oxygen produc-
tion and on the average consumed only 50% of gross production. This
does not imply low respiration rates. Rates of comm unity respira-
tion in Hartbeespoort Dam were higher than values r eported from
other Jrreshwater bodies (Table 5.23). The maximal rate, 809 mg 0
m 3 h !, is slightly higher than rates measured in Lake Geor ge,
Uganda, 4-fold higher than the maximal community re spiration rate
reported from the highly eutrophic Kinnego Bay and is up to 20 fold
higher than maximal rates reported from other fresh water systems
(Table 5.23). Maximal water column respiration in H artbeespoort Dam
(2R=2060mg 0 >,m 2h 1) was nearly double that measured during

a ni>loom crash in a hypertrophic Canadian pothole lake
(R=1080mgo > m"2 h" 1) (Barica 1975). But in Hartbeespoort

Dam the enhanced rates were due to the dense, activ e algal popula-
tions (chlorophyll content of the water column was 1 810 mg Chi

m 2), with no evidence for concomitant or subsequent b loom collapse



Table 5.23.

- 145 -

Reported maximal values of community respiration
(R__) and ranges of specific respiration rates
(Res ) measured in field studies of Hartbeespoort
Dam onhary, Pais Madeira & Breen, in prep,)

R IR R
com i com_2 est
Lake ne oi m me Oz—m ng By _ Reference
hl h! (mg Cch1) !
h !l
Lough Neagh,
N. Ireland 76 - 0,1-2,9 Gibson 1975
Lough Neagh,
N. Ireland 45 0.3-1.1 Jewson 1976
Kinnego Bay,
N. Treland 200 - 0,2-2.7 Joneg 1977
Loch Leven
eyt Toonsil = N 0.1-3.9 Bindloss 1974
Lake Horkkajirvi, a _ _ Salonen et al,
Finland 53 1983
Lake Nimetn a _ Salonen et al.
Finland 36 - 1983
Little Lake Conway u _ Fontaine and
Florida 346 Ewel 19831
Lake George, . Ganf 1972,
Uganda 544 0.2-4.5 1974b
Ganf and Horne
1975
Hartbeespoort Dam, 810 2060 0.1-2.9b This study
South Africa
Canadian - o =
Pothole lake 1080 Barica 1975

a. Converted from carbon to oxygen units assuming RQ = 1.CO
b. Range for 0-6 m depth only
c. Measured during a bloom collapse

5.4.12

and algal death. Yet oxygen demand that does not originate from the
respiratory requirements of the epilimnetic plankton may cause
complete anoxia in Hartbeespocrt Dam., During the 1981 overturn the
entire lake became virtually anaerobic due to the dispersion of
hypolimmetic oxygen demand throughout the water column (Robarts et
al. 1982),

Algal sedimentation

Losses of viable algal cells from the euphotic zone by sinking can
have a substantial impact upon the dynamics of phytoplankton popula-
tions (Reynolds & Wiseman 1982).



Algal sedimentation rates (mm3® cm™2 d7')

Figure 5.66.
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Crocodile arm
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Temporal changes in algal sedimentation rates at the
Crocodile arm {Station 5, Fig. 4.1) and at the main
basin (station 1, Fig. 4.1; 'middle'-traps 8 m above
bottom mud; ’'bottom'-traps 1 m above bottom mud).
The width of the histogrammes corresponds with the
duration of exposure of the sediment traps and their
heights - to the volume of algal material sedimented.
Shadings indicate the proportion of the total
sedimented volume contributed by each of the different
algal classes. Periods without histogrammes indicate
missing data.
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Temporal changes in algal sedimentation rates at th e main basin and
at the Crocodile Station of Hartbeespoort Dam (Stat ion 3, Fig. 4.1)
between October 1983 and February 1984 are shown in Figure 5.66.
Algal sedimentation rates ranged from 0.04 to 1.59 mmcm 2d *
The higher sedimentation rates were usually due to sinking of

chlorophytes (green algae) and diatoms (Fig. 5.66).

Mean algal sedimentation rate from all available da ta was 0.45 mm 3
cm *d '. This value corresponds with the deposition of a 0.1 7 cm
thick layer of viable algal cells per annum. This e stimate may,
however, be low as higher sedimentation rates are e xpected in winter

and autumn when Miarocystis migrates to the sediments (Reynolds et
at. 1981).

Sinking losses generally followed the temporal patt ern of phyto-
plankton abundance in_the water column (Figs. 5.57, 5.66). Sedimen-
tation rates (mm Scm 2d ') at the raft station were linearly

related (r = 0.80, n = 15, P = 0.01) to the chlorop hyll content
(mg m 2) of the top 15 m of the overlying water column.

In general algae were trapped only during or immedi ately after the
periods of their seasonal abundance, implying that phases of resus-
pension of previously sedimented algae were not obs erved. Highest
sinking losses followed the population maxima of ea ch species,
except for cryptophytes that were rarely trapped. S imilarly,
Reynolds & Wiseman (1982) reported that cryptophyte s were rarely
caught in their sediment traps. It is likely that t his group is
heavily grazed and/or decomposes faster than other groups while

still in the water column.

Sinking losses of the larger algal species (e.g. Pediastnon) and
heavier diatoms constituted a major loss process to their popula-
tions, but were less important or negligible in the population
dynamics of small heavily grazed species (Ooaystis , Cryptophytes).
Highest sinking losses of Mioroeystis (up to 2 x 10 7 cells cm 2d 9
were encountered during the period of decline of th e planktonic
population which also coincided with the time of hy perscum break up.
Lowest sinking losses (down to 6 x 10 5 cells cm 2 d *) occurred

during the phase of stable water column populations

The high sinking losses of chlorophytes and diatoms in comparison to
M, aeruginosa most probably contributed to the dominance of the

latter.

Mievocystis toxicity

Previous research, using mouse tests, has demonstra ted that toxicity

of M, aeruginosa in Hartbeespoort Dam is always associated with the

morphological colony type M. aeruginosa forma aeruginosa  and not
with the morphological type M. aeruginosa forma flos-aquae (Scott et
at. 1981).

Figure 5.67 gives the percentage composition of M. aeruginosa colony
type and the total Microaystis volume at the raft station from
November 1982 to June 1984. The total Miorooystis volume showed
large fluctuations with no apparent seasonal trend and ranged from
0.7 mm? IT! in November 1982 to 268 mm ® s~ in November 1983.
Miovocystis was never totally absent from the sampling station over

the study period.
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The lower portion of Figure 5.67 shows that
aeruginosa>  dominated the Mierocystis
ton. The forma
the same species as M. toxica
bed from Vaal Dam. For 11 of the 20 months of obser
the only form of Mierocystis
forma flos-aquae

periods in June 1983 and June 1984 forma
formof M. aeruginosa present at the sampling station.
Mierocystis
ted samples supplied to the National Chemical Resea
for chemical structure work over the study period.
tion of toxicity with mouse tests was not carried o
basis during the present study but from current and
tions it can be accepted that toxic
Hartbeespoort Dam for at least 80% of the time in a

Miorooystis
is receiving attention in other NIWR projects.

5.4.14 Algal competition and succession

Paerl & Ustach (1982) suggested that the buoyancy m

blue-green algae imparts an ecological advantage by
to CO , during periods of high photosynthetic activity and
pH. The formation of large surface populations, the
also shade underlying phytoplankton restricting the
rates and competitive potential. If

M. aeruginosa
component of the phytoplank-
aeruginosa  has been judged by Komarek (1958) to be
Stephens which was originally descri-

toxins were invariably present in all regularly col

Mierocystis

is recognized as an important eutrophication proble

Microoystis aeruginosa

vation this was

present in the lake. The non-toxic
only formed a significant proportion of the
cystis population during the colder months of the year. Fo
flos-aquae

Miero-

r short
was the only

lec-

rch Laboratory
Direct confirma-
ut on a routine
earlier observa-

will be present in
ny one year.

m and

echanism of
ensuring access
high water
y noted, would
ir photosynthetic

utiize HCO  ; the photosynthetic production of this alga in Hart

beespoort Dam would not be limited by inorganic car
cient quantities exist (Robarts 1984).

In a study of Mierocystis aeruginosa

of cells led to a substantial growth advantage over
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Reynolds & Walsby (1975) noted that the growth of b loom-forming
species, such as Mierocystis aeruginosa, seemed to be confined to
lakes in which average values of z /z were within t he range 0.5 to
3.5. The depth of the Hartbeespoort Dam epilimnion was taken as
that depth at which the oxygen concentration was ze ro and was
shallowest in December 1982 when it reached a depth of 12 m.
Throughout the study the epilimnion was always grea ter than the
euphotic zone. The quotient, z /z , ranged between 0.04 and 0.65
(x = 0.19). On the basis of Reynolds & Walsby's (19 75) observations
Microeystis aeruginosa should not have been the dominant alga in
Hartbeespoort Dam. But, as Humphries & Imberger (19 82) have noted,
this quotient can be altered by algae with buoyancy mechanisms. As
the bulk of the algal population in Hartbeespoort D am was usually
contained in the upper 4 m (Fig. 5.58) the quotient calculated using

z did not reflect the actual proportion of photic t 0 aphotic zones
experienced by Microeystis aeruginosa. As Microeystis aeruginosa
accumulated at the surface the concomitant increase in colony size
would moderate light attenuation thereby reducing p opulation self-
shading. The double ecological advantage of buoyanc y mechanism and
large colony size makes Microoystis aevuginosa a formidable and
successful competitor in lakes where N & P limitati on of growth rate

is non-existent, or rare, and where wind-induced mi xing is low.

Storms do occur at Hartbeespoort Dam and cause deep ening of the
mixed layer and reduction in Mierocystis aevuginosa colony size.
During periods of increased mixing large organism s ize is a disad-
vantage since larger particles for a given chloroph yll concentration

will capture less light than an equivalent volume o f smaller parti-
cles (Kirk 1976). Smaller colony size results in a decrease in the
euphotic zone depth (Fig. 5.61). This disadvantage may be offset by
the increased rate of circulation through the mixed layer and by
several possible physiological adaptations of the a lgae (Perry,
Talbot & Alberte 1981). Storms are generally of sho rt duration and
Microeystis aeruginosa appears to be able to remain dominant.

However, the succession in Hartbeespoort Dam of Microeystis aerugi-
nosa to Melosira granulata followed by Oocystis  with increased wind
activity seems to indicate that Microeystis aeruginosa cannot
compete in a fluctuating light environment for long periods. Walsh
& Legendre (1982) and Perry, Talbot & Alberte (1981 ) have shown that
Oocystis  and diatoms, respectively, are adapted to living in the
daily, widely fluctuating light environments such a s would occur in

the epilimnion of a lake.

In conclusion, Microeystis aeruginosa was the dominant primary
producer in Hartbeespoort Dam because it was suitab ly adapted to
living in an environment in which N & P were in exc ess of algal
requirements and where a major factor limiting phyt oplankton growth
rate was light. The buoyancy mechanism of Mierocystis aeruginosa
and the changes in its colony size allowed the alga to exploit and
moderate the underwater light climate to its advant age, thus effect-
ively excluding other species for most of the year in this hyper-
trophic lake subject to low daily wind speeds. Van Rijn & Shilo
(1983) concluded from their studies of Osaillatoria that when
several factors are operative in regulating the buo yancy mechanism
of blue-green algae, the presence or absence of lig ht is dominant

over the effect of CO 2 Or nutrient availability.
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5.4.15 Zooplankton

(a) Seasonal abundance, composition and production

Zooplankton may be broadly divided into two trophic levels,
herbivores (usually filter-feeders) and carnivores (raptorial),
both of which are important in the diet of zooplank tivorous
fish. The zooplankton community of Hartbeespoort Da m is compo-
sed primarily of cladocerans, copepods, rotifers an d midge
larvae. Of these groups the herbivorous cladocerans frequently
contribute most to total zooplankton standing stock . Rotifers,
although often numerically abundant due to their sm all size do
not significantly influence total standing stock. T he two
copepod species present are the herbivorous calanoi d copepod
Thewnodiaptomus syngenes , and the carnivorous cyclopoid copepod
Thermocyclops oblongatus which is present throughout each year.

Another zooplankton carnivore is the phantom midge

larva  Chaobo-

vus sp. Highest numbers of this predator occur during t he
summer when, due to their ability to temporarily in habit anoxic
water, Chaobovus larvae are usually found in deep water or

within the hypolimnion, and thus avoid high fish pr edation
pressure.

Mean annual whole lake and volumetric estimates of zooplankton
standing stocks and production are shown in Table 5 .24. Second-
ary production by zooplankton was calculated using the mean
annual standing stock values from Table 5.24 and a production/
biomass turnover coefficient estimated from Waters (1977). In
modelling zooplankton standing stock, conversion fr om dry weight
to tonnes of phosphorus was carried out using a coe fficient of
0.015 (Zison, Mills, Deimer & Chen 1978). For conve rsion from
dry to fresh weight a coefficient of 6 was used (Wa ters 1977).
Both total annual primary (Section 5.4.10) and seco ndary
production per cubic metre have increased over the three year
study period. However, whole lake secondary product ion and
biomass were lowest in 1983 due to the low lake vol ume during
the prevailing drought conditions.

The herbivorous cladocerans Daphnia pulex and D. longi-spina* due
to their large size (adults = 2.5 mm) and frequentl y high num-

Table 5.24. Zooplankton biomass and production estimates for
Hartbeespoort Dam. (All values in dry weight).

1981 1982 1983
Mean annual standing stock (g m ) 0.181 0.273 0.405
Whole lake mean annual standing
stock (tonnes) 31.7 38.9 24.9
Secondary production (g m ° y 1) 4.5 6.8 10.1
Whole lake_secondary production
(tonnes y 1) 837.2 1023,0 677.8
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bers, contribute most to zooplankton standing stock s and high
grazing rates from autumn through to mid-summer. Th e Daphnia
population has a seasonal pattern of high densities in spring
followed by a rapid decline from January to April w hen Cevio-
daphnia retieulata becomes the most abundant organism

(Fig. 5.68). This trend, which was also reported in Hartbees-
poort Dam by Seaman (1977), occurred in 1981, 1982 and 1984.
Atypically, during the drought year of 1983, the Daphnia
population declined in January but recovered in Feb ruary before
declining again when Ceriodaphnia re-appeared in extremely high
numbers during March, During the periods of co-exis tence of
Daphnia and Ceriodaphnia in February, July, August, November

and December 1983 a marked spatial separation was e vident
between their population maxima (Fig. 5.69), and da ytime
maximum numbers of  Ceviodaphnia  were recorded deep in the water
column, or near the bottom when the lake was unstra tified,
below the population maxima of Daphnia.  This vertical separa-

tion of these cladocerans, also noted in Hartbeespo ort Dam by
Connell (1978), may indicate that these herbivores are not

competing for the same food resource.

Species succession is evident within the genus Daphnia.
Separation of D. putex and D. longispina is not easily carried

out routinely. However, periodic close examination of adult
Daphnia showed that after its absence from January to April of
1981 and 1982, the Daphnia population which reappeared consis-

ted of D. longispina. D. pulex appeared approximately two
months later when both species co-existed, after wh ich D. pulex
became more abundant and D. longispina numbers declined.
However, following the persistance of D. pulex through the
summer of 1982/83, D. longispina did not occur during autumn

1983.

The spring increase in Daphnia numbers and the brief occurrence

of Bosmina longivostvis (Fig. 5.68) are both associated with a

period, from September to November, of low phytopla nkton volume
but high non-blue-green algal species diversity and abundance
(Section 5.4.6). Increasing water temperature in sp ring and
more abundant edible cryptophytes and green algal f ood results
in a high zooplankton biomass, and consequently an unusual
negative association exists between zooplankton bio mass and
chlorophyll a concentration in Hartbeespoort Dam (1981

r - 0.53; 1982 no correlation; 1983 r = 0.65). High est
phytoplankton volumes occur when Micvocystis dominates (fre-
quently over 90 % of phytoplankton volume, Section 5.4.6).
Formation of large colonies of this blue-green alga reduces

zooplankton grazing pressure.

The competitive interaction between Daphnia and Bosmina has
been studied by De Mott (1982), De Mott & Kerfoot ( 1982) and
Goulden, Henry & Tessier (1982). Bosmina was shown to feed
more efficiently on the small flagellate alga Chlamydomonas

than Daphnia which in turn was better able to feed on bacteria
than Bosmina. These differences in feeding efficiency on

various foods may explain the co-existance of these cladocerans
during the brief periods of non-blue-green algal ab undance.
The reason for the failure of Bosmina to co-exist with Daphnia
during spring 1983 is unclear. Factors other than d irect

competition for the same food resource must play a role.
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The spring increase in zooplankton biomass, primari ly due to
rapid growth of Daphnia, provides the fish fry of Hartbeespoort

Dam with an important source of food at the time of rapid
growth. Zooplankton, particularly large Daphnia, are a major
component of the gut content of Oreochromis mossambious fry of

1-4 g from December to February (Section 5.4.18).

This period of high Oreochromis  predation pressure corresponds

with a fall from high Daphnia numbers in December to low
numbers in January and February. The carp Cyprinus oavpio also
feeds partly on zooplankton when daphnia are abundant, usually

from September to November. The barbel Clarias gaviepinus is
an important zooplanktivore. Zooplankton form a maj or compo-
nent of the diet of large Clarices (>500 g) from July to
November, during the period of Daphnia dominance. Therefore a
combination of high fish predation pressure and a c hange in
phytoplankton species composition, results in the s harp decline
of Daphnia and total zooplankton biomass in January.

0>) Diel vertical migration and grazing rates

The phenomenon of upward migration of zooplankton a t night and
downward migration during the day has been widely r eported in
the literature. Evening migration of zooplankton in to surface
waters richer in phytoplankton, and their return to deeper
water during the day to avoid visual detection by p redatory
fish, is regarded as a primary advantage of diel ve rtical
migration to zooplankton. Connell (1978) reported t hat this
pattern of diel migration was reversed in Hartbeesp oort Dam,
and downward night-time migratory behaviour was mar ked in
Daphnia and Thermooyolops populations. However, a diel study

carried out in late January 1984 showed that the zo oplankton
community present exhibited an upward evening migra tory pat-
tern. Species composition during this study differe d from that
found by Connell (1978). The most abundant herbivor ous Crus-
taean present in January 1984 was Ceviodaphnia. This cladoce-
ran clearly exhibited upward migration during the n ight,
whereas maximum numbers of Ceriodaphnia during the day occurred
below the euphotic depth. Highest grazing rates dur ing the
diel study closely followed the pattern of vertical distribu-
tion of maximum Cerodaphnia  numbers. Comparison between day
and night mean profile grazing rates (% d *) showed no differ-

ence in diel grazing rates (P >0.j.0). Calculations of mean
profile specific grazing rates (% d 1 mg *), to eli minate the
effect of patchy distribution of zooplankton, also showed no
significant difference between day and night biomas s specific

grazing activity (P >0.20).

(c) Zooplankton feeding studies

Filter-feeding zooplankton are often non-selective with regard

to the type of food ingested. Some zooplankton spec ies may
ingest organic and inorganic particles that fall wi thin an
acceptable size range, whereas other organisms may also select
particles on the basis of palatability (Burns 1968, 1969; Boyd
1976; Lehman 1976; Fernandez 1979). Therefore, susp ended
particles other than just algal cells are ingested by many

zooplankton species. Small algal colonies, individ ual algal
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cells, free living bacteria, suspended organic detr itus suppor-
ting attached bacteria, and even suspended inorgani c particles
to which organic matter may be adsorbed (Arruda, Ma rzolf &
Faulk 1983), are all components of the diet of filt er-feeding
zooplankton. Consequently, the terra 'herbivore' is applied
loosely to filter-feeding zooplankton to include bo th algae and
other suspended particulates ingested. The green al ga Chlorel-
la was chosen as the radiolabelled food for feeding ex periments
on the zooplankton of Hartbeespoort Dam because its small
spherical shape (5-12 um diameter), unicellular for m, lack of
flagella or sheath, and natural occurrence in the p hytoplank-
ton, readily allowed ingestion of this palatable al ga by

herbivorous zooplankton.

The zooplankton community grazing rate (CGR) calcul ated as
% d ! represents the maximum potential percentage of the

surrounding lake water that may be filtered by the zooplankton
present. High grazing rates are not recorded throug hout the
water column and not all food particles encountered may be
gathered by the zooplankton. In addition to rejecti on of some
particles, preferential filtration from natural mix tures of
food, patchy distribution of phytoplankton and low grazing
efficiency of zooplankton on large colonial algae, particularly
M'icroeystiSj prevent the removal of all food resources during

periods of high grazing activity. Therefore, the CG R measured

using ChlorezZla represent 'maximum' grazing rates unlimited by
variations in food type and palatibility.

Periods and depths of high CGR corresponded with hi gh herbivore
biomass shown in Figure 5.69. Zooplankton avoided t he region
of low dissolved oxygen at the interface between th e epilimnion
and anoxic hypolimnion. In contrast, the study of H aney (1973)
in stratified Heart Lake, Ontario, showed that the zooplankton
grazing rate was occasionally highest at the epilim nion-hypo-
limnion boundary. High numbers of bacteria can occu r at this
interface which provide the zooplankton with an imp ortant food
source. In Hartbeespoort Dam, however, the density of epilim-
netic bacteria exceeded that of hypolimnetic bacter ia (Robarts

& Sephton 1984, Section 5.4.2).

A positive linear correlation existed between CGR a nd herbivore
biomass (r = 0.77, n = 247). The highest grazing ra te measured
(581.5%d !at2mon 22.11.83) occurred when a dense aggrega-

tion of Daphni-a  was encountered. All other high grazing rates

above 200 % d * were associated with high numbers o f this large
herbivore. The pattern of distribution of high dens ities of
both major herbivores, Daphnia and Ceviodccphna |, corresponded to
high CGR (Fig. 5.69). It is also evident that grazi ng activity
was dominated by each of these organisms in turn. Daphnia
influenced grazing activity from January to mid-Feb ruary 1983,
thereafter Ceviodaphnia dominated from mid-February to July,

followed again by Daphnia from July until December when high
numbers of Ceviodaphnia returned. Co-dominance occurred
briefly at the overlap of these periods. Repetition of this
seasonal pattern did not occur during the first qua rter of 1984
when temporary co-dominance of the herbivorous clad ocerans

Moina and Viaphanosoma occurred with Ceriodaphnia.
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Seasonal variation in CGR was evident when integrat
grazing rates were calculated (Fig. 5.70). Integrat
grazing rates over the sampled vertical profile, by

of rates corresponding to vertical compartmentaliza

lake, resulted in mean grazing rates which incorpor
vertical variations and structure of the zooplankto

grazing activity. From mid-January to June 1983 int
varied from 19.8 to 78.5 % d
both highest temperatures (January-February) and lo
ratures (July-August). Throughout the spring and ea
of 1983, when Daphnia
integrated CGR
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The influence of dominant herbivore species on SGA was further
demonstrated by the relationship shown in Figure 5. 71. Low
herbivore biomass, characteristic of periods of Ceriodaphnia
dominance, corresponded to low CGR but high SGA. Co nversely,
periods of high herbivore biomass, when Daphnia dominated, had

high CGR but low SGA.

Simultaneous experiments carried out in situ showed no signifi-

cant difference between the CGR on naturally occurr ing Oocystis
or on  Chlorella. Occasional measurements of the filtration

rates of the major cladoceran species were carried out between
August 1983 and May 1984. Results of two series of in situ
experiments, when Daphnia was sufficiently numerous to deter-

mine its filtration rate on radiolabelled Chlorella, showed
that the high CGR when Daphnia was dominant could be attributed

to the high filtration rate of individual large Daphnia
(Table 5.25). Filtration rates of small Daphnia (<1.5 mm),
Moina and Diaphanosoma , which are of a comparable size, were

similar. Filtration rates recorded for Ceriodaphnia were
variable. The filtration rates of Ceriodaphnia measured at
temperatures above 21 °C were consistantly lower th an the rate
recorded at 18.7 °C . Due to absence of Ceriodaphnia during in
situ  experiments at 14.3 °C no conclusions can be made o n the
effect of temperature on the filtration rate of Ceriodaphnia.

In situ experiments conducted using radiolabelled colonies of
the blue-green alga Microcystis showed that ingestion of small

colonies by zooplankton did occur. Feeding rates on Microcys-
tis  colonies (colony diameters 5-20, 20-40, 40-60, 60-1 00 and
100-150 ym) compared to rates recorded simultaneous ly using
Chlovella (Fig. 5.72) showed that feeding rates of Ceriodaphnia
and Diaphanosoma on Microcystis colonies of 5-20 urn were lower

than on  Chlovella cells of a similar size (5-12 pm). Selection

of Microcystis by Ceriodaphnia was limited to small colonies,

and a rapid decline in feeding efficiency occurred with in-
creasing colony size. Diaphanosoma did not feed efficiently on
Microcystis colonies of greater than 100 ym diameter but was

less limited by increasing colony size than Ceriodaphnia.
Feeding efficiencies of Thermodiaptomus syngenes on Miorooystis
colonies indicated that this large calanoid copepod was readily
able to ingest Microcystis colonies of below 60 urn diameter.
However, due to the low numbers of Thermodiaptomus present,
reliable estimates of its size selection and feedin g efficien-

Filtration rates of major cladoceran species in Hartbeespoort
(uf individual ~! h !) using labelled Chlorella.

Number of experiments 5 3 3 5 2 3
Temperature 14,3 18,7 21.4 21.5 4.4  24.4

Daphniq > 1.5 mm 1121 - - 983 - -
Daphnia < 1.5 mm 186 - - 164 - -
Ceriodaphnia - 297 111 110 i30 121
Diaphanosoma e 161 183 - 182 166
Moina - 179 234 - 178 239
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Figure 5.72, Feeding rates of three cladoceran species on increasing size
classes of Microcysiis colonies in relation to their feeding
rates on Chlorella (100%). Standard error shown as vertical
bars.
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cies were not possible. No data on the feeding effi
Daphnia on Miarocystis
absence of this herbivore during the experimental p

Bernardi, Giussani and Lasso Pedretti (1981) showed
could be efficiently ingested and utilized by three

Mioroaystis

ciency of

colonies are available due to the

eriod. De
that

species of Daphnia if the algal colonies were small (1-5

cells). Thompson, Ferguson and Reynolds (1982) clas
colonies >50 ym as partly edible, and colonies <50

Mioroeystis
um as inedible based on the analysis of crustacean
(Ferguson, Thompson and Reynolds 1982) and informat
literature.

From the relationship between SGA and biomass shown

Figure 5.71, zooplankton grazing rates may be estim
periods of both low biomass (Ceriodaphnia

sified
gut contents
ion from the

in
ated during

phase) and high

biomass (Daphnia» or Moina and Diaphanosoma phases). Data on

zooplankton biomass, grazing rate and feeding effic
natural green and blue-green algae are of particula
modelling the utilization of food, and thus nutrien
zooplankton community of Hartbeespoort Dam.

5.4.16 Zoobenthos
@  Introduction

No formal project on the role of zoobenthos in the
poort Dam ecosystem was included in the present stu
ever, zoobenthos, particularly chironomid midge lar
abundant in the guts of several fish species (Secti
Detritivorous invertebrates may also be important i
energy from sedimented detritus to other compartmen
lake ecosystem. The abundance and distribution of t
of animals in the dam were therefore superficially

A series of replicate samples were collected from t

ral (0.5-1 m water depth) and two profundal (15 m w
sampling stations (Fig. 4.1). As the numerical dist
and biomass of the fauna at all stations was contag
transformations were carried out to normalize data
likelihood estimators for the mean of a log-normal
with 90 % confidence intervals were calculated acco
Rendu (1978).

©  Estimates of benthic faunal numbers and biomass

Zoobenthos biomass was higher in littoral regions t
profundal and both faunal numbers and biomass of an
higher in the Crocodile River arm than in the Magal
arm (Tables 5.26 and 5.27). The benthic faunal samp
ted indicated a significant difference between faun

in the two river arms. Lake faunal densities were ¢

by considering the Crocodile and Magalies River arm
rate entities. When the study was carried out (Sept

the lake contained 78 % of its full supply capacity

It was estimated that the extended Crocodile River
buted 135 ha of the lake's littoral region (0-5 m b
surface) and the Magalies arm 473 ha . Similarly,
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dal zone extended by the Crocodile arm measured 211
of the Magalies and remaining main basin measured 8

Table 5.28 summarizes the components of the total z
biomass estimate obtained for the lake in September
was approximately 50 tonnes dry weight which may be
the 25 to 39 tonnes of zooplankton (Table 5.24). As

dry weight is 15 % of wet weight (Morgan 1980) this

334 tonnes of zoobenthos. It should be noted that t
estimate is on the conservative side. It did not in
Nematoda, Ostracoda, smaller Chironomidae and Oligo
in sorting were retained by a smaller mesh net. Alt
volumetrically small these animals formed a large n
proportion of the zoobenthos (Tables 5.26 and 5.27)

September 1982,

ha and that
43 ha .

oobenthos
1982, which
compared to
suming that
converts to
his biomass
clude
chaeta which
hough
umerical

Dry biomass estimates of zoobenthos in Hartbeespoort Dam,

Area (ha) Biomass (kg ha ) Lake Biomass (kg)

Magalies and main

basin littoral 427.7 57.0 24 379

Magalies and main

basin profundal 843.1 3.3 2 782

Crocodile arm littoral 135.0 152,1 20 534

Crocodile arm profundal 210.9 9.0 1 8938

TOTAL FOR LAKE 1616,7 49 592
©  Calculation of production of zoobenthos
Although no estimate of the mean annual biomass of zoobenthos
was available it was considered worthwhile to see h ow produc-
tive the estimated population of zoobenthos could b e, and its
potential contribution to the total biomass of seco ndary
producers in Hartbeespoort Dam. Waters (1977) state s that a
good estimate of the production of zooplankton, zoo benthos and
fish could be obtained by multiplying the mean annu al standing
stock of these three groups of secondary producers respectively
by 15-20, 6-8 and 0.5-1. Hence an estimate of the z oobenthos
production, assuming that 334 tonnes represents the mean
annual standing stock, would be from 2004 to 2672 t onnes.
This crude estimate illustrates the potential impor tance of
zoobenthos production in the Hartbeespoort Dam ecos ystem.
@  Discussion

Estimates of the biomass of zoobenthos of Hartbeesp oort Dam
(3.1 gm ?) are at the upper limit (1-3 g m %) of the mean
annual biomass for tropical lakes (Morgan 1980). Th e Chirono-
midae were exceptionally abundant at some stations (Table
5.27) but most individuals were in the small size r ange. If
predation and natural mortality remained low then t he biomass
of zoobenthos could become considerably higher. Pre dation on
Chironomidae by fish in October/November 1982 becam e intense
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when juvenile 0, mossconbicus , the only species besides C. fla-
viventris to breed that year (Section 5.4.17), were found to
feed almost exclusively on chironomid larvae during a certain

stage of their development (Section 5.4.18).

It was not possible to monitor population changes i n this
group as sampling for zoobenthos was carried out on ly in
September 1982. However, based on the September 198 2 data with

a preponderance of small chironomids it is possible to develop

a successional hypothesis. Low predation on benthic chirono-
mids in winter and early spring could allow the dev elopment of
a very large population of these animals in early s ummer.
This large chironomid population then provides an a bundant
energy-rich supply of food for fish. With the onset of warmer
weather adult 0. mossombicus start breeding prolifically and

the growing fry and juveniles then reduce the popul ation of
these chironomids through predation. With the onset of colder
temperatures the fish stop breeding and as larger 0. mossamb-i-
cus change their diet (Section 5.4.18) the predation pr essure
on zoobenthos is considerably reduced. Chironomidae now re-
establish a large population, which provides a pote ntially
abundant food supply for the following summer's bro od of fish
fry.

The importance of zoobenthos in Hartbeespoort Dam ¢ ould not be
accurately assessed from this pilot study. However, their
high biomass and numerical abundance indicated that zoobenthos

is important and warrant detailed study.

5.4.17 Fish population dynamics

(a) Species composition

To date 12 species of fish have been recorded in Ha rtbeespoort
Dam but of these Oreoohromis mossambious > Cyprinus carpio and
Clarias gariepinus made up over 90 % of the icthyomass caught

using four different types of sampling gear (Table 5.29).

Table 5.29. ©Species composition fish of catches in Hartbeespoort Dam

{from Cochrane 1984),

Seine net Seine net Angling
Method Gill nets (13 mm stretch) (35 mm stretch) Teturns
Period of Nov. 1981- Nov, 1981- Nov, 1981- March 1932-
sampling April 1984 Jan. 1982 Jan. 1983 Jan. 1983
Species # composition of catch by mass
0. mossambicus 66 86 50 15
C. carpio 1 4 [ 74
C. gariepinus 26 3 43 10
Others 7 7 1 1
Total mass (kg) 1201 142 16 247 59 710
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Other commonly encountered species were Chetia flaviventris and
Barbus marequensis . The remaining species were caught only
occassionally and in low numbers.

The number and biomass of adults of the three domin ant species
are shown in Table 5.30. The increased biomass of 0. mossambi-
ous in October 1983 compared to October 1982 was a resu It of
good recruitment to the adult stock from the fry sp awned in
summer 1981/82 following a mild winter mortality (C ochrane
1984). The apparent increase in C, gariepinus numbers and
biomass was a result of sampling bias. The higher f igure in
1983 was based on larger samples and a higher numbe r of tag
recaptures and was thus more reliable. The 0, mossambiaus
population could be expected to show wide fluctuati ons in
standing stock, as a result of variable winter mort ality, even
under relatively stable environmental conditions. C onversely
the C. oavpio and C. gariepinus populations are not as sensi-
tive to small fluctuations in temperature or other known
environmental parameters and thus their populations should be
relatively stable. The total biomass of the three s pecies,
approximating total ichthyomass, can be estimated a s:

1982 1160 tonnes

1983 1400 tonnes
The biomass of 0+ fish, as determined by the 3 pois oning
replicates in 1982 and 1984, is shown in Table 5.31 . The
dominance of the three major species was shown in t he samples.
Chetia flaviventris was also present in large numbers but, as
this is a littoral species, littoral poisoning over estimated
its abundance in relation to the other three specie S.
The higher biomass, of the four species in 1984 com pared to
1983 (Table 5.31) was due to sampling earlier in th e year in
1984, before water temperatures started to drop and fish moved
into deeper water. C, oavpio and C. gariepinus also showed
greater spawning intensity and larval/fry survival in 1984 due

to the greater abundance of aquatic vegetation.

Cochrane (1984) and Cochrane & Robarts (in prep.) h ave discus-
sed the reasons for the current species composition in Hart-
beespoort Dam. There has been a decline in predator y, riverine
species, such as Barbus marequensis and Barbus mattozi, due to
Table 5.30, Numbers and biomass of the dominant fish species
in Hartbeespoort Dam.
Date of Age 95 % Biomass
Species estimate  group Sualher confidence limits (t)
0. mogsambicus Qct 82 2+ 307 635 210 487 - 470 501 289
Oct 83 24+ 861 803 607 199 - 1 272 226 522
C. gariepinus  Cct 82 Adult 120 667 41 136 - 603 33 200
Oct 83 Adult 175 276 80 279 - 478 026 292
C. ecarpio March 82  Adult 243 000 217 247 - 281 278 580
24+ = Fish 2 years old or older

Adult = Fish 1 year old or colder
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Table 5,31, Mean biomass and percentage of total of all fish
gpecies in 3 samples coliected by littoral poisoning
in Hartbeespoort Dam in March 1982 and January 1984,

1982 1984

Species Mass (kg ha_l) 28F Base (kg ha % 25E b4
0. mogsambicus 17.2 13.2 56 225 390.2 84.2
€. earpio 1.6 - 5 6.3 b7 2.4
C. gariepinus - = - 16.2 13.¢ 6.1
C. flaviventris 11,7 11,7 38 17.8 - 6.7

declining water quality, particularly increasing pH and inci-
dence of anaerobiosis. Hypertrophic conditions have led to an
increase in the importance of detritus as a food so urce to fish
which, coupled with decreasing water quality, has f avoured the
detritivorous/benthivorous C. oarpio and the omnivorous C.
gariepinus. 0. mossombious , a phytoplanktivore and detriti-
vore, is under stress, at least partially as a resu It of the
dominance of the phytoplankton by the nutritionally inferior
M. aeruginosa (Cochrane 1984).
(b) Distribution

There were significant differences in the catch per unit effort
(CPUE) of the major species with the large seine ne t between
the southern and northern (including north-eastern) shores. In
October 1982 catches of 0. mossambicus and C. gariepinus were
11 and 3 times higher, respectively, on the souther n than the
northern shores. In May 1982 catches of C. oarpio were appro-
ximately 6 times higher on the southern than the no rthern
shores, with the exception of the bay enclosed by z one d ,e;
where catches were high (Fig. 4.1). The full result s are shown
in Table 5.32

Table 5.32. Comparison of CPUE in major shore line areas of Hartbees-

poort Dam in May and October, 1982. Zones are shown in
Fig. 4.1.
Species Month  Zone 1 CPUE kg Zone 2 CPUE kg
0. mossambicus May  S,shore + 50,92 N.Magal + .54
does HE-dse,

Oct S.shore 220.4 N.shore 18.4

€. gariepinus May  S.shore +
NE
Oct S.shore 144.8 N. shore 50.0

35.11  N,Magal. 3.35

C. ecarpio May  S.shore + 17.27 N. shore +

3.01
dse; -dsey

Oct Total 5.7
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The results of a statistical investigation into fac
lating the distribution of fish are shown in Table
Catches of  C. carpio

A five variable equation, based on 11 data points,
for 67 % of the variation observed in the CPUE whil
variable equation, based on 24 data points, account
of the variability (Table 5.33).

Tabhle 5.33,

were not large enough for this analysis.

tors regu-
5.33.

accounted
e a three
ed for 49 %

Relationships between combinations of envirommental

variables and CPUE in October 1982 for 0. mossambicus

and C. gariepinus ir Hartbeespoort Dam.
(* = adjusted multiple; Galpin 1981).

Variable(s) n e Probability
1/Gradient 24 0.43 < 0.05
1/Gradient, NW fetch 24 0. 49% < 0.01
1/Gradient, NW fetch,

ESE fetch, Z Clay 11 0.67% < 0.03
Greatest production of food organisms for fish will occur in
shallow, sheltered areas (Hakanson & Jansson 1983) and thus
greatest fish densities could be expected in these areas as
well. Thus the gradient was the major factor in det ermining
fish distribution in Hartbeespoort Dam. While fetch should
have been be important, the correlation between CPU E and ESE
fetch was negative, as would be anticipated, but th at between
NW fetch was positive. ESE and NW are the two major wind
directions on Hartbeespoort Dam (Section 5.1.2) and the contra-
diction in correlation coefficients suggests their importance
in the equations was not causative. As well as infl uencing
actual abundance, gradient would influence the effi ciency of
the seine net used, efficiency declining with highe r gradient,
but this bias was minor compared to the real differ ences in

abundance.

(c) Production and yield

(i) Growth

The growth curves of the three species are shown in

Table 5.34. The asymptotic lengths of male and fem

Table 5.34.
fish species in Hartbeespeoort Dam.

ale

Von Bertalanffy growth curves for the three dominant

Species Sex Curve

0. mossambicus Male 1t = 36.41 (l_e—0.49(t—0.38))
Female 1t = 30,91 (1-& D~o8(s=D.430,

C. carpio Male it = 55,56 fleg B8 (EH0I5),
Female 1t = 59.49 (1-g~0+67(t=0.14)

C. gariepinus Male 1t = 97.32 (1~e"0’21(t+0'22))
Female 1t = 79.00 (l-¢ 0-23(£+0.60)y

It = Tength at age t years.
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C. carpio were considerably less than the approximately

70 cm observed in the dam and thus these curves und eresti-
mate the growth rates of the species. Calculated as ympto-
tic lengths agree closely with those observed in th e other
two species. It is apparent that C. aappio had the
greatest growth rate in the first year and would ha ve been
available to anglers at an age of approximately six months
(Table 5.35).

The growth rate of 0. mossambious fry was highest in
1981/82 (Fig. 5.73) when density was low and there was
emergent and submerged aquatic vegetation in the li ttoral
zone. The marginal vegetation would have increased

epiphytic production and hence food availability fo r fry
(Hakanson an Jansson 1983). Growth rate was lowest in
1982/83 when density was intermediate but there was a
complete absence of aquatic vegetation due to falli ng
water level. It was not possible to make similar co mpari-

sons for the other two species.

Table 5.35. Length: mass relationships of Hartbeespoort Dam fish
and some important growth parameters: 8L = standard
length, M = mass, L= and M® = asymptotic SL and M

respectively.
Species M : SL rela- Sex i Mes Mass at
P tionship (cm) (g) 12 mthe (g)
0. mossambicus M = 0.031 SL°'0% M 36.41 1 608 28
F 30.91 081 21
. _ 2.94
C. earpiro M = 0.037 SL M 57.56 5 533 613
F 59.49 6 096 538
- _ 2.96
C. gariepinuse M = 0.015 SL M 97.32 11 510 139
F 79.00 o6 210 190
(i) Fecundity
C. carpio had the highest fecundity per unit mass, fol-
lowed by C. gariep-inus and then, at a much lower level,
the mouth brooding 0. mossambicus (Table 5.36). C. carpio
and C. gariepinus normally spawned when there was an
inflow of water and the lake level rose, flooding m arginal
vegetation. C. oavpio may spawn more than once a year but
the eggs spawned in any one year are distinguishabl e by
size in mature ovaries (Gromov 1979). C. gariepinus is
generally considered to be a single spawner (Clay 1 979).
Thus counts of mature eggs in ripe ovaries will pro vide
estimates of the number of eggs spawned per year pe r fish.
0. mossambious is known to be a multiple spawner. The
number of spawnings per year in Hartbeespoort Dam w as
calculated from the percentage of mouth-brooding fe males
caught in summer and the mean time period of mouth- broo-

ding. The figures obtained were (2SE in brackets):
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SL {cm)

1 1 L L 1

Figure 5.73.

10 5 20 25

Age (mths)

Growth of 0. mossambicus spawned in the summers

of 1981/82, 1982/83 and 1983/84 as shown by

length frequency modes, and computed growth curves
(Table 5.31). o = male, ? = female growth curve
calculated from scale rings. SL = standaxd length
(rom Cochrane 1985).
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Table 5.36, Best-fit fecundity to size relationships for major fish
species in Hartbeespoort Dam.

Species Period of n 2 Signi- Equation
sampling ficance

0 mossambicus  10.82-10.83 53 0,76 0,99 ~ 40.45 M0+€3

¢ carpio 3.83- 9.83 30 0.6 0.99 = 0.45 st37®

C gariepinus  9.82-11.82 16 0,61 0.99 WETH:
% mouth-brooding (2SE) =28.7 (24.05)
Time of brooding per spawning (d) = 23 (3.3)
This resulted in a mean of 2.7 spawnings per fish b etween
October and March.
The age at first maturity was found to be one year for
C. carpio and two years for C. gariepinus. In the summer
of 1982/83, 1+ (one year old) 0. mosscanbicus were found to
be breeding when they exceeded 100 g mass. However, in
1983/84, when the fish density was considerably hig her,
due to low winter mortality in 1981/82 and low wate r
levels, 2+ fish were not breeding and the age at fi rst
maturity was assumed to be three years. The virtual
absence of 3+ fish in the population at this time p reven-

ted confirmation of this.
(iii) Mortality

C. carpio was the most heavily exploited fish species,

followed by O. mossambious and then C. gariepinus
(Table 5.37). The very small losses due to natural

mortality in C. carpio suggested that the species was

being fully or over-exploited during the period of study.
Using the suggestion of Gulland (1970) that at maxi mum
sustainable yield (MSY) , natural mortality and fis hing
mortality should be approximately equal, C. carpio was
overexploited, C. gariepinus was slightly over-exploited

and 0. mossambicus was underexploited. This is discussed

further under the next section (Yield), and under M anage-

ment (Section 7.4).

In addition to the mortality rates shown in Table 5 37
0. mossambicus suffered young of the year mortality,

caused primarily by cold, in winter (Cochrane 1984) . The
extent of this mortality varied each year. Examinat ion of
Figure 5.74 and the study of the scale ring frequen cies of

0. mosscanbicus showed the following categories of winter
mortality for the past seven years:
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Table 5.37. Mortality rates of the major fish species in Hartbees-
poort Dam, All rates given as annual expectation of

death.
Species Mortality Period studied rate
0. mossambicus Total Dec 81 - Dec 83 0.62
Natural *® 0.46
Fishing Oct 82 = Oct 83 0.186
O+ (Jan-Mar) 82,83,84 1-(3.6x10 °)
¢, carpio Total Mar 82 - April 83 0.85
Natural k% 0.06
Fishing Mar 82 ~ Feb 83 0.79
o+ Mar 82 — Mar 83 1-(7.1x10°%)
C. gariepinus Total Oct 82 ~ Oct 83 0.21%
Natural *& 0.09
Fishing Oct 82 - Sept 83 0.12%
O+ Oct 82 - Oct 83 1-(2.6x10°%)

* = mean value, mortality increases exponentially with size
%% = not applicable, natural mortality derived from total and

fishing mortality.

Date of Spawning Winter Mortality

1975/76
1976/77
1977/78
1978/79
1979/80
1980/81
1981/82
1982/83

Ll =B VL R S R L VL]

1= 0-24 7 mortality, 2 = 25=74 %, 3 = 75 -

99 %, 4 = 100Z.

These approximations show a mean mortality of appro ximate-
ly 50 % per annum. However, it was apparent that st anding
stock can vary considerably (Fig. 5.74 and Table 5. 30)
which would have to be taken into account in any ma nage-
ment strategy.

(iv) Yield
The mean catch per angler day of the three species and the
total effort are shown in Figure 5.75. The effort d e-
clined during 1983, probably as a result of the dro ught
and falling water levels. Figure 5.75 demonstrates the
importance of C. cavipio in angler catches and the seasonal
nature of 0. mossambicus catches, peaking in summer and
reaching 0 in mid-winter. Clarias catches tended to
increase during the study period but this was due t o the
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Figure 5.74.

Standard length frequencles of 0., moceambicus
caught in gill nets in January, 1982 & 1983
and February 1934. Roman numerals indicate
age class distributions, Catches in each case
are the total caught in 420 m of gill nets
{from Cochrane 1984).
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Figure 5.75. Catch per unit effort (CPUE) of the three major

species and the total number of angler days per
month (March 1982 to April 1984) (from Cochrane 1985).
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The 7results of angler catches are summarized in
Table 5.38.
The mean annual estimates are based on the 20 months data.

Table 5.38. Annual angler catch statistics for Hartbees-
poort Dam (March 1982 - April 1984).

Total Mean
(26 mths) Annual cateh (t)
No. of anglers
Catch (t) 233 723
0, mossambicus 311 44
C. carpio 970 449
C. gariepinus 220 102
Total 695
Total yield of all three species is likely to be hi gh
because of the low water levels which would increas e fish
catchability. The mean annual catch of 695 t repres ents
769 kg ha at the mean volume during this period (45 .2 %)

or 348 kg ha 1 at full supply.

(d) Synthesis of results

The biological results described above were used to construct
single species models for the three dominant specie s to deter-
mine sustainable yield (Cochrane 1985). Model outpu t is

described and discussed in Chapter 6.

5.4.18 Feeding biology of fish

@

©)

Introduction

Population studies of the fish fauna in Hartbeespoo rt Dam
(Section 5.4.17) revealed that of the twelve specie s of fish
encountered in the lake 0, mossambieus, Cypvinus oavpio 3
Clavias gariepinus and Chetia flaviventvis were numerically and

in total biomass the most abundant. For this reason studies on
feeding biology have concentrated mostly on these s pecies
although data on the food types utilized by Bavbus mattozi 3
Barbus marequensis and Engraul-ioypris bvevianali-s are also
included.

Oreoohromis mossombicus has been described as a phytoplankti-

vore (Caulton 1979) a microphagous omnivore (Balari n 1979) and

a detritivore (Bowen 1980). Because of its reliance on these
food sources and its breeding behaviour, this speci es is pre-
adapted for an existence in a lacustrine environmen t. There-
fore, a study of the food sources, feeding behaviou r and
anatomical adaptations to a changing diet in 0. mossombicus
were carried out in greater detail than for the oth er fish
species.

The diet of the fish species in Hartbeespoort Dam

Figure 5.76 shows the feeding preference of seven o f the more
frequently encountered fish species in the lake. T he two
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B.mattozi (n =€) B.marequensis (n=73) C.carpio(n=136)

DD
o | (e~ —

E. brevianalis (n=22)| [C. gariepinus (n=76)]| [C. flaviventris(n=95)

0O.mossambicus (n=745)

KEY TO FOOD TYPES

B = zoobenthos D= detritus
& Z = zooplankton M= Microcystis
"

| =insects A= filamentous algoe
F =fish P = plant matter

Figure 5.76. The abundance of identifiable food types oceurring in
volumes exceeding 20% of total gut volume of the common
fish species in Hartbeespoort Dam.
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indigenous  Barbus species and the exotic carp, Cyprinus carpio ,
are mainly benthic grubbers and zoobenthos and detr itus form a
major portion of their diet. Donnelly (1982) found that Barbus
mattozi from a small impoundment in Zimbabwe had a mainly
carnivorous diet with an increasing preference for fish in
larger individuals. In the present study carp fed o n aquatic
raacrophytes when they were present, and a high inc idence of

Polygonum leaves and seeds were mainly responsible for the
abundance of plant matter in Figure 5.76.

Eugraulicypris brevianalis showed a preference for zoobenthos

and zooplankton. Although apparently a specialized feeder the
restricted habitat (inflowing regions of the rivers ) and low
numbers of this species made its overall role as a user of
these food resources negligible compared to the oth er fish
species.

The barbel Clarias gariepinus and the canary kurper Chetia
flaviventris had predominanty carnivorous diets with zooplank-

ton, zoobenthos, fish and insects forming the major food items
ingested by these species. These two species were t he most
important secondary consumers (feeding on food type s other than
plant matter), with fish and insects being utilized equally
frequently by both, but with a strong preference be ing shown
for zooplankton by C. gariepinus and for zoobenthos by C.
flaviventris.

Examination of the food ingested by the blue kurper Oreochromis

mossambicus showed that it fed mostly on detritus and

Miorocystis sp. , these food items appearing in excess of 20 %

of total gut contents in more than half the fish st omachs
examined (Fig. 5.76).

(c) The feeding habits of the three major fish spe cies in Hartbees-
poort Dam

()  Cyprinus carpio

Detritus and zooplankton were found in the majority of
stomachs examined. The important food items (>20 % of gut
content volume) in the various size groups of fish during
the four seasons are shown in Figure 5.77. The smal ler
fish (0-10 g) fed predominantly on zoobenthos, inse cts and
zooplankton with larger fish feeding progressively more on
plant matter and detritus in summer and autumn. Fis h over
500 g fed mostly on detritus and benthos in spring, on
plant matter in summer and on detritus and plant ma tter in
autumn and winter. Zoobenthos formed an important d ietary
component in all size groups of fish and insects we re
frequently a major portion of carp gut contents in summer.

(i) Clarias gariepinus

The main food items of all sizes of fish included f ish,
insects and zoobenthos (Fig. 5.78). Small barbel (< 10 g)
fed most frequently on zoobenthos (mostly Chironomi dae)
and insects, larger fish (10 - 100 g) had large qua ntities

of fish in their stomachs whereas fish of over 500
relied in winter and spring most frequently on zoop lankton
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(Daphnia  sp. mostly). Bruton (1979) explained why small
C. gariepinus did not feed as readily on zooplankton as
larger individuals. He postulated that the absolute
volume of the buccal cavity in larger fish made it

energetically more economical for larger fish to fi Iter
out zooplankton than smaller fish. Smaller fish als o]
spend most of their time in the littoral zone and

zooplankton are not as abundant there as in the pel agic
areas. This would make encounters by smaller fish w ith
zooplankton less frequent than would be the case wi th
larger fish in the pelagic zone. This was also born e out
by the abundance of zoobenthos in the gut of smalle r fish
(Fig. 5.78). An examination of the seasonal abundan ce of
zooplankton (Section 5.4.15) revealed that zooplank ton
were scarce when C. gaviepinus were below 100 g in weight
(December to February). It may be that the animal p rotein
consumed by C. gariepinus reflected the relative abundance

of the various faunal groups in the lake at the tim e of

collection of fish.

(iii) Oreochromis mossambious
Small fish, present in large numbers only in spring and
summer, fed mostly on the zoobenthos, zooplankton a nd, as
they became larger, to a greater extent on fish
(Fig. 5.79). Miorooystis and detritus in summer and
autumn increased in importance as fish mass increas ed from
4 g, and detritus was the most abundant food compon ent of

large fish in winter (Fig. 5.79).

Figure 5.80 summarizes the change in diet of 0. mossambi-
ous  An initial preference for zoobenthos in fish up to

1 g is followed by a greater preference for zooplan kton in
fish up to 4 g . These small fish also had a large

percentage of stomachs filled with fish scales. Fis h up
to 64 g in weight showed some cannibalism, feeding on
smaller fish, but the major food sources of fish ov erdg
were detritus and Miovooystis

Bowen (1976) noted that the ratio of gut length to total
body length in fish gave a good indication of their main
dietary requirements. Carnivores had a ratio of gut

length to total length of 0.67, omnivores 1.62 and herbi-
vores 4.21. The gut length/total length ratio of 12 1
formalin preserved 0. mossambious  in Bowen's (1976) study

was 3.93. Unfortunately he did not include the size range
of fish used in this study. In the Hartbeespoort Da m
study a selection of 65 0, mossambiaus of various sizes
gave a ratio which increased with total length of t he fish
from 0.58 for fish under 2 cm to 11.02 for fish ove r35cm
(Fig. 5.81) suggesting increased herbivory in older fish.

The dietary changes which occurred in 0. mossambious  with

an increase in size are therefore also reflected by
internal anatomical and physiological changes.

(d) The digestibility of Microcystis

As the alga Miorooystis formed a major portion of gut contents
of 0. mossambious and as several workers have conflicting
viewpoints regarding the digestibility of this alga (Moriarty &
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Gut tength / Total length ratio

1 1 1 i | i K | 1
5 10 15 20 25 30 35 40 45
Total tength {(cm)

Figure 5.B1, Regression curve representing ratioc of gut
length to total length of fish (cm), with
increasing fish total length.

y = -=2,03 + 3.37 loge x (r = 0.91; n = 65).
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Moriarty 1973b) it was considered important to exam ine the
assimilation of Mieroeystis. Laboratory experiments revealed

that dry Mioroeystis contained 56 % protein and 0.62 % phospho-

rus. Fish fed on a diet of pure Mierocystis assimilated from
32-97 % of the protein (x = 65 %, n = 19), and from 65-84 % of
the phosphorus (x = 76 %, n = 4). The total assimil ation
efficiency for Mierocystis by 0. mossambieus was 20-93 %,

X = 55 % (n = 22).

Light and transmission electron microscopic examina tion of
Mierocystis from fish faeces revealed that although there were

still apparently some undamaged cells, many Miovooystis cells
had retained their shapes but had lost almost all t heir cell
contents. It was apparent that the cell walls of th ese empty
cells withstood the drainage of the cell contents, retaining
the original shape of the cell. There is evidently some
disruption of the cell wall, which allows digestive enzymes
into the cell, and is followed by a breakdown of th e contents

which then leach out.

It can be concluded that Mierocystis is utilized by 0. mossam-
bieus
(e) Feeding periodicity and rates of defecation an d excretion in

0. mossambieus  in Hartbeespoort Dam

An initial survey carried out in December 1984 and data presen-
ted in Figure 5.82 revealed that, like most species of 'Tila-
pia’, 0. mossambious restricted its feeding activity to the

daylight hours. To arrive at the data presented in Figure 5.82
the weight of gut contents of all fish were convert ed to
weights representative of the standardized median w eight of
fish collected over the 24 h survey (0.85 g dry wei ght or
approximately 4.75 g wet weight which represents 7. 0 cm total
length). For each group of fish the means and 95 % confidence
intervals of weights of gut contents for each two h our period
were calculated. These data were then used to calcu late the
rate of change in gut content weights (AG), the fae cal produc-

tion rate (FPR) and the rate of food ingestion (IR)

Where; ﬁ% g ® (t+2)" G(t)
t) 5
G - GH
and, FPR(t) = (t) (t)
3

d, IR = A +
an (t) G(t) FPR(t}
Where: G and G are mean weights of gut contents at

(t) (£+2)

selected time (t) and two hours later

GH(I:) mean weight of gut contents of fish caught at time
() but held without foed for 3 h

(t) all rates are expressed per hour or at that time (t)
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Figure 5.82.

.30 15.30 19.30 23.30 03-30 0730 .30

Time

The diurnal feeding activity of 0. mossambicus 9 - 10 Feb.
1984. (a) Mean and 95% confidence intervals for standard-
ized weights of stomach contents of fish, (b} Same for
total gut contents. (c) Change in gut content mass.

(d) Mean weights of faeces deposited (e) Mean weights of
food ingested. (¢) (d) & (e) expressed as mg h !,

Bar = 95% confidence limits,
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The highest feeding activity during a 24 h period,
stomach fullness and ingestion rates (Fig. 5.82), w
06h30 and 08h30 in the morning and between 17h30 an
the evening. Feeding remained high throughout the d
hours. The rate of faecal production was also highe
daylight hours with the highest rate occuring betwe

19h30 (Fig. 5.82).

The calculated ingestion rates (IR) are the sum of

AG and FPR which were calculated from highly variab
(Fig. 5.82). This would indicate that there would f

no statistical differences between many of the esti

ion rates. The general trends in feeding rates seen
study as well as those found by Bowen (1976) would
indicate that fish feed at varying rates over a 24

Bowen (1976) found that higher feeding activity occ
daylight and also when calm windless conditions pre

The 24 h ingestion rate of 0. mossambioue
mated as the mean hourly ingestion rate multiplied
gave an ingestion estimate of 453 mg food (g fish)
fish and food expressed as dry weights). This estim
higher than values calculated from data produced by
workers (Moriarty & Moriarty 1973a, Bowen 1976, Cau

which ranged from 65-272 mg (g fish)" g
found that an increase in water temperature from 18

to an increase in the ingestion rate from 540 to 1

plant matter in 50 g Tilapia rendalli. Food |

value is ingested at a slower rate than food of an
nutritional value (Taghon & Jumars 1984). The inges
however, was found to decrease once the nutritional
food became very high (Jobling 1981). An abundance
high nutritional value leads to an increased ingest

a decrease in the assimilation efficiency of the fo
Raghuraman 1972). It would thus appear that either
matter ingested was of intermediate nutritional val
present in abundance. Both these factors would have
high rate of ingestion.

An estimate of daily faecal production was determin
mean hourly ingestion rates and this came to 314 mg
per gram of fish per day. Excretion rates of urine
lated as ue P expressed as SRP per e of fish (Table

Table 5,39, Calculated excretion rates of SRP in u

based on
as between
d 19h30 in
aylight
r during the
en 17h30 and

two variables
le data

requently be

mated ingest-

in this
however,

h period.

urs during

vailed.

juveniles was esti-

by 24. This
d (both
ate was
other
lton 1982)
1. Caulton (1978)
to 30 °C led
800 mg of dry
ow in nutritional
intermediate
tion rate
value of
of food of
ion rate but
od (Pandian &
the food
ue, or
led to a

ed from the

dry matter

were calcu-
5.39).

rine by known

weights of 0. mossambicus from Hartbeespoort Dam

for 1983.
Rate of Urine
Date No fish Total wt(g) Temp °C produced_
ug g ld 1
5-12 Aug. 10 181.63 20-25 15,12
29 Augc -
2 Sept. 10 191.20 22-25 16.08
11-21 Nov. 10 239.54 27 45,12
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6. ECOSYSTEM INTERACTIONS AND MODEL STRUCTURE

6.1 INTRODUCTION
The results presented in the previous sections rang e over lake
physics, lake chemistry and lake biology. These res ults have been
inter-related by building a model of the functionin g of Hartbeespoort
Dam. The process modelled is the flow of phosphorus through the
ecosystem. The model attempts to simulate the quant itative flow of
phosphorus between various components of the ecosys tem and eventually
out of the system. The inflow of phosphorus to the system is one of
the input variables which drive the model. There ar e 15 other input
variables which are mostly properties of river hydr ology, impoundment
volume and climate.
The model runs by taking values of the input variab les and using them
to calculate new values of state variables (the out put of the model).
State variables are mainly concentrations of inorga nic phosphorus and
abundance of various biological functional groups. The calculations
within the model are based on the rate relationship s measured during
the research programme.
The model thus represents a summary of everything t hat has been
studied and quantified about the functioning of the ecosystem. In
order to test the representativeness of the model i ts output is
compared with data measured in the dam. The quality of the model as
a simulator of events taking place in the dam is a measure of the
level of quantitative understanding of phosphorus f low achieved.
The structure of the model reflects the important a ssumptions made at
the commencement of the study. During the study it was decided that
too little was known about the importance of the zo obenthos to
warrant its inclusion. The development of weed beds in Hartbeespoort
Dam is limited and there were no records of extensi ve growths of
benthic algae, so these components were omitted. It was assumed that
fringing emergent aquatic vegetation was unimportan t in the overall
functioning of the ecosystem and that piscivorous b irds could be
ignored.
Theoretically the model should be transferable to o ther impoundments
in southern Africa. However, at this stage the data requirements are
large. It is recommended that no attempts to transf er the model be
made until the model structure has been examined by sensitivity
analysis.

6.2 STRUCTURE OF THE HARTBEESPOORT DAM ECOSYSTEM MEL

Introduction

The assumptions built into the model which are not

text are shown in Appendix 6.1. The model is run by
programme and a list of the terms and major rates u
Appendices 6.2 and 6.3.

The model runs on daily iterations but receives mon
hydrological and climatic parameters. Loading figur

30 to approximate daily loading rates and hydrologi
state variables are assumed to remain constant thro

discussed in the
a FORTRAN V
sed are given in

thly input of

es are divided by
cal and climatic
ughout the month.
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The model is divided into thirteen sub-compartments
currency used in the model is phosphorus. Phosphoru
between compartments are computed daily. At the end
exchange computations, the total daily change in ea

is calculated and added to the sub-compartment stat
Output of the model consists of the major state var

of each thirty day iteration.

The input data for model validation consists of mea

for the three years from September 1980 to August 1
period conditions were unusual due to a severe drou
volume fell from a peak of 100% to a minimum of les

end of the three year period. For this reason the |

tions have been undertaken using only the 1980/81 d
tions were more stable. These data are then read in
each year for the number of years simulated. The im
changes in the hydrological regime to model output
Section 6.3.

Calibration

The version of the model presented in this report w
August 1984 and there has not been time to accurate
During the construction of the model, which has occ
continuously since the first version was produced i
calibrations were undertaken for each compartment w
that compartment. However, a general calibration of
not yet been performed and is planned for 1985/86.

The precipitation of particulate phosphorus from ep
hypolimnion, the resuspension of particulate phosph
sediments and the solubilisation of particulate pho

at rates derived by calibration using the 1980/81 o
calibration was designed to maintain the concentrat
phosphorus in the hypo- and epilimnions within the
during the year.

In the phytoplankton subcompartment, death rate was
process for which no field measurements were availa

was calibrated roughly (set at either a high or low
depending on water temperature) to produce an outpu
phytoplankton do not disappear over a 50 year model
hyperscum sub-compartment was loosely calibrated on
simulate seasonal occurrence. Hyperscum building an

are assumptions and it is probable that, while the

of hyperscums in the model exceeds their actual occ
underestimates the mass of phytoplankton
hyperscums.

incorporat

Zooplankton in the model were calibrated on the bas
rate and algal assimilability to simulate the seaso

in 1980/81. Calibration to obtain the observed zoop
during this period has not yet been undertaken.

The fish subcompartment was also calibrated on mort
simulate the biomass measured in 1982 and the seaso
by recruitment, growth and mortality.

(Fig. 6.1). The
s exchanges
of all the
ch sub-compartment
e variable.
iables at the end

n monthly values
983. During this
ght and lake
s than 25% at the
ong-term predic-
ata when condi-
repeatedly over
plications of
are discussed in

as completed in
ly calibrate it.
urred more or less
n 1981, rough
ith each change in
the model has

ilimnion to
orus from the
sphorus all occur
bserved data. The
ion of dissolved
range observed

the only rate

ble. This rate

fixed value,

t in which the
run. The

wind speeds to

d breaking rates

time of occurrence

urrence, the model
ed into

is of mortality
nal trend observed
lankton masses

ality rates to
nal trends caused
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Figure 6,1, A connectivity matrix of the major sub-compartments
in the Hartbeespoort Dam ecosystem model, Open circles
indicate time-varying ccefficients and closed circles
indicate constant coefficients., System comnectivity = 30,1%.
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The thermal regime (Section 5.1.5)

In the model the lake is stratified for part of the

cline forms the barrier between an anaerobic hypoli
aerobic epilimnion, in which oxygen is not consider

Living phytoplankton, zooplankton and fish are not
hypolimnion.

Lake depth, and height of the oxycline from the bot

point, are input variables and are assumed to remai
throughout each month. From these parameters, using
fitted to the hypsographic data, the total dam volu

tic volume are calculated. The epilimnetic volume i

by subtraction. A fourth volume, the volume of the
directly above the hypolimnion, PELVOL, is also cal
areas of hypolimnetic and total sediments are calcu
relationships fitted to measured data and the area
sediments derived by difference.

At the end of each month, with change in oxycline d

and dissolved phosphorus are transferred between ep
hypolimnion in proportion to the changes in volume.
sedimentary phosphorus is transferred between epili
limnetic sediments in proportion to changes in area

In the model processes occurring in the hypolimnion
independent and only epilimnetic and surface temper
lised.

Water-chemistry (Sections 5.2.1 and 5.2.5)

The interactions between dissolved and particulate
other sub-compartments are discussed under the appr

partments .

There is an initial sedimentation of the particulat

the inflow which is split between hypolimnion and e
direct proportion to their volumes. Sedimentation o

in the lake also occurs and is similarly split betw
layers. There is a daily loss of 50% of the particu
epilimnion directly above the hypolimnion (PELVOL)
nion.

Chemical and bacterial decomposition of particulate
and epilimnion occur separately and at rates depend
culate P concentration. Conversion of dissolved P t
occurs through the biotic compartments and is dealt

Sediments (Section 5.3)

The sediment sub-model is divided into two compartm
ing to the exchange of particulate P and the other

phate exchange. Particulate inputs are via sediment
phytoplankton, zooplankton, fish and suspended part
particulate outputs are via resuspension and fish g

When the lake is stratified the sediments are divid
tic (beneath the epilimnion) and hypolimnetic (bene
nion).

year. An oxy-
mnion and an
ed to be limiting.
found in the

tom at the deepest
n constant
polynomials
me and hypolimne-
s then obtained
epilimnion
culated. The
lated from power
of epilimnetic

epth, particulate
ilimnion and
Similarly,
mnetic and hypo-

are temperature
atures are uti-

phosphorus and the
opriate sub-com-

e phosphorus in
pilimnion in
f particulate P
een the two
late P in the
to the hypolim-

P in the hypo-
ent on the parti-

o particulate P
with there.

ents; one relat-
to soluble phos-
ation from the
iculates and
razing.

ed into epilimne-
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The soluble phosphate exchange between bottom sedim
overlying water has been modelled on the basis of |

mined relationships between the phosphate concentra
overlying water and the rate and direction of phosp

the interface. No attempt is made to distinguish be

abiotic processes. The pool of mobile sediment phos

the potential to be released into the water, is ass

by a factor of 0.027% per day to simulate geochemic

This rate has not been adequately validated but is
improved simulations. Due to variability in the upt
relationships, the equilibrium phosphate concentrat
overlying water concentration at which neither upta

will occur) is assumed to extend over a range of 20

years annual mean value for epilimnetic dissolved p
Hypolimnetic sediments are assumed to have a range
annual mean to allow for greater dissolved phosphor
hypolimnetic sediments.

Phytoplankton sub-model (Sections 5.4.6 to 5.4.14)

The phytoplankton populations are vertically strati
epilimnion so that their euphotic zone concentratio
their mean epilimnetic concentration. Within the eu
their spatial distribution is assumed to be homogen

ents and the
aboratory deter-
tion in the
hate flux across
tween biotic and
phorus, which has
umed to be reduced
al immobilisation.
incorporated for
ake/release
ion (i.e., the
ke nor release
% of the previous
hosphorus.
of 80-200% of the
us build up in

fied within the
n is higher than
photic zone,
eous.

Chlorophyll <X concentration regulates the underwater light climat

(Robarts & Zohary 1984). In return phytoplankton gr
regulated by the underwater light climate and tempe
primary production rates are predicted from chlorop

tion, temperature and light attenuation, using equa

in situ radiocarbon uptake experiments. Respiration losses

subtracted and algal growth rates are computed from
As the algal standing stock increases, the euphotic
and algal growth becomes light-limited as a result
Phytoplankton growth rate can be further modified b
dissolved phosphorus concentration.

Losses from the phytoplankton population are due to
processes: grazing by zooplankton and fish, natural
(photo-oxidation at water surface, lysis and decomp
tation, outflow losses, and scum formation. Grazing
discussed in the respective sub-models. Natural mor
mined as a function of temperature and standing sto
plankton contribute both to the dissolved phosphoru
through mineralization and to particulate phosphoru
tion. Sedimentation losses from the phytoplankton a
from chlorophyll concentrations. Outflow losses are
portional to the volume of water leaving the lake a
chlorophyll concentration.

Hyperscum builds when the mean monthly wind speed i
2 m sec , and its rate of accumulation is inversely

wind speed. Losses from the hyperscum are due to se
decomposition and photo-oxidation at the surface. W

greater than 2 m sec , the hyperscum breaks and 50%
returns to the phytoplankton standing stock. The re

be non-viable colonies which contribute to particul

owth rate is
rature. Gross
hyll a concentra-
tions derived from
are then
net production.
depth decreases
of self-shading.
y the epilimnetic

the following
mortality
osition), sedimen-
losses are
tality is deter-
cks. Dead phyto-
S compartment
s by decomposi-
re calculated
directly pro-
nd mean lake

s lower than
proportional to
dimentation,
hen wind speed is
of its biomass
st is assumed to
ate phosphorus.
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Zooplankton sub-model (Section 5.4.15)

Phosphorus input into the zooplankton is governed b
ingestion of phytoplankton and suspended particulat
phosphorus are by egestion, excretion, ecdysis, nat
chaoborid fly-off and outflow from the lake. Regula
ments determined the rate at which a known biomass
feed, and so biomass specific grazing rates during
nance by various herbivorous cladocerans throughout
calculated. These community grazing rates are modif
availability (proportion of food present as phytopl

ded particulates). Utilization of phytoplankton is

by seasonal changes in the feeding efficiency of zo
phytoplankton, based on monthly changes in the prop
or blue-green algae present (Robarts & Zohary 1984)

Loss of phosphorus by ecdysis is dependent on bioma
excretion and egestion depend on biomass and rate o
Losses by mortality and chaoborid fly-off are depen
and temperature, both losses being highest at high
generation times are shortest and adult chaoborids
predation of zooplankton is controlled in the fish
population growth, and zooplankton lost from the la
biomass and outflow hydrology.

Structure of the fish sub-model

The fish sub-model is driven by the population dyna
species included: Oreoehromis mossambious
Clarias gaviepinus.
fish species, compared to other components of the m
ability of fish to adjust their diet according to f

it has not been possible to link fish production to

other biotic components. The impact of environmenta
apart from phosphorus, on fish cannot be assessed u
Fish are included in the model to assess and simula

the fish community on the rest of the system. Howev
tion size is linked to phosphorus concentrations ac
relationship described by Hanson and Leggett (1982)

fish standing stock will therefore remain constant
phosphorus concentrations.

Actual mortality rates measured in the field were s

and these errors became magnified in the conversion
daily rates. It was necessary to adjust these rates
population stability from year to year under consta
concentrations.

Each species is divided into O +
Growth in adults is determined by calculating daily

from the calculated relationships for each species
length and growth increment. In 0 + fish growth in
to be linear. Growth in

a Cyprinus aarpio
Because of the much slower turn-over time in the

y the rate of
es. Losses of
ural mortality,
r insitu experi-
of zooplankton
periods of domi-
the year are
ied by food
ankton or suspen-
further modified
oplankton on
ortions of green

ss, and losses by
f nutrient uptake.
dent on biomass
temperatures when
emerge. Fish
sub-model by fish
ke is dependent on

(Sections 5.4.17 and 5.4.18)

mics of the three

odel, and the
ood availability,
production of
| conditions,
sing this model.
te the effect of
er, the popula-
cording to the
. The mean annual
under constant

ubject to errors
of annual to
to achieve
nt phosphorus

m fish (young of the year) and adults.

growth increments
between initial
mass is assumed

0. mossambious  is temperature dependent.

Spawning of 0. mossambicus occurs in"December and January while the

other two species spawn in November. The sex ratio
species. Recruitment to the 0 + class occurs on a d
the spawning period and is calculated from the prod

is 1:1 for all
aily basis over
uct of the mean

and
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individual fecundity and the number of females. Eac
female spawns three times a year while the other tw
once. In C. oarpio and C. gariepinus
assumed to die instantly while, in the mouth-breedi
this does not occur. Natural mortality rates in the
life are considerably higher than in subsequent yea
mortality rate of C. carpio,
its first year when the fish reach a mass of 150 g
also becomes subject to fishing mortality.

Ingestion is determined from gross population growt
and assimilation efficiency is taken to be a consta
basis. 0. mossambicus
late and sedimentary phosphorus, the relative propo
component varying according to seasonal abundance o
size classes, which utilize different food sources.
exclusively on sedimentary phosphorus and

ry phosphorus and zooplankton in equal proportions.
seasonal variation in food types utilized by the la
Sedimentary phosphorus in the model include zoobent
rial and detritus. Algae includes Miorooystis

Excretion rate is a constant 0.03 of body weight fo
0.00004 of urine is phosphorus.

6.3 MODEL VALIDATION

Rigorous sensitivity analyses and validation of mod
planned for Phase 2 of the Hartbeespoort Dam Ecosys
validation presented in this section is a prelimina
between predicted and observed parameters.

Soluble phosphorus

Three complete years of limnological and hydrologic
the period September 1980 to August 1983 were avail
validation. The model was run over three years, usi

cal and climatic input data measured over this peri
predictions of selected state variables were compar
values measured in the lake. Over the study period
altered drastically as a result of the drought. Thi

Figure 5.6 which shows a drop in dam volume from a
less than 25%.

The model output of epilimnetic phosphorus concentr
favourably with the observed general trend (Fig. 6.
concentration shows an increase over the three year
increased contribution of effluent to total river f
drought period. The model output did not predict ac
month to month fluctuations observed in the lake. T
due to incomplete knowledge of sediment:water inter
mechanism governing determination of equilibrium co
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Figure 6.2. Output from the model compared to observed values in

the lake (September 1980 to August 1983).

SRP = mean epilimnetic soluble reactive phosphorus
concentration; Chl a = mean euphotic zome chlorophyll
& concentration; Z_ = mean euphotic zone depth;

Zoop = lake total zooplankton as tonnes phosphorus.
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Phytoplankt on

Measured and simulated values of phytoplankton prim ary production, of

the euphotic zone depth and of chlorophyll concentr ation within this
zone are shown in Figure 6.2. In "general, a good a greement was
obtained between model output and the measured valu es. The range of
the values predicted for each of the parameters, as well as their
seasonal cycles, compared closely with observed val ues. Measured
values were more erratic than model predictions. Th is is to be
expected as model output values are representative lake-mean values.
In contrast, measured values were monthly means of weekly measure-
ments from the main station only. In Section 5.4.7 we have demon-
strated that week to week variations in chlorophyll concentrations at
one sampling site can be greater than the seasonal changes due to
horizontal migration of buoyant Mvcvocystis with surface currents.

Both primary production rates and the underwater i ght climate in
Hartbeespoort Dam were highly dependent on the fluc tuating chloro-
phyll concentrations (Section 5.4.19). It is sugges ted that model
output produces 'lake mean' values of chlorophyll ¢ oncentration that
are more representative than actual measurements at any one station.

Zooplankton

The observed pattern of seasonal fluctuations in zo oplankton standing
stock from November 1980 to March 1982 is well refl ected by the model
output. Except during May and June 1981, model outp ut overestimates

zooplankton biomass (Fig. 6.2).

As stated in Section 5.4.15 zooplankton biomass and chlorophyll
concentration were negatively correlated in the lak e during 1981 and
1983, but no correlation was observed in 1982. This lack of associa-

tion between zooplankton and its phytoplankton food resource, ob-
served primarily during the winter of 1982, plus th e poor agreement
between observed and predicted primary production a nd chlorophyll a
concentration over the same period, are the cause o f the model !s
failure to predict the high levels of zooplankton b iomass present in

the lake from April to September 1982. In 1983, whe n zooplankton
biomass and chlorophyll a were again negatively correlated, predicted

zooplankton biomass again approached observed value S.

Fish

As fish are calibrated to remain constant under con stant mean annual
phosphorus concentrations, validation of the fish s ub-compartment was

not undertaken.

In conclusion, the model provides realistic simulat ions of measured
trends in the major sub-compartments (Fig. 6.2). Th e overall tenden-
cy is for the model to under-predict total phosphor us and chlorophyll
(Table 7.1). This bias should be significantly redu ced after the

planned calibration of the full model.
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7. MANAGEMENT

7.1 INTRODUCTION

One of the objectives of managing Hartbeespoort Dam
size of the phytoplankton standing crop and to modi

ton species composition so that blue-green algae ar
dominant. Achievement of this objective would mean
cally undesirable hyperscums and the worrying occur
Mierooystis
more, water treatment costs would be lowered and ta
problems should diminish.

Management of the biological properties of a reserv
taken by modification of the chemistry or the physi

the water body or by intervention in its biological
introducing new species or harvesting selected comp
biota. In this section the consequences of phosphor
tion, pre-impoundment, artificial mixing, including
destratification and biological manipulations are ¢

both the ecosystem model and other information. Cos
these management options are beyond the scope of th

In this chapter it is necessary to review the proje
ecosystem model against general limnological knowle
important reasons. The first is that the model is n
predict species successions and replacements which
with changes in ecological conditions. The second r
care in interpreting model output is necessary when

are set at levels far beyond the range present in t

the model was built (Section 6.3). In this respect,

that the data base on which the model was built and
against which state variable values were assessed,

high rainfall year or a low phosphorus input.

Among the problems identified by users of the dam a

3.4 (Section 3.7) is the health hazard of bilharzia

this problem requires confirmation, since annual me

of the Hartbeespoort Dam limnological research team
people) has failed to reveal a single case of bilha

years. The remaining user identified problems can a
back to the abundance of phytoplankton and the domi
species, the management of both of which is conside
section.

Mention should be made of areas of concern regardin
Hartbeespoort Dam water which are not addressed in
which may be associated with eutrophication. The fi
chloride content of the water, which is not affecte
degree by biological or chemical processes in the d
concentrations always increase after domestic and ¢
uses of water. The second is the dissolved organic

the water and in particular the abundance of trihal
precursors. Since the 1984 announcement that Hartbe
be regarded as the raw water source for the new Mag
these properties of the water have assumed consider

is to reduce the
fy the phytoplank-
e no longer
that aestheti-
rence of toxic

in a raw-water resource would no longer occur. Furt her-

ste and odour

oir may be under-

cal properties of
processes through
onents of the
us load reduc-
aeration and
onsidered, using

t estimates for

is report.

ctions of the
dge for two
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its extension,
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relation to water purification. The whole organic ¢

not receive attention during the studies reported h
management recommendations on these aspects cannot
potential management problems are related to the pr
mucopolysaccharides in the water (Hayes and Greene
problems are addressed in recommendations for furth
(Section 8).

7.2 PHOSPHORUS LOAD MODIFICATION

7.2.1  Introduction and assumptions

Phosphorus load modification is the most common met

tion management employed (Uttormark & Hutchins 1980
largely due to the more controllable nature of phos
compared with nitrogen and other driving forces (To

result of changes in the water pollution control le

Africa (RSA 1980), wastewater treatment works and o
producers in the Hartbeespoort Dam catchment must ¢

1 mg 9 dissolved orthophosphate-phosphorus standard by Aug

The effects of this standard are discussed in parag

In addition to evaluating the potential effects of
standard, this section examines the effects of a ra
phosphorus load reductions using the NIWR ecosystem
and a selection of the more commonly used empirical
models. The conditions examined range from complete
point-source phosphorus discharges to the current p
discharge load.

A number of assumptions have been made to ensure co
of the data used in the various models to generate
These are:

@ the 1980-81 data set was used as the baseline. Hyd
conditions during this period were 'normal’ wh
against long-term environmental trends. The impact
gical variability is discussed in Section 7.2.4.

(0) load is as measured at weirs A2M12 and A2M13 on the
rivers which flow into Hartbeespoort Dam (Fig. 3.3)

This discussion deals only with the limnological ef
treatment methods resulting from changes in P-load
consider the engineering or economic implications o
P-load modification.

7.22  The models used and comparison of their outpu ts

Many models are available to predict the trophic st

ments from their nutrient loading and hydraulic cha

this section the output of the Hartbeespoort Dam ec
DEFMOD (Chapter 6) is compared with outputs of the
models (OECD 1982), of the Walmsley-Butty models (W
1980) of the Reckhow general model (Reckhow 1979; s
referred to as the Reckhow model) and of the Groble
model (Grobler & Silberbauer 1984).

arbon cycle did
ere, so that

be made. Further
obable presence of

1984). These

er research
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The Organisation for Economic Cooperation and Devel opment (OECD)
eutrophication models are described in detail by th e OECD (1982).
The phosphorus and chlorophyll relationships have b een validated
using a southern African data set by Thornton & Wal msley (1982) and
Walmsley & Thornton (1984). Jones & Lee (1984) also demonstrated the
applicability of the USA-OECD chlorophyll model usi ng a South African
data set. It should be pointed out that the OECD (1 982) models
relate annual mean chlorophyll concentration to annual phosphoru s
loads, but the USA OECD model relates summer mean chlorophyll concen-
tration to annual phosphorus loads. The OECD (1982) recognised that
the Vollenweider (1968) model relating P-concentrat ion to flushing
over-predicted in-lake P-concentrations. Thornton & Walmsley (1982)
also suggested that the Vollenweider model over-pre dicted in-lake P-
concentrations in southern African lakes. The OECD amended the
original Vollenweider model to reduce this predicti on error. This
correction is applied to the model used in this sec tion. The models
used in this report are those derived from the comb ined OECD data

base (OECD, 1982), which state

[P] = 155[L ld s (L+T - 9) 0 o
[CHLIE = 0.37 [L Qs (L+T - 3] °-7° i
where [p] = annual mean in-lake_total phosphorus
concentration (mg m D)

[CHL]JE = annual mean euphotic zone chlorophyll

concentration (mg m %)
L - areal total phosphorus loading rate ™
(@m-2y" %)
q = areal water loading rate (my)
TW = water residence time (y) J
The Walmsley-Butty models relating chlorophyll conc entration to areal
phosphorus loading were derived using a totally Sou th African data
set consisting of 21 man-made lakes (Walmsley & But ty 1980). The

models state:

[CHLI5= 0.84L 1, +2.97 B
[CHL]5S = 1.62L g+ 3.80

where [CHL]5 = annual mean chlorophyll concentrati on
(mg m 3)in the surface waters sampled
with a 5 m hose pipe.

wp = areal total phosphorus loading rate (g m y )

areal orthophosphate loading rate (g m 2yt 1y,
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Reckhow (1979) proposed a general phosphorus-loadin
lakes, which states:

[Pl =L/116+12¢q 2]
where: [P] =annual mean in-lake phosphorus
concentration (mg m %
L = areal phosphorus loading rate (g m 2y*).q
= areal water loading rate (my 1.
Grobler & Silberbauer (1984) developed a modificati on of the basic
OECD model in which an impoundment specific sedimen tation rate, s,
was substituted for T °« % . The Grobler-Silberbauer model states:-
w
[P] =WI(Q +s.V) Bl
where: |"P] = annual mean in-lake total phosphoru s
concentration (mg m %)
W = total annual total phosphorus load (kg)
Q = total annual water inflow (10 m?)
V = Annual mean volume of dam (10° m %)
s = phosphorus sedimentation coefficient.
Grobler & Silberbauer (1984) calculated s to be 2.9 for Hartbeespoort
Dam, but subsequently Grobler (personal communicati on) has corrected
this value to 3.5, the value used here. Grobler and Silberbauer used
their predicted phosphorus concentrations with Rast , Jones & Lee's
(1983) model for summer mean chlorophyll concentration to predict
mean annual chlorophyll concentration. The formula is
[CHL] =0.45 [P]°* 7 B

where [CHL] = mean annual chlorophyll, unspecified
as to depth.

This prediction of chlorophyll assumes that there i
between mean annual chlorophyll and mean summer chl
African impoundments.

Measured values of the annual mean in-lake phosphor
phyll [CHL] concentrations are compared with values
described models in Table 7.1. The Reckhow model ov
while the other models underestimated [P]. There wa
difference between the mean deviations of [P] predi

the OECD model and the Grobler-Silberbauer model, w
tions from the observed were -26, -27 and -25% resp
Table 7.1 it may be seen that the range of the indi
deviations for DEFMOD was considerably lower than f
models. The mean percentage deviation of the Reckho
ions was +32%. It is concluded that these data do n
grounds for selecting any of these four models as p
predictions of [P] than the others.

g relationship for

s no difference
orophyll in South

us [Pl and chloro-
predicted by the
er-estimated [P],
s no substantial
ctions of DEFMOD,
hose mean devia-
ectively. From
vidual percentage
or the remaining
w model predict-
ot provide
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Tahle 7.1. Observed characteristics of Hartbeespoort Dam and

- predicted values of the phosphorus and chlerophyll
content arising from various models (see text).
Deviations of predicted values from obsexved are
shown as percentages of the observed in parenthesis
after the predicted values.

1980/81 1981/82 1982/83
Observed Values
vV 10°nm? 184, 2 170.4 85.0
Q 10°m? 245.6 157.8 98.8
Wt 283 323 206
Lop & m2y! 14.5 17.8 20.0
Lyp & m 2 y-1 12,6 [5.2 17.3
q m g 12,67 8.70 9.53
E ¥ 0.75 1,08 0.86
[P] mg m 2 493 543 634
[CHL]S mg m 2% 31 35 59
95% C.L.** of mean 25-38 26-44 40~78
[CHL]E mg m ° 40 VA 94
95% C.L.*% of mean 30-50 34-61 60-128
Predicted Values
DEFMOD _
(Pl mgm ? 347(-30) £12(-24) 481(-24)
[CHL]S mg m 29(-7) 24(-31) 32 (~45)
QECD
[P] mg m 2 299(-39) L48(~17) 479(-24)
[CHLIE mg m 2 59(+47) 87 (+97) 93(-1)
WALMSLEY-BUTTY
[CHL]5 mg m ® from Lgp 15(~52) 18 (~49) 20(~66)
[CHL]5 mg m ° from L 24(-23) 28(-20) 32(~46)
RECKHOW
[P] mg m 541 (+10) 807 (+49) 868 (+37)
GROBLER~SILBERBAUER
[P] mg m 3 318(~35) 428 (-22) 520(~18)
[CHL] 43 54 63
Deviation from [CHL15 (+39) (+54) (+7)
Deviation from [CHL]E (+7) (+23) (-33)

V, Q, W, etc. are defined in the text.

*0Observed [CHL]5, a volume weighted mean calculated from chlorophyll
concentrations measured at discrete depths of 0, 0.5, 1, 2, 3, 4, and
5 metres.

#%C.L. is confidence limits.
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The Walmsley-Butty model which predicted [CHL] from
than the Walmsley and Butty model which used L . Th
need not be considered further, DEFMOD and the Walm
model underestimated [CHL]5 by almost identical mea
(DEFMOD -28% and Walmsley-Butty -30%). The deviatio
chlorophyll values arising from the OECD models and
Silberbauer models were particularly variable, but
predictions in a single year which were highly accu
deviation of the OECD model prediction was 48% and
Silberbauer model was 33 or 22% depending on which
chlorophyll value it is compared with. Judged in th
Grobler-Silberbauer [CHL]E predictions were superio
predictions.

Another comparison between observed and predicted ¢

may be based on the confidence limits of the mean o
chlorophyll values. In this comparison the Grobler-
[CHL]E prediction was the only chlorophyll predicti

fell within the 95% confidence limits of the observ

other predictions, including the Grobler-Silberbaue

within the 95% confidence limits of the observed me

the 3 years. This suggests that the chlorophyll pre
Grobler-Silberbauer model is [CHL]E and it is treat

Tables 7.2 and 7.3.

7.2.3 The effect of the 1 mg 2 * phosphorus standard on the tota
phosphorus load on Hartbeespoort Dam

Total phosphorus load estimates for Hartbeespoort D
differ markedly depending on their method of calcul
Silberbauer (1984), using measured point-source loa
source loads calculated from export coefficients, e

load of 539 tonnes (27.0 g m~
to as catchment load in the rest of the text.) From

flow and total phosphorus concentration made daily

the Crocodile River and made weekly at weir A2M13 o
River, a load of 283 tonnes (14.5 g m™
will be referred to as weir impoundment load in the
text.) This discrepancy suggests that in-stream los
47.5% of the catchment load estimates occurred, or

of the phosphorus load estimates is incorrect. Disc

loads calculated from point source loads plus diffu

and loads measured from flows and concentrations at

be due to several facts that are at present mostly

Firstly all three load estimates (diffuse source, p

river weir) are subject to error in flow and concen

ment. The error has two components - methodological
unrepresentativeness of samples, both of which appl
concentrations. River systems are known to retain p
particularly at low flows (Hill 1982). In the catch

poort Dam, Ashton 0 981) has shown that Rietvlei Da

67% of the annual incoming total phosphorus load. T

clear evidence that processes, which modify phospho
place in rivers and
the total phosphorus load on Hartbeespoort Dam it i
state which is the more accurate.
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This discrepancy between catchment and weir impound ment_ load esti-
mates makes it difficult to assess what impact the 1 mg 2 phosphate
standard will have on the actual load to Hartbeespo ort Dam. Grobler
and Silberbauer (1984) estimated that by 1990 the 1 mg 2~' standard
will reduce catchment loads by approximately 75%, f rom 539 tonnes in
1980-81 to 130 tonnes in 1990. Assuming no in-strea m losses 130
tonnes will only represent a 46% decrease in the 19 80-81 load mea-
sured at the weirs. However, if the existing propor tion of apparent
in-stream phosphorus loss (47.5%) between the point source and the
weir occurs following the implementation of the 1 m g 2 standard,
load reductions of up to 75% of weir estimates can be expected.

In view of these uncertainties it was necessary to assess the possi-
ble changes to the phosphorus load to the dam after the introduction

of the 1 mg 2 orthophosphate standard at the extremes of the

minimum likely change and the maximum likely change . The maximum
likely change assumes that after the phosphorus sta ndard becomes
effective the point source load will be reduced in the river in
direct proportion to the reduction which took place before the
phosphorus standard. This change would be a reducti on of approxi-
mately 75% of the present annual weir/impoundment | oad of 283 tonnes

to about 71 tonnes. The minimum likely change after introduction of

the standard can be arrived at by assuming that all the point and
diffuse source phosphorus reaches the dam. In this case the present
annual weir/impoundment load of 283 tonnes drops to 130 tonnes, which

for present purposes is taken as equivalent to a 50 % reduction of the

present phosphorus load.

7.2.4 The impact of the 1 mg 2 phosphate standard on the phosphorus and
chlorophyll content of Hartbeespoort Dam
Predictions of the annual mean concentrations of to tal phosphorus and
epilimnetic chlorophyll using the models compared i n 7.2.2 are shown
in Table 7.2. Total phosphorus loads of 283 tonnes (the 1980/81 load
at weir A2M12 + A2M13), 142 tonnes (50% of the 1980 /81 load) and 71
tonnes (25% of the 1980/81 load) are used in the pr edictions follow-
ing the least and greatest estimates of post-standa rd loads developed
in Section 7.2.3. The percentage of time that sever e nuisance
conditions of over 30 ug 2 chlorophyll would be expected, shown in
Table 7.2, has been arrived at from Walmsley's (198 4) relationship
between mean annual chlorophyll and this percentage , Which is

F = 1.19 (mean chlorophyll) - 5.36

where F = the frequency of occurrence of seve re nuisance
conditions, expressed as a percentage of the year.

Examination of recorded weekly chlorophyll concentr ations in Hart-
beespoort Dam substantiated this relationship. Ther e are methods for
predicting maximum chlorophyll concentrations from mean annual
concentrations. These are cited by Grobler & Silber bauer (1984).
Testing these methods against the three available a nnual means and
maxima for Hartbeespoort Dam showed that they gave very inaccurate
estimates of maximum chlorophyll. Maximum chlorophy Il predictions

have therefore not been presented here.

Being a dynamic model, DEFMOD reflects the fact tha t the Hartbees-
poort Dam ecosystem is not in equilibrium with the external load of
phosphorus, which varies from year to year with a | ong-term upward

trend.
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When DEFMOD is allowed to iterate at the 1980/81 ph

rises from 347 ug £ to reach an asymptote of 649 yg
sed below (Fig. 7.1). DEFMOD predictions of [P] and
Table 7.1 are instantaneous values, while those giv

are asymptote values.

The rise in the soluble reactive phosphorus concent
shown in Figure 7.1 for loads in excess of 0.25 of

is due to the gradual saturation of the phosphate b

the sediments of Hartbeespoort Dam. As the sediment
capacity to absorb phosphorus so the dissolved phos
the water increases. In this scenario the phosphoru

of sediment which is continually being carried into
ignored. Grounds for ignoring this new sediment are
phorus binding capacity of that major part of the s

is carried down the Crocodile River is satisfied wh
river bed, accounting in part for the observed phos

river (Section 7.2.3).

Values of [P] and [CHL] predicted using the various
(Table 7.2) reflect the substantial difference betw

does not assume a phosphorus-limited algal growth a
steady state, and the other models which do make th

osphorus load, [P]
2 , as discus-
fCHLI in

en in Table 7.2

ration with time
the present load
inding capacity of
s lose their
phorus content of
s binding capacity
the dam is
that the phos-
ediment load which
ile it is in the
phorus loss in the

models

een DEFMOD, which
nd a general
ese assumptions.

Thus a 50% reduction in the external phosphorus loa dresultsin a
Table 7.2 . Hartbeespoort Dam predicted in-lake annual mean total
phosphorus [P], chlorophyll concentrations [CHL] an d
frequencies, as percentages of the year in which I" CHL]
will exceed[F] 30 ug/t ! using various models and total
phosphorus loads of 283 (A), 142(B) and 71(C) tonne S per
annum. Hydrological conditions assumed to be simil arto
those in 1980/81.
Model [P] mg m 2 [CHL] mg m 2 FZ
(A) 283 tomnes
DEFMOCD 649 27 27
QECD 299 59 64
WALMSLEY-EUTTY# - 24 23
RECKHOW 541 - -
GROBLER-SILBERBAUFR 318 - 46
(B) 142 tonnes
DEFMOD 618 27 27
QECD 170 34 35
WALMSLEY-BUTTY* - 14 11
RECKHOW 270 & =
GROBLER-SILBERBAUER 159 25 24
(C) 71 tomnnes
DEFMOD 103 23 22
CECD 96 20 18
WALMSLEY-BUTTY* = 9 5
RECKHOW 135 = s
GROBLER-STILBERBAUER 80 14 11

#Predicted from orthophosphate loads of 246 (A), 123
and 61,5 (C) tonnes

(B3
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Figure 7.1. Predicted response to phosphorus load reduction,
(&) of epilimnetic soluble reactive phosphorus
concentrations (SRP) and (B) chlorophyll con-
centrations (Chl &) over SO years. Numbers in

Figure indicate proportion of 1980/81 load measured
at the weir.
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minimal reduction in [P] and [CHL] predicted by DEF MOD, but in
substantial reductions in the concentrations predic ted by the other
models. At a load of 142 tonnes (50% present load) differences in
predictions of [CHL] and F due to the various model s are less than
they are at higher loads. However, when the phospho rus load is
reduced by 75% of the present load to 71 tonnes y t here is again

greater variability in predicted [CHL] and F.

In Table 7.2 DEFMOD stands out from the other model s in that it
predicts a lesser reduction in [CHL] and F in respo nse to the
1 mg 2 ! orthophosphate standard than do the other models. In the
unlikely event of the phosphorus load on the dam dr opping by only 50%
(to 142 tonnes y 1) , Hartbeespoort Dam will remain highly eutrophic

with three of the four predictions giving severe nu isance conditions
more than 24% of the time. Interpretation of the co nsequence of the
optimistic load forecast of 71 tonnes y must depend on the reader's
preference in models. The OECD model and DEFMOD sug gest that condi-
tions will still be highly eutrophic with severe nu isance conditions
about 20% of the time, while the Walmsley-Butty and Grobler-Silber-
bauer models suggest a considerable improvement wit h severe nuisance
conditions only 5 or 11 % of the time. Since hypers cum formation is
due not only to phytoplankton abundance but also to me tereo logica

conditions, it is not possible to predict the exten t and duration of
hyperscums under the conditions of reduced phosphor us loading.
However, if the phytoplankton abundance declines to levels predicted
by the Walmsley-Butty or Grobler-Silberbauer models then it is
reasonable to expect an observable decline in hyper scums.

The models can be used to estimate the level to whi ch the total
phosphorus load should be reduced in order to make a substantial
impact on the trophic status of Hartbeespoort Dam. For this purpose
the hydrological record for the 1980/81 year has be en used. Predic-
ted concentrations of [P] and [CHL] for a range of total phosphorus
loads are shown in Table 7.3. [CHL] values predicte d by DEFMOD and
the OECD model for total phosphorus loads of less t han 71 tonnes are
similar, and greater than the Walmsley-Butty predic tions. Following
the OECD criteria, 8 mg m 3 [CHL] represents the boundary between
eutrophic and mesotrophic conditions. To reduce the trophic status
of Hartbeespoort Dam to this level, which would rep resent a dramatic
reduction in the present phytoplankton abundance, w ould require that
the total phosphorus load be reduced to about 15 to 40ty . At low
total phosphorus loads, the OECD and Reckhow models predict similar
[P] concentrations, DEFMOD predicts much lower valu es and the Gro-
bler-Silberbauer model is intermediate. It does see m likely that
DEFMOD over-estimates [P] when the total phosphorus load is high and
under-estimates [P] when the total phosphorus load is low.

Of all the models dealt with here only DEFMOD has t he potential to
reveal how long ecosystem properties will take to r espond to a
changed nutrient load (Fig. 7.1). Since Figure 7.1 was prepared by
iterating the 1980/81 hydrological data, little rel iability can be
placed on the number of years required to reach asy mptote values. In
the natural and highly variable hydrological regime , abnormally high
inflows which would flush out the dam would be expe cted. These would
tend to reduce the recovery time. Sonzogni etat (1976) have shown

that under steady state conditions the reduction of in-lake phospho-



- 207 -

Table 7.3 . Predicted annual mean total phosphate [P], chlor ophyll [CHL]
and frequencies, as percentages of the year in whic h [CHL]
will exceed 30 yg i 1 (F) using various total phosphate annual
loads. Calculations made using 1980/81 hydrologica | regimes
and fractions of the 1980/81 total phosphate load ( L).

Total phosphorus

load t v 1 (L) 283 142 71 42 28 14

Fraction of L 1,0 0.5 0.25 0,15 0.1 0,05

Predictions of [P] mg m °

DEFMOD 659 618 103 31 15 10

OECD 299 170 926 63 45 26

Reckhow 541 270 135 81 54 27

Grobler-Silberbauer 318 159 80 47 31 16

Predictions of [CHL] mg m>

DEFMOD 27 27 23 12 10 7

QECD 59 34 20 L4 10 6

Walmsley-Butty* 24 14 9 7 6 5

Grobler=Silberbauer 43 25 14 9 7 4

Predictions of (F) ¥ of year

DEFMOD 27 27 22 9 7 3

OECD 65 35 18 11 7 2

Walmsley-Butty 23 i1 o 3 2 i

Grobler-Silberbauer 46 24 11 5 3 0

*from orthophosphate load, where 1.0L = 246 tonnes

rus concentrations followed reduced phosphorus load
tion to the reduction in load. Thus a 50% reduction
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time taken to reach 95% of the expected change is e
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after six years. In 1979 Rast, Jones & Lee (1979) c
ten water bodies for which there was adequate chlor
and after nutrient load reduction. Except for the t
above the chlorophyll loads of the lakes took betwe
years to decline by about 50%. More recent comparis
of Welch, Rock, Howe & Perkins (1980), Effler, Fiel

(1981) and Thornton & Nduku (1982) report response

phytoplankton of between two and a half and five ye

Because DEFMOD takes account of the internal phosph

Hartbeespoort Dam it predicts a 35 year recovery ti

is iterated using the 1980/81 hydrological data. Co
literature reported information presented above, th
too long which probably reflects error in the assum
year for equilibration between sedimentary and wate
phosphorus. While the duration of the recovery peri

be greatly influenced by the general hydrological r
period of years (a dry or wet phase of the 10 year

tive guess is that it could take between 3 and 6 ye
equilibrium level.

7.2.5 P-management through pre-impoundment

A simple, effective means of reducing phosphorus lo
polluted water bodies is the construction of 'pre-i
upstream of the main inflows. The aim is to trap a
phosphorus load before it enters the main water bod
utilises the well-documented ability of water bodie
proportions of the incoming phosphorus load (Kirchn
and retention efficiencies as high as 97% have been
Vasata 1982; Stepanek 1980).

The Crocodile River Arm of Hartbeespoort Dam was us
simulations to assess the potential role of a pre-i
reducing phosphate loading to the impoundment. It m
that the feasibility of this site from an economic
viewpoint has not been considered here. The site wa

its morphometric features have been characterised a

(Twinch 1984) and because it is regarded as a suita
general principles can be demonstrated.

Three pre-impoundment sizes were considered during
The smallest assumed a dam wall across the junction
River Arm and the Main Basin (Fig. 3.1) at a height
maintain existing full supply levels. The others as

5 m increases in the height of the dam to a maximum
The largest pre-impoundment had a volume of 26 x 10
of 8.2 m and a surface area of 322 ha, based on the
metry of the Crocodile River Arm. This corresponds
ment with a volume of about one tenth of the full s
Hartbeespoort Dam.
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the simulations.
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Two approaches were used to estimate phosphate rete
hypothetical pre-impoundments. Both made use of dat a from
Section 5.3. for the period October 1980 to October 1983. Mean
monthly values for Crocodile River flow rate and SR P concentration
were derived from daily values and mean monthly wat er level in the
impoundment was derived from weekly values.
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The first approach was to use the Vollenweider/OECD nutrient budget
model (without correction factor for in-lake concen tration predic-
tions) to predict phosphate concentrations in the p re-impoundments on

a monthly basis -
- o%x 5
P=Lgs(1+T W )

where: P = predicted phosphate concentration (i ng £ %)
L = areal phosphate loading rate (g m Zm)
gs = areal water loading rate (m month )
T = water residence time (months).

w
Assuming that inflow equals outflow, the phosphate load leaving the
pre-impoundments was calculated as the product of p redicted phosphate
concentration and flow rate and the proportion reta ined was
calculated by difference. This model is known to ov erestimate
in-lake concentrations (OECD 1982) so the predicted retentions of
phosphate in the pre-impoundments can safely be ass umed to be
conservative.

The second approach employed a more mechanistic mod el (RIVMOD)
designed to predict phosphate losses in the Crocodi le River Arm due
to direct uptake by bottom sediments. Details of th is model are
given in Twinch (1984). Essentially the model uses experimentally
determined sediment/water phosphate exchange charac teristics
(Section 5.3.3) to quantify phosphate flux between sediments and
overlying water. Both the rate and direction of flu X are dependent
on phosphate concentrations in the water. Variable hydrological
conditions in the Crocodile River and water depth i n the impoundment,
which interact to determine water residence time in the Crocodile
River Arm, are taken into account in the model and pre-impoundment
can be simulated by fixing water level to the requi red height.

The results of the simulations are summarised in Ta ble 7.4. Although
there were discrepancies between predictions using the two models, in
general they were remarkably similar. With no pre-i mpoundment the
average annual retention of phosphate in the Crocod ile River Arm was

17-28% during the simulation period.

Pre-impoundment at FSL increased this to 31-37% and with increasing
pre-impoundment size retention increased to a maxim um of 60-63% at
FSL+10m.

Both models used in the predictions are dependent o n water residence
time (T ) and this dependence makes it possible to estimate phosphate
retention (Pret) in the pre-impoundments from water residence time

using the following equations:

Pret (Vol/OECD) = (100 x Tw*' SN@A+T® ) (r 2=0,99)

Pret (RIVMOD) = (100 x Tw)/(] + Tw) Wor 2=0,93)
Since the simulation was characterized by atypicall y low river flows,
these equations were used to predict annual phospha te retention in
the simulated pre-impoundments at mean, maximum and minimum annual
flows in the Crocodile River calculated for the per iod 1972-82
(Table 7.5). These data indicate that over the full range of hydro-

logical conditions in the Crocodile River, between 1972 and 1983,
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TABLE 7.4. Measured loading (L, tonnes yﬂl) to Hartbeespoort Dam during the
three year simulation period and the predicted loading (PL:
following construction of various pre-impoundments. OQECD -
predictions using the Vollenweider/OECD nutrient budget mode:!
and RIVMOD = predictions using the model of Twinch (1984).

Annual flows also shown. % = percentage of measured loa
retained.
Pre—imp. Yo OECD RIVMOD FLOW
volume ar L P % P % 10° x m®
L L

Varlable 1 245 164 33 196 20 234

(no pre- 2 287 190 34 217 24 149

impoundment) 3 182 150 18 170 A 101
x 28 17

4.4 m?x10% 1 245 165 33 196 20 234

(at FSL) 2 287 180 37 197 31 149
3 182 105 42 108 41 101
X 37 31

12.8 m®10% 1 245 134 45 155 37 234

(FSL + 5 m) 2 287 142 50 137 52 149
3 182 81 56 65 64 101
X 50 51

26.3 m®x10° 1 245 112 54 127 48 234

(FSL + 10 m) 2 287 117 59 100 65 149
3 182 65 65 45 75 101
X 60 63

Takle 7.5. Predicted phosphate retention (%) in pre-impoundmeunts of
three sizes based on water retention times calculated
from mean, min and maximum annual flows in the
Crocodile River between 1972 and 1983, OECD = predictions
using the Vollenweider/OECD nutrient budget model;

RIVMOD = prediction using the model of Twinch (1984).

River flow

6 3 =7
Pre-impoundment (10° x m> y )

Mean Min Max
(194) (37 (404)
4.4 m® x 105
QECD 34 43 27
RIVMOD 21 36 12
12.8 m® x 10°
OECD 47 56 18
RIVMOD &4 63 28

26.3 m® x 10°
OECD 56 65 47
RIVMOD 62 77 44
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significant phosphate load reductions to Hartbeespo
achieved by constructing a pre-impoundment and that
retention efficiency could be as high as 56-62% in
pre-impoundments used. Even if FSL was maintained,
could be expected during years of average river flo

of these conservative estimates is such that pre-im
regarded as a feasible supplementary eutrophication
option. Pre-impoundment alone will not overcome the
phication problems in Hartbeespoort Dam since reduc

75% of the current phosphorus loading will probably
(Section 7.2).

By the year 2000 projected changes in the drainage
double the flow in the Crocodile River. Thus, pre-i
residence time will decrease progressively in futur
tant reduction in phosphorus retention efficiency.
analysis of the implications of this on the use of

a management option is in progress.

7.2.6 Discussion of load modification

Two approaches to phosphorus load modification have
The first is the legislated point-source control st

1 mg Z ! effluent phosphate standard. Numerous cases of eff

lake rehabilitation through point source control ha

notably Lake Washington (Edmondson & Lehman 1981),

(Larsen et at. 1979), Lake Sammamish (Welch
American Great Lakes (Chapra, Wicke & Heidtke 1983)
voir and other German lakes (Benndorf, Uhlmann & Pu

Swedish lakes (Ryding 1981), and numerous Dutch lak

1981). Point source control is a lake management st
easily administered and policed, and relatively eas
through the upgrading of sewage works. It is thus a
effective means of reducing eutrophication in lakes
world. In southern Africa, point source control has
successful in controlling eutrophication in Lake Mc

a lake morphometrically similar to Hartbeespoort Da
However, as Robarts (1985) points out, Lake Mcllwai
highly enriched as Hartbeespoort Dam.

In drainage basins where diffuse source loading is
maintaining eutrophic conditions in receiving water
management is restricted to careful control of land
optimization of the natural ability of aquatic and

to retain some phosphorus in through-flowing water.
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On the basis of available information it seems that pre-impoundment
(either singly or in series) could be an essential supplementary
eutrophication management option for Hartbeespoort Dam if long-term

reductions in nuisance algal blooms are to be attai ned through

reduction in phosphorus loads.

7.3 HYPOLIMNETIC AERATION AND DESTRATIFICATIOQN

7.3.1 The consequences of stratification in enrich ed lakes
During summer stratification, the epilimnion is sep arated from the
hypolimnion by a thermal gradient, so that mixing o f the water in the
two layers is inhibited (Section 5.1.5). Exchange o f dissolved gases
and chemical substances between the two layers is r etarded. In
hypertrophic lakes, such as Hartbeespoort Dam, deca y of the rain of
organic matter from the highly productive epilimnio n rapidly depletes
the oxygen reserves of the hypolimnion. Within a mo nth of the onset
of stratification the hypolimnion becomes anaerobic . Under the
reducing conditions ammonia is the dominant form of bound nitrogen.
Anaerobic organisms also reduce sulphates to hydrog en sulphide and
nitrates to nitrogen gas. Aerobically precipitated iron, manganese
and orthophosphates are resolubilized under anaerob ic conditions.
With the lack of vertical mixing into the epilimnio n the concentra-
tions of these substances in the hypolimnion rise. Most of these
chemical changes seriously detract from the usefuln ess of hypolimne-
tic water as a domestic and industrial raw water su pply.
Biological consequences of stratification extend be yond the changes
indicated above. Phytoplankton species, such as dia toms, which rely
on physical mixing of the water column to keep them in suspension,
disappear under stratified conditions because they sink to the
bottom. The phytoplankton comes to be dominated by motile species or
by species with buoyancy mechanisms, particularly b lue-green algae
such as  Micvocystis . Zooplankton and fish no longer have access to
the deep water due to the lack of oxygen. Shapiro et at. (1982)
suggested that this restriction results in a feed-b ack mechanism
whose consequences are an increase in phytoplankton abundance and a
dominance by large colonial phytoplankton species s uch as  Micvocys-
tis . This hypothesis is based on several facts. Most z ooplankton-
eating fish rely on sight to detect their food and prey more heavily
on large zooplankton than on small. Only large zoop lankton species
graze large or colonial phytoplankton. Zooplankton have a diel
vertical migration and spend the day-light hours at greater depths
where darkness hides them from fish. When the hypol imnion is anaero-
bic, zooplankton vertical migration is restricted a nd predation
pressure on large zooplankton species increases to the point where
they disappear in the stratified period. Small zoop lankters maintain
grazing pressure on small phytoplankters, so that t he phytoplankton
comes to be dominated by large or colonial species. In the absence
of grazing pressure the abundance of large or colon ial species
increases to the point when it is limited by light or nutrients, and
the abundance of the phytoplankton increases. Shapi ro et at. (1982)
also suggest that the high pH of epilimnetic eutrop hic water inhibits
cyanophages, which means that eutrophic conditions favour blue-green

dominance in yet another way.
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e_tic _ aeration and destratification as management tools

Aeration of the deep layer of enriched lakes to imp
and biological conditions may be carried out in two
limnetic aeration, hypolimnetic water is aerated wi
with epilimnetic water. In destratification the wat
vertically mixed so that the hypolimnion disappears
distributed through the whole column.

Hypolimnetic aeration has been applied in cases whe
temperature of the deep water is required, either a

for cold water fish species or as a source of cold
requirement in some countries such as West Germany)
Lorenzen & Ginn (1981) point out that, compared wit
tion, hypolimnetic aeration shows greater promise f
internal phosphorus loads. This is because the pres

low hypolimnetic temperature precludes the accelera
organic matter and consequent phosphorus release th

the warmer hypolimnetic conditions resulting from d

This property of hypolimnetic aeration is only of i

the internal recycling of phosphorus is a significa

nutrition of the phytoplankton. Pastorok &t at.

few studies of phytoplankton in relation to hypolim
indicate minimal impact on chlorophyll concentratio
ance, species composition or primary production.

There are, however, recorded changes in the zooplan
which might, given time, change the phytoplankton.
evidence is lacking. Since there is no specific nee

cool hypolimnion in Hartbeespoort Dam and since the
load under present conditions is unimportant in mai
present phytoplankton abundance, hypolimnetic aerat
dered further in relation to Hartbeespoort Dam.

Destratification and hypolimnetic aeration can lead
chemical changes. Hydrogen sulphide, iron and manga
tions decline to acceptable levels. Although destra
increases the heat content of the whole water body,
temperatures are lowered, which could result in a |

ration and the saving of significant quantities of

rien, pers. comm.). Interest in destratification ha
stimulated by the large changes in the abundance an

the phytoplankton which frequently occur in destrat
causes of these changes are not clearly understood
Toerien, de Bruin & Pieterse (1982), Pastorok,

Shapiro et at,
inadequately monitored and the rate of induced circ

been recorded. Results therefore appear to be contr
reports of phytoplankton abundance increasing, decr

ted and species composition altered or unaltered. P
what constitutes an eutrophic lake vary in differen
world and all too often descriptions of destratific

do not give adequate attention to key conditions in
destratification. This hinders the understanding of
causes of phytoplankton changes or the lack of them
between lakes. It seems likely, however, that phyto

was sometimes due to nutrient transport from the hy
epilimnion in lakes where epilimnetic phytoplankton

et at.
(1982)). Many destratification experiments have bee
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nutrient limited. In some cases induced circulation sufficient to
destratify was insufficient to overcome the buoyanc y or tnotility of

the phytoplankton, which remained in the euphotic z one and increased
due to the enhanced nutrient supply. Phytoplankton decreases and
species changes have been ascribed to a variety of factors such as
lower pH, increased availability of carbon dioxide, lower euphotic
zone temperatures, an altered light regime for the individual cell or
colony, a change in the dominant form of bound nitr ogen and changes

in the food web.

Pastorok et at. (1981) concluded that a shift of phytoplankton
composition from blue-green algal dominance to gree n algal dominance
is usually associated with a substantial decline in pH to a final pH
value less than 7.5. Where there was no change in b lue-green domin-
ance or even an increase in phytoplankton abundance there was either
no pH change or the pH was less than 7.5 before mix ing. However, it
should be borne in mind that Pastorok et at. also state that a shift

away from buoyant blue-green algae only takes place when the induced
circulation is sufficient to keep them mixed throug hout the water
column (Section 5.A.14). This was substantiated by information
obtained from the Biesbosch Reservoirs near Rotterd am in the Nether-
lands. These three water bodies are built in old po Iders and are
artificially destratified to control phytoplankton. Reservoir de
Gijster is the only one in which nuisance blooms of buoyant blue-
green algae (Anabaena, Miorocystis) occur (van Breemen, personal
communication). This reservoir has a broad shelf at 7 i below full
supply level but the other reservoirs do not. The b lue-green algae
proliferate in this shallower water above the shelf where they are

not mixed down into the aphotic zone.

Artificial circulation has been seldom induced befo re the onset of
stratification. This lack of experience is unfortun ate for two
reasons. Firstly the power required to maintain hom oiothermy
throughout the season is less than that required fo r more rapid
destratification. Secondly, the biological results of destratifi-
cation are not necessarily the same as those which would come about
by preventing its development. Nicholls et at. (1980) and Ellis &
Tait (1981) artificially circulated lakes for two y ears. In both
studies a blue-green algal phytoplankton in the str atified lakes
changed initially to a mixture of diatoms, green al gae and cryptomo-
nads. Daphnia populations increased sharply and grazed this more

palatable assemblage heavily. In the second year Ceratiwn hirudi--
neVta (a motile dinoflagellate), which is too large to be grazed by
Daphnia , dominated the phytoplankton and reached very grea t densi-
ties. In spite of the circulation the Cevativm population in one
lake collapsed, and in so doing, deoxygenated the e ntire water column
so that all the zooplankton and fish in the lake di ed. The phyto-
plankton returned to predominately green algae. Her e the study
ended, but it would be compatible with earlier find ings of the study

to hypothesize that Cevatiwn  would again eventually dominate and that

the population would again collapse. This sequence of events is
undesirable and not an improvement over a blue-gree n algae dominated
phytoplankton.

It is unfortunate that these two Canadian studies a re the only
information available on long term mixing of eutrop hic lakes. Their
findings need to be confirmed. Pastorok et at. observed that Ni-
cholls et al.'s study did not continue long enough for the fish

population to reach an equilibrium with the new zoo plankton composi-
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tion. Had sufficient aeration to prevent the
applied, in subsequent years the

Cevattvxn  collapse been

Ceratiim population might not have

become as large as it did in the second year.

7.3.3 Destratification in the management of Hartbe

espoort Dam

From March 1975 to March 1976, the Departement of W
of air per minute through six 'aerators' placed 70

pumped 14 m 3

apart at £ 30 m depth in a line extending about 500

wall of Hartbeespoort Dam. Observations of the phys
and biological conditions during aeration were made
design of the aerators was such that destratificati

ced, although oxygen was recorded at greater depths
near the aerators than in the main basin. Surface w

were about 1°C lower in the boil above the aerators

basin. Differences in pH and water chemistry were n
Phytoplankton was monitored only near the aerators.
aeruginosa
dominant at other times. Compared to observations m
the aeration year, there was an increase in the div
phytoplankton, which included two species which had
since 1928, when Hartbeespoort Dam was oligotrophic

The Departement of Water Affairs terminated the aer

fied reasons, though it is known that, using a dies
pressor, running expenses were high, there was a no
the bottom water remained anaerobic in summer. Eval
far more detailed data-base on the phytoplankton, w

to include up to thirty genera, the phytoplankton o
aeration is not as peculiar as it at one time seeme

Several of the biological changes observed from yea
Hartbeespoort Dam have a direct bearing on the prob

of artificial mixing. The diatom
the phytoplankton only in spring as the lake warms
increasing (Section 5.4.6), and hence natural mixin

Daphnia (a large zooplankter) appears in late winter and bu
large numbers in the spring when Micvocystis
phytoplankton (Sections 5.4.15 and 5.4.6). In early

which prey heavily on zooplankton, appear in large

oystis  increases sharply and the
to disappear by mid-summer (Sections 5.4.6, 5.4.15,
Causal relationships between these changes have not
the changes are consistent with Shapiro

mentioned hypothesis. In'Hartbeespoort Dam stratifi
an enhanced loss of nitrogen through denitrificatio
the anaerobic hypolimnion (Section 5.4.4,). This lo
ratio which would tend to favour the blue-green alg
greens.

et at.

The morphometry of Hartbeespoort Dam would have an
on the type of mixing necessary to disadvantage

it down into the aphotic zone. The dam is dendritic
Should artificial mixing be undertaken solely to de

body (i.e. eliminate the summer thermocline) the gr
surface of the dam would not be disturbed and a lar
population would be maintained. This is because up

disappeared in mid-winter but was present and frequ

Melosira granulata

ater Affairs

m away from the
ical, chemical
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on was not indu-
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ot significant.
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not been recorded
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would be localized to the vicinity of the aerators.
reduce the Microcystis
over most of the dam surface.

In every year of the study the natural autumnal des
the overturn) has been followed by the build-up of
blooms of M-icvocyst'Ls
(Section 5.4.8). Winter mixing of the water column
Miovocystis
upper layers of the water column. This suggests tha
mixing might have to be extended to August when win
increase.

The outcome of artificial mixing of Hartbeespoort D

using the ecosystem model, but the model has severa
which prevent its use for conclusive predictions of

of aeration-destratification. These are:

1 With the exception of phosphorus the model does not

movement or behaviour of chemical elements. This w

particularly significant with respect to nitrogen a
N:P ratios.

2 The rate of decomposition of particulate P and upta
release of dissolved P by the sediments are assumed

independent of temperature.

3 Phytoplankton and zooplankton are treated as single

and species changes cannot be predicted. The fish

composition is fixed and will not respond to enviro
change other than in phosphorus concentration.

Hence many of the likely consequences of aeration-d
such as the influence of changes in hypolimnetic te
internal loading, changes in rates of decomposition
nion, changes in N:P ratios or algal species domina
predicted by the model. However, the likely impact

may be inferred from the literature and results of
projects.

Aeration/destratification was simulated initially b

height above the bottom sediment to zero and thus p
formation of a hypolimnion. This resulted in a dilu
phytoplankton concentration throughout the whole la
subsequent increase in growth following improved li
increased phytoplankton mass by 6% (Table 7.6). Zoo
creased by 14% due to the inclusion of the previous
hypolimnetic suspended particulates (HYPART) in the
resource (EPPART).

A further simulation, carried out in addition to re
hypolimnion following aeration/destratification, wa

the pallatability of phytoplankton to zooplankton.

behaviour of the ecosystem were the phytoplankton S

buoyancy is sufficient to maintain this species in

In order to

population mixing would have to take place

tratification (ie.
very large surface

and the formation of hyper scums

is weak and
the
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d speeds usually
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Table 7.6. Simulation of events possibly following continuou s
aeration and/or destratification. Mean annual tonne S
P at equilibrium after 5 years.

Model output (tonnes P)

Event simulated
Phytoplankton Zooplankton

Unmodified model 2.50 0.73
(a} Removal of anaerobic zone 2.64 0.83
Change in standing stock +67 +147%
(b) (a) plus increased utilization
of phytoplanton by zooplankton 1.28 1.29
Change in standing stock -49% +77%
from blue-green to green algae as a result of destr atification. The
increase in the ability of zooplankton to utilize p hytoplankton led
to a sharp decrease in phytoplankton standing stock (49%) due to
zooplankton grazers and a sharp increase in the zoo plankton standing
stock followed (77%). The dynamics of fish in the m odel were not

sensitive to such changes.

7.3.4 Discussion of destratification

The model's usefulness in this consideration of des tratification is
that it gives a first estimate of the likely change in the phyto-
plankton abundance were the palatibility of the phy toplankton to
change as a result of destratification. It also sho ws that destrati-
fication without a change in the phytoplankton spec ies composition
would not achieve the objective of reducing the abu ndance of phyto-
plankton.

The literature reviewed (Section 7.3.2) showed that two circumstances
were necessary to disadvantage the blue-green algae . These were that
the pH should drop to below 7.5 and that the induce d circulation
should be sufficient to overcome the buoyancy of Miovocystis.

Reynolds (1973) found that the maximum buoyancy of unicellular (not
colonial) M. aeruginosa was about 60 p s 1, which provides a measure

of the minimum vertical currents that it would be n ecessary to
induce. Miorooystis colonies have a greater buoyancy. The likely

outcome of artificial mixing for the pH is a questi on that cannot be
answered solely from physical and chemical consider ations of the
carbonate/bicarbonate system as the phytoplankton w ould also be
competing for carbon dioxide (Pearl et at. 1983), and modifying the
dynamic equilibrium.

Davis (1980) has set out guidelines for the design of circulation
systems. He warns that, in lakes such as Hartbeespo ort in which the
surface-waters heat rapidly, an undersized system m ay not ensure the
desired mixing intensity (isothermy) and may leave a refuge for
blue-green on the surface. Thus the system needs to be designed with
a variable mixing capability. A watch must, however , be kept on

sediment resuspension by excessive currents.
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Using Davis's energy summation, the power needed to overcome stabili-

ty has been calculated in respect of Hartbeespoort from Figure 5.11.
Mixing due to wind and throughflow has, as suggeste d by Davis, been
ignored, on the basis that, if sufficient power can be distributed in
their absence by a reasonably inexpensive system, w ind and through-
flow will act as variable bonuses. Due to surface w ater cooling, a
term must be added to compensate for reduced back-r adiation
(Section 5.1.5(h)).

Assuming 5% efficiency, the compressor power required to keep H art-
beespoort Dam fully mixed throughout the summer _is estimated to be
35 kW, and the necessary air-delivery 0.136 m %8s 1 feeding along a
70 m airline. Drilled into the 50 mm i.d. pipe woul d be 210 - 0.8 mm
holes spaced every 0.3 m. The appropriate compresso r would cost

about R30 000 (1985 prices).

A short (70 m) line might however, not exert effect ive control over a
dendritic lake with 2.2 shore line development. Sev eral smaller,
cheaper compressors (say 4 at R10 00 delivering 0.0 4 m?3s * each) and

longer lines might do the job more effectively.

Considering further aspects of the effects of destr atification,
species successions even within the palatable categ ory of phytoplank-
ton should not be neglected. We would expect Melosiva granulata to
increase in abundance as an immediate consequence o f increased mixing
(Section 5.4.6), but the likely permanance and inte nsity of this
change is unknown, in part because the trophic rela tionships of the
ecosystem would also change. Pastorok &t at. (1981) point out that
there have been too few experiments in which destra tification has
been closely monitored over periods of years to dra w conclusions as
to its permanent consequences. They also stress the need for studies
of the effect of variation in the timing of initiat ion of destratifi-

cation in the annual cycle.

In view of these considerations it should be obviou s that it is
premature to say more than that destratification ho Ids promise as a
useful management technique. This promise should be confirmed by
experimentation with variation in rates of circulat ion and in timing
of initiation. Such studies could now be made along the lines
suggested by Davis (1980) since so much information on the normal

functioning of Hartbeespoort Dam is available.

7.4 BIOLOGICAL MANIPULATION AND PROTEIN HARVEST ING

Although it is widely recognized that the only long -term solution to
the problems of eutrophication is reduction of nutr ient inputs (Smith

& Shapiro 1980), manipulation of the biological com ponents of an
ecosystem can reduce the symptoms of eutrophication (Shapiro 1979b).
The most obvious symptoms of eutrophication are an increase in algal
abundance and a switch from dominance by green alga e to dominance by
blue-green algae. Ultimately nuisance algal scums d evelop. Most
research into biomanipulation has been aimed at eli minating these

undesirable symptoms.

One strategy has been to manipulate the ratio of to tal nitrogen (TN)
to total phosphorus (TP) concentrations, either by removing P or
adding N. Smith (1983) has clearly demonstrated tha t lakes having

epilimnetic TN:TP ratios greater than 29:1 by weigh t typically
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exhibit low proportions of blue-green algae regardl
concentrations of either nutrient. In addition, Sch
Flett et at.
several Canadian lakes resulting from changes in N:
Similarly, blue-green algae declined in Onondaga La
after phosphate-containing detergents were banned.

in Onondaga increased from 3.2 before the ban (1968

the ban in 197A (Sze 1980). However, in highly eutr
reduced P loads may be followed by increased rates

the sediments and subsequently little change in the

ratios. For example, in Lake Trumen, Sweden, P load

ly reduced by sewage diversion. However, the propor
green algae decreased only 12 years later after the
sediments were dredged and the TN:TP ratio increase
Consequences of the implementation of the 1 tag | s

ratios in Hartbeespoort Dam will depend on the effl

used to achieve the standard. Assuming that physica
phosphate removal would have no effect on the nitro

modified activated sludge processes would remove 40
nitrogen load, N:P ratios might rise from their pre

(no N load reduction) or to 13:1 (40% N load reduct
projected ratios do not allow for denitrification |

dam which might halve the quantity of nitrogen (Sec

final ratios of 9.5:1 or 6.5:1.

Due to technical difficulties, algal harvesting as

phorus removal from lakes is not a common managemen
However, in Hartbeespoort Dam up to 50% of the phyt

stocks may accumulate into hyperscums during winter
prep.) which would facilitate removal. While harves

may provide a rich source of protein, it is toxic m

(Section 5.4.13) and probably could not be used as

The impact of zooplankton grazing on phytoplankton
has been examined by many researchers. Zooplankton
estimated to reduce algal biomass by up to 40% in L
equivalent to a reduction in total phosphorus of 17
1979b). In Lake Washington, Edmondson and Litt (198
(1979a) recorded decreasing algal density and incre
parency with increasing
of herbivorous zooplankton has led to large algal b
1979b). McNaught & Scavia (1976) and Shapiro (1979a
that zooplankton grazing may also determine phytopl
composition. In experimental enclosures Schoenberg
have demonstrated the ability of introduced large z

to reduce the proportion of blue-green algae presen
not been attempted on a larger scale.

It has been suggested that aquatic communities are
by predation from the top of the trophic pyrimid (M
1976; Wurtsbaugh, Li & Li 1981). It is also possibl
rous fish to reduce the algal population. Leventer
that the phytoplanktivorous silver carp,

can reduce algal biomass by 25% . This species can
tis  (Leventer 1979). Conversely, Nakashima & Leggett (1
suggested that fish may influence eutrophication by
phosphorus in fish tissue or indirectly by reductio

zooplankton populations and a shift to smaller zoop

(1980) also reported shifts in species composition

ess of the ambient
indler (1977) and

P loading ratios.
ke, New York,
The TN:TP ratios
/69) to 20.3 after
ophic lakes
of P release from
epilimnetic TN:TP
s were drastical-
tion of blue-
nutrient-rich
d (Smith 1983).
tandard for N:P
uent treatment
I-chemical
gen load and that
% of the current
sent 3.5:1 to 19:1
ion). These
osses within the
tion 5.2.4) giving

a means of phos-
t measure.
oplankton standing
(Zohary, in
ted Microoystis
ost of the year

animal feed.

standing stocks
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& Carlson (1984)
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Hypophthalmiathys molitrix,
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the retention of
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This reduces zooplankton grazing pressure on the al gae and results in
increased algal blooms (Anderson, Berggren, Cronber g & Gelin 1978;
Shapiro 1979 a, b). Removal of fish has frequently led to an
increase in large zooplankton species and a decreas e in algal abun-
dance (Anderson et at. 1978, Shapiro 1979a). It has also been
suggested that fish contribute to internal loading of phosphorus
through mechanical stirring up of sediments and by digestive activi-
ties (Lamarra 1975). In view of the high dissolved phosphorus
concentrations in Hartbeespoort Dam the impact of f ish on internal
loading will have a negligible impact on nutrient d ynamics.

In order to test the applicability of the above obs ervations to
Hartbeespoort Dam, the following biomanipulation st rategies are
examined in this section, making use of the Ecosyst em Model:

@ Harvesting of phytoplankton scums as a means of red ucing algal

standing stock and phosphorus

(9] Harvesting phytoplankton and zooplankton from the w ater column.
The practical problems associated with this o ption are
recognized.

© Increasing direct grazing on phytoplankton by fish by increa
sing the population of 0. mossambious  or by replacing 0.
mossambicus  with a hypothetical obligate phytoplanktivore.

@ Reducing the population of selected fish species to reduce
grazing on zooplankton, thus increasing zooplankton grazing on
phytoplankton.

© Harvesting of fish to make optimal use of the high fish produc
tion and the heavy recreational demand.

7.4.1 Model structure in relation to biomanipulati on

In using the model to test the impact of biomanipul ation it is

important to take note of the factors regulating ne t growth of the

biotic compartments in the model. These were discus sed under

Section 6.2 and can be summarised as:

@ Phytoplankton - light, temperature, phosphorus conc entration.
Scum formation is regulated by wind.

® Zooplankton - phytoplankton abundance and assi milability,
particulate phosphorus abundance, zooplankton densi ty, tempera
ture.
© Fish - dissolved and particulate phosphorus concent ration.
Phytoplankton growth is regulated by temperature an d depth of light
penetration. Light penetration is in turn regulated by phytoplankton
concentration. Therefore, phytoplankton growth is r egulated by
phytoplankton concentration-mediated feedback. Phos phorus levels
limit growth rate only when the phosphorus concentr ation is low. The
phosphorus half-saturation constant for phytoplankt on growth is
20 yg P Z~' (Holm & Armstrong 1981, Nicklisch & Kohl 1983). Alg al
species succession is not incorporated into the phy toplankton sub-
model because the model is structured on rates meas ured for the whole

algal community.
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Most phosphorus that accumulates in scums is lost f
floating phytoplankton compartment. High losses occ
scums to sediment phosphorus, suspended particulate
dissolved phosphorus compartments of the ecosystem
rates may be overestimated in the present model str
lation of the lake with scum algae during scum-brea

little algae to the phytoplankton compartment.

Zooplankton respond to changes in the abundance of
suspended particulate detritus. Their grazing rate

both fluctuations in zooplankton biomass and by sea
their ability to utilize the available phytoplankto
regulatory function simulates the seasonal changes

of blue-green and green algae present in the lake w
zooplankton grazing pressure. The role of temperatu
plankton sub-model is primarily through its regulat
mortality.

In the model fish will not respond to changes in ph
zooplankton abundance. The logarithmic relationship
total phosphorus (Hanson & Leggett 1982) as used in
questionable but was the only relationship availabl

that a decrease in phytoplankton abundance, particu
nied by a shift from dominance of blue-green algae
green algal species, will result in a change in fis

rom the free-
ur daily from
phosphorus and
model. These loss
ucture. Reinocu-
king returns very

phytoplankton and
is regulated by
sonal changes in
n. This latter
in the proportions
ith regard to
re in the zoo-
ion of natural

ytoplankton and
between fish and
the model is
e. It is likely
larly if accompa-
to more palatable
h species composi-

tion and abundance. This will not be shown in the m
is also likely that reduction in phosphorus concent
influence fish production only when nutrient limita
phytoplankton. Thus the immediate response of fish

in existing phosphorus concentrations, as predicted

be erroneous.

7.4.2 Biomanipulation and protein harvesting under

odel output. It
ration would

tion affects the
to small changes

by the model, may

current phosphorus loads

@

0

Removal of scums

The model was modified to allow daily removal of al
scums formed and therefore simulated scum harvestin
theoretical maximum rate. This continual removal of
biomass resulted in a total loss of approximately 2

per annum. However, scum removal led to a minimal ¢
the phytoplankton (1% reduction of the mean annual
stock). In the model, 35% of algae in the scum are

(to sediment P, particulate P and dissolved P), and
negligible proportion of the scum algae returns to
plankton during the period of scum-breaking. Conseq
removal of scums has little effect on phytoplankton
stock. However, it is possible that losses from scu
overestimated in the model, and that the contributi
breaking scums to the phytoplankton standing stock
estimated.

Removal of phytoplankton and zooplankton

Removal of phytoplankton other than that which is ¢
scums would, in practice, be a very difficult manag
strategy to implement. However, this management opt
been simulated by the model. Removal of phytoplank

| algal
g at a
algal
4 tonnes P
hange in
standing
lost daily
only a
the phyto-
uently,
standing
ms are
on of
are under-

ontained in
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ion has
ton (PHYTO)
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would also result in the simultaneous removal of a similar
proportion of zooplankton (ZOOP), therefore, joint PHYTO-ZOOP
removal was examined (Table 7.7). Removal of 1t P PHYTO and
0.3t P ZOOP per month resulted in little change in standing
stocks (Table 7.7). Removal of phytoplankton (prima rily
Miorocystis) under present loading rates had little effect due

to the resultant improvement in light penetration w hich allowed

a compensatory increase in algal growth rate. In ad dition the
reduction of zooplankton grazing pressure also aide d recovery
of algal standing stock. With the doubling of PHYTO and ZOOP
removal to 2t P and 0.6 t P respectively, zooplank ton standing
stock was depressed due to the rate of removal exce eding the

potential rate of recovery.

Table 7.7. Simulated removal of phytoplankton (PHYTO) and
zooplankton (ZOOP) (equal proportions of standing
stocks). Mean annual tonnes P at equilibrium after

5 years.
Predicted PHYTO Predicted ZOOP
Unmodified model output 2.50 Unmodified model output 0.73
Removal of 1 ¢ P as PHYTO 2.50 Removel of 0.3 t P 0.68
month as ZOOP month !
Change in standing stock 0% Change in standing stock -7 Z
Removal of 2 t P as PHYTO 2.21 Removal of 0.6 t P 0.48
month ! as ZOOP month |
Change in standing stock -12% Change in standing stock =347
The resultant low zooplankton grazing pressure and further
improvement of light penetration allowed faster alg al growth and
thus, despite the drastic removal measures, the phy toplankton
standing stock was maintained at only 12% below the unmodified

level.

(c) Fish harvesting

The fish of Hartbeespoort Dam provide an important recreational
resource for the PWV area. Cadieux (1980) estimated that
between 1975 and 1977 an average of 263 000 angler days per
annum were spent at the dam. In this study the numb er of angler
days per annum for 1982 and 1983 was estimated at 2 01 000.
Hofmeyr (1978) calculated that an expenditure of R7 72 000 was
generated by angling on Hartbeespoort Dam in 1976. This figure
would have escalated considerably since then as a r esult of
inflation. However, conditions in Hartbeespoort Dam are not
ideal for angling and several popular angling speci es, including
black bass, Mioropterus 8almoid.es o are seriously affected by the

high pH and large fluctuations in dissolved oxygen concentration
resulting from poor water quality (Cochrane 1984). As the
1 mg £ standard is not predicted to reduce phytoplankton

standing stock below the frequent nuisance category 20Mg Z)
it is unlikely to improve water quality and thus be nefit the

quality of fish production.
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The mean annual yield of fish taken from the dam by anglers
between March 1982 and April 1984 was estimated to be 695 t
(348 kg ha *) made up of:

449 t C. carpio (65%)
144 t 0. mossambicus (21%)

102 t C. gariepinus (15%)
These yields are above the long-term sustainable yi eld as the
low water level over much of the study period incre ased the
susceptibility of fish to capture. Use of the equat ion of
Beverton & Holt (Ricker 1975) indicates that C. carpio and C.
gariepinus are over-exploited while 0. mossambicus is under-
exploited. Mechanistic production models for each o f the three
major species were constructed using observed growt h, fecundity,
breeding and mortality data (Cochrane, 1985). The m aximum
sustainable yields indicated by these models were:
C. carpio 375t
0. mossambicus 120t
C. gariepinus 30t
TOTAL 525t
Cochrane & Robarts (in prep.) estimated total fish yield from
two primary productionryield relationships at 337 k g ha
(674 t) and 264 kg ha ' (528 t) respectively. These figures and
the results from the mechanistic models also indica te that the
community is being exploited close to its sustainab le yield.
Cochrane (1984) and Cochrane & Robarts (in prep.) s howed that
the C.cavpio and C. gariepinus populations are favoured by the
current hypertrophic conditions. Improved water qua lity result-
ing in a decline in pH, decreased fluctuations in e pilimnetic
oxygen concentrations and a switch from Microcystis dominance to
a palatable green algal species may decrease total yield but
would enhance the fish species diversity and increa se the value

of the lake as a recreational fishing resort.

(d) Manipulation of fish populations

The manipulation of the fish populations to reduce phytoplankton
(using the ecosystem model) standing stocks was uns uccessful
(Table 7.8). The strategies used were aimed at:

@  increasing direct grazing on phytoplankton by fish

0  decreasing grazing by fish on zooplankton thus incr easing
the zooplankton population and hence zooplankton gr azing on
phytoplankton.

Using the model, the former option was investigated by increas-

ing the Oreochromis  population without altering its diet and

simulating the introduction of a hervibore, by alte ring the diet

of 0. mossambicus to phytoplankton alone. Predictably, the

greatest reduction in phytoplankton was achieved by increasing

the biomass of the purely phytoplanktivorous specie sto2.0tP.

This resulted in a reduction of phytoplankton by on ly 5%.
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Table 7.8. Selected model output for different fish populati ons.
The starting fish population (FISHP) consists of 6. 0 tonnes
of P made up of 1.5 tonnes of 0. mossambicus, "3.0 tonnes of
C. oarpio and 1.5 tonnes of C. gariepinus- All masses
shown as tonnes of phosphorus PHYTO = Phytoplankton , ZOOP =
zooplankton and FISHP = fish standing stock.

PHYTO Z00P FISHP

Normal 2.50 0.73 6.50
Increase O, mossanbicus to 2.0 t 2.48 0.72 6.94
change in standing stock ~1 7 -1 Z +7 %
Replace 0, mossambicus with

obligate herbivore 2.44 0.73 6.52

change -2 % 0 % 0 %
Increase tetal herbivore

to 2.0t P 2,36 0.72 7.35

change -6 % -1 % +13 %
Decrease (7, carpio and

€. gariepinus to 50 % existing mass 2.49 0.73 3.68

change 0z 0% -43 %
Decrease ([, ecarpio and

C. garviepinus to 10 Z existing mass 2.4% 0.73 1.41

change 0% 0z -78 %
Decrease FISHP to 50 % existing mass 2,50 0.73 Fild

change 07 0 % ~50 %
Decrease FISHP to 10%Z existing mass 2.5l 0.74 0.65

change 0% +1 % -90 %

Decreased fish predation pressure on zooplankton wa

s achieved by

reducing the total fish population by 90% and by re ducing the
populations of C. cavpio and C. gariepinus » which feed most
heavily on invertebrates, by 90%. In both cases the impact on
phytoplankton and zooplankton standing stock was ne gligible
suggesting that zooplankton are not limited by fish predation.
7.4.3 Biological manipulation following 75% P-load reduction
Following the implementation of the 1 mg P Z * standard, loading

will, at best, be reduced by approximately 75% at t

he weir. Results

of a series of modifications to the model to simula te biomanipulation

strategies in conjunction with the effects of 75% |

shown in Table 7.9. Phosphorus limitation to phytop
slight with 75% load reduction and there is little

plankton and zooplankton standing stocks. Consequen
tional strategy of phytoplankton and zooplankton re
result in a significantly greater reduction of stan

that achieved by their removal under normal loading

oad reduction are
lankton growth is
change to phyto-
tly, the addi-
moval does not
ding stocks than
conditions
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(Table 7.7). It is unlikely that the dominant phyto

plankton will

change from Microcystis to algal species more easily utilized by

zooplankton. However, if such a change can be induc
load reduction, the resulting standing stocks predi

to predictions based on the same shift in dominant
species following aeration/destratification with no
(Table 7.6).

The impact of manipulation of the fish population o

and zooplankton following 75% load reduction was ne
(Table 7.9). The replacement of 0. mossambicus
herbivorous species and increasing the biomass to 2
phytoplankton by a further 6%. Decreased grazing on
achieved by reducing the total fish population by 9

affect the zooplankton population and reduced phyto

stock by only a further 2% . The reasons for this |

phytoplankton are:

the high production rate of phytoplankton, even und
reduced loads,

ed following 75%
cted are similar

phytoplankton
load reduction

n phytoplankton
gligible
with an obligate
t P reduced
zooplankton,
0%, did not
plankton standing
ack of impact on

er predicted

the fact that zooplankton do not appear to be regul ated by fish
predation and
the low grazing rate by zooplankton on Microeystis.

Table 7.9. Results of simulated biomanipulations following a n estimated
75% load reduction after implementation of the 1 mg P £!
standard. (Mean annual tonnes P after 5 years).

PHYTO = phytoplankton, ZOOP = zooplankton.
Event simulated Model -oubyus
PHYTO Z00p

a) No modificatrion 2.50 0.73
b) 75% load reduction 2.39 €.70

change in standing stock from (a) -4% -4%
c) (b) plus removal of 2 t P PHYTO 2,09 0.45

and 0.6 t P ZOOP

change in standing stock from (b) -13% -36%
d) (b) plus increase in utilization 1,26 1.29

of PHYTO by ZOOP

change in standing stock from (b) =47% +B47
e) (d) plus 90 % reduction in fish biomass 1.24 1.29

change in standing stocks from (d) -2% 0%
33 {(d) and increase in herbivorous 1,19 1.22

fish biomass (2 t P)

change in standing stocks from (d) -6% =5%
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The second explanation may be a feature of the mode I, rather than a
reflection of the status in the ecosystem itself.

7.4.4 Conclusions and recommendations

(a) Protein harvesting and biomanipulation under ¢ urrent phosphorus
loading
The removal of scums has a negligible effect on phy toplankton
standing stock. The predicted maximum amount of pho sphorus that
may be removed from the lake per annum by scum harv esting is 24
tonnes P, assuming P to be about 1% of dry algal ma ss (Reynolds
etal 1981) and dry mass to be about 6% of fresh mass (As hton &
Zohary, unpublished data) 24 tonnes P represents ap proximately
4 000 tonnes fresh algal mass based on the hypothet ical daily
removal of all scums. Practical problems arising fr om implemen-
tation of a scum harvesting program are the probabl e high cost
and the limited use to which harvested algal protei n can be put,
due to the periodic toxicity of Miorocystis. Thus, as a manage-
ment option, scum harvesting is only beneficial thr ough elimina-
tion of a periodic eyesore and associated foul odou rs, and will
contribute to the impoundment's recreational potent ial. Simi-
larly, removal of both phytoplankton and zooplankto n from the
3ake is also a management strategy that would be di fficult to
implement and would reduce phytoplankton standing s tock by a

maximum of 12%.

Surplus fish production is being heavily utilised b y recreation-

al anglers and the establishment of a commercial fi shery would
adversely affect the recreational fishing. In view of the
socio-economic importance of the angling on Hartbee spoort Dam,
it is recommended that the fishery be reserved pure ly for

recreational use.

Stocking of game fish such as black bass is pointle ss with the
existing poor (high pH and variable oxygen concentr ation) water
quality. The fishery would benefit most from improv ements in
water quality which would increase the abundance an d improve the
condition of the large Barbus species and black bass.

The steep shoreline gradients caused a decrease in fish biomass
by decreasing macrophyte and benthic production

(Section 5.4.16). The overall fish production of th e lake could
be increased by creating artificial reefs or bays. The former
would increase growth of epiphytes which could be u tilized by
fish and provide shelter for fry. The latter would enhance the
potential for natural macrophyte populations with t he same
advantages as with artificial reefs. Clearly a redu ction in
water level fluctuations would permit macrophytes t 0 become
better established in the dam. Such drastic and exp ensive
management action could be subsidised by charging m ore for
angling at the dam. However, high charges could onl y be justi-
fied if other facilities, including water quality w ere consider-

ably improved.

During the period of study the absence of spawning by C. eavpio
and C. gaviepinus in 1982/83 had a negative impact on fish

production. Such occurrences are likely to be rare but could be
overcome by stocking when required. This may be of value for C.

aarpio  which is heavily utilised by anglers.
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(b) Protein harvesting and biomanipulation followi ng load reduction
It was predicted that the 1 mg Z phosphorus standard would not
affect the mean annual chlorophyll concentration in the dam
(Section 7.2.4). Hence the implementation of the st andard
should not significantly affect the potential yield of protein

from either primary or secondary producers.

At the estimated best possible load reduction with implementa-
tion of the 1 mg 2 ' standard (75% at the weir) phosphorus
concentrations will still be high enough to permit high phyto-
plankton growth and Miovocystis dominance. The model predic-
tions, listed below, suggest that most biomanipulat ion strate-

gies will be of little value:

(i) Removal of scums will have no benefit other tha n the
temporary elimination of the scums and their associ ated
disadvantages such as odour and interference with a ngling
or boating;

(i) Removal of phytoplankton and zooplankton from the water
column would not result in significant reductions i n

phytoplankton standing stock;

(iif) Attempting to increase zooplankton and fish g razing on
Microcystis, by manipulation of the fish population would
have no noticeable effect on phytoplankton standing stock;

(iv) Removal of the maximum yield of fish from the lake would
represent a phosphorus loss of only 2-3 tonnes per annum

which would not affect lake trophic status; and

(v) An increase in availability of phytoplankton to zooplank-
ton, resulting from a switch from Mierooystis to a palat-
able green algal species, may result in a decrease in

phytoplankton standing stock of almost 50% .

The model predictions are subj ect to error and the percentage
reductions predicted cannot be assumed to be exact. Neverthe-
less, results and observations on primary productio n, zooplank-
ton, fish feeding and fish population dynamics obta ined in the
individual studies, have led to similar conclusions , indepen-
dently of the model. Therefore, the combined predic tions of
separate project results and the ecosystem model ar e that the
only potentially effective biological management st rategy which
warrants further study is an algal species change. Such a
change could possibly be brought about by aeration/ destratifica-
tion, a change in the N:P ratio or a decrease in pH . However,
the mechanisms regulating such changes and the actu al responses
are not clearly understood (Section 7.4) and pilot studies are
required.

A further possibility is that after reduction of th e external
load of phosphorus, the internal load, released fro m the sedi-
ments, will assume a dominant role in algal nutriti on. Should
this prove to be the case, in-lake phosphorus manag ement through
chemical precipitation might prove useful. The need for such
lake management could only be assessed from an eval uation of

post phosphorus load reduction conditions.
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FUTURE RESEARCH REQUIREMENTS

Arising from this study we identify the following r

1

2

ECOSYSTEM MODEL

At present the Hartbeespoort Dam ecosystem model, D
ble with existing empirical models in predicting fu

and chlorophyll conditions in Hartbeespoort Dam, an

anticipated that the precision of the model output

by calibration. DEFMOD is based on theoretical prin

opposed to simple, statistical relationships, and t
influencing model output and system behaviour can b
management strategies evaluated accordingly. Simila
hensive structure of the model permits greater vers

the roles and future status of different system com
simple two or three variable empirical models. It i
important to continue the development of DEFMOD.

The first priority is a structured sensitivity anal
permit identification of the components and rates r
output and hence will enable the structure of DEFMO
sed and possibly simplified. Once this has been und
could be calibrated to improve precision.

The data and rates incorporated into DEFMOD have be
during a severe drought. The validation or improvem
model parameters under higher inflow and full suppl
necessary. Thus DEFMOD should be regularly updated
be used in the ordering of research priorities.

The study on Hartbeespoort Dam was intended to incr
nutrient cycling in Hartbeespoort Dam and in other

impoundments, particularly eutrophic and hypertroph

Therefore, in order to gain maximum benefit from th
applicability of DEFMOD to other impoundments, usin
should be investigated. This will assist in improvi

of DEFMOD as well as improving and consolidating kn
ent cycling in other lakes.

THE DETRITUS AND DISSOLVED ORGANIC CARBON CYCLE

It has been concluded that there is an important ga
phase studies in that too little is known of the cy

rus through the decomposition phases and the interm
tion products - dissolved organic carbon and detrit
butors to detritus cycling, the microbes and the zo
receive research attention aimed at quantifying the

phosphorus cycle. This understanding could be used

DEFMOD.

Recent consideration of Hartbeespoort Dam as a futu
potable water has revealed a dearth of knowledge on
organic carbon content and dynamics in the dam. Thi
cation for the design of water treatment works.

esearch requirements.
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PHYSICAL LIMNOLOGY

The study has so far clearly shown that it is the p

of heat, wind and light that govern the chemical an
functioning of Hartbeespoort Dam. More information
extent and nodes of seiche movements. The vertical
internal seiches in the gorge leading to the dam wa
considered in the siting, design and operation of i

water treatment works. Identification of the positi

of seiches associated with various wind directions

the accurate measurement of thermocline position an

nion volume. This information would allow considera
measurement of the transport of nutrients between t
epilimnion, the importance of which in ecosystem fu
increase as external phosphorus loads decrease afte
phosphorus standard. A better knowledge of physical
allow for the quantification of the vertical transp

in terms of wind speed, direction and duration.

THE DYNAMICS OF NUTRIENTS IN WATER COURSES

The study has shown that there is an almost complet
fication of the dynamics of nitrogen and phosphorus
and identification of the major factors controlling

This information is essential to the rational manag
quality of water resources and the rational definit
quality standards. Further quantitative data are re
predictions regarding the effect of pre-impoundment
transport.

It is possible that the bio-availability of phospho

nutrient removal activated sludge wastewater treatm
change after implementation of the 1 mg 12
This would alter phosphorus dynamics in both the ri
and therefore the bio-availability of the phosphoru

dam should be monitored before and after the phosph
introduced.

MANAGEMENT RELATED STUDIES

hysical properties
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is needed on the
amplitude of
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d hence of epilim-
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he hypo- and
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their dynamics.
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rus released from
ent plants will
orthophosphate standard.
ver and the dam
s arriving at the
orus standard is

Management actions which might lead to a change in the dominant

phytoplankton group, Miovocystis aevuginosa
those most likely to result in a large (50%) reduct

ton abundance through food chain events (Section 7.
and destratification through the induced changes in
stability, N:P ratios and pH might bring about the
plankton change and should be studied on a pilot sc
columns). Such studies should include the effect of
intensity of the induced mixing on phytoplankton sp
Zooplankton response to phytoplankton change should
the experiments should be conducted under various s
fish. Water temperatures and wind speeds should be

for calculation of water saved by reduced evaporati
value could contribute to the expenses of operating

3 have been identified as
ion in phytoplank-
4.4). Aeration
water column
desired phyto-
ale (isolation
variation in the
ecies composition.
be monitored and
tocking rates of
recorded to allow
on, whose monetary
an aeration

system. Finally as the load of phosphorus to Hartbe espoort Dam

declines the isolation columns could be used for ex
chemical inactivation of dissolved phosphorus, if n

periments of the
ecessary.
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6. SURVEILLANCE OF THE CONSEQUENCES OF THE 1 mg I" 1 ORTHOPHOSPHATE
STANDARD
The real impact of the reduced phosphate load due t o the 1 mg 2
phosphate standard can only be assessed in impoundm ents whose status
before the imposition of the standard was well-know n. The biology
and chemistry of Hartbeespoort Dam is known better than that of any
other South African impoundment. Provided surveilla nce of Hartbees-
poort Dam is maintained, it will provide the best ¢ oncrete evidence
of the impact of the standard. Requirements of the monitoring
programme include measurement of the load of phosph orus entering and
leaving the dam and of the water quality and phytop lankton and
zooplankton species composition and abundance at a single sampling
point (the raft station) in the main basin of the d am. Sampling
intervals (continuous flow measurements, daily wate r samples from the
Crocodile River, and weekly samples from the other sampling sites)

should be as they have been in the first phase of t he study.
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