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1. OVERVIEW OF WORKSHOP AND BUDGETSRESULTS

The key objectives of the Land-Ocean Interactions in the Coastal Zone (LOICZ) core project of the
International Biosphere-Geosphere Programme (IGBP) are to:

gain a better understanding of the global cycles of the key nutrient elements carbon (C), nitrogen
(N) and phosphorus (P);

understand how the coastal zone affects materia fluxes through biogeochemica processes; and
characterise the relationship of these fluxes to environmental change, including human
intervention (Pernettaand Milliman 1995).

To achieve these objectives, the LOICZ programme of activities has two mgjor thrusts. The first is
the development of horizontal and, to a lesser extent, vertical materia flux models and their dynamics
from continental basins through regional seas to continental oceanic margins, based on our
understanding of biogeochemical processes and data for coastal ecosystems and habitats and the
human dimension. The second is the scaling of the material flux models to evaluate coastal changes
at spatia scalesto global levels and, eventually, across temporal scales.

It is recognised that there is alarge amount of existing and recorded data and work in progress around
the world on coastal habitats at a variety of scales. LOICZ is developing the scientific networks to
integrate the expertise and information at these levels in order to ddiver science knowledge that
addresses our regional and global godls.

The United Nations Environment Programme (UNEP) and the Global Environment Facility (GEF)
have similar interests through the sub-programme: “Sustainable Management and Use of Natura
Resources’. LOICZ and UNEP, with GEF funding support, have established a project: “The Role of
the Coastal Ocean in the Disturbed and Undisturbed Nutrient and Carbon Cycles’ to address these
mutual interests. This Workshop is the fifth of a series of regiona activities within the project.

Sub-Saharan Africa extends across 50 degrees of latitude (about 15°N to 35°S) and about 70 degrees
of longitude. Coasta regions include tropica to temperate climate regimes and feature river
catchments ranging from arid to wet monsoona systems. The influence of large ocean current
systems and their interplay with climatic patterns confers great diversity to the shelf physics, and the
chemistry and biology of the shelf and marine coastal systems. Riverine inputs are highly diverse,
with some regions driven by maor monsoon patterns and events, frequently modified by cyclonic
westher systems (especialy in the eastern African region). By contrast, arid catchments and
ephemerd river flows are characteristic of a number of regions. Magjor river systems are common
near the tropics and in western Africa; damming, irrigation uptake and groundwater withdrawal are
common modifiers. Thereis a huge number of smaller rivers discharging to estuarine and shelf aress.
Land use pressures and change is a characteristic of the river catchments and with increasing
population trends, changing and intensifying human resource uses and pockets of industriaisation, the
region offers a tapestry for a diverse range of biogeochemica estuarine functions, patterns and
changes. Comprehensive data and information on estuarine processes and coastal ecosystems are
limited. While this stuation often reflects limited effort and opportunity for research and
measurement of these systems, much historica data has been dispersed (or lost) in transitions of
countries in the Sub-Saharan region. Concerted effort is being made by scientists and governments,
together with international agencies, to reclaim available information, to build and improve capacity
and to initiate scientific study of ecosystems. This Workshop is a contribution to these efforts.

The Workshop was held at the Fisherman’s Resort, Zanzibar on 12-14 September 2000. The terms of
reference for the Workshop (Appendix 1V) and a summary of activities (Appendix |) are contained in
this report. The resource persons worked with Workshop participants (Appendix I11) from five
countries (Tanzania, Kenya, Cameroon, Guinea and South Africa) to develop and assess
biogeochemica budgets for eleven coastal systems in the region, ranging from estuarine environments
associated with large and small river catchments to large bays. Further site budgets are being



developed at home ingtitutions and through additional contact within the region initiated by workshop
participants.

Figure1.1 Map of budget sites developed by the sub-Saharan Africa regional workshop.

Dr Amani Ngusaru, Zanzibar Institute of Marine of Sciences, University of Dar es Salaam, will take
up the LOICZ/UNEP Regional Training Scholarship (Africa) in early 2001, for additiona training in
budget analysis at the University of the Philippines (with the Regiona Mentors) and at the University
of Hawaii (with Professor Stephen Smith). Dr Howard Waldron (University of Cape Town) has
accepted the role of Regional Mentor — Africa, and has planned a series of activities and network
building in the region to expand both training and awareness in biogeochemical budgets development,
and site budget derivations for the region.

The initid plenary session of the Workshop outlined the LOICZ approach to biogeochemical budget
modelling of nutrient fluxes in estuaries, and described tools that have been developed for site
assessment and budget derivations. Presentation of the CABARET software programme (for
caculation of sites budgets and models) by Dr Laura David, added a further dimension to the tools
and training elements.  Up-scaling tools and approaches being developed and applied by LOICZ as
part of the UNEP GEF project were described along with the planned agenda for regional and global
integration by way of four workshops in 2001. The pivotal role of the LOICZ Budgets and Modelling
electronic web-site was emphasised aong with its use by globa scientists in making budget
contributions to the LOICZ purpose. In the web-site publication, contributing scientists are clearly
atributed as authors of their budgets, and there is provison to update and provide additional
assessment of their budgets.

The group moved from the plenary session to develop further the site budgets individually and in
small working groups, returning to plenary sessions to discuss the budget developments and to debate



points of approach and interpretation. Eleven budgets were developed during the Workshop (Figure
1.1, Table 1.1), with additional sites identified for future work.

The common element in the site descriptions is the use of the LOICZ approach for biogeochemical
budget development, which alows for global comparisons and application of the typology approach.
The differences in the descriptive presentations reflect the variability in richness of site data, the
complexity of the sites and processes, and the extent of detailed process understanding for the sites.
Support information for the various estuarine locations, describing the physical environmenta
conditions and related forcing functions including history and potential anthropogenic pressure, is an
important part of the budgeting information for each site. These budgets, data and their wider
availability in eectronic form (CD-ROM, LOICZ web-site) will provide opportunities for further
assessment, comparisons and potential use across wider scales of pattern assessment for system
response and human pressures.

The biogeochemica budget information for each site is discussed individually and reported in units
that are convenient for that system (either as daily or annua rates). To provide for an overview and
ease of comparison, the key data are presented in an “annualised” form and nonconservative fluxes
are reported per unit area (Tables 1.1 and 1.2).

Key outcomes and findings from the Workshop include:

1 Sites for which budgets and models were developed represent a range of locality and climatic

settings including an array of small to large estuaries and coastal bays in monsoonal climates
and austral temperature conditions. The nutrient models cover wet-dry seasonality and a
range of land N and P input situations yielding budget descriptions for land-dominated and
ocean-dominated systems; in some the dominance changes with season. Severa of the
budgets are partialy developed (e.g., Chwaka Bay, Zanzibar; Knysna Estuary, South Africa)
and, while further fieldwork will provide requisite data and information, this reflects the
disparity in data and coastal system research in much of the region.

2. Dry — wet season net metabolic performance changes were shown in some cases, wherein
values changed (e.g., Maindi Bay, Kenya) and sign changed (e.g., Rio del Rey, Cameroons,
Kromme Estuary, South Africa). These changes reflected a combination of forcing from
seasond precipitation and the interactions of river flow/flushing with tides and ocean inputs
affecting water residence times and nutrient loading.

3. Inner and outer estuaries often differed in heir estimated net metabolic performance eg.,
Knysna Lagoon, South Africa. Water exchange and mixing patterns undoubtedly influence
these settings. The Congo River estuary provided an unusua case with the estuary being
influenced by deep ocean waters and an apparent remineralisation zone associated with a
continental shelf submarine canyon.

4, The estuarine and coastal sites exhibited an array of nutrient regimes, modified by waste
discharges from population and land use and in severa cases by water management (dams) of
terrestria inflows to the estuaries. Generaly there were limited population inputs (see
DIP/DIN loads as indicators) but clearly population effects were apparent.

LOICZ is grateful for the support and efforts of Dr Amani Ngusaru and the staff of the Zanzibar
Ingtitute of Marine Sciences in hogting the Workshop, and to the resource scientists for their
contributions to the success of the Workshop. LOICZ particularly acknowledges the effort and work
of the participants not only for their significant contributions to the workshop goals, but aso for their
continued interaction beyond the meeting activities.

The workshop and this report are contributions to the GEF-funded UNEP project: The Role of the
Coastal Ocean in the Disturbed and Undisturbed Nutrient and Carbon Cycles, recently established



with LOICZ and contributing to the UNEP sub-programme: “Sustainable Management and Use of
Natural Resources’.

Tablel.1 Budgeted regional sites for Sub-Saharan Africa - locations, system dimensons
and water exchangetimes.

System Name Long. Lat. | Area | Depth | Exchange

(E) S (km?) (m) Time
(days)

Tanzania

Chwaka Bay, Zanzibar 3947 | 619 50 3 30

Makoba Bay, Zanzibar 39.22 | 592 15 5 63

Kenya

Malindi Bay 40.15 | 3.2 18 2 3

Cameroon

Cameroon estuarine system 9.70 390 (N) | 2850 15 48-315

Rio-del-Rey system © 828 |480(N) | 3300 14 38

Congo

Congo (Zaire) River estuary ° 1230 | 6.05 241 | 6-260 2

South Africa

Knysna River system 2300 | 34.10 48 3 97

Kromme estuary 2485 | 34.15 3 3 87

Gamtoos estuary 2507 | 3397 2 2 26

Swartkops estuary 2563 | 32.87 4 3 34

Sundays estuary 2542 | 3372 3 4 42

Mhlathuze estuary 3205 | 28.80 12 2 1-4

Thukela estuary 3050 | 29.22 0.6 15 <1

a water exchange times show the range estimated for wet and dry seasons
b average depth: shallow estuary, 6m; deep canyon in outer estuary, 260m.



Tablel.2 Budgeted regional sitesfor sub-Saharan Africa - loads and estimated
(nfix-denit) and (p-r).

DIP DIN | DDIP | DDIN (nfix- (p-1)

System load load denit)
mmol m” yr’
Tanzania
ChwakaBay, Zanzibar® 7 37 +36 +584 0 -4000
Makoba Bay, Zanzibar® 27 117 -25 +730 +1100 | +2550
Kenya
Malindi Bay 1360 | 5200 -330 -585 +4380 | +33200
Cameroon
Cameroon estuarine system® 33 50 -7 +73 +146 +730, to
+7300,,
Rio-del-Rey systen' 18 21 +18 +330 +36 -1820, to
-18200,,
Congo
Congo (Zaire) River estuary’ 5450 | 42400 | -2270 -31800 | +4540 +240000
South Africa
Knysna River estuary” <1 1 +7 +26 -73 -730
Kromme estuary <1 30 +7 +159 +73 -730
Gamtoos estuary 16 1265 -6 +199 +365 +730
Swartkops estuary 138 10800 | -62 -10 -9125 +6570
Sundays estuary 12 1435 +5 -226 -329 -365
Mhlathuze Estuary”” <30 334 +3050 | +6800 | -14600, | -109500,
to to to to
+950 +1850 | -7300,, | >-500000,,

Thukela Estuary 1825 | 49275 | +9125 242700 | c C

a annualised values estimated from budget developed for wet season only.

b annualised values estimated from budget developed for dry season only.

c system has a low exchange time and materials will probably behave conservatively, “jetting” through the
estuary to the nearshore waters.

d DIPand DIN provide range of values, reflecting different water and mixing calculation.

e system metabolism values reflect use of phytoplankon or mangrove elemental ratios in stoichiometric
estimates.

f deep ocean canyon intrusion and apparent remineralisation processes i nfluence estimates.



2. ESTUARIES OF TANZANIA AND KENYA

Tanzania, comprising 945,000 knt on the east coast of Africa, lies mainly on a plateau at an average
elevation of about 1,220 m. Isolated mountain groups rise in the north-east and south-west, including
Mt Kilimanjaro, the highest mountain in Africa, near the north-eastern border. The western border is
the Rift Valey, with lakes Malawi and Tanganyika. The Rift Valley isadrainage divide. Riversto the
east of it drain into the Indian Ocean, within the Rift Valley they drain into the Rift Lakes, (saline as
they lack outlets), while to the west of the Rift Valey, rivers drain into Lake Victoria, and eventually
into the Mediterranean Sea through the River Nile.

Along the Indian Ocean coast of Tanzania, the landscape is generdly flat and low, with a warm and
tropical climate, and rainfal varying from 1,016 to 1,930 mm.

Kenya sits astride the equator, and has an area of 582,600 kn. It is bounded by latitudes 530' N and
4°40'S, and longitudes 33°50'E and 41°50'E. To the east is the narrow, low-lying Indian Ocean coadt,
stretching for 400 km. The dtitude ranges from sea leve in the south-east, to a broad arid plateau in the
central part, and great volcanic mountain chains culminating in Mount Kenya at 5199 m above sea
level. To the west is the Rift Valley, a structura feature that runs north-south right across the country.
Further west are highlands which sope westwards.

The mgjor river in Kenya that drains into the Indian Ocean is the Tana River, which rises from Mount
Kenya and the Aberdare mountains, but it passes mainly through farmlands. Only the provincial towns
of Nyeri (population 40,000); Embu (population 20,000); and Garissa (population 15,000) contribute
effluents into the Tana River system. The Athi-Gaana-Sabaki system is the second largest river, and
the capita city, Nairobi (with a population of about 2 million), is situated on its upstream banks. In
terms of nutrient loading into the Indian Ocean, therefore, the Athi-Galana-Sabaki system may be more
important than the Tana River.

Mwakio P. Toleand J.I. Marshall Crossland

21 Chwaka Bay, Zanzibar

A.S. Ngusaru, SM. Mohamed and O.U. Mwaipopo

Study area description

Zanzibar is an idand group off the coast of east central Africa, 35 km from the mainland across the
Zanzibar Channel. The idands were probably once part of mainland Africa. Unguja Idand, the main
idand, is low-lying with a tropical marine environment. The air temperature ranges from 27-30°C and
the average rdative humidity from 85% in April to 75% in November. The winds are north-east
(October-March) and south-east (March-October) monsoons, with short intermediate periods. Zanzibar
has long been an important commercia centre in the Indian Ocean trading system. Coconuts, cocoa
and cloves are grown for export; fishing is important for the local economy; sugar, rice and rubber are
aso grown and processed.

Chwaka Bay is located within 6.13-6.25°S and 39.37-39.58°E on the east coast of Unguja Island, about
34 km east of Zanzibar town. Large intertidal flats partly covered with mixed assemblages of algae and
seagrass beds characterize the bay. On the landward side of its mouth, the bay is fringed by a dense
mangrove forest, which is drained by a number of tidal creeks, the largest of which is Mapopwe Creek,
which is the main water exchange route between the forest and the bay. A modest fragmented cora
reef occurs at the entrance of the bay, which is part of the extensive reef that fringes the east of Unguja
Idand (Figure 2.1).

There are two rain seasons in Zanzibar: the first, during the months of March, April and May, is
referred to as long rains, and the second, ‘short rains’, extends from October to December. Therefore



March-May and October-December constitute the wet season in Zanzibar. The months of January-
February and June-September constitute the dry season. There are no mgjor rivers that enter directly
into the bay, except for some small seasona streams that flow during rainy seasons. However, there
seems to be a significant underground water flow into the bay, but this has not been measured. On the
other hand, the bay does not have any significant industrial development. Therefore no effluents or
pollutants directly associated with industries find their way into the bay. The estimated population at
Chwaka village is about 9,000 people. Untreated sewage is commonly dumped directly into the bays.
However, anthropogenic effects may not be an important factor in this bay. Other environmenta
pollutants such as agro-chemicals are aso insignificant.

Ch a
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Figure 2.1. Map of Chwaka Bay, Zanzibar. Bars on the bay show the budgeted outer and inner
compartments of the bay.

For the purpose of describing the salt, water and nutrient budgets in Chwaka Bay, it is convenient to
separate the system into two compartments. The first compartment comprises the inner bay that
includes Mapopwe Creek (Figure 2.1). The second compartment comprises the main outer bay, which
opens into the open ocean. The two compartments are physically separated by a cora sl near the
entrance to the creek, so that water exchange between the two compartments is only through the upper 1
m above the sill. There is dso a marked sdlinity difference between the two compartments. The
surface area of the inner system is about 5 km?® with a depth of about 2 m, and total volume of the inner
system 10x10° m®. The surface area of the outer system is about 45 km* with a depth of about 4 m, and
total volume 180x10° n’.

Water and salt balance

The concept behind the water budgets is to establish the balance of freshwater inflow (such as runoff,
precipitation, groundwater, sewage) and evaporative loss of freshwater. There must be a compensating
outflow (or inflow) in order to balance the water volume in the system. Since salt must be conserved in



the system, the salt fluxes accounted for by the salinity used to describe the fresh water advective flows
must be balanced by mixing (Gordon et al. 1996).

The data used here were collected in June 1998, just after the end of long rains, and November 1998
during the wet season. Table 2.1 gives a summary of monthly averages of the rainfal for year 1998,
and monthly averages of evaporation for Zanzibar. The average rainfall for June was 12 mm d* and
that for November 17 mm d*. The average pan evaporation for all seasons were equal, estimated at
about 5 mm d*. However pan observations are known to be affected by a variety of factors. vapor
pressure difference, wind, water temperature, pan diameter, air pressure, rim height, pan color, pan
depth, pan immersion in the soil and exposure. Evaporation from a pan is usualy greater than from
larger water bodies because of higher water temperatures. The excess is corrected by a pan coefficient
(PC), which is given by:

PC = (evaporation from a free water surface)/(evaporation from a pan)

Table2.1. Zanzibar mean monthly rainfall and evaporation (1998).

Month Rainfall Evaporation
(mm month'™*) (mm month'*)

January 310 150

February 180 180

March 0 150

April 600 150

May 0 120

June 45 150

July 10 120

August 0 150

September 100 150

October 510 150

November 320 150

December 400 150

Mean 183 150

The correction depends on the size of the pan, e.g. for 4 ft diameter 10 inches deep pans use PC = 0.7
and for 10 ft diameter 24 inches deep pan use PC = 0.95 (William 1997; Nolte and Associates 1998).
For this budget, the pan coefficient of 0.7 was applied to convert the measured daily evaporation value
of 5mmd* to 3.5 mm d*, which is the free water surface evaporation value. The obtained free water
surface evaporation is aso consistent with the value obtained usng Hamon's Equation (Hamon 1961)
where estimated evaporation of 3.6 mm d* was obtained using the temperature data for Zanzibar during
the dry season.

Therainfal value of 12 mm d* and 17 mm d* for June and November respectively and evaporation of
3.5 mmd’ for both seasons, together with the data on the bay surface area, were used to calculate the
precipitation and evaporation water volumes per day in the bay for the dry and wet seasons.

The edtimation of the underground water flow (Vg) was a problem for this system, because the
parameter has not been measured. Therefore the groundwater input was estimated using Darcy’s Law
(Shaw 1996). That empirical relationship is given by the following equation:

Ve(approy = K[ (h2-hy)/d] LW

where K is the hydraulic conductivity given to be 6x10* m sec’ for mainly coraline deposits
(Woodward-Clyde 1999); h; and h, are the lower and upper hydraulic heads which for inner and outer



bays the difference is estimated to be 2 m (tidal range); d is the watershed, which is 6 km and 2.5 km
for the inner and outer bay, respectively; L is the length of the coastline, which is 9.5 km for the inner
Bay and 18 km for the outer bay; and W is the width of the flow, which for Chwaka Bay is2 m. The
calculation using this relationship is good for estimation of typical annua groundwater flows only and
unredligtic for estimating monthly averages. The same values were therefore applied for quantifying the
average groundwater flow for both dry and wet seasons. It is noted however that the values for the wet
season could be higher than those during the dry season. The calculations done for this system in the
inner and outer bays gave:

VG(Inner Chwaka) = 03)(103 nﬁ d_l

VG(Outer Chwaka) = 15)(103 rn’s d_l

Since the system is separated into two compartments, there are two salinity input vaues necessary for
the calculation of salt balance between the compartments and between the big outer Chwaka Bay and
the open ocean. These salinity values are shown in Figure 2.2. The sdlinity of the inner bay, outer bay
and open ocean areindicated as S, S and S, respectively. Similarly, the volume and surface area of
the inner bay and outer bay are indicated asV 1, A; and V,, A, respectively.

The water balance for each season is calculated using Equation (1) from Gordon et al. (1996):

dv/dt = VQ+ Vp+ V(5+Vo+ VE +VR (1)

where Vg israte of river discharge, Ve is precipitation, Vo is sewage discharge, Ve is evaporation and Vg
isresidua flux. Assuming steady state (i.e. dV/dt = 0), then the residual flow is:

VR = VE 'VQ —Vp _VG —Vo (2)

Subgtituting terms in Equation (2) with data in Table 2.2, the values of Vi can be obtained for the wet
and dry seasons.

On the other hand, the salt balance is calculated from Equation (3), in order to balance sat input via
mixing with salt output from residual outflow. It is assumed that the salinity of out-flowing water (S)
is the average of the salinities between the compartments under consideration [Sz=(S,+S,)/2].

dvS/dt = VQSQ + Vps:- + VGSB + VoS)+ VESE +VRSQ+ Vx (Sz 'Sl) (3)

where Vy represents the mixing volume exchanged between the ocean and the bay, and ViSiis the salt
flux carried by the residua flow. The general principle is that salt must be conserved so the residual
sdt flux is brought back to the system through the mixing salt flux across the boundary [Vx (S -Si] via
the tides, wind and general ocean circulation pattern.

Since the sdlinity of freshwater inflow terms can be assumed to be O, then Equation (3) can be
simplified to:

dvS/dt = Ve&k+ Vi (S:-S) 4)
Assuming that S, remains constant with time (steady state):

0=+ ViSe+ W (S -S) (5
By re-arrangement:

Vi = Ve /(S -S) ©)



Subgtituting terms in Equation (6) with salinity data, the mixing volume (V) for different compartments
can be obtained asillustrated in Figure 2.2 for the wet and dry seasons.

The water exchange or freshwater residence time () in days for both wet and dry seasons can be
calculated from Equation 8, where |Vy| is the absolute vaue of Vr:

t = Viya/(Vx + |VR|) (8

Vg« isthe total volume of the bay or in our case the volume of the individual compartments. Figure 2.2
summarizes the water and salt flux for this two-box system and gives the water exchange time based on
the data.

Chwaka Bay water and salt balance has demonstrated that in order to balance the inflow and outflow of
water for June, there must be a net flux of water from the bay to the open ocean (Vg = -42x10° m® d™* for
inner bay and Vg = -426x10° m® d™ for outer bay). Similarly, there is a net flux of water from the bay to
the ocean during November (Vg = -67x10° m® d™ for inner bay and Vg = -676x10° m® d* for outer bay).
The corresponding residual fluxes of salt (VkS:) from the two boxes indicate advective sat export.
However, the exchange of bay water with the open ocean plays arole of replacing this exported salt via
mixing (V). In this data, the total exchange times (flushing time or freshwater residence time) were 20
and 22 days for the inner and outer bays, respectively for the month of June, and 5 and 26 days for the
inner and outer bays respectively for the month of November. Water exchange time of the entire bay
with the open ocean is 24 days in June and 37 days in November.

The mixing volumes were estimated from mixing equations in a 1-dimensional, steady state system
(Yanagi 2000&) for comparison with the results obtained using water and salt balance method. The
estimated mixing using Yanagi's method gave Vy, = 1,200x10° m* d* and V. = 4,000x10° m® d* for
the inner and outer bay, respectively. These values were consistent with the Vy obtained from the salt
and water balance for both June and November.

This budget has demonstrated that it is difficult to obtain realistic budgets for systems that are
dominated by evaporation that is amost comparable with net precipitation in the absence of runoff. It
also showed that unrealistic budgets could be obtained by using the pan evaporation data. It is dways
important to convert the pan evaporation values to free water surface evaporation vaues. The use of
pan coefficients ranging from 0.6-0.8 is recommended, depending on the size of the pans used. In this
example, a pan coefficient of 0.7 was applied and provided redlistic water and salt budgets for this
system. It was aso found that, in order to obtain redistic budgets, it is useful to compare the Vx values
obtained from salt-water balance with those obtained using Y anagi's method. The experience from this
budget also showed that budgets for different seasons could be significantly different. It is therefore
important to specify the seasons and preferably the month when the data used in budgets were taken.

Budgets for nonconservative materials

The nutrient data were only available for the month of November. The discussion in this section is
therefore limited to the wet season. The genera principle is that all the dissolved inorganic phosphorus
(DIP) and dissolved inorganic nitrogen (DIN) will exchange between the system and the adjacent ocean
according to the criteria established in the water and sat budget. Deviations are attributed to net
nonconservative reactions of (DIP) and (DIN) in the system. DIP is defined as the PO, concentration
and DIN asthe (NO; + NO, + NH4"). The datafrom Chwaka Bay show the concentration of DIP in
the inner and outer bay to be DIP, =20 iM and DIP,=1.2 iM, respectively (Figure 2.3). Likewise,
the concentration of DIN in the inner and outer bay are DIN; =23 iM and DIN, = 18 iM, respectively
(Figure 2.4). Following Wyrtki (1971) the concentration of DIN and DIP in the open ocean (Zanzibar
Channel) are DIPy,= 0.1 iM and DIN,= 0.5 iM, respectively.

This system poses a challenge for estimating fluxes of nutrients because the groundwater nutrient and
nutrient loading associated with waste discharge concentration are unknown. The VoDIPg and VoDINg



were assumed to be zero since Chwaka Bay has no rivers. The VymDIPm and Vg, DIN 4, Were assumed
to be zero because atmospheric contribution is normally very small. However, athough the population
around Chwaka Bay is fairly small (9,000 people), the anthropogenic effects (VoDIP, VoDINo) were
considered here because the initial estimates of ADIP and ADIN were relatively small. The waste |oad
from solid waste, domestic waste and detergents could therefore be important for this system and were
estimated using a method suggested by McGlone et al. (1999). Since the waste is dumped directly to
the bay, it was assumed that 100% of the waste load does actually reach the bay waters. The values of
VoDIP, =900 mol d* and VoDINg = 4,000 mol d* were obtained and used in the calculation of the
budget for this system. Note that the waste load for the inner bay was taken to be zero because only the
areas around the outer bay are inhabited.

Similarly, athough the DIP¢ flux in groundwater flowing through carbonate terrain is known to be low,
the concentration of nitrogen (DINg) in the underground water could not be neglected. For the nutrient
calculations reported here, DIP; concentrations of 0.4 iM and 2 iM were used for the inner (DIPg;)
and outer (DIPg;) systems, respectively. These values are comparable to reported groundwater PO, for
similar systems (1-10 iM: Lewis 1985; Tribble and Hunt 1996). Similarly, DINg concentrations of 25
iM and 37 iM were used for the inner (DINg;) and outer (DINg,) Systems, respectively.

DIP and DIN balance

DIP and DIN budget results for nonconservative materialsin Chwaka Bay are illustrated in Figures 2.3
and 2.4. The caculated ADIP; and ADIP, for the wet season are +1,700 mol d* (+0.3 mmol m? d*)
and +2,600 mol d* (+0.06 mmol m? d*), respectively, indicating that there is a net DIP flux from the
bay to the ocean for the month of November (i.e. ADIP is positive). The calculated ADIPys = +4,300
mol d* or +0.1 mmol m* d*. Chwaka Bay acts as a DIP source during the wet season.

The calculated ADIN; and ADIN, for the wet season are +11,000 mol d* (+2.2 mmol n¥* d*) and
+68,000 mol d*(+1.5 mmol m? d*), respectively, indicating that there is anet DIN flux from the bay to
the ocean during the wet season (i.e. ADIN is positive). The calculated ADINgg = +79,000 mol d* (+1.6
mmol m* d*). Thusasfor DIP, Chwaka Bay isanet source of DIN during the wet season.

Soichiometric calculations of aspects of net system metabolism

In generd, the LOICZ Biogeochemica Modelling Guidelines (Gordon et al. 1996) were used to
calculate the stoichiometrically linked water and salt-nutrients budgets. 1n these mass balance budgets,
complete mixing of the water column is assumed. The genera principle is that the nonconservative flux
of DIP with respect to salt and water is an approximation of net ecosystem metabolism (production-
respiration, p-r) at the scale of the system. The net ecosystem metabolism can be calculated from
ADIP. The basic formulation is as follows:

(p-r) = -ADIP X (C:P) g

where (C:P)u: represents the C:P ratio of organic matter that is rescting in the system, which is
expected to be near 106:1. On the other hand the nonconservative flux of DIN approximates net
nitrogen fixation and denitrification in the system. The basic formulation is as follows:

(nfix-denit) = ADIN - ADIP(N:P)par

where (N: P)pa represents the ratio of both planktonic and waste derived organic matter reacting in the
system, which is expected to be near 16:1. Table 2.2 shows the stoichiometric calculations made for
Chwaka Bay for November 1998.

Because of unavailability of monthly nutrient data for the whole of 1997, the results from Chwaka Bay
could not clearly demonstrate the dependence of seasondity in the nutrient budget. Stoichiometric
calculations suggest that (p-r) is negative (Table 2.2) for al three regimes (inner, outer and entire bay).



Thisindicates that Chwaka Bay is net heterotrophic during the wet season. Chwaka Bay seems to have
net denitrification in the inner bay as indicated by the negative (nfix-denit) value and the outer bay to be
net nitrogen-fixing at a dower rate (Table 2.2). However, the entire bay seems to balance nitrogen
fixing and denitrification, since (nfix-denit) for the entire bay is zero.

Table 2.2. Summary of calculated f-r) and (hfix-denit) values for Chwaka Bay for November
1998 (wet season).

Calculated Values Inner Chwaka Bay Outer ChwakaBay Entire bay
ADIP (mol d 1) +1,700 +2,600 +4,300
ADI P (mmol m*d l) +0.3 +0.06 +0.1
ADIN (mol d%) +11,000 +68,000 +79,000
ADIN (mmol m*d™) | +2.2 +1.5 +1.6
(p-r) -
(mmol Cm“d”) -32 -6 -11
(nfix-denit)
(mmol N ni* d) -2.6 +0.5 0
a) June
VPi=60 VEL =18 VP2 = 540 VE2= 158
Socn= 36
VRt = 42 VrRe =426
Ve =0.3 Inner Chwaka Outer Chwaka
—P»  vi=10x10°m? V2=180x 10°m? [&——
Vot = 0 A1=5x10°m® A2=45x10°m?®
) S1=31 psu S2 =34 psu l——
t1= 20 days t2=22 days Vxe(Son-S2) =
Vxi(S2S1) = -VrReSr2= 14,910
-VRISR1= 1,365 Vx2= 7,455
tsys =24 days V1= 455
b) November
V=85 Ve1=18 Vp2 =765 Ve2= 158
Socn = 35
VR1 = 67 VR2=676
Vet = 0.3 Inner Chwaka Outer Chwaka
Vi=10x10°m? V2=180x10°m [ ®
Vor=0 A=5x10° m’ A2=45x10°m®
- S1=29 S2=30
1 psu 2 psu 3
t1=5davs t2 = 26 davs
VXl(SZ-Sl) = V><2(Socn-82) =
toyst = 37 days -VRiSr1 =1,977 -V2Sr2=21,970
Vxi=1,977 V2= 4,394

Figure 2.2. Water and salt balance for Chwaka Bay for June 1998 (a) and November 1998 (b).
Water flux in 10° m® d'* and sdlt flux in 10° psu-m® d™.
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Figure 2.3. DIP budget for Chwaka Bay for November 1998 (wet season). Flux in mol d" and

concentration in iM or mmol m,
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Figure 2.4. DIN budget for Chwaka Bay for November 1998 (wet season).
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2.2 Makoba Bay, Zanzibar
A.S. Ngusaru and A.J. Mmochi

Study area description

Makoba Bay is located within 5.90-5.95°S and 39.20-39.25°E on the northwest coast of Unguja Island,
Zanzibar (Figure 2.5). It is sheltered by the much smaller Tumbatu Idand, which is located about 5 km
offshore to the north. The bay has atotal surface area of about 15 km? and average depth of 5 m with a
volume of about 75x10° m®. The tides in Makoba Bay are mainly semi-diurnal with a typical tidal
range of about 2 m. Loca climate is characterized by two rainy seasons: the long rains occur in March,
April and May and the short rains during October, November and December. Therefore March-May
and October-December congtitute the wet season in Zanzibar. January-February and June-September
congtitute the dry season in Zanzibar. The estimated population around the bay is about 10,000 people.
Untreated sewage is usualy dumped directly into the bay. Industriad and agro-chemicals are aso
commonly applied, and the runoff from these also flows into the bay.

?|>9.2°E
Tumbatu
Island
Indian
lg/laakoba Ocean
Kipange R.
5.9°S
Mwanakombo R.
Zingwezingwe R.
Unguja
Island
5 km 6.0

Figure2.5. Map and location of Makoba Bay, Zanzibar. The bar at the mouth of the bay shows the
budgeted area.

Water and salt balance

The basic principle for the water and salt budgets is to establish balance of freshwater inflow (such as
runoff, precipitation, groundwater, sewage) and evaporative loss. Then compensating outflow (or
inflow) is calculated to balance the water volume in the system. Since salt must be conserved in the
system, the salt fluxes accounted for by the salinity used to describe the freshwater flows must be
balanced by mixing (Gordon et al. 1996). Makoba Bay is the largest water catchment area in Zanzibar,



referred to as the Mahonda-Makoba drainage basin. It drains rice farms, sugar cane plantations, a sugar
factory and a rubber factory. Three main rivers with multiple rivulets provide a substantial amount of
freshwater input directly to the bay, namely the Mwanakombo, Zingwezingwe and Kipange rivers.
These rivers have a total watershed area of 150 km* with a total mean discharge of 24x10° m® yr™* or
about 70x10° m*d™.

The data used for this budget were collected in April 1997, during the wet season in the area. Table 2.3
shows the monthly rainfall data for 1997; the average rainfall of 14 mm d* was used in this budget.
Mean pan evaporation rate is 5 mm d', however pan observations are commonly affected by such
factors as vapor pressure difference, wind, water temperature, pan diameter, air pressure, rim height,
pan color, pan depth, pan immersion in the soil and exposure. Evaporation from a pan is usualy greater
than from larger water bodies because of higher water temperatures. The excess is corrected by a pan
coefficient (PC), which is given by:

PC = (evaporation from a free water surface)/(evaporation from a pan)

The correction depends on the size of the pan, e.g. for 4 ft diameter 10 inches deep pans use PC = 0.7
and for 10 ft diameter 24 inches deep pan use PC = 0.95 (William 1997; Nolte and Associates 1998).
For this budget, the pan coefficient of 0.7 was applied to convert the measured daily evaporation value
of 5mmd* to 3.5 mm d*, which is the free water surface evaporation value. The obtained free water
surface evaporation is also consistent with the value obtained using Hamon's equation (Hamon 1961)
where estimated evaporation of 3.6 mm d* was obtained using the temperature data for Zanzibar.

Table2.3. Zanzibar mean monthly rainfall and evaporation (1997).

Month Rainfall (mm) Evaporation
(mm)
January 0 150
February 50 180
March 425 150
April 310 150
May 250 120
June 215 150
July 40 120
August 40 150
September 0 150
October 510 150
November 315 150
December 45 150
Mean 183 221

Therainfal value of 14 mm d* and evaporation of 3.5 mm d* together with the data on the bay surface
area were used to calculate the precipitation and evaporation water volume per day in the bay for the
dry season as shown in Figure 2.6.

Unfortunately the underground water flow (Vg) was not measured. The groundwater input was therefore
estimated using Darcy’s Law (Shaw 1996). The empirical relationship is given by the following
eguation:

Ve(approy = K[ (h2-hy)/d] LW

Where K is the hydraulic conductivity given to be 6x10* m sec’ for mainly coraline deposits
(Woodward-Clyde 1999); h; and h, are the lower and upper hydraulic heads which for inner and outer
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bays the difference is estimated to be 2 m (tidal range); d is the watershed which is 15 km; L is the
length of the coastline, which is about 20 km and W is the width of the flow, which for Makoba Bay is
about 2 m. The calculation using this relationship is good for estimation of typical annua ground water
flows only and unredlistic for estimating monthly averages. The same obtained values were therefore
used for quantifying the average groundwater flow for both dry and wet seasons. However, the values
for the wet season should be higher that those during the dry season. The calculations done for Makoba
Bay gave:

Ve=0.3x10° nid™

The salinity-input values for the calculation of salt balance between Makoba Bay and the open ocean
are shown in Figure 2.6. The sdlinity of the bay and open ocean is indicated as Sy« and S,
respectively. Similarly, the volume and surface area of the bay are indicated as Vgq and Agyq
respectively.

The water balance for each season is calculated using Equation (1) from Gordon et al. (1996):

dV/dt = VQ+VP+VG+V0+ VE +VR (1)

whereVy, israte of river discharge, Vp is precipitation, Vo is sewage discharge, Ve is evaporation and Vi
isresidua flux. Assuming steady state (i.e. dV/dt = 0), then the residua flow is:

VR = VE 'VQ —Vp —VG —Vo (2)

Subgtituting terms in Equation (2) with data in Table 2.3, the values of Vk can be obtained for the wet
and dry seasons.

On the other hand, the sdt balance is calculated from Equation (3), in order to balance sdt input via

mixing with salt output from residua outflow. It is assumed that the salinity of out-flowing water (Sg)
is the average of the salinities between the bay and open ocean.

[S= Syt Soen)/2].

dVS/dt = VoS + oS + VoS + VoSo+ VESE +VoK+ Vi (Son—Sysr) ©)

where Vi represents the mixing volume exchanged between the bay and the ocean, and VsS:is the sdt
flux carried by the residua flow. The general principle is that salt must be conserved so the residual
salt flux is brought back to the system through the mixing salt flux across the boundary [V (Sen - Syst]
viathe tides, wind and general ocean circulation pattern.

Since the sdlinity of freshwater inflow terms can be assumed to be 0, then Equation (3) can be
simplified to:

dVS/dt = VeS+ Vy (Son - Syer) (4)
Assuming that S« remains constant with time (steady state):

0=+ ViSe+ Vi (Socn - Sye) ©)
By re-arrangement:

Vx = VoS /(Soen - Sys) ©)

Substituting terms in Equation (6) with sdinity data, the mixing volume (/x) can be obtained as
illustrated Figure 2.6 for both wet and dry seasons.
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The water exchange or freshwater residence time () in days for both wet and dry seasons can be
calculated from Equation 8, where |Vg| is the absolute value of Vx:

t = Vaya/(Vx+ |VR]) ®

Figure 2.6 summarizes the water and salt flux for this system and gives the water exchange time based
on the data. The Makoba Bay water and salt balance has demonstrated that in order to balance the
inflow and outflow of water during the wet season there is net flux of water from the bay to the open
ocean (Vg = -223x10° m® d*). The residual fluxes of salt (VxS) between the bay and the open ocean
indicate advective salt export; the exchange of bay water with the open ocean plays a role of replacing
this exported salt via mixing. The calculated water exchange time (flushing time or freshwater
residence time) for Makoba Bay is 63 days during the wet season.

Budgets of nonconservative materials

The dissolved inorganic phosphorus (DIP) and dissolved inorganic nitrogen (DIN) budgets are termed
the budgets of nonconservative materials. While this might be done with any reactive materia, the
particular interest here is in the balance among the essential dements C, N, and P. The genera
principle behind the budgets is that the DIP and DIN will exchange between the system and the adjacent
ocean according to the criteria established in the water and salt budgets. Deviations are attributed to net
nonconservative reactions of DIP and DIN in the system. DIP is defined as the PO, concentration and

DINasthe (NOs +NO, + NH4).

Due to limited data, the discussion of nutrient budgets for Makoba Bay is limited to the wet season
only. The data from Makoba Bay show the concentration of DIP in the bay to be DIPys = 0.2 niv
during the wet season (Figure 2.7). Likewise, the concentration of DIN in the bay is DINgg = 32 niv
for the wet season (Figure 2.8). Following Wyrtki (1971) the concentration of DIN and DIP in the open
ocean (Zanzibar Channel) are DIP,., = 0.1 nM and DIN,, = 0.5 nM. The concentrations in the rivers
were estimated a DIPo=0.3 mv and DINg =6 ni.

This system poses a challenge for estimating fluxes of nutrients because the groundwater nutrient and
nutrient loading associated with waste discharge concentration are unknown. The DIP4, and DINgm
were assumed to be zero because atmospheric contribution is normally small. The population around
Makoba Bay is fairly small (10,000 people); nevertheless the waste load from solid waste, domestic
waste and detergents were estimated using a method suggested by McGlone et al (1999). Since the
waste is dumped directly to the bay, it was assumed that 100% of the waste load does actually reach the
bay waters. The values of VoDIPo = 1,100 mol d* and VoDIN, = 4,400 mol d* were obtained and used
in the calculation for the budget. Because of lack of data, the DIP and DIN contributions from
agricultural and industrial activities were not included in the budget. Although the DIP; flux in
groundwater flowing through carbonate terrain is known to be low, the concentration of nitrogen
(DINg) in the underground water could not be neglected. For the nutrient calculations reported here,
DIPs concentration of 2 nM and DINg concentration of 37 niM were used. These values are
comparable to reported groundwater PO, for smilar systems (DINg = 1-10 nM; DIPg = 37-72 nM:
Lewis 1985; Tribble and Hunt 1996).

DIP and DIN balance

The budget results for nonconservative materials in Makoba Bay are illustrated in Figures 2.6 and 2.7.
The calculated DDIP and DDIN for the wet season is —990 mol d* and +29,400 mol d*, respectively,
indicating that there is a net DIP flux from the ocean to the bay during the wet season. Therefore

Makoba Bay acts as a sink for dissolved inorganic phosphorus during wet season (DDIP is negative).
There is dso a net DIN flux from the bay to the open ocean during the wet season. Makoba Bay is

therefore a source of dissolved inorganic nitrogen (DDIN is positive) during the wet season.



Soichiometric calculations of aspects of net system metabolism

The LOICZ Biogeochemical Modelling Guidelines (Gordon et al. 1996) were used to caculate the
stoichiometrically linked water-salt-nutrients budgets. 1n these mass balance budgets, complete mixing
of the water column is assumed. The genera principle is that the nonconservative flux of DIP with
respect to salt and water is an approximation of net ecosystem metabolism (production-respiration, p-r)
at the scale of the system in question. The net ecosystem metabolism can therefore be calculated from
DDIP using the following basic formulation,

(p-r) = -DDIP X (C:P)part

where (C:P)u: represents the C:P ratio of organic matter that is rescting in the system, which is
expected to be near 106:1.

On the other hand the nonconservative flux of DIN approximates net nitrogen fixation and
denitrification in the system. The basic formulation is as follows:

(nfix-denit) = DDIN - DDIP(N:P)yart

where (N:P)pat represents the ratio of both planktonic and waste-derived organic matter reacting in the
system, which is expected to be near 16:1. Table 2.4 shows the stoichiometric calculations made for
Makoba Bay.

Stoichiometric calculations suggest that -r) is postive during the wet season (Table 2.4). This
indicates that Makoba Bay is net autotrophic during the wet season. Makoba Bay is fixing nitrogen
during wet season, where (nfix-denit)is estimated to be 3 mmol ni” d* in excess of denitrification. The
summary of fluxes of nonconservative nutrients in Makoba Bay is given in Table 2.4. Nitrogen fixation
is known to provide the nitrogen requirement in areas dominated by seagrass beds and mangroves
(Hanisak 1993). The occurrence of mangroves and seagrass beds at Makoba Bay is a posshle
ecological reason behind the balance of nitrogen fixation over denitrification in the bay.

Table2.4. Summary of calculateded (p-r) and (nfix-denit) valuesfor Makoba Bay for April 1997
(wet season).

Parameters Calculated values
DDIP (mol d*) -990

DDIP (mmol m?* d?) -0.07

DDIN (mol d}) +29,400

DDIN (mmol mi* d*) +2

(p-1) +7

(mmol C m*d?)

(nfix-denit) +3

(mmol N mi® d*)
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April 1997

Vp=210 Ve =53
Socn =34 psu
Sr=30.5 psu
VR = 223 €———] Makoba Bay6 ¢—VQ=66
Vsyst=75x 10" m
Asyst= 15 x 10% m?

VX(Socn'Ssyst) = Ssyst =27 psu

-VRSR = 6,802 ~E——3 4——Vc=03

Vx = 972 t = 63 days

Figure2.6 Water and salt balance for Makoba Bay for April 1997 (wet season). Water flux in 10°

m° d* and sdlt flux in 10° psu-nt d™.

April 1997
DIPocn=0.1 nM
VatmDIFatm =0
DIPR=0.15 "M
VRDIFR = 30 DIFg = 03nM
«— Makoba Bay VQDIFQ = 20
DiPsst=0.2nM DIPG = 0.2mM
D DiPsst=-990 VGDIFG =0
@
Vx(DIFocr-DIPsyst) <4¢— VaDIPo =1,100
=100

Figure 2.7. DIP budget for Makoba Bay for April 1997 (wet season). Fux isin mol d* and

concentration in mM or mmole m?.

April 1997
DINocn=0.5 mv
VatmDINam =0
DINR=16.25 mMi
VRDINR = 3,600 DlNQ =6nM
— MakobaBay VQDINQ =400
DINsyst =32nM DING =37nM
D DINsyst=+29,400 VGDING =0
-
VX(DIN oor-DIN syst) < VoDINo =4,400
=30,600

Figure2.8. DIN budget for Makoba Bay for April 1997 (wet season). Flux isin mol d* and

concentration in nM or mmole m?.
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2.3 Malindi Bay, Kenya

Mwakio P. Tole

Study area description

Malindi Bay, towards the south coast of Kenya, is semi-enclosed to the north and to the south, but open
to the ocean over a patchy cora reef ecosystem. Sea grasses and algae are common in southern and
northern ends of the bay. A small mangrove forest occurs on the banks of the Sabaki River about 1 km
from the ocean. Figure 2.9 shows the location of the study area. The areais estimated to be 18 km?’.

Mean annud rainfall in the Maindi Bay area, and for most of the drainage basin, is 972 mm per annum,
and ranges from 677mm during dry years to 1267mm during wetter years. Annua evaporation is much
higher than the rainfal, a 1800 mm per year. Temperatures range from 28°+7°C at Mdindi in the
coadt, to 20°+7°C in the highland areas around Nairobi.

The Athi-Gaana-Sabaki River system rises from the highlands in the central part of the country, and is
the second largest river draining into the Indian Ocean in Kenya. It has alength of 400 km, and drains a
basin area of 70,000 square kilometers It enters the Indian Ocean at 3.2 S 40.15°E, just north of
Mdindi town (population approximately 50,000) in Malindi Bay. The Sabaki River flow rate ranges
from alow of 0.52 n? s'in the driest periods, to 758 nt s during times of flood. Mean flow rate was
48.8 nt s* over the period 1957 to 1979.

Industrial and municipa wastes from Nairobi City (population approximately 2 million) drain into the
river, sometimes with little treatment. The river also receives agrochemicals (fertilizers, pesticides)
from farms that grow coffee, tea, horticultural crops (including cut flowers), and from maize farming.
Dairy and beef farming is aso practised aong the river basin.

0 2 Kilometers

Sabaki
River

. - 3.2°s
Indian Ocean

Malind
Town

40.1°E 40.2

Figurel. Map of Malindi Bay. Bar shows the boundary of the budgeted area.
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Mean annua rainfal in the Malindi Bay region is 1,000 mm, and ranges from 700 mm during dry years
to 1,300 mm during wet years. Annua evaporation is 1,800 mm.

The Sabaki River flow rate ranges from 0.5 nt s* (40x10° m® d%) in the driest periods to 760 nt s*
(70x10° m® d™*) during times of flood. Mean flow rate was 50 nt* s™* (4x10° m® d™) over the period 1957
to 1979. Malindi Town has a population of approximately 50,000 people. Water abstracted upstream
in the Sabaki River is used in the town, and becomes wastewater that is assumed discharged directly
into the Malindi Bay. The volume of this has been estimated to be 20x10° m® d™.

Tidal influence is high in Malindi Bay, with tidal ranges between 2 and 3 m. Waves, particularly during

the SE monsoon period (April-September), range up to 2 m near the shore. The mean depth of the bay
is2m. The system iswell-flushed and fairly well-mixed.

Water and salt balance

The water and salt budgets describe the exchange of water and salt between the Malindi Bay and the
Indian Ocean (Figure 2.10). Freshwater inputs are from the Sabaki River (Vo), precipitation (Vp) and
Malindi Town sewage (Vo), while loss is to the open ocean (Vr) and by evaporation (Ve). Sat must be
conserved in the system, hence salt flux out from the system carried by the residual flow (Vi) must be
balanced viamixing (Vx). There are two distinct wet seasons and two dry seasons each of about three
months. Data were collected in 1997 and 1998, and were affected by unusually heavy EI Nino rains, so
that the dry seasons were masked by flooding rains. There were no distinct dry seasons during the El
Nino rains in 1997-1998. Tables 2.5 and 2.6 indicate the data used to compile the water and salt
budgets.

Table 2.5. Malindi Bay water fluxes (in 10° m*® d*) and water exchangetime (t).

Oct-Dec | Jan—Mar Apr—=Jun | Jul-Sep | Annual
(wet) (dry) (wet) (dry)
Surface runoff (Vo) 6 5 5 5 5
Groundwater (Vg) 0 0 0 0 0
Precipitation (Vp) 0 0. 0 0 0
Evaporation (Vg) 0 0 0 0 0
Outfall (Vo) 0 0 0 0 0
Residual flow (VR) 6 5 5 5 5
Mixing (Vx) 11 9 8 9 9
t (days) 2 3 3 3 3

The water balance for each season is calculated based on Gordon et al. (1996). Precipitation,
evaporation and sewage flow were considered insignificant compared to high river flow. Water fluxes
and water exchange time () are summarized in Table 2.5. The water exchange time, based on the
average data, was 2 to 3 days.

Balance of nonconservative materials

Available data for nutrient concentrations used in this budget were measured in different years.
Nutrient concentrations for Sabaki River were taken from Ohowa 1993, Giesen and Kerkhof 1984, and
Heip et a. 1995; and oceanic concentrations from Wyrtki et al. 1988 (see Table 2.6). The nutrient
concentrations measured in those years vary significantly between dry and wet seasons with low
concentrations during the dry seasons and high during the wet seasons. Nonconservative budgets were
developed for the low and high nutrient concentrations using annual average water budget for 1997-
1998 (Figure 2.10).
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Table 2.6. Salinity and nutrient concentrationsfor Sabaki River, Malindi Bay and adjacent

ocean.
Parameter Sector Data source Low nutrient | High nutrient
Salinity (psu) | Bay Munyao 2000 19 20
Ocean Munyao 2000 35.5 35.5
DIP (nM) River Ohowa 1993 0.9 25
Bay 0.5 10
Ocean Wyrtki et al. 1988 | 0.2 25
DIN (V1) River Ohowa 1993 0.01 97
Bay 0.2 40
Ocean Whyrtki et al. 1988 | 0.5 0.5

Estimated loads from all sources - domestic, hotels, storm runoff, solid wastes, industrial waste,
agricultural waste, and livestock waste (modified after Munga et al. 1993) are 34 tonnes per annum of
phosphorus and 168 tonnes per annum of nitrogen. These exclude what is inputted into the ocean
through the Sabaki River. The estimated |oads were converted to dissolved inorganic phosphorus (DIP)
and dissolved inorganic nitrogen (DIN) using DIP.TP (0.5) and DIN:TN (0.4) in San Diego-McGlone et
al. 1999 with the assumption that 100% of the estimated nutrient loads enter the bay.

Table 2.7 summarizes the fluxes of DIP and DIN for Malindi Bay. The system appears to be a net sink
for both DIP and DIN. However, there is alarge amount of uncertainty in these budgets because of the
extreme range in estimated nutrient concentrations.

Table 2.7. Summary of nutrient fluxes and stoichiometically derived (p-r) and (fix-denit) for
Malindi Bay, comparing results using the low and high nutrient concentrations data.

Fluxes Low nutrient | High nutrient | Average
VDI Po(10° mol d¥) 5 125 65
VDI P, (10° mol d*) 2 2 2
VDI Pk (10° mol d) -2 -31 -17
Vy(DIPoer-DIPyg) -3 -68 -36
(10° mol d*)

DDIP (10° mol d*) -2 -28 -15
DDIP (mmol mi* d*!) -0.1 -1.6 -0.9
VoDINo(10° mol d%) 0 485 243
VoDI N (10° mol d*) 13 13 13
VeDINg (10° mol d%) -2 -101 -52
Vy (DI Noen-DI Neysr) 3 -356 180
(10° mol d*)

DDIN (10° mol d%) -14 -41 -28
DDIN (mmol mi® d*) -0.8 -2.3 -1.6
(p'r)plankton +11 +170 +91
(mmol m* d*%)

(nfiX‘denit)plankton +0.8 +23 +12
(mmol m? d*%)
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Soichiometric calculations of aspects of net system metabolism

Net metabolism of the bay was stoichiometrically derived from the calculated nonconservative DIN and
DIP. Assuming that the bay is primarily driven by phytoplankton and using C:N:P ratio of 106:16:1 for
phytoplankton, the bay seemsto be net autotrophic and fixing nitrogen. The average (p-r) is+91 mmol
m* d*and (nfix-denit) is+12 mmol m* d* (Table 2.7).

Annual
Vp=0 VE=0
Socn =355 psu
SR =27.75 psu
Vog=5——P» Malindi ——®» Vr=5
Veyst = 36 x 10° m”
Asyst = 18 X 106 m?
Ssyst = 20 psu Vx(Socn-Ssyst) =
Vg=0 ’ H X(Socn - Osyst,
t = 3 days -VRSR = 139
Vx=9

Figure 2.10. Water and salt budgets for Malindi Bay for 1997-1998. Water flux in 10° m* d*and
st flux in 10° psu-m® d™.
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3. CAMEROON AND CONGO ESTUARINE SYSTEMS

Cameroon’s coastal zone and estuarine systems

Cameroon (8-16°E; 2-13°N) is situated on the extreme north-eastern end of the Gulf of Guinea with a
surface area of 469,440 km2. The main topographica regions are: the low coastal plain covered by
equatoria rain forests in the south, the mountain forests peaking at the active Mount Cameroon (4,070
m) in the west, the trangitiona plateau rising to the Adamaoua Mountains in the centre, and rolling
savannah dopes gradating down to the marshlands surrounding Lake Tchad to the north of the
Adamaoua Mountain range. Cameroon is drained by four mgor drainage basins. Atlantic,
Zaire/Congo, Niger and Tchad. A watershed exists along the southern Cameroon plateau separating the
coastal from the Congo system, with freshwater input into the Atlantic drainage basin.

Cameroon’s coastal zone (Figure 3.1), extends along 402 km (Sayer et al. 1992), from latitude 2.30°N
at the Equatorial Guinea borders to 4.67°N at the Nigeria borders. The coastal zone area is estimated at
9,670 km? (Adam 1998) representing 22% of the Gulf of Guinea countries.

Bibundiy
Debundschall

Bight of
Bonmy

Langji’

Figure 3.1. Cameroon and the Gulf of Guinea.

Cameroon’s coastal climate is of an equatorial type and is influenced by the meteorological equator,
being the meeting point between the anticyclone of Azores (North Atlantic) and that of Saint Helen
(South Atlantic). This climate results from the combined effect of convergence of the tropical oceanic
low-pressure zone and the inter-tropical front within the continent. There are two distinct seasons. a
long rainy season of more than 8 months (March-October) and a dry season of four months (November-
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February) exist. Air temperatures are high throughout the year. South-westerly monsoon winds
predominate, modified by land sea breezes causing humidity values to ailmost saturation point. Wind
speeds exceptionally reach values of 18 m sec™ (April, 1993) with average vaues recorded over a
period of 10 years (1983 — 1993) varying between 0.5-2.5 m sec’. The rainy season is hot and dry with
anorth-easterly harmattan when the inter tropical convergence zone deviates from its normally southern
position at 5-7°N.

Cameroon’s coastal tropical rainforest is interrupted at the active Cameroon Mountain and within the
mangrove estuarine complexes. These complexes are characterized by very low atitudes (0-20 m),
developed on low soils (generaly less than 5 m high) with primary stages of mangroves developed at O-
5 m while mature ones reach 2 m. Mangrove estuarine complexes in Cameroon occupy approximately
30% (3,500 knT) of Cameroon’s coastal zone. There are about 38 species of mangrove, dominated by
Rhizophora (R racemosa and R. harrisanii) species (Gabche 1997). This is followed by the Atlantic
forest dominated by families of Caesalpinacea and Guttiferae, Euphorbiaceae; swamp forest
dominated by Rapphia spp., Matritia quadricorius, Clenolephon englerianus, and seasonally inundated
forests of Guitbortia demeussel and Oxysttigma menil.  Phytoplankton species (Folack 1991) are
dominated by diatoms such as Chaetoceros testissmus, Nitzchia closterium, Diatoma wvulgare,
Trachyneis and Coscinodiscus.

Dense river networks flow into three estuarine systems along the coast. The West/Rio-dd-Rey system
has several rivers (Cross, Ndian and Meme) that discharge at the Rio-del-Rey Point (4.8°N; 8.3°E).
The Cameroon estuary complex with severa rivers (Mungo, Wouri, Dibamba etc) discharges at Douda
Point (3.8-4.1°N and 9.25-10°E). This extends towards the west at Bimbia and south to the Sanaga
River estuary. The third estuary complex in the south is made up of several rivers (Nyong, Lokoundje,
Kienke, Lobe and Ntem) which discharge independently into the Atlantic Ocean. Some physica
characteristics of the Cameroon and Rio-del-Rey estuarine complexes are given in Table 3.1. The
rivers of these estuaries have watersheds from high altitudes (2,000-2,500 m) at the Adamawa plateau,
Rumpi Hills and Manegumba Mountains. The mangroves of the Rio-del-Rey cover an area of about
1,500 km? with 50 km of coastline and a landward extension of 30 km. The Cameroon estuary has a
coastline of 60 km from the Sanaga to the Bimbia estuary and 30 km into the hinterlands giving area of
1,800 km?. The southern river systems at the Ntem also has estuarine mangrove swamps. The supplies
from the dense river network, groundwater and rainfal are major sources of freshwater into the
continental shelf (area= 15,400 km? ) (Gabcheand Folack 1997). The gradua descent (10, 30, 50 and
100 m depth) of the continental shelf results in generally weak circulation with subsequent high
sedimentation rates.

Hydrodynamic processes within the estuarine complexes indicate that semi-diurnal tidal wave action
can be felt along distance from the seain the rivers (40 km in the Wouri; 35 km up the Dibamba), with
wave height recordings ranging from 1.5-4.5 m. There is an enormous propagation of waves and ebb-
tides through the estuarine complexes (Olivry 1986; Morin et al. 1989). Tidd currents are strong: 1-1.5
m s for flood and up to 2.6 m s* for ebb. Chaubert et al. (1977) noted that sea swells in vicinity of the
Rio-del-Rey are from south to south-west and distant in origin. This peculiarity results from the double
obstacle created by Bioko Island and the wide continental shelf at the Rio-del-Rey (80 km as compared
to 40 km at the Kribi coast). Swells of greater magnitude (226 m long) are common between June and
September with lesser ones between November and April.

Salinity distribution within Cameroon’ s estuarine complexes is determined by huge inputs of freshwater
from rivers, rainfall and groundwater. Sdinity is generaly low with values at the Douala Port of 9-12
psu. Lafond (1967) showed maximum vaues of 20 psu a 15 km from the port offshore during the dry
season and less than 12 psu in the rainy season. These values decrease towards the port to average
values of 0 psu for every 100 m (2.6 psu for each km) near Japoma on the Dibamba River, and
maximum vaues as low as 6.5 psu at low tide. Values of between 12.0-17.5 psu have been recorded
within the Mungo River, with increased values due to seawater intrusion during the dry season and
mixture with freshwater. Sdlinity distributions are in line with regiona surface values which show
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significant fresh water in the Gulf of Guinea and in particular, in the Bight of Biafra, with values lower
than 29 psu (ICITA 1973; GATE 1980).

Table 3. 1. Physical characteristics of some Cameroon’s coastal zone estuarine systems.

Estuarine Long | Lat River Catchment | Estuarine Mean
System (CE+) | °N+) Area (km?) | Area (km?) Depth (m)
Mangrove | Water
Cameroon 9.25 3.83 Mungo 4,200 15
10.00 | 4.10 Wouri 8,250 15
Dibamba | 2,400 15
Total/Mean 14,850 1,800 1500 |15
Rio-del-Rey | 8.28 4.83 Cross 800 14
Ndian 2,500 13
Meme 500 14
Total/Mean 3,800 1,500 1350 |14

The high nutrient loads (Table 3.5) derived from land support high productivity and relatively large fish
catches (more than 60,000 tons per year) as compared to other countries of the Gulf of Guinea
(Schneider 1992). These are comparable to those in the countries where upwelling occurs. In recent
years (1980 to present) there has been a trend of decreasing marine fish catch in Cameroon. This is
partialy due to reduced fishing effort. The decline may also be partly due to pollution by agricultura
and industrial waste and municipa discharge into the ocean. A detailed eaboration using methods in
WHO (1989) on thisis given in UNEP (1984) and Angwe and Gabche (1997).

Leaf litter from mangroves and estuaries forms an important nutrient base for food webs leading to
commercialy important food fishes and invertebrates (Snedaker and Snedaker 1984). The mangrove
leaves become nutritious through microbia enrichment processes. Higher rates of leaf fal occur in the
dry season than in the rainy season. However, because studies have not been carried out on mangrove
litter decomposition and nutrient enrichment, in this study they are assumed to be zero.

Faunal species within the mangroves and estuarine complexes are dominated by the forest elephant
(Eoxondonta africana), the giant forest hog (Hylochohrus meinertz hageni), the endangered drill
Mandrillus leucophaeus), the highly vulnerable black colobus (Colobus satanus) and Upper Guinea
primates (Cercopithecus mictitans martini, C. erythrotis camerunensis and C. pogomius pogonius).
There is a significant population of the highly vulnerable African manatee (Trichechus senegalesis)
within the Sanaga estuary.

Cameroon’'s estuarine complexes and mangroves serve as habitats for meiofauno taxa such as
nematodes, copepods, amphipods and protozoans which assist in the conversion of mangrove primary
production to detritus. The benthic fauna is made up of polychaetes (Amphiura sp., Nephthys, etc),
bivalves (Arca nuculana, Aloidis, Nsa sp., oysters (Crassostrea gasar) etc) and sponges (eg.
Holothurids). They aso serve as breeding grounds and nurseries for crustaceans (crabs e.g. Grapsidae,
Ocypodidae and Portunidae; shrimps e.g. Peneidae and Palaenonidae) and fin-fish species including
mud skippers Periopthalnus sp., Cichlidae, Scianidae, Polynemidae, Clupeidae and Drepanidae

The physica characteristics of Cameroon's estuarine systems were determined from the scientific
literature (Gabche and Folack 1997; Angwe and Gabche 1997; UNEP 1984; ICITA 1973; GATE 1980;
Van den Bosche and Bernacsell 1990; Sayer et al. 1992; Mahé 1987; Folack 1988, 1989; Gabche and
Hockey 1995; Folack et al. 1999). Hydrologica data such as river discharge, rainfall and evaporation
came from Cameroon's annua hydrological handbook (1997) and the meteorological services in
Douada with some modifications. Data on nutrient levels (Table 3. 4) came from monitoring by
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government services such as the Ministry of Environment and Forestry in Douala and the Research
Station for Fisheries and Oceanography Limbe, Cameroon.

Budgetary estimations for the Cameroon and Rio-ddl-Rey estuary systems were separated into four
months (120 days. November — February) of dry season and eight months (245 days. March — October)

of rainy season.
C.E. Gabcheand SV. Snith
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Figure 3.2. The Cameroon and Rio-del-Rey estuarine systems.
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3.1  Cameroon estuary complex, Cameroon
C.E. Gabcheand S.\V. Smith

Water and salt balance

The Cameroon estuary complex has three main rivers (Mungo, Wouri and Dibamba) with input directly
into the estuary. The volume of runoff (Vg) calculated from mean discharge (Table 3.2) gives tota
volumes of 120x10° m* d*; 20x10° m* d'and 170x10° m® d* for annual, dry and rainy seasons,
respectively. River runoff, rainfall and evaporation with seasonal values (where available) are given in
Table3.2.

Table 3.2. River runoff, rainfall and evaporation data for the Cameroon estuary complex.

Evapor-
Cameroon | River Runoff River Runoff (Vg) Rainfall ation
rivers (m’s™h) (10°m*d?) (mm month™) (mm
month'™)
Annual | Dry | Rainy |Annual | Dry [ Rainy |Annual | Dry | Rainy | Annua
Mungo 420 50 520 40 4 45
Wouri 740 0 920 60 10 80
Dibamba | 480 60 520 40 5 45
Total 140 20 170 270 40 | 390 100

Total evaporation (Ve) for the dry season and rainy seasons is calculated with the assumption of mean
monthly values of 100 mm for the 1,500 kn? Cameroon estuary area. This gives a mean evaporation of
5x10° m® d* for both the dry and rainy seasons. The precipitation (Vp) values for the dry and rainy
seasons are obtained from rainfall for Douala. These gave mean monthly values of 40 mm and 390 mm
for the dry and rainy seasons, respectively (Table 3.2). The mean precipitation values are 2x10° m® d*
and 20x10° m® d* for the dry and rainy seasons, respectively. Sdlinity values with seasonal variations at
different depths and various stations (fresh, estuarine and marine) of the Cameroon estuary complex are
given in Table 3.3. Areas of high input of freshwater have low sainity with higher values at the
Cameroon estuary due to salt water intrusion. Vg (groundwater inflows) and V, (other inflows) like
sawage are assumed to be zero. The water exchange time (t) was 315 and 48 days in the dry and rainy
Seasons, respectively.

Table 3.3. Mean temperature, salinity and nutrient levels of the Camer oon estuary complex.

Parameter River Estuary Ocean

Dry Wet Dry Wet Dry Wet
Temp (°C) 29.9 21.7 25.0 21.1 30.4 275
Salinity (psu) | O 0 15.8 8.7 21.4 16.5
S (M) 26 27 24.5 24 20 18.1
NO; (M) 2.6 2.4 3.8 3.6 25 25
PO, (nM) 2.1 2.0 1.2 1.1 0.6 0.5

Balance of nonconservative materials

DIP balance

The population of Douala city within the estuary estimated at 1.4 million inhabitants. The human waste
is discharged directly into the system hence wastewater loading is considered an important contributor
to nutrient loading to the estuary. DIP equivaent of the domestic sewage from the population was
estimated based in McGlone et al. (2000).
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Nonconservative flux of DIP (DDIP) was caculated for the Cameroon estuary. DIP fluxes are presented
in Table 3.4. The system isanet sink of DIP both in the dry and rainy seasons.

DIN balance

Waste load for DIN from the human population was considered (McGlone et al. 2000). DIN fluxes are
summarized in Table 3.4. The system isanet sink in the dry season and a net source in the rainy season
for DIN.

Table 3. 4. Water, salt and nutrient budgets for the Camer oon estuary complex.

Parameter Dry Rainy Annual
| Ay (km2) 1,500 1,500 1,500
Vg« (10° M) 23 23 23
Vo (10°m° dh) 20 170 120
Ve (10° m’d™) -5 -5 -5
Ve (10°m’d Y 2 20 14
Vi (10° m’d ™) -17 -185 -129
V(10° m’d ") 56 299 218
t (days) 315 48 137
VDI Po(10° mol d7) 15 15 15
VDI P(10° mol d*) 42 340 241
VgDIPg(10° mol d¥) -15 -148 -104
V, (DIPye-DIPss) (10° mol d¥) | -34 -179 -131
DDIP(10° mol d%) -8 -28 21
DDIP(mmol m* d™) -0.01 -0.02 -0.02
VoDING(10° mal d¥) 104 104 104
VoDIN(10° mol d7) 52 408 289
VeDINg(10° mal d¥) 54 -564 -394
V(DI Noei—DINg)(10° mol d¥) | -73 -329 -244
DDIN(10° mol d%) -29 +381 +244
DDIN(mmol m” d*%) -0.02 +0.3 +0.2
(P-1)pankton(mmol mi* d*) +1 +2 +2
(P-Nmangroves(Mmol m*” d*) +10 +20 +20
(nfix-denit)iankion(mmol mi” d*) | +0.1 +0.6 +0.4

Soichiometric cal culation of aspects of net system metabolism

The net ecosystem metabolism (NEM = p-r) can be estimated as negative of the DDIP flux multiplied
by the C:P ratio of the reacting organic matter. |If the dominant reacting materia is plankton, the
particulate C:P ratio is about 106:1; (p-r) is+1 mmol i d™ in the dry season and +2 mmol m* d*in
the rainy season. If it is dominantly mangrove, then the ratio may be as high as 1000:1 which gives a
(p-r) of +10 mmol m* d* in the dry season and +20 mmol ni* d™ in the rainy season. The system seems
to be autotrophic for both seasons.

The net nitrogen fixation minus the denitrification (nfix—denit) is expressed as the difference between
observed and expected DDIN. Expected DDIN is DDIP multiplied by the N:P ratio of the reacting
particulate organic matter. The system appears to be a net nitrogen fixing; (nfix-denit) = +0.1 mmol m?
d* in the dry season and +0.6 mmol mi* d™ in the rainy season.
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32 Rio-del-Rey estuary complex, Cameroon
C.E. Gabcheand S.V. Smith

Water and salt balance

The Rio-del-Rey estuary of the west coast of Cameroon has relatively low anthropogenic influence. It
is dominated by fishing activities dominated by shrimps, offshore petroleum drilling, and some
industria agricultural palm plantations of the Cameroon Development Cooperation (CDC). Water, salt
and nutrient budgets for this estuary were treated for the three main rivers (Cross, Ndian and Meme)
which discharge at the point mentioned earlier into the Atlantic Ocean. River runoff, rainfal and
evaporation with seasonal values (where available) are given in Table 3.5.

Table 3.5. River runoff, rainfall and evaporation data for the Rio-del-Rey estuary complex.

Evapor
Rio-del- | River runoff River runoff (Vg) Rainfall ation
Rey (m’s™h) (10°m*d?) (mm month™) (mm
rivers month™)

Annual | Dry | Rainy | Annual | Dry | Rany | Annua | Dry | Rainy | Annual

Cross 580 140 | 730 50 12 | 60
Ndian 250 60 | 310 20 5 30
Meme | 300 70 | 380 30 6 30
Others | 100 20 | 120 10 8 10
Total 110 30 | 130 250 90 | 330 120

Salinity values with seasona variations at different depths and various stations (fresh, estuarine and
marine) of the d Rio-del-Rey estuary complex are given in Table 3.6.

Table 3.6. Mean temperature, salinity and nutrient levels of theRio-del-Rey estuary complex.

River Estuary Ocean
Parameter

Dry Wet Dry Wet Dry Wet
Temp (°C) 29.2 28.4 28 27 30 29
Salinity (psu) | O 0 17.8 11.3 19.2 153
S(nM) 32 30 26 25 24 23
NOs(nM) 1.9 18 3.2 31 04 0.3
PO, (nM) 2.0 1.6 0.9 0.8 0.5 0.4

The total average discharge (Vo) as 30x10° m® d™* and 130x10° m® d* for the dry and rainy seasons,
respectively. Thetotal evaporation (V) for the dry and rainy seasons was calculated for the mangrove
area of 1,350 km®. The monthly mean evaporation is 120 mm (Table 3.5). This gave Ve values of water
evaporated from the estuary area of 5x10° m® d* for the dry and rainy seasons. The total precipitation
values were obtained from rainfall data for Calabar, which has a monthly mean of 90 mm for the dry
and 330 mm for the rainy season (Table 3.5). These values gave volumes of 4x10° m® d* for the dry
season and 15 x 10°m® d™* for the rainy season. The groundwater inflows (V) and others (V,) such as
sewage are considered to be zero. The water exchange time (t) was 48 days and 33 days for the dry and
rainy seasons, respectively.

Balance of nonconservative materials

DIP balance
The Rio-del-Rey estuary has a population dominated by fishermen estimated at 150,000 discharging
directly into the system. Computed VoDIP, from the population based on McGlone et al. (2000) is



2x10° mol d*. DIP fluxes are summarized in Table 3.7. Nonconservative DIP, DDIP of the system
shows that the system is a net source of DIP for both seasons.

DIN balance

DIN fluxes are presented in Table 3.7. DIN flux from the population was considered. The system
seems a source for DIN in both seasons.

Table 3.7. Water, salt and nutrient budgetsfor the Rio-del-Rey estuary complex.

Parameter Dry Rainy Annual
| Ags (km2) 1,350 1,350 1,350
Vg« (10° n7) 20 20 20
Vo (10°m° dh) 30 130 97
Ve (10° m’d?) -5 -5 -5
Ve (10°m’dY) 4 15 11
Vg (10° m°d™) -29 -140 103
Vy(10° m*d™) 384 466 439
t (days) 48 33 38
VDI Po(10° mol d%) 2 2 2
VDI Py(10° mol d*) 60 208 159
VgDIPg(10° mol d¥) -20 -84 -63
V, (DIPye-DIPss) (10° mol d¥) | -154 -186 -175
DDIP(10° mol d%) +112 +60 77
DDIP(mmol m* d™) +0.08 +0.04 +0.05
VoDING(10° mol d¥) 11 11 11
VoDIN(10° mol d*) 57 239 178
VeDINg(10° mol d¥) -52 -238 -176
Vy (DI Noer—DINg ) (10° mol d¥) | -1,075 -1,304 -1,228
DDIN(10° mol d*) +1,059 [ +1,297 | +1218
DDIN(mmol m” d*%) +0.8 +1 +0.9
(PN piankton(MmMol M* d™) -8 -4 -5
(P-Nmangroves(Mmol m* d*) -80 -40 -50
(nfix-denit)yianion(mmol m* d?) | -0.5 +0.4 +0.1

Soichiometric calculation of aspects of net system metabolism

The net ecosystem metabolism for the estuarine area (NEM = [p-r]) is estimated as -8 mmol ni* d* in
the dry season and -4 mmol m” d* using plankton C:P ratio of 106:1 (Table 3.7). If the system is
dominated by mangrove, (p-r) is estimated as-80 mmol mi* d* in the dry season and -40 mmol m?” d*
using C:Pratio of 1000:1. It appearsthat the system is a net heterotrophic for both seasons.

The estimation of net nitrogen fixation minus denitrification (fix-denit) is made from the difference
between the observed and expected DIN, where the expected value is given by DDIP x N:P ratio of
decomposing organic matter. It is assumed that the N:P ratio is 16:1 (Redfield ratio for plankton).
(nfix-denit) is-0.5 mmol m? din the dry season and +0.4 mmol mi” d* in the rainy season. The system
seems to behave as net denitrifying in the dry season and nitrogen fixing in the rainy season.
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Congo River

Tropical rivers bring more than half of the total global runoff to the ocean (Milliman and Meade 1983).
The Congo River is the second largest river in the world, draining into the Atlantic Ocean from a vast
area (3.8 million knf) of monsoonal sub-Saharan Africa. This includes the Central African Basin that
borders on the Rift Zone to the east, and extends southward to Angola and Zambia and northwards into
the Cameroon and Central Africa Republic. Various lakes, reservoirs and swamplands occur along its
length before the river drops to the relatively narrow coastal plain incorporating the estuary. The
human pressures and changes are variable. The catchment has a population density of 15 people km?,
it contains 18 mgor cities, and only about 8% of its area is under cropland agriculture. Approximately
43% of the basin area is forested, while 46% of the origina forest cover has been deforested (World
Resources Ingtitute 1998). The climate in the region is extremely hot and humid, with a mean annua
temperature of about 27°C in the coasta lowlands, and an average annual rainfall of about 1,524 mm
north of the equator and 1,270 mm south of the equator. Frequent heavy rains occur from April to
November north of the equator, and from October to May south of the equator.

3.3 Congo (Zaire) River Estuary, Democratic Republic of the Congo

J.I. Marshall Crosdand, C.J. Crossland and D.P. Svaney

Sudy site description

Estuarine structure, details of oceanographic and other characteristics were described from two
oceanographic cruises (November 1976 and May 1978) in a specia volume of the Netherlands Journd
of Sea Research (Vol. 12 (3/4) 1978). Here, we have drawn details of nutrient data and process regimes
especially from Eisma and Bennekom (1978), and Bennekom et al. (1978) to derive a first-order
assessment of nutrient fluxes.
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Figure 3.3. Map and location of the Congo River estuary. Solid lines indicate boundaries of the
inner and outer estuarine zones, the budgeted areas.
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The Congo River estuary (6.05°S, 12.30°E) comprises two regions (Figure 3.3): the shallow inner
estuarine region is dissected into channels with associated islands and swamps, and mangrove forests
abut the outer estuary. A significant feature of the outer estuary is a deep central canyon that extends
through most of the zone dropping abruptly to 100m depth and continuing to deepen as it extends
offshore as a trench to the Angola Basin (3500m depth).

The canyon has a relatively unique and marked effect not only on the hydrographic characteristics of
the outer estuarine system but also on nutrient processes, and thus the metabolic performance of the
estuary as a whole. The shdlow inner estuary swamps yield “black water”, rich in organic matter,
which add organics to the relatively high inorganic nutrient load. Compared with other tropical rivers,
phosphorusis high (0.4-0.9 miv DIP, 0.7-1.0 nM suspended P) and measured DIN includes nitrate (5-8
niv), nitrite (0.1-0.2 nmM) and ammonium ions (0.5 nM). Due to physical supersaturation in river
rapids, dissolved oxygen is high, up to 140%.

The central outer estuary is deep (more than 300m in the trench; average depth, 270m) with few tidal
flats or shallow mud banks. Two townships, Madaand Kisanga (or Quissanga) potentially contribute
effluent and runoff to the outer estuary region, but their population centers have less than 20,000
inhabitants, so the nutrient load is negligible compared with that of the upstream flow. The estuary has
asmall tidal range (0.3-1.9 m neap-spring; semidiurnal) and a high current velocity and discharge rate
(annual average, 45, 000 nT ) in the river producing a stratified estuary with very short residence time
in the mixed surface layer (Eismaand Bennekom 1978). Congo River water is confined to the upper 5
10 m depth forming a lens above the “canyon” waters, that extends offshore. Both DIP (eg., 0.4 - 1.0
nM) and DIN can vary markedly over a few days, and oxygen concentration remains relatively high.
Primary production is low and is confined to surface (turbid) waters;, supersaturation with oxygen is
greater at 10 m (140%) than at the surface (130%).

Bottom waters of the Congo canyon exhibit some key features. 1sotherms dope upward: there is a net
up-canyon bottom current. Temperature data suggest that coastal upwelling is more important in May
than in November (when southerly winds dominate), and there is relatively high suspended materia of
organic origin near the head of the canyon. Indeed, Bennekom et al. (1978) showed in Stu processes
involving consumption of oxygen and production of DIN. This is good evidence of a mgjor zone of at
least partial remineralisation of river-derived particulate organic matter on the inner face of the canyon
(to 250m depth), from which derived inorganic nutrients may become mixed into the estuarine and
immediate subsurface waters. Such entrainment of subsurface waters, or river-induced upwelling, is
not unusual in plumes of large rivers, and in these cases the composition of the seawater end-member
may be quite variable, depending on the source of upweling. In May, the coastal upwelling yielded
greater DIP and DIN concentrations in surface waters along the coast. Thus, the hydrography of the
estuary has a vital influence on the advective quantities beyond those expected from simple mixing of
river and seawater

Nitrate is near zero in coastal waters, DIP and silicate concentrations are low, and a sharp nutricline
occurs a 30 m depth. The river plume isinitially narrow, dominated by the high velocity of river water
and entrainment of subsurface seawater. Offshore, the river plume broadens under wind influence.
Congo River water has been detected more than 700km from the estuary.

Recognising the hydrographic characteristics of the estuary, we have developed an annual budget using
adratified (outer estuary), multiple horizontal box model.

Table 3.8. Area, volume and depth estimatesfor the budget boxes of the Congo River estuary.

Parameter Outer estuary | Outer estuary Inner estuary
(surface) (degp-canyon)

Surface area (km”) | 146 46 95

Volume (nT) 1.2x10° 12x10° 0.47x0°

Average depth (m) | 8 260 5




Water and salt balance

Water and salt budgets (Figure 3.4) are caculated from average annual data. The estimated annual
river discharge of water was 1,450x10° m® yr* or 4x10° m® d'. Average annual precipitation and
potential evaporation values were measured at Matadi, Democratic Republic of the Congo,
approximately 100 km upstream (5° 47' S, 13° 26’ E) as precipitation = 1,011 mm yr™* and evaporation
= 1,703 mmyr*. Hamon's equation used with monthly temperature measured a Matadi, provides an
estimate of evaporation ~ 1,350 mm yr ™. These values are generally consistent with regiona values as
they appear on globa maps (e.g. see http://data.ecology.su.se/mnode/Methods/precevap.htm). The
estimated net atmospheric flux, precipitation-evaporation, of -240 to -600 mm yr™ over the area of the
estuary isinggnificant in relaion to river inflow.

Budgets of nonconservative materials

Budgets for DIP (Figure 3.5) and DIN (Figure 3.6) show that the Congo River is a major source of both
P and N to the estuary (average daily fluxes of 3.6 million moles and 28 million moles, respectively).
Somewhat surprisingly, the inflow from the ocean to the deeper waters of the canyon associated with
the estuarine circulation also makes a significant contribution to the budgets, partly because the nutrient
concentrations of seawater at depth are high relative to the concentrations in the river. An upper
estimate of the direct local contributions from sewage, assuming a contributing population of 40,000
inhabitants in the coastal zone of the estuary and annual per capitaloads of ~5 kg N and 1.5 kg P, yields
an insignificant contribution of ~40,000 moles N d* and ~5,000 moles P d*. Summing over both layers
of the outer estuary, there is a net nutrient outflow to the ocean from the estuary. The net consumption
of DIP and production of DIN in the degp canyon implies microbia action during organic
remineralisation of organic material, described earlier by Bennekom et al. (1978). The surface waters
of the outer estuary are asink for both DIP and DIN, and the inner estuary is also alesser sink for DIN.
The total estuary system isasink for DIP and DIN (i.e. the amount of nutrients injected into the ocean
from the surface layer of the estuary is less than the sum of fluxes into the system from the Congo River
and circulation from the ocean).

Stoichiometric calculations of aspects of net system metabolism
Stoichiometric calculations can be based on the molar ratio of material likely to be transported into the

system and reacting therein (Gordon et al. 1996). We assume that this materia is plankton, with C:N:P
ratio of 106:16:1.

Table 3.9. Net metabolism estimatesfor the Congo River estuary system

N or C per budget box | Nor C per unit area
(10° mol d*¥) (mmol m? d*?)

Net (nfix-denit) -
nitrogen
Inner -3 -32
Outer -28 -192
Deep +34 +739
Total system +3 +12
Net (p-r) -carbon
Inner 0 0
Outer +21 +144
Deep +138 +3,000
Total system +159 +660




Nitrogen fixation minus denitrification (nfix-denit) provides an estimate of net nitrogen flux for the
system and can be estimated as the difference between observed and expected DDIN, where DDINgy, is
16 x DDIP (Table 3.9). The total estuarine system is calculated as dightly net nitrogen fixing, with net
denitrification exhibited in the surface (river) waters and shalows. Estimates for the deep canyon
element exhibit strong net nitrogen fixation, probably reflecting microbia activity associated with the
remineralisation zone near the head of the submarine canyon.

Net ecosystem metabolism (NEM = [p-r]) or net production minus respiration) is derived from (p-r) =
106 x DDIP (Table 3.9). The tota system yields a picture of net autotrophy, with moderate net
production rates in the surface waters of the outer estuary and apparent extreme values demonstrated for
the deep canyon waters, where strong microbial activity is inferred. However, some caution is placed
on this interpretation. In a large, sediment-dominated system such as this, the P budget may be
compromised by sediment reactions, such that the relatively high (p-r) estimates reflect a sediment
effect from P adsorption. Such processes could also contribute to the relatively high net nitrogen
fixation values.
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4. ESTUARIES OF SOUTH AFRICA

The South African coastal area contains a wide variety of ecosystems, including 465 estuaries dong its
3000 km coastline. South African estuaries have amost al originated in formerly incised bedrock
valleys cut during periods of lowered sea levels during the Pliocene and Pleistocene epochs. Of most
importance to their present configuration and morphology is the change in sea level during the
Holocene, when the sea level rose by approximately 130 m about 13,000 years ago. Present sea levels
along the coast were reached between 5000 and 6000 years ago (Cooper et al. 1999).

A wide variety of estuarine types can be found in South Africa, reflecting substantialy different
physical environments. The eastern seaboard has the steeply tilted coastal plains subject to heavy
summer rainfall, whereas the arid west coast is less tilted, and estuaries become functional only during
events of exceptiona precipitation. Although numerous, South African estuaries are generally small
and cover only some 600 km® of coastline. Compared with the USA where estuaries cover an area of
107,722 knm? along a 10,000 km coastline, South African estuaries are indeed rather small (Allanson et
al. 1999).

Figure 4.1. Climatological/biogeographical regions and ocean currents along the South African
coast.

The morphology of South African estuaries is largely determined by climate, hinterland topography,
wave energy, sediment supply and coastal lithology (Cooper et al. 1999). A wide range of estuarine
types can be found in South Africa, reflecting the substantialy different physical environments. The
characteristics of these estuaries are dependent on where they are, and thus on the climate of the region.
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Climatic regions and rainfal in catchments determine to a large degree the size, shape, and nature of the
estuaries. Rainfall over South Africa is particularly erratic and unevenly distributed over the country
with the 40 cm isohyet dividing the country into wetter, humid, subtropical eastern region, and a dry,
semi-desert western region with amost complete aridity in places. The average annual rainfall of about
500 mm for the country as a whole is well below the globa average of 800 mm. Periods of severe and
prolonged drought occur from time to time, which are often terminated by severe floods. Rainfdl is
aso highly seasona. More than 80% of the rainfal occurs during summer (October—March) in the
northern regions, while the stuation is reversed in the south (Western Cape, Figure 4.1). The
topography strongly influences rainfal, and the mountain ranges along the east coast of the country
enhance precipitation, with marked spatial differencesin rainfall (Schumann et al. 1999).

Freshwater flow into South African estuaries is generaly low and limited. In many estuaries inflow
rates average less than 1 n? sec™. The inflow of fresh water into estuaries is further compounded by
dams built in catchment areas to supply water for agricultural, industrial and domestic use. The
recently promulgated Water Act of 1998, however, provided for the ecological freshwater requirements
of estuaries.

Based on average seawater temperatures, the coast can be subdivided into three broad climatological
regions (de Villiers and Hodgson 1999) as illustrated in Figure 4.1. These three climatological/
biogeographic regions are (1) the subtropica region from the northern border of KwaZulu-Nata to the
Mbashe River and (2) the warm temperate region from the Mbashe River to Cape Point in the south.
Both these regions are under the influence of the warm Agulhas Current. The third cool temperate
region occurs along the west coast and is under the influence of the Benguela current, an area of intense
upwelling. The boundaries between these regions are not well defined and may vary within a distance
of 50-100 km. Because of the climate, rainfal patterns and coasta morphology, not al estuaries are
permanently open to the sea. The physical classification of estuaries is therefore not straightforward.
However, Whitfield (1992) and Wooldridge (1994) have classified South African estuaries according to
the state of the estuary mouths and identified five types useful in ecological and management studies:

permanently open estuaries

temporarily open/closed estuaries

river mouths

estuarine lakes

estuarine lagoons

These five types occur with various frequencies in any of the three biogeographic regions. Less than
20% of the 465 estuaries is permanently open to the sea. The rest are open or closed for various periods
of time, while some are artificially breached when water levels increase to unacceptable heights. There
are only two systems which can be classified as “river mouths’, namely the Thukela River in the north-
eastern, subtropical climate region and the Orange River (which forms the border between South
African and Namibia) on the west coast in the cool temperate region. In both rivers the estuarine phase
isvery brief and they are for most of the year fresh to the sea.

Since much of southern Africa is semi-arid and prone to extremes of drought and floods, and with a
growing population, South Africais faced with the task of providing water to al users. The abstraction
of water from rivers for human needs resulted in gross interference with the hydraulic structure of
estuaries, and in some instances lead to the destruction of the ecosystem. As well as the influence of
activities in the catchments of estuaries, there is aso direct pressures on them. Because of the rugged
coastline, the limited number of truly sheltered embayments, the high energy wave regime and strong
winds throughout the year, development pressure has focused on estuaries. Most of South Africa's
major industries are located in the interior, so that this pressure is mainly in the form of residential and
recreational developments (Morant and Quinn 1999). They have not, in generd, attracted large
settlements of people with the exception of important estuarine settlements including urban and
industrial developments at Richards Bay (near Lake St. Lucia) and Durban in KwaZulu-Natal, the
Buffalo and Swartkops riversin the Eastern Cape Province, Knysna and Saldanha in the Western Cape
(Allanson et al. 1999). The condition of South African estuaries varies from “excellent” (i.e. in a nearly



pristine condition) to “poor” (i.e. where major ecological degradation occurs due to a combination of
anthropogenic influences). About 30% of estuaries are considered to be in an “excellent” condition,
31% in a “good” condition, 24% are considered to be “fair” and 15% “poor”. Management of South
African estuaries has in the past mainly been undertaken on a piecemeal basis, dependent on and driven
by sectora interests such as fishermen, property developers and owners, and local interest groups.
More recently the management and research of estuaries have been incorporated into legidation and
policy, such as the Marine Living Resources Act (No. 18 of 1998), the National Water Act (No. 36 of
1998), and the White Paper for Sustainable Coastal Development in South Africa. An authoritative and
comprehensive review of the status of estuarine research and management in South Africais given by
Allanson and Baird (1999).

Dan Baird

41 Knysna Lagoon, Western Cape

Todd Switzer and Howard Waldron

Study area description

Knysna Lagoon is located in Western Cape province on the southern coast of South Africa (34.1°S,
23.0°E; Figures 4.2 and 4.3). It lies to the east of Cape Agulhas and therefore, geographicdly, falls
within the domain of the south-west Indian Ocean. The dominant freshwater source of the estuary is
the Knysna River; saltwater exchange occurs a Knysna Heads, the abrupt and perennialy open
interface between estuary and sea (Figure 4.2). The tide in the estuary is semi-diurna with a range of
approximately 0.5 m-2.0 m. The tidal influence extends 19 km inland from Knysna Heads (Largier et
al. in press) and is prevented from further incursion by aweir. The area of water formed by tidal flow
a high water spring tide is approximately 20 km® (Allanson et al. in press). The climate at Knysna is
transitiona between the summer rainfall dominated region of eastern South Africa and winter rainfall
area of the western Cape. The average air temperature is 20.8°C (maximum monthly average 24.6°C in
February, minimum monthly average 16.6°C in July). The average annua precipitation is 1,000 mm
with highest monthly averages (100 mm to 130 mm) occurring between October and March in the
austral summer. Average (1961-1990) monthly austral winter precipitation varies between 30 mm and
70 mm during April to September (Table 4.1, from Waldron 1999).

Knysna Lagoon is immediately adjacent to the medium-sized town of Knysna, which has a permanent
population of 39,800 (1998 statistics). It is subjected to the usual suite of pressures exerted by an urban
and industrialised population, and the region is also a hugely popular tourist destination. The catchment
area of the estuary has extensive forestry and agricultural activities. All these activities are likely to
increase in the future, placing the estuarine environment under increasing anthropogenic pressure.

A LOICZ budgeting exercise was completed for the Knysna estuary (Figure 4.2). Available data
constrained the preliminary budget to one season (winter). The system was divided into a two-box
model on the basis of sdinity gradients down the navigable channel from the Knysna River’s source to
the ocean at Knysna Heads. The estuary (Box 1) extended from the head of the estuarine system at the
river input to a position dightly seaward of the N2 road bridge, which crosses the estuary at its upper
end. From salinity sections a haine front of 1.7 psu was evident at this position at low water. The bay
(Box 2) extended from this position to the mouth of the system (Knysna Heads) where there was
another haline front of approximately 1.2 psu between bay and oceanic waters. Ambient salinity of
oceanic water was 35.2 psu. This is the dry season and further data collection in the next six months
will permit the addition of the summer season when higher rainfal is the anticipated norm. River flow
rates for the Knysna River have been taken from Largier (in press), with direct measurements of river
flow from the Sdt River (Box 2) included.
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Figure4.2. Location and map of Knysna L agoon.

Figure4.3. Detailed map of Knysna L agoon. Figure4.4. Aerial view of Knysna Heads.

Water and salt balance

Based on data relating to riverine input, precipitation, evaporation and salinity, there was aresidual flux
of water (V) of -37x10° m® d* between estuary and the bay and -43x10° m’d" between bay and the
ocean. The negative vaue of these numbers denotes residual flow of water from the estuary to the bay,
and from the bay to ocean waters.

The salt flux carried by this residual flow (VeSg) was -1,227x10° psu-m’ d* between estuary and bay
and -1,487x10° psu-nv* d™* between bay and ocean.

Following the underlying physical principles of the LOICZ budgeting method salt must be conserved.
The residua sat flux, denoting a loss of salt from the estuary is brought back to balance in the system



through the mixing flux of salt across intra- and inter- system boundaries. This can be seen in the
figures given in the moddl for Vy(Soen-Sys) between estuary and bay and between the bay and the ocean.
Minimal salt fluxes from the rivers (V.S + VoaSqs) were considered in Box 2 (Figure 4.5). The
mixing fluxes (Vi) between estuary and bay and between bay and ocean were 722x10° m® d™ and
1,193x10° m’d*, respectively.

The water exchange times for water in the estuary and bay for the winter were approximately 32 days
and 49 days, respectively. It should be noted that this reflects background conditions for the dry season
when river flow and rainfall were minimal.

Table 4.1. Meteorological data for Knysna Estuary, from George Airport (averages, from
Waldron 1999).

Air Temperature (°C) Precipitation (mm) JAir Pressure (hPa)
January 24.4 134 091.7
February 24.6 113 991.5
[March 23.9 120 092.8
April 21.7 73 993.5
May 19.1 59 094.7
June 16.8 28 997.3
July 16.6 39 997.9
August 17.7 62 997.8
September  [19.3 73 996.1
October 20.4 98 995.7
November [21.8 108 994.0
December 234 102 991.9
Annual 20.8 (mean) 1009 (totd) 994.6 (mean)

Budgets of nonconservative materials

The criteria established in the water and salt budgets aso apply to exchanges of dissolved N and P with
the caveat that deviations result from net non-conservative reactions of N and P in the system.
Concentrations of NOz;, NG,, NH, (DIN) and PO, (DIP) were available from samples taken at stations
spaced at intervals of approximately 800 meters along the navigable channel of the bay and estuary.
These 14 dtations were sampled quasi-synoptically.

In order to obtain a single representative value for the bay and estuary in this model, the full suite of
nutrient concentrations from each station sampled at low water was averaged. This gave a single mean
value for DIN and DIP in the estuary and bay, respectively.

The nutrient concentrations were aso determined for river inputs, point sources (including sewage) and
the adjacent ocean. The average nutrient concentrations of point source water (n=10), weighted for
their respective flow volumes, were calculated and this vaue used in the model as representative of al
point source input. Point source water only impacted on the bay area during the dry season.

DIP balance
The residua fluxes of DIP (VgrDIPg) between the estuary and bay, and bay and the ocean were -35 mol
d* and -28 mol d* respectively, representing aloss of DIP across each boundary.

DDIP values of -90 mol d* and +891 mol d* were obtained for the estuary and bay (see Figure 4.6).
This indicates that the estuary is experiencing a net loss of DIP while the bay realises a net gain at the
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annua time scale. Given the system's total surface area of 48 ki’ this trandates to a system average
uptake of 0.02 mmol m*d™. These values are unredisticaly low due to the fact that one dry season is
being extrapolated to a full year.

DIN balance
The residual DIN fluxes (VrDINg) between estuary and bay and bay and the ocean were -133 mol d*
and -97 mol d*, respectively.

DDIN values of -141 mol d* and +3,542 mol d™ were obtained for the estuary and bay, respectively (see
Figure 4.7). Thisindicates that the estuary is experiencing a net loss of DIN and the bay redlises a net
gain of DIN at the annual time scale. Given the entire system’s surface area of 48 km?” this trandates to
asystem average DIN gain of 0.07mmol m?d™.

Soichiometric estimates of aspects of net system metabolism

Assuming that al the non-conservative behaviour is of biologica origin, and for the purpose of this
LOICZ budgeting exercise, the Redfield ratio applies to the system. The observed DDIP vaues in the
Knysna system can be used to estimate the net production of organic matter. However, values of 8:1 or
10:1 for N:P may apply to the Knysna system upon further study (Allanson et al. in press). Using the
Redfield ratio, the nonconservative flux can be calculated using the formula:

(nfix - denit) = DDINgps - DDINeyy

The expected DDIN (DDINey,) can be determined using the Redfield ratio of 16:1 for N:P, and the
observed value for DDIP (ODIPys). This alows DDINe, to be expressed as 16(DDIPs), yielding
vaues of +0.1 mmol N mi? d* for the estuary and -0.3 mmol N mi” d* for the bay. This indicates that
the estuary is fixing nitrogen while the bay is denitrifying during the winter season. Thus, on balance,
the system is a denitrifying environment ([nfix-denit]s,¢ = -0.2 mmol N m* d*). We would expect that
the characteristics of nonconservative flux will change with the pending summer (wet) season data.

In order to express the net ecosystem metabolism (NEM) in terms of carbon, we make the assumption
that NEM is the result of organic matter production - respiration (p-r) and that the Redfidd Ratio
between carbon and DIP is 106:1.

NEM = (p-r) = -106(DDIP)

Vaues of +1mmol C m” d* for the estuary and -3mmol C m* d” for the bay were obtained. The
estuary is a net producer of organic matter in the winter, while the bay is a net consumer of organic
matter during this period. The system is a net heterotrophic, (p-r) is-2 mmol C m*d*. Given that the
anthropogenic inputs of organic matter into the bay, and the inputs from the bay-ocean interface are
much higher relative to those same inputs into the estuary these values are seasonally appropriate.
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4.2 KrommeRiver Estuary, St Francis Bay, Eastern Cape

Dan Baird

Study area description

The Kromme River estuary is a permanently open system, discharging through a constricted inlet into
St Francis Bay, on the south-east coast of South Africa (34.15°S, 24.85°E; see Figure 4.8).

The 95 km long Kromme River originates in a coastal mountain range (the Tsitskamma Mountains)
and drains a catchment of about 936 km? (Reddering and Esterhuysen 1983), which is partly vegetated
by fynbos vegetation and natural forest. Limited areas in the catchment are utilized for stock raising
and grain cultivation. No industria activities occur in the catchment or in the estuarine floodplain
(Baird, Marais and Bate 1992), so that this estuary is considered to be one of the few relatively pristine
systems in the country. Rainfall occurs throughout the year, with lowest precipitation during summer
(December to February) (Bickerton and Pierce 1988) and pesks during the austral spring and autumn.
Annua rainfal varies between 700 mm and 1,200 mm with a mean annua runoff (MAR) of about
106x10° m’ (Reddering and Esterhuysen 1983). The high MAR is a consequence of the
geomorphologica characteristics of the catchment, i.e. high relief, rocky slopes and sparsely vegetated
areas. Alterationsto the river flow in the Kromme River as a result of two dams have severely reduced
freshwater input into the estuary. The dams have the combined capacity of storing ca 133% of the
MAR of the Kromme River catchment. The runoff into the estuary prior to the construction of the
second dam in 1982 was about 117x10° m® yr'* was subsequently drastically reduced to 1x10° m® yr™.
Freshwater inflow into the Kromme estuary is low and irregular with a mean annua flow rate of about
11x10° m® d*. The flow rate during the rainy months increases to about 13x10° m® d* and decreases to
about 6x10° m® d'* during the dry months. The system is effectively freshwater-starved, with relatively
low concentrations of DIN and DIP reaching the estuary from the catchment (Scharler et al. 1998),
despite the fact that, in addition to the natural freshwater runoff, about 2x10° m’ yr* are released from
the upstream impoundments to compensate for evaporation in the estuary (Jezewski and Roberts 1986)
(EMATEK (CSIR) 1994).
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Figure4.8. Map and location of the KrommeRiver estuary.

The estuary is about 14 km long, with a surface area of about 3 km? (Bickerton and Pierce 1988). The
estuary is shalow (average depth at low water spring 3 m), with tidal amplitude of 2 m at the mouth.
The tidal prism during spring tides is on average 2x10° m* and during neap tides about 1x1¢° m® in
volume. The average flushing time at spring tide is about 27 h. The water temperature fluctuates



between 12°C in winter and 27°C in summer (Baird and PereyrarLago 1992). The sdinity has rarely
dropped below 30 psu since the completion of the damsin 1984. Salinity in the Kromme estuary ranges
from 32.8 psu in the lower reaches to 31.1 psu in the upper reaches. Salinity stratification may occur in
the upper and middle reaches of the estuary during low to moderate freshwater inflow (Scharler et al.
1998). The data on the sdlinity structures of the estuary, and on the concentrations of dissolved
inorganic nutrients in both the freshwater reaches and the estuary considered in this study, were
obtained from various theses and published information. Most of this information was collected during
the years 1996-1999 (cf. Baird and Pereyra-Lago 1992, Scharler et al. 1998, Allanson and Baird 1999,
Scharler 2000, Scharler and Baird 2000). The physical characteristics of the Kromme estuary are given
in Table 4.2.

Table 4.2. Physical characteristics of the Kromme River estuary.

Characteristic Value
Catchment (km®) 936
Length of estuary (km) 14
Surface area (km”) 3
Average depth (m) 3
Average system volume (10° m°) 9

Water and salt balance

Two water and salt budgets are provided for this estuary: one each for the dry and wet seasons. Rainfall
patterns are rather variable, but, in general, most of the precipitation occurs along the Eastern Cape
coastal region during the months March to June, and again from August to November. Data used are
givenin Table 4.3.

The system is fairly pristine with no wastewater or industrial discharges into the river and estuary. The
evaporation rate exceeds precipitation during the austral summer months, when hypersaline conditions
may occur from time to time in the upper reaches of the estuary. Precipitation barely exceeds
evaporation on an annual scale.

The results of the water and salt balance are illustrated in Figure 4.9. The residual water (Vz) and sat
fluxes (VrSr), as well as the exchange flows of salt water (Vx) and sainity [Vx(Seen-Sys)] are highest
during the wet season. The water exchangetime [t] of water in the system ranges from 66 days during
the wet season to 130 days in the dry season. The long water exchange time during the dry periods is
probably due to the low rate of fresh water inflows and low precipitation. The magjor input and output
terms show that the residual flows are from the system.

Table4.3. Variations of physical properties, water budgets and water exchange timesin the
KrommeRiver estuary and adjacent St. Francis Bay.

Season Fresh\évater input  |Residual |River  |[Ocean |Lagoon |EXchange |
(10°md™) flow salinity |salinity |salinity |volume 10
(A0mid?) |(psy)  |(psy)  |(ps) ~ | 10T |(CY)

VQ Vp VE
Dry 6 5 6 5 0.6 353  |[327 64 130
Wet 13 |9 6 16 0.6 353  |310 121 66
Annual 11 |8 6 12 0.6 353 |316 102 87
Mean




Budgets of nonconservative materials

DIP balance

Water flux data from Table 4.3 and Figure 4.9 were used to construct the DIP budget under well-mixed
conditions. The mean annual nonconservative flux (DDIP) of +56 mol d™, exceeds the river input of 7
mol d™, which suggests that the estuary behaves as a source for DIP (see Table 4.4) and Figure 4.10.

DIN balance
Budgeting results show that the estuary is aso a net source of DIN on an annually averaged basis (see
Table 4.4 and Figure 4.11).

Table4.4. Nonconservative fluxes of C, Nand P in the Kromme River estuary.

Time DDIP DDIN (p-r) (nfix-denit) (p-r) (nfix-denit)
(mol d*) | (mol d®) | (mold¥) | (mold?) |(mmol m?*d?)|(mmod m?d™)

Dry +35 +817 -3,710 +257 -1 +0.1

Wet +67 +1,552 -7,102 +480 -2 +0.2

Annual mean [+56 +1,307 -5,971 +406 -2 +0.2

Soichiometric calculations of aspects of net system metabolism

The net ecosystem metabolism (p-r), estimated from Redfield stoichiometric ratios and DDIP is -2
mmol m” d*. These negative values indicate that the estuary is net heterotrophic. Nitrogen fixation
minus denitrification (fix-denit), calculated as the difference between the observed and expected
DDIN, amounts to +0.1 mmole mi* d*. These results show that the estuary is, on annual average, a net
nitrogen fixing system.

a) Dry season
Vp=5 VE =6
l T Socn = 35.3 psu
zQS: e‘i . SR=34.0 psu
Q= Kromme,_ —» VrR=5
Vsyst = 9 X 1% rT12
Asyst=3x10 m
Ssyst = 32.7 psu -<—» VX(Socn-Ssyst) =
t = 130 days (VRSR - VGSQ) = 166
VX =64
b) Wet season
Vp=9 VE=6
l T Socn = 35.3 psu
zQ; 1_38 - SR =33.15 psu
Q= Kromme ——» VrR=16
Vsyst = 9 x l% m
Asyst=3x10 m
Ssyst=31.0 psu < > VX(Socn-Ssyst) =
t =66 days (-VRSR - VGSQ) = 522
Vx =121

Figure4.9. Water and salt budgetsfor Kromme River estuary in the dry (a) and wet (b) seasons.

Water flux in 10° m® d* and sdlt flux in 10° psu-n7* d™.
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a) Dry season

VPDIPP =0 DIPocn = 0.02 M
DIPR = 0.31 M
\?"TDQIP: O_.64nM I
QP = Kromme ——» VRDIPR = 2
D|Psyst =0.6 "M
D DIPsyst = +35
3 Vx(DIPocn-DIPsyst)
=37
b) Wet season
VeDIPP =0 DIPoen = 0.02 Ml
DIPR = 0.31 nM
i
pre= Kromme VRDIPR = 5
D|Psyst = 0.6 nM

D DIPsyst = +67

3 /X (DIPocn-DIPsyst)
=70

Figure 4.10. DIP budget for Kromme River estuary in thedry (a) and wet (b) seasons.

Flux in mol d*.

a) Dry season

DINQ =26 nM

VqQDINg =156

VpPDINP =0 DINocn = 0.4 M
DINR = 7.7 mM
Kromme F——% VRrRDINR = 39
Dleyst =15nmM

D DINsyst = +817

; VX(D|N0cn-D|Nsyst)
=934

b) Wet season

DINg = 26 nM

—
VQDINg = 338

VPDINP =0

DINocn = 0.4 mMv
DINR = 7.7 MM

Kromme
DINsyst = 15 niM
D DINsyst = +1,552

——» VRDINR = 123

> Vx(DINocn-DINsyst)
=1,767

Figure4.11. DIN budget for Kromme River estuary in thedry (a) and wet (b) seasons.

Flux in mol d*.

47




4.3 Gamtoos River Estuary, St. Francis Bay, Eastern Cape
Dan Baird

Study area description

The Gamtoos River estuary (33.97°S, 25.07°E) discharges through a permanently open mouth into St.
Francis Bay (Indian Ocean) in Eastern Cape province on the south-east coast of South Africa. The
catchment area of the Gamtoos River system is about 34,400 km® (Heydorn and Tinley 1980) and
features a bimodal rainfall pattern typical of the southeast coastal region of the country (Heydorn and
Tinley 1981) with a mean annual runoff of 485x10° m® (Noble and Hemens 1978). The mean annual
rainfal is about 400 mm, and the mean annual evaporation 1,400 mm. Freshwater inflow into the
Gamtoos River estuary range between 35x10° m® d* during base flow conditions (dry season) to
138x10° m® d* during the rainy season. The average annua discharge rate is about 86x10° m® d*
(Scharler and Baird 2000).

Major agricultural activities (mainly vegetable crops, and to a lesser extent stock farming) occur all
along the river as well as on the estuarine flood plain. Naturd fringing vegetation is absent in most
parts along the estuary and agricultural fields reach up to the steep banks of the estuary. Crop-growing
involves the extensive application of fertilizers and sprinkle irrigation throughout the year. A large part
of the cultivated lands is drained by a complex drainage system which discharges at a point about 19 m
from the mouth. The drainage system drains an area of about 0.5 km® to a depth of 1m during non-
flood conditions (Pearce and Schumann 1997). The volume of the water entering the estuary via the
pipe ranges between 0.8 and 5 litres sec™, with an average point-source discharge of about 3 litres sec™,
or about 0.3 n? d*. The estuarine waters are further enriched through groundwater seepage from the
cultivated fields at a rate of about 0.3x10° m® d™* (Pearce and Schumann 1997, Scharler et al. 2001).
Apart from the agricultura activities, no industry or human settlements occurs along the river and
estuary (Heydorn and Grindley 1981).

South Africa

St. Francis
Gamtoos Bay

estuary

Figure4.12. Map and location of the GamtoosRiver estuary.



The mean salinity (integrated over depth) gradient within the estuary ranges from 30.6 psu at the mouth
t0 0.6 psu at the head of the estuary (19.5 km from the mouth). The mean annua axia salinity of the
system is 16.7, 18,5 in the dry season, and 14.6 in the wet season. The water temperature varies
between 12°C in winter to 27°C in summer. Sdlinity and temperature stratification occur from time to
time in the middle reaches of the estuary (Scharler et al. 2001). The physical characteristics of the
Gamtoos River estuary are summarized in Table 4.5.

Table4.5. Physical characteristics of the GamtoosRiver estuary.

Characteristic Value

Catchment (km°) 34,400
Length of estuary (km) 20
Surface area (km") 2
Average depth (m) 2
Average system volume (10° m°) 4

Water and salt balance

Water and salt budgets are provided for the wet and dry seasons, respectively (Figure 4.13). The
residual water [Vg] and salt fluxes [VrSy] are negative (i.e., oceanward flow), so salt is imported to
maintain the salinity of the system. The water exchange time in the estuary is 49 days in the dry season
and 14 days in the wet season.

Budgets of non-conservative materials

DIP balance
Results show (Table 4.7 and Figure 4.14) a nonconservative DIP flux of -32 mol d* or -0.02 mmol ni?
d™. It would appear that the system acts as asink of DIP.

Table 4.6. Variations of physical properties, water budgets and water exchange times in the
Gamtoos River estuary and adjacent St. Francis Bay.

Fresh\éva'ger input Residual |[River |Ocean [Lagoon |Exchange
Season |(10°m°d™) flow  |salinity |salinity |salinity \volume td ]

Vo Vo [ve Ve [|QOnPdY)|es) ~ [(ps) |(p) | (10°md)|(0YS)
Dry 35 0.3 2 |5 |32 0.6 353 |185 |50 49

- 0.6

wet 138 |03 3 5 [136 353 (146  |160 14
Annual {104 (0.3 3 -5 [101 06 353 |159 |123 26
mean
DIN Balance

From the results, the Gamtoos River estuary is anet source of DIN (See Table 4.7 and Figure 4.15).

Soichiometric calculations of aspects of net system metabolism

Table 4.7 presents the net system metabolism of the Gamtoos River estuary. It appears that the system
is net autotrophic; (p-r) = +2 mmol C m? d* and net nitrogen fixing; (nfix-denit) = +1 mmol N mi® d™.
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Table4.7. Nonconservative fluxes of C, N and P in the Gamtoos River estuary.

Figure 4.13. Water and salt budgets for Gamtoos River
seasons. Water flux in 10° m* d* and sdlt flux in 10° psu-m® d™.

Time |ppIp DDIN (p-1) (nfix-denit)
(mol d*) [(mmol ni*d™) [(mol d%) | (mmol mi*d™) | (mmol m*d™")|(mmol m*d™)
Dry -20 -0.01 +627 +0.3 +1 +0.5
Wet -38 -0.02 +1,318 |+0.7 +2 +1
Annual |-32 -0.02 +1,088 [+0.5 +2 +1
a) Dry season
Vp=2 VE=5
l T Socn = 35.3 psu
Vq =35 > SrR=26.9 psu
Vq@Sq =21 -
Gamtoos . ——Pp VR =32
6
Ve =0.2 Vsyst =4x10°m
VeSe=2 — P Asyst = 2 x 10° m’
Vo 03 Ssyst = 18.5 psu 3 V/x(Soon-Seyst) =
VOS_ - A > t = 49 days -VRSR - VoSo-
0s0= Ve Sc-VoSo
=835
VX = 50
b) Wet season
Vp=3 VE=5
l T Socn = 35.3 psu
Vo=138 SR=24.95 psu
VeSe=83 Gamtoos_ —» Vr=136
Ve=0.2 Vsyst =4 x 10 m
VeSe= 2 » Asyst=2x 10 m
Ssyst = 14.6 psu <E—3 Vx(Socn-Ssyst) =
Vo= 0_'3 —» t = 14 days VRSR-VcSo-
VoSo=3 VcSa-VoSo
= 3,305
Vx =160

estuary in the dry (a) and wet (b)




a) Dry season
VPDIPP =0 DIPocnh = 0.02 "M
DIPr =0.21 "M
DIPg = 0.8 ™M
VQDIPq = 28 >
Gamtoos | B VRDIPR =7
= DIPsyst = 0.4"M
DIPg = 85.7 MM y:
VGDIPG = 17 > DDIPsyst = -20 Vx(DIPocrrDIPsys)
X ocrr syst,
DIPo = 3.4mM M. oot
VoDIPo =1 —>
b) Wet season
VeDIPP =0 DIPocn = 0.02 MM
DIPr =0.21 M
veoroz 110>
e Gamtoos 9 VrDIPR =29
DIP; = 85.7 nM | DIPsyst = 0.4nM
s PDIPo =30 VX(DIPocrrDIPsyst)
é ocn syst,
DIPo =3.4mMM | i
VoDIPo =1

Figure4.14. DIP budget for the Gamtoos River estuary in thedry (a) and wet (b) seasons.
Flux in mol d™.

a) Dry season
DlNocn =0.4MM
VeDINP =0
DINR=27.2 MM
DINo =78 MM VRDINR = 870
VQDINGQ = 2,730 Gamtoos -
DING = 609 MM I DINsyst = 54 ™
VGDING = 122 DDINsyst = +627
DINo = 236 M >
VoDINo = 71 > Vx(DIN ocn-DINsyst)
= 2,680
b) Wet season
DINocn = 0.4 ™™
VeDINe =0 DINR = 27.2 "M
DINg = 78 MM VRDINR = 3,699
VaoDINo = 10,764 > Gamtoos
DING =609 "M D|Nsyst=54nM
VGDING = 122 > DDINsyst = +1,318
DINo = 236 nM —
—>
VoDINo = 71 Vx(DINogn-DINsys)
=8,576

Figure4.15 DIN budget for the Gamtoos River estuary in thedry (a) and wet (b) seasons.
Flux in mol d™.
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4.4 Swartkops River Estuary, Algoa Bay, Eastern Cape

Dan Baird

Study area description

The Swartkops River estuary (32.87°S, 25.63°E; Figure 4.16) is located in Eastern Cape province on
the south-east coast of South Africaand opensinto Algoa Bay, in the Indian Ocean, about 15 km from
the harbour of the city of Port Elizabeth (Baird et al. 1986). The Swartkops River and its main tributary
(the Elands River) originate in the Great Winterhoek Mountains and meander for about 155 km to the
estuary. Thetotal catchment of both rivers is about 1,400 knm?. The mean annual rainfal (MAR) is
about 636 mm (range 500 mm-—1,000 mm), or about 84x10° m®; about 17% of the MAR is retained by
impoundments in the catchment (Reddering and Esterhuysen 1981). Freshwater inflow into the estuary
at spring tides was measured at 130x10° m® d* (Scharler et al. 1998).

There are numerous industrial and agricultural activities in the catchment and on the estuarine
floodplain. These include sand and clay mining, sewage trestment works, saltworks, a tannery, a large
industrial area discharging effluents in the river about 5 km upstream from the tidal reach, a large
stormwater cana entering the estuary and draining a large urban settlement, etc. (Baird et al. 1986).
There are aso informal and forma settlements aong the banks of the estuary, which contribute to the
wastewater inputs into the system. The total human population in the Swartkops River catchment and
floodplain is estimated to be approximately 1 million (Horenz 1987).

u {7

South Africa
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estuary

Figure4.16. Map and location of the Swartkops River estuary.

The estuary is about 15 km long and has a total surface area of 4 km®. The tidal prism during spring
tides is on average 3x10° m® and the average flushing time during spring tides about 22 h. The estuary
is shalow, turbid and well-mixed during periods of low river flow (Winter and Baird 1991). During
floods, the estuary may exhibit highly stratified waters (Scharler et al. 1998). It attracts thousands of
migrating Paearctic birds (Martin and Baird 1987) and is a popular recreationa area for boating,
angling and swimming (Lord and Thompson 1987). The estuary exhibits a salinity gradient along its
longitudina axis throughout the year, but this gradient may be reversed at times due to its high
evaporative water requirement (Jezewski and Roberts 1986). The sdinity ranges from 35 psu at the
mouth to 10 psu at the head, while the temperature fluctuates between 28°C in summer to 13.5°C in
winter (Baird and Ulanowicz 1993).
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The Swartkops River estuary represents an impacted system, mainly through industria effluent inputs,
and to alesser degree from stormwater pollution. Nutrient inputs are substantial, but there are no signs
of eutrophication (Lord and Thompson 1987). Despite these inputs and the urbanization of the
catchment area and floodplain, the system nevertheless abounds with productive and diverse plant and
anima communities (Emmerson 1985; Baird and Ulanowicz 1993). This system is probably one of the
best studied in the country because of its importance as an ecological and recreationa asset to Port
Elizabeth and its proximity to the University of Port Elizabeth. The physical characteristics of the
Swartkops River estuary are summarized in Table 4.8.

Table 4.8. Physical characteristics of the Swartkops River estuary.

Characteristic Value
Catchment (km?) 1,400
Length of estuary (km) 16
Surface area (km") 4
Average depth (m) 3
Average system volume (10° m°) 12

Water and salt budgets

Water and salt budgets were constructed representing typically dry and wet seasons. Budget data are
given in Table 4.9 and illustrated in Figure 4.17. The water exchange time fluctuates between 22 days
during the rainy season, to 45 days in the dry period. The annua average for water exchange time is
about 34 days.

Table4.9. Variations of physical properties, water budgets and water exchangetimesin the
Swartkops River estuary and adjacent Algoa Bay.

Season Freﬂlovgatser ilnput Residual | River | Ocean | System Exclhange .
(10°m°d”) flow | salinity | salinity| salinity |  VQume
a0ma’ | ) | () | (o) | A0 | (@9
Dry 71 |5 |5 [35 |66 5 3v3 273  |198 45
Wet 164(25 |9 |35 |163 5 3v3 [250 |38 2
Annual mean |118(25 (7 |35 |115 5 353 (262 292 34

Budgets of nonconservative materials

DIP balance

The DIP baance is given in Table 410 and Figure 4.18. The magjor input of DIP, in terms of
concentration levels, is of anthropogenic origin from the informal settlements in the flood plain and
stormwater inflows. The budgeting results show that the system acts asa sink for DIP.

Table 4.10. Nonconservative fluxes of C,N and P in the Swartkops River estuary.

Season DDIP DDIN (p-r) (nfix-denit) (p-r) (nfix-denit)
(mol d*)| (10° mol d*) | (10°mol d*) | (20°mol d™) | (mmol m*d™) | (mmol m*d™)

Dry 649 112 +69 101 +17 25

Wet 719 |-110 76 98 +19 25

Annual mean |-684 -111 +73 -100 +18 -25




DIN balance
The DIN budget (Table 4.10 and Figure 4.19) shows the Swartkops River estuary is a net sink for DIN,
asfor DIP. The principa load of DIN is by means of the wastewater flux (VoDINo).

Soichiometric calculations of aspects of net systerm metabolism

The positive net ecosystem metabolism (p-r) values of +73,776 mol d* (or +18 mmol nf d*) indicate
that the system is net autotrophic (see Table 4.10). Nitrogen fixi ng minus denitrification (nfix-denit)
resultsin a negative value of —100 x 10° mol d* (or -25 mmol nf d*) indicating the Swartkops to be a
net denitrifying system (see Table 4.10).

a) Dry season
Vp =5 \E =35
l T Socn = 35.3 psu
Vo=11 —> Sr = 31.3 psu
VQSq = 355
Swartkops P VR=66
Vsyst = 12 x 10° ni°
Vo =25 Asyst = 4 X 10° nf Vx(Socn-Ssyst) =
VoSo= 125 > Seyst = 27.3 psu <——3"/RSR-VaSq VoSo)
t = 45days =1,586
VX =198
b) Wet season
VP =9 VE=35
l T Soen = 35.3 psu
Vo=164 —> Sr =30.15 psu
VQSq = 820
Swartkops —» VrR=163
Vsyst= 12 x 10° n?
Vo =25 Asyst= 3 X 10° nf Vix(Socn-Ssys) =
vggoz 125 > Ssyst=25.0 psu e——3p-("VRSR-VQSQ -V0So)
t = 22 days = 3,969
VX =385

Figure 4.17. Water and salt budgets for the Swartkops River estuary in the dry (a) and wet (b)
seasons. Water flux in 10° m* d'* and salt flux in 10° psu-m’® d™.



Figure 4.18. DIP budget for Swartkops estuary in thedry (a) and wet (b) seasons. Fux in mol d*.

Figure 4.19. DIN budget for the Swartkops River estuary in thedry (a) and wet (b) seasons.

Flux in mol d*.

a) Dry season

DIPocn = 0.02 nM
DIPrR = 1.21 nM

VPDIPp = 12
DIPQ = 6.8 nM
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Swartkops
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—

b) Wet season

DIPocn=0.02 nM
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a VX(DlPocr—DlPsyst)
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a) Dry season
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b) Wet season
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DINQ =31 mM >
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45 Sundays River Estuary, Algoa Bay, Eastern Cape
Dan Baird

Study area description

The Sundays River estuary (33.72°S, 25.42°E) is about 20 km long (MacKay and Schumann 1990) and
discharges through a permanently open mouth into Algoa Bay (Indian Ocean) about 30 km north-east of
the city of Port Elizabeth, South Africa (Figure 4.20). It receives freshwater enriched by residues of
fertilizers and pesticides used in citrus orchards in the catchment.

The Sundays River has a catchment area of 22,000 km?. Sheep farming and citrus cultivation are the
main activities in the catchment and along the entire river, which is about 310 km in length. The mean
annual precipitation in the region is about 320 mm, categorizing the catchment as semi-arid. The mean
annual runoff (MAR) is about 186x10° m® while the two dams in the catchment retain collectively about
140% of the MAR (Reddering and Esterhuysen 1981). The river receives water from one of the largest
rivers in South Africa, the Orange River, through an inter-basin water transfer scheme to provide
irrigation water for the extensive citrus farming industry in the Sundays River catchment area. Because
of the inter-basin water transfer scheme, the Sundays River estuary has a rather regular pattern of
freshwater input, leading to a dilution of the natural saline regime of the estuary (Emmerson 1989).
Recreation (sailing, fishing) is the main activity on the estuary, with limited farming practised in the
flood plain. There are no industrial activities, and very low human habitation along the river and
estuary. It is thus a relatively “pristing’ estuary, athough elevated levels of N and P have been
measured from time to time due to agricultural practices within the catchment (Emmerson 1989).

U

South Africa
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Figure4.20. Map of SundaysRiver estuary, Algoa Bay.

The Sundays River estuary receives freshwater at an annual mean inflow rate of about 59x10° m® yr* or
162x10° m*d*. Rates of freshwater inflow are available for most months of the year (Scharler et al.
1998), but the estuary receives about 237x10° m*>d™ during the rainy season and 86x10° m® d* during
the dry season. The sdlinity range in this estuary from 28 psu in the lower reaches to 5.3 psu a the
head. The sdlinity structure does not vary drastically between summer and winter within the various
reaches of the estuary. The mean annual axial salinity is 16.4 psu, varying from 15.1 to 17.6 psu during
the wet and dry seasons, respectively. Stratification of the water column occurs rarely, so that the water
in the system is well-mixed throughout the year. Temperatures fluctuate from 17°C in winter to 24°C
in summer Scharler et al. 1998). The physical characteristics of the Sundays River estuary are
summarized in Table 4.11.



Table4.11. Physical characteristics of the SundaysRiver estuary.

Characteristic Value
Catchment (km®) 22,000
Length of estuary (km) 20
Surface area (k) 3
Average depth (m) 4
Average system volume (10° m) 12

Water and salt balance

Water and salt fluxes for the Sundays River estuary are illustrated in Figure 4.21, and some results are
aso given in Table 4.12. The water exchange time during the rainy season is about 23 days, 61 days
during the dry season, and average at about 42 days over ayear.

Table 4.12. Variations of physical properties, water budgets and water exchange times in the
SundaysRiver estuary and adjacent Algoa Bay.

Freshwater |Residual | River | Ocean | System | Mixing
Season input (10°m°d™) | flow | salinity| salinity|salinity | volume | 0

Vo [Vo Ve |(10ndY| (ps) | (p) | (psu) |OMdY)] (d)
Dry 86| 2| 8 80 05 | 353 | 176 | 117 61
Wet 237 2 | 8| 23 05 | 353 | 151 | 282 23
Annual mean | 162 | 2 8 156 0.5 35.3 16.4 200 42

Budgets of nonconservative materials

The nonconservative nutrient budgets indicate that the system is a source of DIP (DDIP = +39 mol d%),
but anet sink of DIN at arate of -1,858 mol d* (see Table 4.13 and Figures 4.22 and 4.23).

Soichiometric calculations of aspects of net system metabolism

Net ecosystem metabolism (p-r) estimated from Redfield stoichiometrics is -4,134 mol d*, or -1 mmol
m? d*. Results also show that the difference between nitrogen fixation and denitrification (nfix-denit)
is-2,482 mol d* (or -0.9 mmol m? d*). Thenet system metabolism is thus heterotrophic, and it is also
net denitrifying (see Table 4.13).

Table4.13. Nonconservative fluxes of C, N and P in the Sundays River estuary.

Time DDIP DDIN (p-r) (nfix-denit) (p-1) (nfix-denit)
(mol d*) | (mol d¥ | (mold®) | (mold’) |(mmol m?*d*")|(mmol m?*d")

Dry +25 -657 -2,650 -1,057 -0.8 -0.4

Wet +53 3058 | -5618 -3,906 -1.9 -1.3

Annual

mean +39 -1,858 | -4,134 -2,482 -1 -0.9
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a) Dry season
Vp =2 VE=8
T Socn = 35.3 psu
VQ = 86 — o 26,05 e
e Sundays . [ Vr=80
Vsyst = 12 x 106 m
Asyst = 3x 10° m’
Ssyst = 17.6 psu
t = 61days 3 > VX(Socn-Ssyst) =
(-VRSR-VQSQ) = 2,073
VX =117
b) Wet season
VP =2 VE=8
T Socn = 35.3 psu
xz;jf?llg > SR =25.2 psu

Sundays — P Vr=231
Veyst=12x10° m’
Asyst=3x10° m’

Ssyst=15.1 psu
t = 23 days HVX(Socn—Ssyst) =

(-VRSR - VQSQ) = 5,702

VX =282

Figure4.21. Water and salt budgets for Sunda;/s River estuary in the dry (a) and wet (b) seasons.
Water flux in 10° m® d* and sdit flux in 10° psu-nt° d™*

a) Dry season
VpDIPp =0 DIPocnh = 0.02 MM
DIPr = 0.26 ™M
DIPo =0.6 mM >
VQD?PQ =52
Sundays ——P VRDIPR =21
DIPsyst = 0.5 ™
Dlpsyst =+25
Vx(DIPocn-DIPsyst)
> =56
b) Wet season
VpDIPp =0 DIPocn = 0.02 mM
DIPrR = 0.26 ™™
DIPo =0.6 mM >
VQDQ|PQ =142
Sundays ——P VRDIPR =60
DIPsyst = 0.5 ™M
DPIPgyst = +53
V)((D'Pocn-D'PsySt)
3 =135

Figure4.22. DIP budget for Sundays River estuary in thedry (a) and wet (b) seasons.
Flux in mol d™.



a) Dry season

l VPDINP =0

DINocn = 0.4 ™™
DINR =18.2 "M

DINg =73 MM >
VQDINQ =6,278

DINg =73 nM R
VQDINg = 17,301

Sundays ———— VRDINR = 1,456
DINsyst = 36 ™
DDINsyst = -657
; VX(DlNocn-Dleyst)
=4,165
b) Wet season
VpDINe =0 DINocn = 0.4 MM
DINg =18.2 nM

Sundays
DINsyst = 36 MM
DDINsyst = -3,058

——» VRDINR = 4,204

VX(D I Nocn‘Dleyst)

—
=10,039

Figure4.23. DIN budget for Sundays River estuary in thedry (a) and wet (b) seasons.

Flux in mol d*.

4.6 Mhlathuze River Estuary, KwaZulu-Natal

V. Wepener

Study area description

The Mhlathuze River estuary (28.80°S, 32.05°E; Figure 4.24) is Situated in the subtropical coastal zone
of KwaZulu-Natal province, South Africa and could be regarded as a permanently open estuarine bay
(Whitfield 1992). The estuary covers an area of approximately 12 knm? (Cooks and Bewsher 1993), has
an axia length of 6 km, awidth of 3 km, and atotal shoreline length of 30 km (Begg 1978). With the
development of a deep-water harbour at Richards Bay in the 1970s, the original Richards Bay estuary
was divided into two distinct sections by means of a4 km berm wall. This divided the original estuary
into the new harbour area and a sanctuary area, which was intended to protect the estuarine character of

the original system. The Mhlathuze River was canalized, diverting the natural flow of the river into the
“sanctuary” or estuary. During 1975 a new mouth was dredged through the sandbar approximately 5

km to the south of the origina mouth.
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Figure 4.24. Map and location of Mhlathuze River estuary. In the upper map, A indicates the
position of Lake Chubu and B the Mtantatweni River. In the lower diagram, the dotted lines indicate
the margins of the estuary.

The estuary can be divided into a “true estuarine area’ displaying a sdinity gradient, and a marine-
dominated embayment. The canalized lower reaches of the Mhlathuze River (Site 7 on Figure 4.24)
through to the mouth constitute the “true estuarine area’. The canalised Mhlathuze River drains the
sugar-cane fields situated between the Mhlathuze and Mtantatweni Rivers. The large marine-dominated
embayment (the south-westerly part of the estuary, represented by Sites 1 - 6 on Figure 4.24) receives
only limited freshwater input from the Mtantatweni River (B in Figure 4.24), which drains Lake Cubhu
(A in Figure 4.24). The new harbour and mouth have increased the tidal prism in the Mhlathuze estuary
from 0.4 m before the development to 1.8 m. According to Huizenga and Van Niekerk (1998) the wide,
open mouth, which was developed after the breaching of the new mouth, provided a much shorter
connection with the sea than was the case for the old bay and as a consegquence increased the tidal
variations in the new estuary. At the time of this study the mouth was approximately 300 m in width.
Modelling of the physical dynamics of the mouth indicated that closure would not take place even if
there were atotal cessation of freshwater input into the estuary (Quinn 1999). The wide open mouth is
mainly maintained by strong tidal flows related to the considerable size of the estuary and the large
vertical tidal variation. Mouth closure could, however, be expected sometime in the future if the
estuary filled with sediment, reducing the tidal flows through the mouth (Quinn 1999).



Sugar-cane is cultivated extensively on the floodplain of the estuary. In recent years the number of
informa settlements and subsistence farms on the eastern shore of the estuary has increased drasticaly.
On the southern and western banks are mangrove swamps, dominated by Avicennia marina and, to a
lesser extent, by Bruguiera gymnorrhiza. These mangrove stands represent 80% of the mangroves
found in South African estuaries and bays. Other emergent and submerged macrophytes include
Phragmitesaustralis and eelgrass (Zostera capensis).

The substratum is a sequence of graded fluvia sand interspersed with silts and clay (Orme 1973). The
aluvia deposits from the Mhlathuze River are extending the silt delta gradually into the estuary, with
accompanying mangrove encroachment. This high degree of siltation has a pronounced effect on the
volume of the estuary, resulting in a water exchange of about 90 % at each tidal cycle (Oliff 1977).
There is a very limited sdinity gradient in the greater part of the estuary. This is due to a number of
factors including the mouth dynamics, the shallow nature of the estuary and the extent of water
exchange. This results in the greater part of the estuary exhibiting marine salinities. The only sdinity
gradient is found aong the canal of the Mhlathuze River. The Mhlathuze estuary is therefore not an
axia system.

Very little information is available on the water quality of the Mhlathuze estuary. Hemenset al. (1971)
analysed physico-chemical variables as part of a biological and sediment survey of the origind
Richards Bay during 1969. Follow-up studies, investigating pre- and post-harbour development
conditions and conditions following the dredging of a new mouth for the estuary, were undertaken
during 1974 (Hemens and Connell 1975), 1975 and 1976 (Hemens et al. 1976a; Hemens et al. 1976b).
These data were collated and summarised by Begg (1978).

In 1996 the Coastal Research Unit of Zululand (CRUZ) initiated a programme to investigate the effects
of an intrabasin transfer scheme on the water quality and biology of the Mhlathuze estuary (Cyrus et al.
2000). Quarterly sampling was undertaken from April 1996 to August 1998. No known water quality
data (physico-chemica parameters) exist for the period between the pre-harbour development study
(1976) and the 1996 programme. Estuarine water quality data reported in this paper are based on the
results obtained from a CRUZ monitoring programme between 1996 and 1998, whereas the water
quality data for the Mhlathuze River were obtained from the water quality database of the Department
of Water Affairs and Forestry (DWAF), Pretoria, and from CRUZ between 1996 and 1998 in the lower
reaches of the river (Cyrus et al. 2000). Nutrient data for groundwater were obtained from a database
that forms part of a heavy-mineral mining operation biomonitoring programme (Clean Stream 2000).

Water and salt balance

The assumption required to apply the steady-state water balance equation to a system is that the water
level is steady over time. The Mhlathuze estuary undergoes marked water level changes due to tida
action through the permanently open mouth. Thus the assumption of a steady water level is not valid
over short (i.e. daily) time-frames and it is thus necessary to average the water balance equation over an
entire year, over which time the water level does remain essentially constant.

For LOICZ biogeochemical modelling, it is important to estimate the mixing volume (Vx in n? d*?)
across the open boundary of the system. The basis for caculating the flux is the presence of a
quantifiable salinity gradient. However, since there is a limited gradient in the Mhlathuze system, an
aternative procedure to calculating the V is aso included. That procedure (Yanagi 2000a) makes use
of the dispersion process where the magnitude of the horizontal dispersion coefficient (Dy, in nf d*) is
estimated from the current shear and the diffusivity normal to current shear. For wide and shalow
estuaries the following equation is used:

D, = W U?/2180 where: 1)

W denotes the width of the estuary mouth in m and U isthe residua flow velocity at the surface layer of
the open boundary in m d*. Since this value is not independently known, a numerical value of 8,640 m

61



d* was applied (Yanagi 20008). In order to express D, in LOICZ notation, the following equation was
used for calculating Vy (Yanagi 2000b):

Vyx = Dy (A/F) where; 2

A denotes the cross section area of the open boundary of the system (nf) and F is the distance (m)
between the geographic center of the system and the observation point for oceanic sdinity (typicaly
near the mouth of the system).

The following results for Dy, and Vx were calculated for the Mhlathuze estuary using equations (1) and
).

Dy, = (200°% (0.1*86,400)%)/ 2180
Dn= 3,100 10° n* d*

Vy = D, (AVF)
Vi = 3,100 x 10° n? d**(5,000 /3,000 m)
Vy = 5200x 10° m® d*

Figure 4.25 shows the water and salt balance for the Mhlathuze estuary with annua averages using the
two methods described above. V& is volume mixing calculated using water and salt balance and V" is
calculated using dispersion coefficient. For the purposes of this paper, the conservative estimate for
total water exchange time () calculated using Vyx® was used, was and caculated as four days. The
relatively rapid exchange period is attributed to the large tidal prism of 1.8 m in this shalow estuary
(average depth at high tide of 2 m). The system is therefore dominated by tidal mixing in the form of
inflow of marine water in the greatest proportion of the estuary (i.e., the embayment areg). Although
there is significant freshwater outflow from the canalized area of the estuary, mixing of marine water
and freshwater only occurs during high tide. During low tide the marine (estuarine brackish water) is
replaced by freshwater flow from the river. The freshwater is mainly restricted to the canalized area,
with the embayment remaining marine-dominated.

Budgets of nonconservative materials

Assuming a steady state for both dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorus (DIP) over an entire year, and that the nutrient concentration in evaporated water and the
nutrient contribution from groundwater and rainwater are negligible, the nutrient budget equation can
be simplified to:

DY = -VRYR-VGYG 'VQYQ‘VX(Yocn'szt) (3)

It is known that nearby coastal lakes are affected by significant aerial deposition of nutrients from
surrounding industries. However the prevailing wind conditions are such that the estuary should not be
affected.

The vaues required for the application of this equation are given Table 4.14. Nutrient budgets are
illustrated in Figures 4.26 and 4.27. Nonconservative fluxes with superscript () and () were derived
using Vi and Vy°, respectively.
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Table4.14. Water fluxes, salinity and nutrient concentrations for theMhlathuze River estuary.

Quantity Value Data source
Vaq 438 Average annual flow as measured at DWAF weir W1H032 for
(10° m’dh the period 1995-1998 (Cyrus et al. 2000).
Average yearly rainfal from the South African Weather
VB3 31 e Bureau as supplied by the Computing Center for Water
(10°md’) Research (CCWR) for the Mhlathuze catchment.
Ve -42 Average yearly evaporation rates from the South African
(10 m’d™) Wesather Bureau as supplied by the Computing Center for
Water Research (CCWR) for the Mhlathuze catchment.
Vs Ground water recharge caculated for the Mhlathuze coastal
(10° m*d™) 12 plain as approximately 30% of the mean annual precipitation
(Louw 1998).
Soen (PSU) 35.4 CSIR off-shore sampling.
Average sdinity at all sites sampled at the surface when the
Syst (psu) 345 mouth is open. Quarterly data from March 1996 to April
1998. This represents the average salinity of the outflowing
surface layer.
DIPg, DINg 10,14 Bore-hole monitoring results from the Mhlathuze floodplain
(miM) for the period 1986-2000 (Clean Stream, 2000).
DIPg, DINg 0.7,25 Monthly averages of six sites sampled in the lower reaches of
(nM) the Mhlathuze River from 1996-1998 (Cyrus et al. 2000).
DIPys, DINgs 5.8, 14 Averages of seven dites sampled in the Mhlathuze Estuary
(mM) (Cyruset al. 2000).
DIP,¢, DINgen 0.1,0.7 Readings a Site 3 when completely flushed with fresh
(niM) seawater (Wepener and Vermeulen 1999).

For the purposes of calculating nutrient balances and system metabolism the results based on the most
conservative of the flux calculations were used (i.e., fluxes based on current shear).

DIP balance

The system is a net source of nutrients and can be interpreted to indicate that heterotrophic processes
prevail. The potentia for aeria deposition could overestimate the heterotrophy. The differences in
DDIP based on the derivation of Vy are shown in Figure 3.

DIN balance
The positive DDIN indicates that Mhlathuze estuary seems a source for DIN. However this should be
regarded with the same degree of caution as expressed for the DIP about potentia aerial deposition.

Soichiometric calculations of aspects of net system metabolism

Because of time congtraints for biological processes to occur, it is not reliable to estimate system
metabolism in systems with rapid water exchange. However, assuming that the Mhlathuze estuary
behaves more as having Vi ” and a longer water exchange time, net system metabolisms are calculated
below.

The net ecosystem metabolism (NEM = primary production-respiration = p-r) is caculated as the
negative of DDIP multiplied by the C:P ratio of the reacting organic matter. Thus:

(p'r) = -DDIP”’ (C:P)ratio

It is not completely obvious whether mangroves or phytoplankton are the dominating reactive organic
matter, so two N:P ratios are used.



1) Assuming the bulk of the reacting organic matter is phytoplankton, the C:P ratio is 106:1, then for
the Mhlathuze estuary, net ecosystem metabolism

(p-r) =-300 mmol mi* d*

2) Assuming the bulk of the reacting organic matter is mangroves, the C:P ratio is 1000:1 (Atkinson and
Smith, 1983)and for the Mhlathuze, the net ecosystem metabolism

(p-r) =-3,000 mmol m* d*
Both (p-r) vauesindicate that there is anet loss of organic matter from the Mhlathuze estuary.

If the DDIP vauesin Mhlathuze estuary are a measure of the net production of organic matter in the
system, the expected DDIN (DDINey,) Would be DDIP multiplied by the N:P ratio of the reacting organic
matter. Large differences between DDIN,ys and DDINey, are indicators of processes other than organic
metabolism, which ater fixed nitrogen. As nitrogen fixation and denitrification are important processes
in coastal systems, the difference is taken as a measure of net nitrogen fixation minus denitrification.

Again, because the major source of reacting matter is unclear, two N:P ratios are used.

1) If phytoplankton is the principal form of organic matter in the Mhlathuze estuary then, based on the
Redfield ratio DDINey, =16 DDIP:

(nfix-denit) pnytopiankion= -40 mmol m? d*

2) If the Avicennia mangroves are the principa form of organic matter then, based on a median ratio for
mangroves of C:N:P 1000:11:1 (Atkinson and Smith 1983), DDINey, =11 DDIP, s0 that:

(nfix-denit)mangroves= -20 mmol i’ d*

The negative values indicate that denitrification processes are responsible for smaller DDINy,s than
DD Negp.

Comments

A single box LOICZ budget was set up for the Mhlathuze estuary due to the nature of the available
estuarine data. During the study period, (1996-1997) the inflow from the Mhlathuze River was very
constant and did not display any seasona fluctuation (i.e. wet/dry seasona flow patterns). This is
because the Mhlathuze River is highly regulated and during wet cycles the winter and summer flows are
similar. Since the monitoring of the Mhlathuze estuary is an ongoing project, it is anticipated that
seasona models will be devel oped once nutrient data from dry cycles are available.

Ve =39 VE =42

Socn =354 psu
SR = 34.95 psu
Vg = 438 ——— P Mhlathuze ——® Vr=447

Vsyst = 24 x 10° m°
Asyst = 12 X 10° m?

Ssyst = 34.5 psu Vx(Socn-Ssyst) =
Ve =12 H X(Socn - Ssyst
¢ . t = 1%day; 4°days -VRSR = 15,623
Vx =17,359°
Vx = 5,200

Figure4.25. Water and salt budgets for Mhlathuze River estuary. Water flux in 10° m® d* and salt
flux in psu-nv d*.



VeDIP e =0 DIPocn = 0.1 MM
DIPr =2.95 MM
DIPg = 0.7 MM
V@DIP g = 0———P Mhlathuze ————9 VrDIPR=1
DIP syst = 5.8 MV
l)Dll:)syst = +100?; +31°
Vx(DIP ocn -DIP

VeDIP g = 0—> —* X( 0:(:n99 syst)
DIPc=1.0 mM =30

Figure 4.26. DIP budget for Mhlathuze River estuary. Flux in 10° mol n? d™.

VeDINp = 0 DINogy = 0.71MM
DINR = 7.35 ™M
DINg = 25 MV
VQDINQ = 11— Mhlathuze ——» VRDINR = 3
DINsyst = 14 ™M
DDINsyst = +223; +61° Vx(DIN oon-DINsyst)
VoDINo = 0———» —> =23
DING = 14 MM =69

Figure4.27. DIN budget for Mhlathuze River estuary. Flux in 10° mol n?* d™.

4.7 Thukela River Estuary, KwaZulu-Natal

V. Wepener

Sudy area description

The Thukela River estuary is situated approximately 100 km north of the city of Durban on the east
coast of South Africa (29.22°S, 30.50°E; Figure 4.28). Based on the classification by Whitfield (1992),
the estuary is one of only two examples of an open river mouth estuarine system in South Africa. The
Thukela River system forms a very important component of water resource utilization in South Africa
with a number of large inter-basin transfer schemes responsible for transferring water from the Thukea
basin across the escarpment into the Vaal river system (Davies and Snaddon 2000). The Thukela River
originates in the Drakensberg Mountains (Begg 1978). From the Drakensberg range the river meanders
for 520 km through the KwaZulu-Natal midlands before flowing into the Indian Ocean. The total
catchment area is approximately 29,100 knt. Land uses in the catchment are mainly rura subsistence
farming and commercid forestry. It is only on the coastdl plain that the river flows through urbanised
areas. The only industries associated with the urban development are paper and sugar mills with large
scale commercial sugar cane farming aong the banks of the lower reaches of theriver.
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Figure4.28. Map and location of theThukea River estuary.

Due to the high riverine runoff, the estuarine area of the Thukela River is small. The surface area of the
estuary during low flow periods is approximately 0.6 knf. However, changes in river flow cause
considerable changes in the morphometry of the estuary, and during periods of high flows the estuary
extends out to sea and becomes unconfined by banks (Begg 1978). The axid length is estimated to be
800 m during low flow, with a shoreline length of approximately 2 km. The maximum width during
natural flow periods is approximately 350 m with a channel width of 50 m, which increases to over
1,000 m during floods (Begg 1978). Initial observations on the bathymetry of the estuary indicated that
it was relatively deep (Begg 1978), but surveys undertaken by the Coastal Research Unit of Zululand
(CRUZ) from March 1997 to April 1998 (reported in Archibald 1998) showed an average depth of less
than 1.5 m.

According to Begg (1978) the sandbar has a 700 m stable component on the floodplain (carrying a
coastal dune forest) extending in a generadly northern direction. There is dso a 700 m unstable
component without vegetation, that forms across the mouth. This bar is periodically removed by flood
discharges. During flood conditions an offshore bar is formed, directing floodwater into the sea in a
southerly direction. It is unlikely that mouth closure occurred during virgin conditions. More frequent
mouth closures recorded in recent times (for only a few days) are probably due to the significant
abstraction of water from the system via inter-basin transfer schemes to the Gauteng province.
However, under future transfer schemes and runoff scenarios it is predicted that a drastic increase in
mouth closure conditions will occur, for prolonged periods of up to 4 or 5 months (Quinn 1997).

Although very little is known about the biological condition of the estuary, recent surveys have shown
that it plays an important role as habitat for water birds aong the KwaZulu-Natal coast (Quinn 1997)
and that fish and benthic estuarine invertebrates were found to be poorly represented. The same study
found that very little natural vegetation remains, due to encroachment of sugar cane and forestry.
However, there are still some stands of the brackwater mangrove (Baringtonia racemosa) and a small
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Phragmites-dominated wetland on the south bank close to the mouth. According to MacKay and Cyrus
(1998) the paucity of benthic fauna points to the estuary being plankton-dominated.

A water quality survey of the estuary highlighted the paucity of data (Archibald 1998). The only data
available for the estuary were collected during a crab megaopa and benthic invertebrate survey
undertaken by the CRUZ between 1997 and 1998. During this study, water quality was assessed at five
gtes in the estuary. Comprehensive data were obtained from the Department of Water Affairs and
Forestry (DWAF) in Pretoria, South Africa. Biweekly water quality analyses were carried out at a
number of stations in the Thukela River catchment. However, for the purposes of this assessment, the
data from Weir V5H002, the gauging weir closest to the estuary, were analyzed. Daily flow records
were also available for this station. The dataset from 1994 to 1998 were analyzed to represent present
day conditions of the runoff to the estuary. These data were taken during an extended wet period and
therefore no dry period results are presented.

Water and salt balance

The assumption required to apply the steady-state water balance equation to a system is that the water
level is steady over time. The Thukela estuary undergoes marked water level changes due the effects of
the incoming and outgoing tides. Thus, the assumption of a steady water level is not valid over short
time frames and it is necessary to average the water balance equation over an entire year, over which
time the water level does remain essentialy constant.

Figure 4.29 illustrates the water and salt balance for the Thukela estuary with annual averages using the
LOICZ methodology. Residual water flux (Vi in the notation of Gordon et al. 1996) from this system,
to balance freshwater inflow, is approximately 3x10° m® d*, while exchange flux (V) is 2x10° m® d™.
The system volume (0.9x1¢° m?’) divided by the sum of these water fluxes gives an estimate of water
exchange time of less than aday. These results indicate an extremely rapid seawater exchange within
the estuary, which is caused by the significant freshwater outflow. It is this abundant freshwater supply
from the Thukela River, which has led to the large inter-basin water transfer schemes currently in place
and planned for the future.

Budgets of nonconservative materials

Assuming a steady state for both dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorus (DIP) over an entire year, and that the nutrient contribution from groundwater is not known
and rainwater is considered to be negligible, the nutrient budget equation can be simplified to:

DY= -VRYR‘VQYQ' x(Yocean' out) (1)

It should be borne in mind that nitrate in runoff is likely to be important since there are large sugar-cane
fields on the banks of the lower reaches of the river and the estuary. However, no quantifiable data are
available and consequently, nitrate concentrations were estimated from the mean NO; to NH, data
described in the introduction. DIP and DIN concentrations of the various systems are shown in Table
4.15. The nonconservative fluxes of DIP and DIN (DDIP, DDIN) caculated for this one-box mode is
positive, indicating that the estuary is a net source of nutrients (Figures 4.30 and 4.31). The flux of
nonconservative DIP, DDIP, is+15x10°> mol d* or 25 mmol m? d*; and nonconservative DIN, DDIN, is
+399x10° mol d™* or 665 mmol m* d™.
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Table 4.15. Water fluxes, salinity and nutrient concentrations, and data sources for Thukela
River estuary.

Quantity Value Data source

Va 3014 Average annual flow as measured at DWAF weir V5H002 for

(10° m*d™h) ’ the period 1970-1996 presented by Roussouw and Claasen
(1998) as reported by Archibald (1998).

Vp 1.64 Average yearly rainfall from the South African Weather Bureau

(10 m’d™) as supplied by the Computing Center for Water Research
(CCWR) for the Thukela catchment.

Ve 214 Average yearly evaporation rates from the South African

(10° m*d™) Weather Bureau as supplied by the Computing Center for Water
Research (CCWR) for the Thukela catchment.

Ve 0.08 Groundwater recharge caculated for the Thukela catchment as

(10° m’d ™) ' approximately 5% of the mean annual precipitation.

Soen (P3U) 35.4 CSIR off-shore sampling.

Syst 29 Average sdinity of site 1 in surface when the mouth is open.

(psu) Monthly data from April 1997 to March 1998. This represents
the average salinity of the outflowing surface layer.

DIPg, DINg 0.9, 27 Average biweekly water quality data (1994-1998) from DWAF

(nM) sampling site Weir V5H002 (Archibald 1998).

DIPss«, DINys | 55 137 CRUZ monthly data from April 1997-March 1998 collected

(nM) ’ from 7 sites in the estuary and reported by Archibald (1998).

DIPocn, DINoen | 13 2 Readings at Site 5 when completely flushed with fresh seawater.

()

Estuarine systems with very short water exchange time either behave as high sinks or sources of DIP
and DIN e.g., Camboriu estuary (Dupraet al. (2000b) or rapidly flush out al the nutrients as in the case
of Mamberamo and Kuala Terrengganu estuaries (Dupraet al. 2000a).

Soichiometric calculations of aspects of net system metabolism

Asisthe case with many of the permanently open river-driven estuarine systems along the east coast of
South Africa, the water exchange is very rapid, resulting in atime constraint for biological processesto
take place.

Comments

A single box LOICZ budget was set up for the Thukela estuary due to the nature of the available
estuarine data. During the study period (1997-1998), very little seasonal fluctuation (i.e. wet/dry season
flow patterns) was recorded. An extensive study of the Thukela River and its estuary is currently being
undertaken as part of the Estuarine Freshwater Requirements (EFR) of the Resource Directed
Management divison of DWAF, South Africa. The envisaged sampling would alow for extensive
nutrient surveys on the mudflats, off the mouth of the estuary and on the offshore Thukela banks. This
would alow for the development of a three-box budget, which would be a better representation of the
nutrient fluxes taking place.
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Figure 4.29. Water and salt budgets for Thukela River estuary. Water flux in 10° m®* d* and salt
flux in 10° psu-m’® d™.
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Figure 4.30. DIP budget for the Thukela River estuary. Flux in 10°mol m’® d*.,
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Figure 4.31. DIN budget for the Thukela River estuary. Flux in 10° mol m® d™.
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Appendix | Workshop Agenda

Monday, 11 September
Participants arrive in Zanzibar.

Tuesday, 12 September

0900 Welcome and announcements — Dr Amani Ngusaru, Institute of Marine Science,
Zanzibar
Introduction of participants

0930 Introduction to LOICZ and IGBP — Chris Crossland

1000 Introduction to LOICZ budgeting approach and project overview — Stephen Smith

1030 Biogeochemica budgets calculation and web information — Vilma Dupra

1100 Coffee break

1115 Typology and scaling in LOICZ — Dennis Swaney

1145 Ouitline of the LOICZ biogeochemical budgets web site — Dennis Swaney
Discussion

1230 Lunch

1330 Tools: Presentation of CABARET budgeting software — Laura David

1400 Tools: Calculation of river discharge vaues— Laura David

1415 Tools: Calculation of waste loads — Laura David

1430 Participant presentation of sites and preliminary budgets

1800 Sessonclose

Wednesday, 13 September
0900 Plenary discussion of continuing work plan and resource person collaborations
0930 Breakout groups working on site budget preparation
1230 Lunch
1330 Plenary discussion of status of work and problems
1345 Break out groups resume work on budget derivation.
1745 Plenary review of status of work for evening continuation

Thursday, 14 September
0900 Breakout groups continue
1115 Budgets presentations by participants
1230 Lunch
1330 Budget presentations continue
Identification of additional sites for budget estimates
1630 Synthesis and wrap-up session, and discussion of future activities of the group
1730 Workshop close

Friday, 15 September
Participants depart Zanzibar
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Appendix |1 Workshop Report

Welcome

Participants (see Appendix I11) were welcomed to Zanzibar and the venue at the Fisherman’'s Resort by
Dr Amani Ngusaru, on behalf of the Zanzibar Institute of Marine Sciences, University of Dar es
Salaam, and meeting support arrangements were reviewed. The workshop agenda (Appendix 1) was
introduced, and working documents, electronic information and tutorial materials were distributed.

Introduction and Background

LOICZ goals and approaches were presented by Dr Chris Crossland and a context for the workshop
activities and outcomes was provided against the wider questions of the LOICZ core project and the
UNEP project. Emphasiswas given to the central questions of evauating material fluxes, the influence
of human dimensions on global changes in processes within the coastal zone, and the use of atypology
approach to develop a global picture of systems responses and changes. A round-table introduction of
participants was made. The purpose of the workshop was outlined by Prof. Stephen Smith within an
overview presentation of the LOICZ budgeting and modeling approach for nutrient flux and net
ecosystem metabolism of estuarine and coastal sea systems.

In anintroductory tutoria, Vilma Dupra provided participants with a description of the development
and calculation of nutrient budgets models, including single box, stratified and multi-compartment
assessments. A tutorial handbook (LOICZ Biogeochemical Budgeting Procedure: A Tutorial Pamphlet,
prepared for the UNEP GEF project by the Marine Science Institute, University of the Philippines) was
provided to all participants and supported the tutoria presentation.

The typology approach being developed by LOICZ for up-scaling local and regional material flux
assessments to global scale was outlined by Dennis Swaney. The LOICZView tool and the extensive
database for half-degree description of the global coastal zone were discussed and the planned
integration of regional data through thematic workshops in 2001, as part of the project, was highlighted.

Various tools developed by LOICZ to assist in estimating water and biogeochemical materia inputs to
systems were reviewed by Dr Laura David. Calculation parameters, location and access to the tools
were identified and examples proved as case evaluations. Electronic versions of the biogeochemical
budget calculation software (CABARET), waste load estimations, and river discharge evaluation were
provided to participants.

Presentation of Biogeochemical Budgets

The contributing budgets brought by the participants were briefly considered, including an overview of
the system settings, data availability and quality, approaches being taken to build budgets, and the status
and problems in making the model assessments. System sites included:

Tanzania
Chwaka Bay, Zanzibar
Kenya
Malindi Bay (Sakaki River system)
Cameroon
Bouche du Cameroon mangrove systems including:
Cameroon estuary
L obe estuary
Guinea
Korikaufe estuary
South Africa
Knysna estuary
Swartkops estuary
Kromme estuary
Gamtoos estuary
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Sundays River estuary
Thukela estuary
Mhlathuze estuary
Nhlabane estuary

Budgets Development

Break-out groups worked interactively on the development of these site budgets, supplemented with
methodologica and sitefissue-based tutorials and discussions. Estimates for sites, and budgets
refinement emerged from resolution of techniques, application of derivative data and assessment of
watershed information.

Plenary and discussion sessions were held throughout the workshop. These enabled review of the status
of budgets development and discussion of key issues raised by participants, as well as allied topics,

such as: C:N:Pratio and stoichiometry, limits and “reasonable” values in budget assessments, scaling
variables and typology.

Outcomes and Wrap-up

Budgets for al systems were developed to afina or interim draft stage of completion during the
workshop; additions to text descriptions and a check on data sources were required by most budgets
before final contribution. A schedule for contribution and publication of the printed and CD-ROM
report, and posting to the LOICZ website, was agreed:

20 October revised fina budgets to Prof. Smith and Vilma Dupra
30 November final budgetsto IPO for LOICZ R&S preparation

15 January draft R& S report to UNEP for comment

29 January R& S to printer

A number of additiona sites was identified for which datais available and which may yield budgets.
Participants committed to making other site budgets, subject to data availability, and to encourage
othersto make further site assessments. Prof. Howard Waldron, University of Cape Town, accepted the
role of Regional Mentor — Africa for the project, with support from Prof. Baird, and participants
discussed possibilities to expand the network of researchers and site budget potential for the region.

The participants joined with LOICZ in expressing thanks to Dr Amani Ngusaru and Edna Nyika from
the Zanzibar Ingtitute of Marine Sciences for support and hosting of a very fruitful training and
information workshop. The financia support of the Global Environment Facility was gratefully
acknowledged.



Appendix 111

Resource Persons

Professor Stephen Smith
Department of Oceanography
University of Hawali

1000 Pope Road

Honolulu, Hawaii 96822

United States of America

Phone: +1-808-956 8693

Fax:  +1-808-956 7112

Email: svsmith@soest.hawaii.edu

Ms Vilma Dupra

Department of Oceanography
University of Hawali

1000 Pope Road

Honolulu, Hawaii 96822

United States of America

Phone: +1-808-956 2354

Fax:  +1-808-956 7112

Email: vdupra@soest.hawaii.edu

Dr. Laura David (regional resource person)

Marine Science |nstitute

University of the Philippines

Quezon City

Philippines

Phone: +632-922 3544

Fax: +632-924 7678

Email: LTdavid@eudoramail.com
Idavid@msi01.cs.upd.edu.ph

Dr Chris Crosdand

LOICZ IPO

PO Box 59

1790 AB Den Burg, Texel

The Netherlands

Phone: +31-222-369403

Fax: +31-222-369430

Email: loicz@nioz.nl or ccross@nioz.nl

Mr Dennis Swaney
Boyce Thompson Ingtitute
Cornell University
Tower Rd

Ithaca, NY 14853 USA
Phone: +1-607-254 1368
Fax:  +1-607-254 1325
Email: dpsl@cornell.edu
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Participants

Tanzania

Dr Amani Ngusaru

Institute of Marine Sciences
University of Dar es Salaam

PO Box 668 Zanzibar

Tanzania

Phone: +255-24-2232128 or 2230741
Fax:  +255-24-2233050

Email: angusaru@zims.udsa.ac.tz

Dr SM. Mohammed

Institute of Marine Sciences
University of Dar es Salaam

PO Box 668 Zanzibar

Tanzania

Phone: +255-24-2232128 or 2230741
Fax:  +255-24-2233050

Email: salim@zims.udsm.ac.tz

Mr Oberth U. Mwaipopo

Institute of Marine Sciences
University of Dar es Salaam

PO Box 668 Zanzibar

Tanzania

Phone: +255-24-2232128 or 2230741
Fax: +255-24-2233050

Email: mwaipopo@zims.udsm.ac.tz

Kenya
Professor Mwakio P. Toe

School of Environmental Studies
Moi University

P.OBox 3900 Eldoret

Kenya

Phone: +254-321-43263

Fax:  +254-321-43047

Email: Tole@Form-Ne&t.com

Guinea

Mr Pierre Koivogui

CERESCOR

BP 1615

Conakry Republic of Guinea

West Africa

Phone: +224-221908

Fax:  +224-462112

Email: Cerescor.padre@mirinet.net.gn




South Africa

Professor Dan Baird

Head of Zoology Department
University of Port Elizabeth

PO Box 1600 Port Elizabeth
South Africa

Phone: +27-41-5042341

Fax: +27-41-5042317

Email: zladdb@ZOO0.upe.ac.za

Professor Howard Wadron

Dept of Oceanography,

University of Cape Town,
Rondebosch 7700,

South Africa

Phone: +27-21-650 3284

Fax: +27-21-650 3979

Email: wadron@physci.uct.ac.za

Mr Todd Switzer

PO Box 748 Knysna 6570

South Africa

Phone: +27-44-343 2172 (Home)

Fax:  +27-82-4026198 (Cell)

Email: TODD@physci.uct.ac.za
Todd@cyberperk.co.za

Dr Victor Wepener

Departement Dierkunde

Randse Afrikaanse Universteit
Posbus 524, Aucklandpark, 2006
Phone: +27 (0)11 489-3373
Fax:  +27 (0)11 489-2286
Email: vw@na.rau.ac.za
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Cameroon

Mr Charles Emene Gabche

IRAD-Fisheries and Oceanography Research
Station

PMB 77 - Limbe, South-West Province
Cameroon

Fax: +237-332376

Email : cemenegab@yahoo.com




Appendix IV Terms of Reference for Workshop

LOICZ/UNEP WORKSHOP ON ESTUARINE SYSTEMS
OF THE SUB-SAHARAN AFRICA & WESTERN INDIAN OCEAN REGION

Institute of Marine Science,
University of Dar es Salaam
ZANZIBAR, TANZANIA
12-14 September 2000

Primary Goals:

To work with researchers dealing with estuarine systems of the Sub-Saharan Africa and western Indian
Ocean region, in order to extract C,N,P budgetary information from as many systems as feasible using
existing data. The Sub-Saharan Africa and western Indian Ocean systems include one of the major
coastal regions of the world oceans and are heavily influenced by anthropogenic activity. The
workshop provides the opportunity to characterize terrigenous inputs to the estuaries of the region, and
outputs from the estuaries — hence, the net role of the estuarine zone of this region as a source or sink
for carbon, nitrogen, and phosphorus.

This workshop will complement earlier, successful workshops in Ensenada, Mexico, in June 1997, a
second Mexico workshop in January 1999 Merida, Mexico), an Australasia workshop (Canberra,
Audtralia) in October 1998, a South China Sea workshop (Manila, Philippines) in July 1999, a South
America workshop in November 1999 (Bahia Blanca, Argenting), a South Asia workshop in February
2000 (Goa, India) and an East Asia workshop in Hong Kong in June 2000, by the analysis of data from
another important coastal region.

It is hoped that each workshop participant will be able to bring the available data for at least two
budgets: one from one of the "pollution hot spot" regions within their country, and one for a
physiographicaly fairly similar region which is apparently subjected to less pollution. By this strategy,
we hope to compile a set of sites that will represent a relatively wide range of human pressures in the
Sub-Saharan Africa and western Indian Ocean region.

Anticipated Products:

1 Develop budgets for as many systems as feasible during the workshop.

2. Examine other additional data, brought by the researchers, or provided in advance, to scope out
how may additional systems can be budgeted over an additiona 2 months.

3. Prepare a LOICZ technica report and a CD-ROM summarizing this information.

4, Contribution of these sites to 1-2 papers to be published in the refereed scientific literature.

5 It is anticipated that one participant from the workshop will be offered the opportunity to spend
up to two months in Hawaii and/or Manila, getting further experience and developing
additional budgets for the region.

Parti cipation:
The number of participants will be limited to fewer than 18 persons, to alow the active involvement of
all participants. Nominees include:
Resource persons (possible participants are Stephen Smith, Vilma Dupra, Laura David, Chris
Crosdand, Dennis Swaney);
Up to 13 researchers from the region.

Workplan:

Participants will be expected to come prepared to participate in discussions on coastal budgets.
Preparation should include reading the LOICZ Biogeochemica Modelling Guidelines (Gordon et al.
1996), the Mexican Lagoons Workshop Report (Smith et al. 1997), examination of the budgets and
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tutoriadls presented on the LOICZ Modelling web page (http://data.ecology.su.se/MNODE/), and
arriving with preliminary budgets, electronic maps, and 1-3 page writeups from “their sites.” In order
to be included in the workshop report, the budgets should conform as best possible to the budgeting
protocol laid out in the above documentation. Guidelines for budget preparation and writeups and a
tutorial package entitted CABARET can (and should) be downloaded from the LOICZ Moddling web
site.

NOTE: Please try to conform to materials on that web site as closely as possible, because this will
greatly aid in report preparation. We anticipate structuring the workshop very strongly towards
instruction and then working with individuals to complete budgets during the workshop.

Further Details:
At an absolute minimum, each participant is expected to arrive at the workshop (or send in advance) the
following materials:

1. A 1-3 page description of the area (see materiads posted on the Web and in the various
workshop reports) and a map of the site. These should be in electronic format.

2. Within the context of needs for the overal LOICZ project, some estimate of water exchange
(most commonly via water and salt budgets) and budgets for the dissolved inorganic nutrients,
nitrogen and phosphorus, constitute the minimum useful derivations from the biogeochemical
budgeting. Budgets of other materias, while potentialy interesting for other purposes do not
satisfy this minimum requirement. The minimum data requirements are as follows:

a. The primary seasona pattern of the region is at least one wet season and one dry season
per annum. ldeally, a budget for each season would be developed. If a system is
vertically dtratified, then a 2-layer budget is preferred over a single-layer budget. If a
system has a strong land-to-sea sdinity gradient, then it is preferable to bresk the
system dong its length into severa boxes.

b. Data requirements to construct a satisfactory water and salt budget include: salinity of
the system and the immediately adjacent ocean, runoff, rainfal, evaporation, and (if
likely to be important) inputs of other freshwater sources such as groundwater or
sewage. Preferably, the sdlinity and freshwater inflow data are for the same time
period (for example, freshwater inflow data for a month or so immediately prior to the
period of salinity measurement). In the absence of direct runoff estimates for small
catchments, estimations can be made from a knowledge of catchment area and monthly
rainfal and ar temperature for the catchment. See materials on the LOICZ
biogeochemical modeling web site.

c. Data requirements for the nutrient budgets are: concentrations of dissolved nutrients
(phosphate, nitrate, ammonium, and if available dissolved organic N and P) for the
system and the adjacent ocean, concentrations of nutrients in inflowing river water (and
if important, in groundwater), some estimate of nutrient (or at least BOD) loading from
sewage or other waste discharges. If atmospheric deposition (particularly of N) is
likely to be important, an estimate of this is aso useful. If direct waste load
measurements are not available, estimations can be made from a knowledge of the
activities contributing to the waste loads and the magnitudes of those activities. See the
materias on the web site.

Workshop Schedule

(All final participants are expected to stay for the entire workshop):

September 11:  Arrival

September 12: Genera introduction to the budgeting procedure and related issues, presentation of
preliminary budgets (no details, smply a quick summary to see who has what).
Breakout groups to revise, refine budgets. This will vary, as needed, from tutorial, through
detailed help, to procedural discussions.

September 13:  Continue breakouts; afternoon plenary to evaluate progress.

September 14:  Breakouts/plenary as required to develop synthesis.

September 15: Departure.
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Background Documents:

Gordon, D.C. Jr., Boudreau, P.R., Mann, K.H., Ong, J-E., Silvert, W.L., Smith, SV., Wattayakorn, G.,
WuIff, F. and Yanagi, T. 1996. LOICZ Biogeochemica Modelling Guidelines. LOICZ Reports
and Sudies 5, LOICZ, Texd, The Netherlands, 96 pages.

Smith, S.V., Ibarra- Obando, S., Boudreau, P.R. and Camacho Ibar, V.F. 1997 Comparison of carbon,
nitrogen and phosphorus fluxes in Mexican coastal lagoons. LOICZ Reports and Sudies 10,
LOICZ, Texe, The Netherlands, 84 pages.

LOICZ Modelling web page, for everyone with www access:( http://data.ecology.su.se/MNODE/).

The web pages, including the guidelines, are frequently updated. If you have not looked at them
within the last two weeks, you should go through them again (For example, there are recent

additions on estimation of runoff and estimation of waste loads).

If you do not have access to the worldwide web but do have access to a computer with a CD-ROM,

please let us know; we will send you a CD with the web page. Please do not request the CD at this

time if you have access; you will be furnished one during the workshop.

CABARET (Computer Assisted Budget Analysis, Research, Education, and Training). Note: a
version of this software is available on the web-site.

72



Appendix V

NH,
NO,
DIN
DON
DIP
DOP
PTN
PTP
POP
PON
ON
oP
TN
TP
DOC
DIC
POC
oC
SO,
nfix
denit

TDN
TDP
CTD

Glossary of Abbreviations

Ammonium

Nitrate

Dissolved inorganic nitrogen
Dissolved organic nitrogen
Dissolved inorganic phosphorus
Dissolved organic phosphorus
Particulate total nitrogen
Particulate total phosphorus
Particulate organic phosphorus
Particul ate organic nitrogen
Organic nitrogen

Organic phosphorus

Total nitrogen

Tota phosphorus

Dissolved organic carbon
Dissolved inorganic carbon
Particulate organic carbon
Organic carbon

Silicate

Nitrogen fixation
Denitrification

Primary production
Respiration

Total dissolved nitrogen

Tota dissolved phosphorus
Conductivity Temperature Depth
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