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1. EXECUTIVE SUMMARY

by R.S. Arthurton and H.H. Kremer

The LOICZ-Basins project

The Land Ocean Interactions in the Coastal Zone (LOICZ) core project of the International Geosphere
Biosphere Project, IGBP, is evaluating the physical, biogeochemical and human interactions influencing
coastal change. The coastal zone is an integral part of the water cascade between catchments and oceans
that is subject to external and internal forcing from both anthropogenic and natural pressures. LOICZ has
four foci, under which there are three categories of projects. The LOICZ-Basins project is working to
assess at local to global levels the impacts on the coastal environment of changes caused by such pressures
and drivers within river catchments. Drivers such as damming, deforestation, agriculture and urbanisation
influence the flows of water, nutrients, sediments and pollutants to the coastal sea. Studies addressing these
issues have produced large amounts of data, but generally these data have not been subject to integrated
assessment and synthesis. Only recently have the interactions of human historical evolution and
biogeochemical environments been considered.

In LOICZ-Basins a tiver catchment (or island) and its associated coastal area are treated as one system
(Figure 1.1). The focus is on the horizontal fluxes of substances within this system. This approach,
integrating the natural and social sciences, addresses issues such as critical concentrations and loads,
biological resilience and carrying capacity. To generate a global picture, a set of standardised (and thus
comparable) regional assessment workshops has been implemented, using an adaption of the Driver-
Pressure-State-Impact-Response (DPSIR) framewortk, developed by the OECD (see Appendix 1). The
assessment aims to up-scale information from individual river catchment-to-coastal sea systems to sub-
regional, then regional, levels. Characteristic types of coastal issue and change are identified and prioritised,
and linked to their perceived major drivers.
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Figure 1.1 The catchment (island)-coastal zone system and the DPSIR framework.

LOICZ-Basins contributes directly to UNEP’s Integrated Coastal Area and River Basin Management
initiative (ICARM) as well as UNESCO/IOC Integrated Coastal Area Management (ICAM) and Coastal
GOOS (Global Ocean Observing System) programmes. Links with other global projects including the
Global International Waters Assessment (GIWA), with which LOICZ-Basins has some common interests,
have been established.



The African Basins (AfriBasins) wotkshops

Two wortkshops were held in Africa to address LOICZ-Basin issues. The introductory workshop
(AfriBasins I) was held at the UNEP headquarters at Gigiri, Nairobi, Kenya and hosted by the Regional
Office for Africa (ROA) in July 2000. The second wotkshop (AfriBasins II, also in Nairobi, Oct/Nov
2001, and hosted by ROA) refined the preliminary assessments and focused on human dimensions. A
principal objective was to highlight at local to regional scales the linkages between human activity drivers in
the catchments and environmental and socio-economic issues and impacts in the coastal areas. Using this
information, a second objective was to establishi a sound basis upon which to develop proposals for
interdisciplinary case studies on the human dimensions of land-driven coastal change within the African
region, with a focus on the implications for coastal monitoring and management. For this purpose “hot
spots” important for future research evaluation and a project design applicable to various spatial and
temporal scales was to be identified. The workshop considered a draft “AfriCat” proposal, developed from
the on-going “FuroCat” project, as an umbrella for the case studies. The proposal would have an emphasis
on addressing the regional African needs, in the context of the ptiority areas for action as identified by the
African Ministerial Conference on the Environment (AMCEN) in preparation for the Wotld Summit on
Sustainable Development in Johannesburg, September 2002.

Ovetview of the African catchment—coastal zone system

Building upon the output from AfriBasins I, eight sub-regions were identified for assessment within the
Africa region, on the basis of geomorphological and climatic characteristics (Figure 1.2). The vatious sub-
regions differ widely not only in the biophysical nature of their catchments but also in the availability and
quality of existing data relating to their material fluxes. The named catchments assessed (Figures 1.3 and
2.1) were chosen as tepresentative of their respective sub-regions.

1. Notth West Africa — relatively arid, medium basins (Sebou, Moulouya) with seasonal runoff and (in
Morocco) major human pressure through diversion and damming causing coastal change issues; includes
coastal stretches of Algeria and Tunisia but no information on systems there was gathered during the
AfriBasins process.

2. West Africa — featuring a variety of large, transboundary (Niger, Volta, Senegal) basins subject to major
damming resulting in reduced sediment and water fluxes and reduced coastal stability as a growing threat to
the lagoon-based cities; also the medium basin of the Cross River. Damming, deforestation and agriculture
are considered to be the principal drivers of state changes at the coast through modifications of the
hydrological regime, water quality and sediment discharge in the large catchments.

3. Congo — a sub-region with extensive, though diminishing, rainforest. Awvailable information about its
land-based drivers and how they relate to coastal issues is scarce. The large transboundary Congo basin has
little variation in discharge through the year.

4. South West Africa (Cape to southern Angola) — mostly dominated by the upwelling system of the
Benguela current; cool and temperate small (Berg) and medium (Olifants) catchments in the south, arid
large catchment (Gariep, formerly Orange) in the north with limited river runoff. Damming and agriculture
are the principal drivers considered responsible for minor-to-medium but progressive state changes and
impacts at the coast, causing modifications to runoff, water quality and coastal geomorphology.
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Figure 1.2. Sub-regions for the assessment of river catchment-coastal sea interaction classes
determined in the LOICZ AfriBasins workshops.

5. Nile — a single-catchment sub-region incorporating the wider coastal stretches influenced by the Nile
catchment with land-based drivers including the Aswan dam, urbanisation and agriculture. The damming
of this transboundary river system has led to profound changes in fluxes through the Nile delta and in the
associated coastal sea (the Mediterranean). This is exacerbated by a rapid growth of urbanisation and
industrialisation around Cairo and changes in agricultural practice in the Nile River valley and its delta
region.

6. East Africa (Somalia to northern Mozambique) — featuring medium (Tana, Sabaki, Rufiji) and small
catchments with monsoonal (seasonal) flushing and subject to damming; also extensive coral reefs. Coastal
erosion and sedimentation, pollution and loss of biological functioning are the principal impacts.
Damming, deforestation and agriculture are the principal drivers and these are expected to become
increasingly significant in respect of their impacts.

7. Central/south Mozambique — medium (Incomatl) and latge, transboundary (Zambezi, Limpopo)
catchments with high seasonality in runoff and subject to extreme cyclonic events; an estuarine/deltaic
coast characterised by beach plains and mangrove-fringed creeks. The principal issues are reduction in
stream flow, coastal erosion, salinisation and nuttient depletion, all attributed to damming.

8. South East Africa — ranging from subtropical in the north to warm temperate on the Cape coast and
characterized by medium (Thukela, Great Fish) and small (Groot Brak, Kromme) catchments that are
subject to various anthropogenic pressutes, particulatly water abstraction. Damming is an important driver,
with freshwater retention in semi-arid conditions, and there are plans in place for further intensive
damming.
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For the Africa region a prelimimnary ranking order was drawn up together with expected future trends in

impacts (Table 1.1).

Table 1.1 Major activities (drivers) and present status and trends affecting the coastal zone in Africa.

)

s

Damming Erosion Increasing Almost all sub-regions, with 2 and 5 as
L Sedimentation particular “hot spots”
Diversion
Salinisation Local unknown 1,7
Nutrient depletion 7,8
Various drivers | Biodiversity loss Major Almost all sub-regions
Deforestation | Erosion Medium ranking for most sub-regions,
Sedimentation but major for coastal impact generated in
B small and medium catchments in 1 and 6
Agriculture
Utbanisation Eutrophication . : Medium overall but major in 5
; Medium | Increasing
Pollution
Industrialisation | Pollution As above, but in most cases motre coastal
than catchment-based — 4, 5, 6




Coastal erosion and sedimentation were identified as significant and progressive impacts in neatly all of the
sub-regions, the problems being acute in the Nile delta and West African lagoon systems. Damming was
viewed as the principal driver, with reductions in stream flow and sediment flushing. Damming also
contributed to estuarine salinisation, e.g., the Incomati River in Mozambique, and nutrient depletion in the
coastal sea, e.g., off KwaZulu Natal. In most sub-regions deforestation and agriculture were regarded as
important drivers, particulatly in respect of coastal sedimentation from medium and small catchments, e.g.,
the Tana and Sabaki rivers in Kenya. Human settlement was identified as a major contributor to
eutrophication and the proliferation of aquatic weeds in the large West African catchments. Elsewhere,
while eutrophication and pollution were recognised, they were mostly restricted to local (coastal) urban-
industrial sources, e.g., Alexandria, Mombasa, Saldanha Bay and Cape Town. Loss of biodiversity or
biological functioning was seen as another common issue, telated to a complex interplay of human and
natural drivers.

In general these data are characteristic of developing economy situations where economic growth and water
use exceed the development of the necessary urban and industrial infrastructure. This finding parallels
those made in the South American (SAmBas), and East Asian Basins assessment and synthesis processes
(Lacerda ef a/. 2001; Hong 7 4l. in prep.). However, heterogeneity of the sub-regions seems to be more
pronounced in Africa than in the other world regions, making the ranking of issues and drivers in Africa a
more complex challenge.

The AfriBasins assessment process

In the preparation and execution of AfriBasins II, the standardised LOICZ-Basins assessment tables

(Appendix 1) were used to guide the following sequence of assessment steps:

e Assessing and ranking coastal issues/impacts (together with their critical thresholds) due to human
activities within catchments based on documented coastal changes.

e Assessing and ranking major catchment-based drivers and their consequent environmental pressures
impacting the coast.

e Assessing and ranking the various dtivet/pressute settings generating the coastal issues/impacts and
identifying the trends of state changes in the coastal environment; up-scaling to sub-regional then
regional levels.

e Assessing and synthesising scientific, policy and/otr management responses.

e  Assessing and synthesising gaps in understanding, “hot spots” and research needs.

The issues were assessed for the rivers shown in Figures 1.3 and 2.1. A summary of the major concerns
arising from the assessment is presented in Table 1.2.

A scarcity of relevant standardised data is a recurrent problem in most of the sub-regions assessed. This
shortcoming applies both to scientific data and, particulatly, to socio-economic information, whether
concerning activities in the catchments or impacts at the coast. Time-series data generated from routine
monitoring programmes 1is particularly sparse. The workshops highlichted a considerable dearth of
knowledge about the critical loads and thresholds of material fluxes passing from the catchments to (or
through) the coastal area to the coastal sea that, if exceeded, would significantly change the coastal
environment. There was a need for common parameters to be established in respect of the indicators of
change that were relevant to the region.

Supposed “multi-driver” impacts posed a major research challenge, particularly in the medium and large,
transboundary catchments. The specific contributions (positive or negative) arising from, for example,
agricultural practices, deforestation and damming to the fluxes of water and sediment that reach the coast
need especially careful analysis, bearing in mind the socio-economic implications of regulation in these
areas. In the AfriBasins process the rates of changes in the coastal environmental state resulting from
catchment-generated pressures were assessed only in general terms — ‘direct’ or ‘progressive’. In some cases
there was uncertainty in the assessment. In order to prioritise appropriate responses in the catchments at
management and policy levels, there is a need for more specific information on the rates of change as well
as the time-lags between the incidence of anthropogenic pressures and the corresponding changes in the
state of the coastal envitonment.



In addition to the material fluxes generated or influenced by human activities in the catchments, the coastal
sea of the region also receives significant nutrient and pollutant discharge from the urban-industrial nodes
at the coast itself. Research is needed to assess and quantify the impacts of such coast-generated pollution
and eutrophication for comparison with the impacts ascribed to catchment drivers. The contributions that
natural drivers make (or have made) to changes in the state of the coastal environment over a range of
time-scales is another area for consideration by regionally integrated research. Understanding natural
processes and their variability over time (e.g., short- and long-term climate change), as they affect both the
catchments and the coast, is an important prerequisite for an assessment of the contribution that human
activities may make to coastal change. The coastal impacts of human activities in catchments need to be set
in the context of natural driving forces in the African context.

While the working groups accepted the various difficulties implicit in the AfriBasins assessment process,
the input to the assessment tables and the conclusions drawn from them represent their expert judgement,
making the best of the data available.

The AfriCat proposal

From the results of the DPSIR assessment, the workshop identified a number of river catchments within
the region that were appropziate for detailed case study, examining various aspects of the catchment driver -
coastal impact linkage. Such initiatives would become the input to the planned AfriCat proposal envisaged
as providing a conceptual umbrella for the individual proposals to be developed by the LOICZ AfriBasins
scientist network. AfriCat’s broad principles would be similar to those of the established EuroCat
programme (http://www.iia-car.unical.it/ EUROCAT/project.htm).

The selection of demonstration sites provides coverage of the key issues identified by the AfriBasins
wotkshops and also a representation of the various sub-regional river-coast classes. Many of the chosen
catchments are large — greater than 200,000 km?— and extend over several countries, thus involving a range
of transboundary issues. In each case study there would be an integrated, systematic approach to the
understanding of the water cascade, taking the catchment and coast as a single system. There would be
emphasis on robust science and relevant data-building and communication. It was recognised that the
studies must add value to existing work, and have a strong socio-economic input, showing how the needs
of a clearly identified user community were being addressed. As well as serving local and regional needs,
the integrated studies of AfriCat will also feed the global aims of Earth System Science, through provision
of reliable bases for up-scaling in a region where, compared with Europe for example, recent and reliable
data ate scarce.

Within the AfriBasins network, the key contact persons identified for each of the case study sites agreed to
assist in further developing specific research proposals and to investigate the options for potential funding
on national and international levels. The workshop reiterated that, regardless whether national or
international financial support was targeted, the initiative and detailed networking needs at site level would
need to come from the regional scientific community. LOICZ could provide a framework and assist in
sustaining the necessary links.

The wotkshop affirmed the need for effective sub-regional coordination and a scientific coordinator for
each study site, working under the general guidance of a Policy Advisory Board. The overall coordination
of the further drafting process was dedicated to the Centre of African Wetlands, Ghana and the Pan
African START Secretariat. UNEP-ROA confirmed its suppott in generating the national, governmental
approval for the initiative through the AMCEN process. AMCEN was identified as an appropriate
platform to facilitate the governmental approval for the various site study plans in a broader context of the
Abidjan Declaration.

Demonstration sites (see Table 1.2)

For the eastern side of the region, the inclusion of the Nile was confirmed; also the Tana and Sabaki rivers
as a linked site, the Rufiji, the Zambezi and the Incomati. For the Incomati site, the study could be built on
earlier assessment and planning efforts conducted at the University Eduardo Mondlane in Maputo and a
draft trilateral project plan between Mozambique, South Africa and Swaziland, all of which were developed
with support of the Coastal Management Centre of RIKZ in the Netherlands. A project on the integrated
evaluation of riverine fluxes to the Maputo Bay region, “Catchment2Coast” recently funded by the



European Commission, could be associated with the AfriCat project. This could be a key exercise in a
continued second phase of the global LOICZ programme. For the western coast six sites were confirmed
as providing suitable case study opportunities for AfriCat — the large catchments of the Congo, Niger, Volta
and Senegal, the medium Cross, and two medium catchments in Morocco.

Table 1.2 Suggested demonstration sites* for key case studies of catchment—coastal sea systems in
Africa.

| eS|

Semi-arid climate, small to Damming Good coverage of flux M. Snoussi
’ts | medium catchments, high Aoricultur data within catchments,
seasonal runoff variability, gric ¢ few comprehensive
coastal erosion/sedimentation, studies on coastal
salinisation linkage. Socio-economic
profiles and analysis to
be integrated
2. West Africa | Senegal, Transboundary catchments Damming Fair coverage of I. Diop,
Volta, under strong human influence, | Deforestation | biogeochemical data, A. Kane,
Nigert, coastal erosion, changes in socio-economic G. S. Umoh,
Cross nuttient supply and habitats information expected to | O. Martins,
due to changes of material be limited; baseline C. Gotdon
transpozts project development

(Volta - PDF-B status).

3. Congo Congo Nuttient input Uncontrolled | Apparently very limited [ tha
urban growth | data

Nile Transboundary river under Damming, Good data coverage H. Awad
catchment | extreme anthropogenic intensive

Add integrative value to

and delta, |influence, flux changes to the | agriculture, . .
existing projects

Alexandria | floodplains and delta — high high popul-
city coast | waste load ation density

6. East Aftica | Tana/ Monsoon: al runoff with Damming, Holistic study, flux data | J. Kitheka,

Sabaki sediment load changes agticulture generation J. Ochiewo
Rufiji Monsoonal discharge through | Agticulture, Flux data generally very | A. Ngusaru
mangrove to Mafia marine high popul- limited
patk with coral reefs ation density
7. Zambezi | Large transboundary Damming No comprehensive study | T. Forbes,
Central/south catchment with the largest available; investigations | L. Mhlanga
Mozambique resetvoir in Africa, discharge would partly have to
to delta/beach plain coast generate data
Incoma ti Reasonable data A. Hoguane,
. . it F. T
Transboundary catchment with | Damming coverage, catuer auacale
. . S assessment and project
major erosion and salinisation . .
Agriculture development carried out

impacts, medium

Maputo eutrophication and biodiversity | Urbanisation | Integrated modelling P. Monteiro
Bay (incl. |loss project
Incoma ti “Catchment2Coast” with
River etc) potential for association
with “AfriCat”

* This list of suggested sites is not exclusive and is subject to amendment.



2. REGIONAL ASSESSMENT AND SYNTHESIS OF AFRIBASINS
by R.S. Arthurton, H.H. Kremer, Wim Salomons and O. Martins
2.1 Introduction

The Land Ocean Interactions in the Coastal Zone (LOICZ) core project of the International
Geosphere Biosphere Project (IGBP) is evaluating the physical, biogeochemical and human interactions
that influence changes in the state of the coastal environment. The LOICZ key questions that aim to
address these issues are:

e How are humans altering the mass balances of water, sediment, nutrient and contaminant fluxes, and
what are the consequences?

e How do changes in land use, climate and sea-level alter fluxes and the retention of water and particulate
matter in coastal zones, and affect morphodynamics?

e How can we apply knowledge of the processes and impacts of physical, biogeochemical and socio-
economic changes to improve integrated coastal management?

Coastal zones worldwide are subject to many pressutes, both natural and anthropogenic, which change over
time. Management practices in Europe and North America over recent decades have significantly
decreased the impacts there of “classical” contaminants such as heavy metals, nutrients and PCBs, but
nutrient inputs show only minor reductions. In emerging economies, these latter substances have a high
priority. In addition, new classes of industrial and agricultural chemicals have entered the priority lists of
international organisations and should become the subjects of coastal impact and monitoring studies.
Increasingly coastal areas are subject to a “competition for space” — urban and industrial development
pressutes, tourism and increased traffic all demand physical space, constraining the size and functioning of
coastal ecosystems and creating major challenges for managers and regulators. Past and planned physical
changes in river catchments, particulatly by damming and diversion, influence the natural flow of water,
nutrients, sediments and pollutants to the coast. Numerous studies have addressed these issues and
produced large amounts of data, but these data have seldom been subjected to integrated assessment and
synthesis. Only recently have the interactions of the physical and biogeochemical environments and human
historical evolution been considered. As a step in this process, information and response strategies relating
to coastal states, including many in Africa (UNEP 1999; UNEP ef 4/ 1997, 1998), have been reviewed
under the “Global Programme of Action for the Protection of the Marine Environment from Land-based
Activities”.

The LOICZ-Basins project is working inter alia to develop a global assessment of the importance of
changes in river catchments and their impacts on coastal seas by applying a “systems’ approach. The river
catchment and its associated coastal zone are treated as one system (Figure 1.1). Changes in the coastal
zone are affected both by local human activities and by its biophysical properties. Thus, on a global scale,
regional coastal zones will show differences in their responses to a similar human activity. The regional
systems are subject to outside (long-term) pressures and drivers including climate change and global socio-
economic changes. To elucidate these intricate relationships, LOICZ-Basins focuses on the hotizontal
fluxes of substances within the catchment-to-coastal sea system. This systems approach, integrating the
natural and social sciences, addresses issues such as critical concentrations and loads, biological resilience
and carrying capacity of the coastal environment. Airborne flux of fine sediment is not considered in this
approach.

LOICZ-Basins uses a standardised DPSIR framework, developed by the OECD (1993), for the assessment,
analysis and integration of the results of past studies (see Appendix 1). This permits a combination of the
results from the natural and social sciences as well as feedback from and to policy/management options
(Turner e al. 1998; Salomons ¢f al. 1999). To generate a global picture, a set of standardised (and thus
comparable) regional assessment workshops has been implemented, aiming to scale up information from
individual river catchment-to-coastal sea systems to sub-regional and, finally, regional scales. Characteristic
types or classes of coastal issues and changes are identified, prioritised and linked to their major natural and
anthropogenic drivers on a catchment scale. Numerical or qualitative indices are developed to allow this



ptioritisation and to permit qualitative or semi-quantitative comparison of the scenarios of land-driven
coastal change within and across regions.

LOICZ-Basins therefore deals with the roles of human society on the transport of materials — water,
sediments, nutrients, heavy metals and man-made chemicals — within the catchments and the impacts of
those roles at the coast and in the coastal sea. In addition it aims to propose feasible management options
along with an analysis of the successes and failures of past regulatory measures. Since the changes in
fluxes are mostly land- or river catchment-based, the catchment-coastal sea system is treated as one unit —
a water continuum. Applying this scale to coastal change phenomena, human activity drivers including
agriculture, fisheries, urbanisation, industrialisation, transport and tourism, as well as morphological
changes in the catchment (notably damming) have to be taken into account in as far as they affect the
fluxes. In particular the following parameters are assessed:

e material flow of water, sediments, nutrients and priority polluting substances (past, present and

future trends);

®  socio-economic drivers that have changed or will change the material flows;

e indicators for the impact on coastal functioning; and to detive from them

®  a “critical load” for the coastal zone and “critical thresholds™ for system functioning.

The assessment enables the visualisation/mapping and up-scaling of the issues and scenario simulation on
various spatial and temporal scales. It is expected, ultimately, to use the LOICZ typology approach for
global up-scaling, which is under continued development in co-operation with IGBP-BAHC (Biospheric
Aspects of the Hydrological Cycle core project).

Basins has established links with other global assessment projects including the UNEP-led, GEF-funded
Global International Waters Assessment (GIWA), with which it has much of its DPSIR methodology in
common. It contributes directly to UNEP’s Integrated Coastal Area and River Basin Management initiative
(ICARM) as well as UNESCO IOC Integrated Coastal Area Management (ICAM) and Coastal GOOS
(Global Ocean Observing System) programmes. LOICZ has agreed to channel the AfriBasins results into
the joint ACOPS (Advisory Committee for the Protection of the Sea)-IOC African Process, which already
has the political endorsement of at least 11 countties in the region and will feed into the Johannesburg
World Summit on Sustainable Development to be held in September 2002.

Outputs from the AftiBasins I workshop (contributor — O. Martins)

During the first LOICZ AfriBasins workshop held in Nairobi 25-28 July 2000, a comprehensive scientific
and institutional network was established. This included representatives of the Global Environment
Facility (GEF, Biodiversity and Land Degradation), the Wortld Bank (African Water Resources
Management Forum Interim Task Force) and UNEP (Division of Environmental Impact Assessment and
Early Warning and the Division of Policy Development and Law).

The AfriBasins I workshop was successful in building a regional, multidisciplinary network of scientists,
bringing together their expetrience and knowledge of published work and other relevant existing
information, and identifying projects within the region with mutual agendas and/or the potential to be
associated with the regional synthesis. The workshop identified the pertinent regional issues, providing a
preliminary rank order of cutrrent and predicted impacts with analyses of their trends on the basis of the
expert judgement of the participants and published scientific information.

AfriBasins I proposed an interim shortlist of potential demonstration sites for the development of case
studies addressing some of the prioritised driver-impact issues. It identified the following catchment-
coastal systems from five geographical African sub-regions:

North Africa — Alexandria delta (Nile representing a large transboundary system with well investigated
drivers of change, especially damming, and a good coverage of biogeochemical and other scientific data)
South East and East Africa — Zambezi and Tana rivers representing systems of different sizes, one
(Zambezi) under huge damming pressure and with no comprehensive investigation in place and the other
(T'ana) currently the subject of planned damming and with an holistic scientific investigation underway.



Also up to two smaller catchments under variable human pressure representing the mainly monsoon-driven
East African systems with high seasonality in biogeophysical and hydrological characteristics.

West Africa — the three basins of the Niger, Volta and Senegal rivers (all with potential for up-scaling being
transboundary, under strong human impact such as damming and deforestation and subject to various on-
going and planned initiatives);

North West Africa — 2 or 3 smaller catchments in Morocco (representing highly influenced river systems
in an arid climate with seasonal variance in runoff).

Finalising the regional synthesis: AfriBasins I1

Drawing on the work by the network of African scientists in AfriBasins I and attempting to fill the
disciplinary and knowledge gaps identified at that workshop, AfriBasins IT aimed to finalise the preliminary
integrated regional assessment and to provide a link to the first global LOICZ-Basins synthesis. A state-of-
the-art regional overview and an identification of “hot spots” to be picked up in a proposal for future
regional integrated research were the immediate products expected from the workshop. It was recognised,
however, that the information and participant-experience bases for this assessment exercise were, of
necessity, restricted and that there would be a need for a comprehensive bibliography and a thorough
review process.

The assessment took into consideration the vatiety of geographical/climatic sub-regions and tiver
catchments of various sizes, many with transboundary issues. It recognised that African regional seas and
tivers are most visibly influenced by global change and anthropogenic activity, and that human adaptation
to this forcing is itself generating severe impacts on systems functioning. The wotkshop therefore aimed to
provide a range of current and future trend information on loads and critical thresholds, which would feed
into the scenario simulation efforts of new research.

The AfriBasins II workshop adjusted the sub-regional divisions that had been proposed in AfriBasins I,
now recognising a total of eight sub-regions (see 2.3). Using the standardised proforma tables based on the
DPSIR framework (Figure 1.1), two working groups completed the assessment compilations at catchment
and sub-regional levels for the western and eastern/north-eastern coasts of Africa respectively. The
emphasis throughout was on a close coupling of the physical and biogeochemical sciences with the human
dimensions both of the driver-pressure settings in the catchments and of the issues and impacts at the
coast. Finally the sub-regional assessments were scaled up to the regional level.

The standardised LOICZ-Basins assessment tables were used to guide a detailed sequence of assessment
steps (see Chapter 5). Key questions were posed at each step.

1. Assessing and ranking coastal Issues/Impacts (together with their ctitical thresholds) due to human
activities within catchments based on documented coastal changes in the region:

®  What are the major impacts (coastal issues) identified at the coast or in the coastal sea?
e How close are these impacts to their respective critical thresholds of system functioning?

2. Assessment and ranking major catchment-based Drivers and their consequent environmental Pressures
impacting on the coastal system:

e  What are the major driver/pressure settings at catchment level causing coastal change and what are the
temporal trends of the changes?

e What are the spatial scales on which specific driver/pressure settings impact on the coastal system?

3. Assessing and ranking the various Dtiver/Pressure settings generating the coastal Issues/Impacts and
identifying the trends of changes to the state of the coastal environment; then up-scaling to sub-regional
then regional levels:

e What are the major driver/pressure settings causing observed coastal impacts?
e What are the future trends at sub-regional level; at regional level?
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4. Assessment and synthesis of scientific, policy and/ot management tesponses:
e  What is the current status of the responses taken on scientific, policy or management levels to address
the perceived major coastal issues in the region?

5. Assessment and synthesis of gaps in understanding, “hot spots” and research needs:

e  What are the major gaps in our understanding of river catchment-coastal sea interactions in the Africa
region and which “hot spots” should be addressed with priority in a future integrated scientific work
proposal (natural and socio-economic disciplines)?

The issues were evaluated according to the sub-regional division made by the experts for the river systems
shown in Figure 2.1. These tivers represent a reasonable coverage of the geographic and/or climatic sub-
regions or types of catchment-coastal sea systems identified as being characteristic of the African continent.

MOULOUYA **
~\
SEBOU *¥

SENEGAL *

TANA LARGE = *

VOLTA * / ‘ & SABAKI **

MEDIUM = *%*

SMALL = ##%

ZAMBEZ]I *

LIMPOPO *

“ INCOMATT #**
BERG #+¢ ¢

THUKELA ™,
GREAT FISH *#* -~
<~ GROOT BRAK ##*
KROMME #*##

Figure 2.1 Sub-regions (dashed lines) and rivers in three catchment size classes (<10,000; 10,000 — 200,000;
>200,000 km?) evaluated for issues, pressures, drivers and land-based activities in AfriBasins IT wotkshop.
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2.2 Indicatots for coastal change

The availability of reliable information on critical loads and thresholds for catchments within the region is
patchy. In the AfriBasins II workshop the identification of indicators for changes in environmental states
at the coast was supported as being a realistic aim for the assessment process. Information gaps in respect
of thresholds were not considered critical.

While some of the indicators for coastal change that have been cited in the AfriBasins II assessment are
policy-related, most belong to the ecosystem approach (see section 2.1 and Table 2.1) and are suppotted by
a wide range of measurable or otherwise obsetvable indicator parameters. Some indicators relate directly to
a coastal issue, e.g., the measurable rate of shoreline retreat or advance as an indicator for coastal erosion or
sedimentation. Others are less precise, e.g., the assessment of crop yields as an indicator for estuarine
salinisation. International conventions on chemical concentration threshholds provide direct indicators for
water quality issues (pollution, eutrophication, nutrient depletion). Biological indicators such as algae and
seagrass are used as proxy indicators of water quality, but also as direct indicators for the loss of biological
function and loss of biodiversity.

The critical loads of water, sediment, nutrients and pollutant fluxes, excesses (or shortfalls) of which may
cause significant changes of state and thus possibly major impacts on the coastal system, are generally
pootly known for the region. Coastal erosion and sedimentation may be one of the more obvious coastal
changes, but its causes may be difficult to attribute (see 2.4). Only if it is certain that the shoreline changes
are due to changes in the rate of sediment discharge from rivers will the estimation of a critical threshold
for system functioning be meaningful. Similar caution should be applied in assessing the critical loads of
nutrients and pollutants discharged from river basins in the vicinity of major coastal urban and industrial
centres unless the sources, for example of recognisable pollutants, can be determined. The capacity of the
coastal environment for retention, and the potential for dispersal, of nutrients, pollutants and fine
sediments are other factors to be considered in the assessment of critical loads and thresholds, though
relevant data within the region are generally sparse.

Table 2.1. Summary of environmental indicators of drivers, pressures and state changes applied in
the African regional context (based on OECD 1993).

//////////////// %/ w7 / 7 //////////%/”/ a.

U Coastal erosion e Shoreline Change ]
Diversion ) ¢ Sedimentation through e Siltation of channels, |  egislation and
Water abstraction reduced tiver flushing harbours enforcement measures

e Salinisation b

® Nutrient depletion in ® Groundwater salinity |  CZM strategies

coastal seas increase, reduced crop yields | e
e Loss of biodiversity ® Fisheries stock changes oastal/ CﬂVifOn-mCﬂFa.l
e Increase in aquatic weeds |® Changes in species | Management authorities

composition and abundance

Deforestation e  Siltation e  Changes in distribution of | ® ICZM strategies
® Loss of biodiversity healthy corals and seagrass
Agticulture e Siltation e Maximum allowable
e  Eutrophication e  Excessive algal concentrations (MAC)
e DPollution growth /blooms
e Loss of biodiversity e Incidence in rtelation to
agreed conventions
Utbanisation e  Futrophication e  Fxcessive algal | ® Legislation and
Human settlement e  Human health issues growth/blooms enforcement measures
e  Loss of biodiversity o Incidence of water-related | ® MAC
diseases
Industrial growth e  Pollution e Incidence in relaton to
®  Loss of biodiversity agreed conventions
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2.3 Biophysical sub-regions and catchment-size classes (see Figure 2.1)

Building on the results of AfriBasins I, eight sub-regions were identified for assessment within the Africa
region, on the basis of their general (catchment and coastal) geomorphological and climatic characteristics.
As outlined in Chapter 1, these were:

1. North-west Africa (Morocco) — a relatively arid sub-region with seasonal runoff characteristics and at
least in Morocco major human pressutre through diversion and damming causing a variety of coastal change
issues. (This sub-region includes the coastal stretches of Algeria and Tunisia but no information on
systems there was gathered during the AfriBasins process).

2. West Africa (Cameroon, Nigeria to Senegal) — featuring a variety of large rivers subject to major
damming resulting in reduced sediment and water fluxes and reduced coastal stability as a growing threat to
the lagoon-based cities. In this sub-region there is also a class of ephemerally draining systems with
considerable total annual run off such as the Cross and Imo Rivers; about 70 to 85 % of their annual
runoff concentrate around the five months, from June to October (FAO, 1997).

3. Congo (Central Angola to Cameroon) — central African sub-region including the very large Congo
catchment with extensive rainforest but little information available about its land-based drivers and how
they relate to coastal issues.

4. South-west Africa (Cape of Good Hope to southern Angola) — mainly dominated by the upwelling
system of the Benguela cold current; cool and temperate in the south, arid in the north with limited river
runoff to the coastal sea.

5. Nile — including the wider coastal stretches influenced by the Nile discharge reflecting land-based drivers
including the Aswan dam, Cairo urbanisation and industrialisation, and agriculture in the Nile valley and
Delta.

6. East Africa (Somalia to Nampula province, northern Mozambique) — featuring small- and medium
catchments under monsoonal forcing (seasonal flushing) and subject to damming, and special for the
occurrence of extensive fringing and patch coral reefs.

7. Central/southern Mozambique (Zambezi to Maputo Bay) — high seasonality in runoff characteristics
(including intermittent cyclonic flooding) and transboundary issues including damming and impacts such as
salinisation in the coastal zone; alluvial coast.

8. South-east Africa (Maputo Bay to Cape of Good Hope) — ranging from subtropical in the north to
warm temperate on the Eastern Cape coast and charactetized by generally small catchments that are subject
to various human use patterns with plans in place for intensive damming,

For the purposes of the assessment the river catchments that were selected for analysis were categorised on

the basis of their areas: large basins — greater than 200,000 km?; medium — 200,000-10,000 km?; and small —
less than 10,000 km? (see Table 2.2).
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Table 2.2. African drainage basins assessed in AfriBasins.

|

.

L 2870 10 Negligible no data Mediterranean
(3349-Nile (2854%) (120 pre- (0%)
Basin damming)
Initiative)
Zambezi L 1500 (1300*%) 3361 47.3 (20%) 24.1 (15%%) Indian Ocean
(3170%)
Limpopo L 412 (410%) 177 (168%)  34.6 (33%) 74.6 (80*F) Indian Ocean
Gariep (formerly L 1000 (1100%) 180 (348*) 35 (20%) 35 (18*%) South Atlantic
Orange)
Congo L 3700 (3800*%) 46000 67.5 (43%) 11.6 (12*%¥) Atlantic
(46300+-
38050*)
Niger L 2240 (1200%) 6130 40.9 17.8 (18- Atlantic
(6342%) 33%k
depending on
Basin area)
Volta L 390 (400%) 800 1.509 <0.1 Atlantic
(1268%)
Senegal L 290 (270%) 10-6736 1.18-2.862 (78%%) North Atlantic
(675)! (21%)
Tana M 132 (42%) 126 (149%) 3 no data Indian Ocean
Sabaki M 70 63 (32%) 2 no data Indian Ocean
Rufyji M 188 (180%) 900 (983%) (17%) (94+%) Indian Ocean
Incomati M 46 101 (73*)  no data no data Indian Ocean
Thukela M 29.1 146 (95%) 10.5 375 Indian Ocean
Great Fish M 29.3 (29.9+) 17 (3.2-58"9  high but no data Indian Ocean
unknown
Olifants M 46 38 2.7 58.7 South Atlantic
Cross M 48 1649 no data no data Atlantic
(FAO,
1997)
Sebou M 40 131 (139*%) 26 995 (650*F) North Atlantic
Moulouya M 53.5 (51%) 13 (51%) 12 (6.7%) 240 (224%)  Mediterranean
Groot Brak S 0.1 0.8 very little no data Indian Ocean
Kromme S 0.94 3.3 (0.1 little — all no data Indian Ocean
trapped
Berg S 6.42 (7.7279 22 (16T no data no data South Atlantic

Where possible figures derived by the AfriBasins team are displayed in comparison to earlier data such as from the GLORI
database to give an impression of the partly high variability in curemntly available information for certain systems. Where no data
could be provided during the workshop external sources have been used to fill gaps such as FAO and LOICZ information or data
have been calculated from such databases.

1 The values are relative to the Bakel station and the first ones are the mmimum and maximum while the number in brackets is the mean module for

a 90-year period.

2 The values are relative respectively to the years 1982-83 and 1981-82.
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Data from: Allanson & Read 1995; Berg 1994; CSIR 1985; Depattment of Water Affairs and Fotestry 1996; Haida
2000; Dr D. Hughes, Institute for Water Research, Rhodes University, Grahamstown, South Africa, pers. comm.;
Kane 1985; Kitheka 2001; Meybeck & Ragu 1995; Michel & Sall 2000; Morant 1983; Niang 1999; Peters 1978;
Reddering & Esterhuysen, 1983; Rooseboom 1992; Snoussi ¢7 4. 2001; UNEP 1998; * = corresponding figures taken
from or ** = calculated from the GLORI database, Milliman et al., 1995; * = Dupra et al. 2001; ** = Dupra et al.
2002; FAO 1997 — http://www.fao.otg/docrep/W4347E /w4347e0w.htm

24 Coastal issues, state changes, critical loads and ranking (see Table 2.3 and Chapter 5)

On the basis of referenced information, the working groups identified for each of their respective sub-
regions the key environmental and human issues or impacts affecting coastal areas (including the coastal
sea) that were considered to have been caused, or influenced, by land-based human activities. The issues
include matters of management concern at local, national and regional levels. Generally they involve
changes in the state of the coastal envitonment that impact on its geomorphology and/or its ecosystem,
affecting issues such as water quality, biological functioning and human health. The state changes that
affect coastal geomorphology relate mainly to the sediment that is discharged from rivers. Examples are
where reductions in discharge at river mouths contribute to the impoverishment of sediment on adjoining
beaches and the consequent erosion of beach heads (coastal erosion) as in the Nile Delta, or where
increases lead to sedimentation (siltation) and coastal progradation as with the case of discharge from the
Sabaki River at Malindi in Kenya. While the coastal ecosystem has a natural biological resilience and is able
to cope with biogeochemical changes to some extent, certain functions may be damaged or otherwise
altered if the changes exceed critical thresholds (see 2.2). An example of this is the growth of toxic algae in
an estuary where eutrophication resulting from the discharge of untreated sewage exceeds a critical level.

Distinguishing between natural and human activity drivers as influences on state changes is a particular
problem in the assessment of coastal impacts and issues. For example, the possiblity that marine forcing
(changes in sea level and/or climate-driven longshore drift) rather than catchment activities might be the
cause of some of the cases of erosion and sedimentation that are detailed in the AfriBasins assessment must
be borne in mind. Understanding natural processes and their variability over time (e.g., short- and long-
term climate change), as they affect both the catchments and the coast, is an important prerequisite for an
assessment of the contribution that human activities may make to coastal change. Another problem in the
assessment process concerns the weight to be attached to land-based human activity drivers at the coast
itself, rather than within identified catchments. The situation is well illustrated by the coastal city of
Alexandria with its important issues of pollution, eutrophication and human health attributed to
urbanisation and industrialisation separate from any identifiable catchment. For the purposes of the listing
of coastal issues, such cases have been included and ranked in the assessment, though generally there is no
scope for including them, however acute they may be, in the catchment-by-catchment review of
driver/pressure settings assessed in Chapter 5 (see 2.6). An exception has been made, however, in the case
of coastal urban nodes in the south-west Africa sub-region.

In ranking the coastal issues and impacts, it has proved difficult to achieve a consistency of standards
between, and even within, sub-regions. Local, short-term hot spots may have attracted high rankings —
beyond the threshold—yet more spatially widespread and longer-term impacts that have been assigned lower
rankings may actually turn out to be the more significant. Even in simple cases, ranking the issues and
impacts and the state changes as part of the assessment has, by its nature, been a process of somewhat
subjective judgement within the limitations of the mostly sparse data. This may have led to anomalies in
the assessment output.

Information regarding both the coastal environmental state and the critical loads and thresholds relating to
the various impacts varies greatly in both its quality and availability. The working groups regarded scarcity
of data, particularly time-series data, as being a serious impediment to the understanding of the driver-
impact linkages throughout the region.

15



q
(€661) Fowo] 2 Aqm,
(¢661) 3w
FEPINO(T 29 AYI'q $'0T 19283 UOISOF'D £xoyuoword
(r661) A ENIUE(]D
7w 20 Ay ‘(bo61) A0 6 - G'G 19181 UOISOF['q | vore oxer| sn[uung‘q
29 Aym (266 1) ssdeuy “ULIULIINIPI 03Ut (34 /3N 091) 18w zo1-¢5 Axo1uoword
20TN0SIY JNELIPAF] ¥ 38reysIp JUSUPas pAIUAARXd (§96]) WE(] UeMSY "¢ | 16T TOISOId JUALM) "k £11980Y['t
(6861) LSHN
(L661)
auey] {966T) oFrwNoOg UMOUY JON "D
“(S661) 77 22 g *(<661) /101X
v 30 neassnzeq (0661 g (osned JO O3NS JOU) POPIdXY D UBY) FOIERIS)  °q 781N 0
‘9861) 77 49 MK 'q S q QOUINJUT JUSWTPDIED JO W) UT POPIDX JION  'q 3£ /1501%X6' T [e3auag 'q
(8661) voproo) e g e popoooxy B UL JO1LdI0) 'k EJOA B
(0002) TPrEeH UOISUIXD
(¥661) yeremoy, 130d 21 01 anp Aeg SIASULT, 1L WG-7 TFL /150X 1SEO0D
(T661) 19YoNg 6 'q 90"() JO TOFSOID [EISEOD PIAIIS(() "PIPIIIXY 'q S[qE[TeAE I3k UEOUBIINIPIA 'q
-91OTWUY 29 1SQOX “3£/101X 40 | proysomp ograds oN
(1661) Jnozrey) L PUE G('() BIOMII] UOISOFO PIJEUWINSF] "PIPIIIXT] B 1SE0D JPUEPY
(0661) 77 4 1SSN0US vorsoryg

QUOU = () SWNUAXEW = ()] :97eds Joedw]
spedur yo Sunjuer saneyenb pue ms1a1940 fEdTIFY JO 15€00 I Suo[e SPIOYsII [eonud pue syoeduwr/sansst [e1seod J0feIy ¢ d[qe],

16



P umowyu 'p umomun 'p eI 30035 °p

7 UMOUSU() D UMOUSU( D SURUIOTY] "D

¢q umowyu) 'q umowyu °q Ystd 915 °q

(8L61) 33>¢ ey, ce UMOUY) v MO UBSIXD 0,09 ¢ CPANYL v
(8661) VODIIN 2 ) $59005d SNONUNTOD & $9W0D3( VOTSOT 3 UMOUNU(] D |  ATEN)So PEWOIU] D
ododwr *q

(c661) 2000 e g e UMOUU(] "B UMOUNU(] " 1Zoquiey e
UMOT[UN FeqIZuUe7/ UF St

21eWwns? 1891193 ‘rueiquue( 10§ passed peoy [eonw)) 8 TAGUNN] “IqOUNFe

(1002) dANN “Oleq ‘uerque( 3

1002) 77 #2 nresn3N (rorm
“(100Z 0002) dNOLT. Hyny) ey
(6661) 77 i BOXINIY (ST0AT BWUMANY PUE
re61) 72 42 opuydeyg MHLUWRGN) YIS
“(266T) vormpry UAOUUN TPUY [-EIEMIN] "0
(886T) oxepuadig 9)ex “‘SULLIND0 9 O} PITIPISVOD BOISOF J-P ynyp
eZINT {(L8GT) SPHIHO (Fonm nany)
‘(2661 ‘/86T) £e1 4(9861) (reof 3od 1v0m107 WYY) WER[ES SO wieees s Je(]
Buy-1ueg 29 SSOY 7] pue ofowreSeq 105 passed Apeai[e peoy [ > UMOU 10N] “3-2 pue ofoureSeg o
“(8L61) ereysnN 8- uAowUn
S3oAT SURNGIMUOD

{(woxry

TUBI(]) 1580D BAUDY]

ymog ‘(rewvuey

(F661) 72 22 eaw O q NZuvYS) 35v0D
(8661) FToyooU] possed £peasfe peof [eonm) q UAOUY 10N q eAuay] ION 'q

S66T) [PMIey 29 [BeY "B UMOUY JON] B UMOU] JON] ‘B vIop BULT, "k

.

»

L

penunuod
UoIsoryg

ponunuod ¢'g Jqe ],

17



s1eak
OF 1se[ UT 9183094
000092 ©1 000°096

SUOOSE[ [EISEOD

(8661)4yeURL] UORNESTUEqIN SUONEWE[D9F PUL] PI[[OXBOdU) WOTJ PIONPIT LTy UEIUEIINPIIN [[V
(H661) VAN
(L661) P3N
ueA 29 eSuIZIE] 'q o Popo90Xa JON] D UMOUY JON D Srog o
(€661 AVAA ¢q PIpI9dxa JON 'q UMOW 0N °q SIUEHIO 9
“(6861T) VA B e PIOUSSTL} JESU 3q P[ROD 1N “PIPIFIXI JON] B UMOU JON"E domreny e
(6861) ISHN " BAOUY JON D
(9661) UODEBIUWIPIS
arewnog (G661) [erang Surpesoxo
77 40 e (S661) UOQEIUIIPIS
v 70 neassnreq (0661 supepy *q
‘8861) 7742 MK *q papaadxy o s1ea4 O I8N D
Popa9dxy q 1280 1uawrdoeadp [eSouag 'q
(8661) vopron) v Popa2dxy e SUIRIOYS JO W 7'k BI[OA E

(100T) 77 72 18$N0UG
Q 66 @ msotﬁu

“pasopp Apeorporred 93¢ suooSe] ) JO SI9[UT YT,
"SUISpazp SUNEIISSIOIU S[OUTLYD UORESIALT $109)JE
ST, Aren1sd noqag o ur Affenuue payisodap ore
SPUIWIIPIS JO (W) [X/'() "PII[S 973€ Sapenysd pue s1zod
IV 34/3501X § PUP GZ°() UI2M32( PIILWIRSI SEIFIP
[EI0NI] 9T, *9OUINJFUT SULEWS U} JO JUSWIDFOFUTIT
o) pue sMO[J FareM Jo Juawpunodws oy} 01 anp
‘120D "POJA] PUE SRUERY U Y30 JO ST AL U
UONTIUIWIPIS [EIAN]] SPISIXD BOPLILIUNPIS JULILJA]

OJ20IOJA] JO SISEOD
TBIULIINIPIIN

TONEIVIWIPIG

@DSQﬁQOU ¢€c2Iqe],

18



(0002)

70 42 98wer)) {9661) 77

70 vazMUSIO BT, {(S66T)
peay 29 vosue[y (4661)

ODVTI “(6S61) 49O "q-¢

72 42 PPHIMA “(F661) ¢'P UMOmu(] 'p UMOWU(] P erd 1001 "p
PRI (L861) Pey ® A UAOWU(] "3 UMOWU(] "3 QUWIBOT] *2
vosue[y (¢86T) Sumes AC| umowu) °q umowU() q ERERLERC]

29 SUrpeA) USL] 18910) v e UMOUNU() "B mopF Sunstxs 0/,09 & ey, "k

(8661) VODIN ™ 6 HEWOdUT'D
ododurTq
(ZL6T) Jorey ® Qe UAOUUN "B umouyun g 1Zoquie7 e
"eSUBITJ] St TeJ St
UORNEIIS ‘PUL[S] CHBIAl
(1002) 3O nos I pue
v 72 03esn3N (b661) 72 4 eI[op Iy FeoU [€100 PUMANY "9
FOUSE] (Z66T) SPUER] P pue spaq ssexdeas gy p
(000¢) BRI > 30 Sumaygowg p pERES)
"(0002) Burey e SUBYN IPUIYIN UM /23y
29 ouanO {8661) dANN UMOUNUN d | Ul 8302 Jo Sumaypowg 10 2
“(6L61) spreapy “(9L61) passud peof [ponE) P feq pure feg pureN pue
KuamSu() 29 sutn(] 3£ /1w 7 98reydsIp 1UAWIPas Ieqeg q | Jo SURJIS peof [enuue pnow HEqes 'q
“(sL61) dvun (1 L61) 34/ g-1 fegq evem3un)

penunuon

. TONLIUIWIPIG
=

@DSQﬁQOU [% N JIqe],

19



t661)

/31 gp-c1 s eyD
/3w > - 20
/3 -1 -+0d
/31 61-LS — ON
/37 2%1-9 — "HN
oFemos

72 42 sikey T 4(1002) 9 176G g8 | puv ddvuwap [eannoude Qpp
72 42 212Y PPAV (6661 d:N:D |ydnosp g Aewadse I[N 03 JudeElpe
weydio(] X 212V [PpqV UOYOXq ST ONEs POYPIY | ‘speol  iuomnu  ySi| ‘Legg 11O NqQy
(£[remieu paxmod0 ALY pmom (earn
6661) ey 930W) Aeq 9y JO seare [euonisodop pue pue ds su0s0aing “3-9)

72 42 oxyu0l (6661)
wo.ﬁm&wq 29 OIJUON 'E

pognens oxow ur Aprenonsed ‘Fowums 9e[-pru
o ur proysary [eonird sassed L[euorsesn e

PM0I3 [ES[e JAISSIOXD
JO 2DURMII) "B

Keq eyquepreg e

(6861) 1SHAN
6661) IANN 9
(6961) Z3U7 €

&8 J

Ppopoodxy
Popa9dxa JON] 'q

(Woo8e[ [e1SE0OD UT PUE IIOYSIJO)
swoo[q [eS[e JO 90u2saxd 01 onp PIPIAdXY ‘B

UMOU 10U W] [en3doe
aﬂuvugﬁwﬁg Rjeeiestle]

oper IND UdYA\ 'O-B

I8N D

(onssy enualod)
ESouag 'q
C)OA B

(L66T) Fosseuag
Goac R # 85&&

swoo[q [eS[e Jo Louonborg
JO SuIsLaIOU] *SUOOSE] PUE SIFENISI U UISONTU
mo moESV LME vc.m combmo Boﬁ mo ouﬁuﬁﬁouo

PAMOIS [ESE DAISSIOXG]
UMOUY] JOU

OJD0IOJA] JO SISEOD
‘PPN unc«ﬁ‘ﬂ

20

wonesgdonnyg

@DSQﬁQOU ¢€c2Iqe],



(0002) veLE[E)

22 93pHEpIooA\ {(0007) PREIUA

2 wop4ng {(000g) 77 # #0US {(000T)
prIeg 2 IPFEYRS H(000C) SWEPY 29 Aeg
{8661) 72 # vumy) {(9661) SUvwAdL] 2
prreq (G661) Prreg 29 suewH {(F661)
a3prrproo 22 SuIa( {(¢661) VORI

op 29 uuEwnYPS (g661) 204[EL, 29 SWEPY v P umowu() 'p umowu( p yeig 10010 'p

(2661) 77 12 swepy {(6861) 8N, 29 Z UMOURU() D UMOURU() D QURUOFY] "2

UBWMOG (/86 T) SIUWISET] 29 BOSTIURLI;] Z°q uMouU() °q uMouU() °q USL] 18935) °q

{(qz86T) Sume 29 SUpe A\ PUWUIOrS] ce UMOUNU(] B UMOUNU(] B ey, e

Lremyso yo wy 08

or'p TOAO0 QUBALUTY P

(G661) vznen 29 sxpunsey (¢661) Arenyso HEWOIU] D

v 7 derexe) (786 1) eSunN 086T) 72 # JUDLHNT PISLIFIU] P UI USAX() MO[ 30 EIXOUYP m odwr 'q
EAOSOPIOI 'q (0861) TAOSOPION & Ze UMOUNUN D- UMOUNUN D- Zoquie’y ‘e

1/8 €0°0< DSSLL, Beqes °q

(0002) BPPIY & 14 UMOT 30U OBeT [:N*D pue [/Swg < (9491 O q'® vurr e

1/81 £01-4¢€ s ¥TUD

/8w > - 20

/3 9-1-+0d

/31 61-LS — ON

[/ h wm m i YHIN
QO

gmﬂ
?H: .fm:mg Sjeaiiles
SO} PUNOIY “S[EpN
S ‘b 81T Eemmg onsIWOp

(1002)

1
d:N: paleonun Jo W OIXp0g | 000 1skOd
9 CINS] =) X

79 46 weysIo( {(7661) WHEH 29 Mo[ysey,

e

/////// eealil

21



“wwod ‘s19d JULION]

“(1002) 3ueroN H(6661) dHNA € é UAOUY JON] o8uo)
(uonnyod [10) papaddxy p (sTerows
(6661) D P 6 P Lneay ‘po) ssox)y p
S[(E[IEAE JOU JFE SON[EA (sperowr
(6661) d¥D *(6861) LSHN 8 (vonniod [50) popaadxy - ograds oys Apuarmd Aneo po) 3TN 2
-q - q INq “9INILIIN] WOFJ PIALIP (opronsad)
(6661) yeowy UMOWY JON °q | 9q A[qeqord ved spoysary: [E3ouag °q
“(1L6T) ZUopny)-UuIdz) b 9 e KIISTOATPOIQ JO SSO[ “pIPIodXy] B [eonmo omeuRn) p-t | (oponsad) Bijop e
SOATEAIq
A[urews ©101q UT Son[eA ST
*SEITE ISOW
UT g JO 30)0¢] € £q S[e1ow £ALoy
JO [9A9] pUNOINdEq FUISLIIOU] *q
69 7894 € 901\ SOpR
POT JO 20UIINID() PUWIWEIZOX [ 1SE0D DRUERY 'q
{(6661) mosdayy [OdP3A JO JFOoMIUIEI] AU}
(S661) TIND o3 Ul paroyuow o3¢ sapopsad | urseq a1 o sfros panpodun
(z661) 18SNOUS PUE DO ‘AO9 ¢ SH ‘PD ‘vz JO SUONEIIUIDUOD JUT[asey
sorrag s1rodoy [Edr9], JVIN “1ISTOATPOI JO SSO[ “PIPIIDX "k |  *SPFEPUEIS PUE SWIOU O
=

DIOY

22



(6661)

*23€11I9Y [Ed1S0[0dkDIE

peSrowqns  uwo pue

samraysy o joedwr 9ARESIN
-opn pax pue voneorydonng
o3emos

JO 98TEYDSIP PajedRIUN AIOYS
FEJU WOIJ SPIEZey YPIedL]

SOLFOUIT
wo3j saisem T10 3£ /1 06 ‘ST.T,
18/1 :01%8'8 ‘AL 3£/ 01X¢T

OHMA/dANN “(S661) pPeay UERULIINPIN | NJL <0TXG ] YA POpEo] saisem
(066 DIHANN “(S861)vHV 9 UE30ds JOH | oPsIWOp 34/ (WA G| SIAIDNY | 880D L1 vHpUEKa[Y

THO 30 34/3 00T pue

‘vopeads ysy pue (N % vz 1) ) PO SH)

somoysy U0 10edwy 0ANESIU | S[EIOW OTXO0) JA /1 ((]XG/ SIATIII

eIofy OS[E JUSWHOFIAUR Leg YT,

pue vUNT} SBLEWE UL Pa3oo3op INST 3£/3 000€ ® I, */3

Apuonbosg a1e [y pue sferow | ¢ INLT, #4/3 043 :s3001s Surpuelg

6 Aned] o1x03 JO SPAJ YKy 'SSL#/01XL8T %2 I, 34 /3

‘uonearydonns <01%9°C *NLL */3 «01XC ‘OO

{K1ISTIATPOIQ UT UOREIdNE 1£/1 01X6. ‘dOg *£/1

(6661) OHM\/dANDN (L66T) ‘UBSUEIINPIN | O1XOTT P PIPEO] IAeAd)sem
v 72 souno X {0661) NN oy ur jods J0f] Poxwr 3£ / wiq 7 $9A1009Y | ([N FATY) Aeg Xo
(sterowr Laeoy
(¢L61 ‘7o) Legy aspey
(0002) 72 # preelfe], 3 ‘TVORUIAUOT) TOPUOT Y} FopuUn) (sterowr Laeoy
(L661) OIIUO S[E19UT 9DBT]) JOJ POPUSUIUIOI] ‘7o) Aegq o[qeT, °
(g661) 11Oy 2@ YPMY 0 SIS [N SUTPIIdXD U29( ALY SPIOYSAFY} (sterows Lavoy
(6661) 77 40 OTPIVON ) 30 0} 9SO[D 9TE SINOYILY [eonmo ‘sTnoqiey 30,] J-p | ‘[Fo) Aeg eyuepleg p
{(6661) I18Te] 29 OIIUCIN P yp UJ SE9FE Pasiedo] ‘J-p J[qereAe (sopronsad) Siog o
F66T) AVAA Z popoodxa joN D 10U 97e sonfea ograds-as Inq (sopronsad)
(L661) preeleT, .o_ Zq popoodxe joN  °q 9INJBI WIOTJ PIATIIP 9 TED SIUEIO q
Amoav mﬂ\x/Q N e Popa99x2 JON SpIOYsoF ) Rouco oﬁocumu -t Amovﬁunmo& QQQ«O ®

penunuon
qoﬂ:ﬂom

w.oz 1000 ¢ 03« 1

23



(8661)
uesse] 2@ pray (Z661) VVAH

UBIULIINIPIIA 9U3 U Jods JOF]

"Od */3 1L pue

CON #4/1 961 CON #/1 0¥
A POPEO[ UBIUBIIANIPIA
a1 o1t 34/ q / SIBTeYISIp
‘sosem pajeonun 1o Aenred
Jo 3£/ wq /'] SIAONY

CIINESIN))
e B[BZUBIN

(8661)
uesseH] 29 peAy {(L66T) Pees

QATISIF [EFNIET
SE PIIIPISUOD VOOSTE[ [EISEOD TEI)

*Od *4/3 100

pue SON #4/3 20 TON 34 /3
€0°0) *d %® N yvedgIuisur
I POPLO[ F91BM [SIOLIq
3£ / W77 UeIVEIINIPIN]
01Ut 93xeISI([

(N ARy
oxeT snymnang

(1002) 3osnox 2 peay {(g661)
UESSEL] 29 PrAy (/661) PPES

JUSWIUOTIATD SUIATIIIT

KLeg 1) nqy o ur vonesrdonnd
asned Lyenb 1o1em 98FBYDSIP 1T
Apuanboiy woys£s Surxy uaSonIN

INUIM UI P /LW /[OURE

17T pue Iwumns Ul

P/ W /[OWW 9" [ =}USP-XG U
Fo1UTA UT P /W /[OUR ¢°
pue owrums ur p /U /Jowrs
¢ =3dPp 090z =

0 TOd ¥/1 6 PUe CON #4/3 8

CON #/1 21 | popeoy feg

710 DY 01U JABM [SE{IrI(]
30 34 /W 00F 8reydsiq
“Torem UTRIp 14 /Wq [ Inoqe
QAT SUTLIP AINIMOWISY

(GerN
TOARY) e NP

(1007) Josnox 29 pray
{(L661) 7P 4 SSUNOX

€6661) OHMA\/dHANN
SQSEMZD ESV g99 1

HHHHIHHHIH

///////////, /oy

soysem Ansnpus

39zIRI9y pue onbyy yoe[q A[eadse
98reysIp 95EMas pajedTIuN puL
SOISEA [ELHSNPUL JO PEO[ YSIY WOFJ
SIDJJNS JUSWIBOFAUD s Aeq YT,

"SSL 34/101X021

pue 11, 34/3 01XS'8 NI, 34/3
0TXS “{OD *£/3 (0TXSLS
‘aod /1 <0106 WM

J1EMIISEM

penunuon

uonnyioJg

- ,wo:SEOU m N 03« L

24



(6661) OHM/JdANN

wees 14 oy am: T sIYe

SN JO [vArFE oy SUIAO[[0)

yeaIL) FOpT @e&%&m oL61
3O JeT} O3 PABEPI %0 £q Z661T U
PasEar29p UY2IED YsH) SUMSHIIA0

vonnpod jo 2913
pue 28reRsIp ou ‘voody|
sureszodAy ‘eore 9ATISUIg

Oe] [EepIEg

E——

////////// el

uonesnIr 303 (14/ wq

€°¢) FUIS 0} 3 I[N

Sunzodsuen [euen) weleg

[ 93} JO BOPINFISTOD 3}

SUIMO[[O] TEAUEIFIIIPIN
9 EMYSI

soprag s1rodoy] [eIruo9 ], JVIN / [RERERE Gl (vdagnry) douasar] 1se00) ‘PIN | spaam openby
(L661) 77 12 9923300 (1661) ¢p UAOWU P UMOWYU() P eI 10015 p
10 10 38UT[S {(G66T) BIIIY 29 1TUNS ) UMOUNU(] "D UMOUU(] D QURIIOTY] "2
“(¢861) 10EION (v861) SumEM A umowu) °q umowU() q vdopey q
29 Surpem (1861) Le(T erg 10010) b e umouy U e umouyu() e e[y, ‘B
KLegq ondepy p
TEWOdUT D
(000g) duendoy 'p 8P ododuwry 'q
umousun ‘q‘e umouyun q‘e 1Zaquiey/ e
(tooe) 77 pwnAmy pue oy p
7o nresn3N (1002 0002) AIND.L P [PUTELD UIPTLY 0
"(0002) 293 edmypepy -q
eIy (9661) 72 42 S99y "o-E 8-¢ s[oor0 edemypy] e
“parorpasd o1e uOISOID
[easeod pue Lyenb raempunors
vo spedw Juowe wu
Suysearou T U3 O3] 9U3 pUnos
0 £1an0E oIIMOWSE UL [EUL))

penunuon
vonnyo

25



“wwod ‘s19d JULION]

SUl
N

o

)

(1002) yueol (6661) dHNN L ¢ UMOU] JON o8u0))
(ssof
soaoIduEw)
tIquen p
(000¢) nueaqy > (ssof
‘s661) 77 soroISuLw)
# TIOV.ILADS-VAAL “(€661) L PIpIddxXy durpunde BN 2
v 12 S[9807) (7661) ossnog 'q 8 'q Popa9axy 'q pue uoprsodwod [eSouag °q
(6661) vopion) e L e Popovoxy B sopads ur a8uey) - BJ[OA B
s[reys-1odies pue
(ds) sndoyoo ‘(Aeq eryseq) s¥o1sqof
‘s3[003s Az0ysy SUrUIRA(T q
“DHIOPISO]
6'q 0 ssof a3ardwon) “vonnjod pue JPUERY 'q (uonouny
UORNEIO[dXaT0A0 0] NP $J997 [EI0D|  ddUEpUNJE put Tonisodwod [ear8o101q
(1002) moruay Pax pue ‘sfeas Juow (¥£/0006) sarads ur a8uey)) 1SE07) PO © Jo ssor)
sorrag s1rodoy [Edr9], JVIN [ e | SOpIN] SUMEWS JO SSO] "PIPIFIXY] ‘B 022030y | $SO[ AISIIIAIPOIYG
OIS PIOF DUESIU O} Spaq paax
AN SIFENYSI UWIOS UF PIPIIIX " 2DULSINT JO DUIIINII() °q
(0002) 77 22 preele], .q PAMOIS PIOX DTESINT O} Spaq paos Keq asre,] "q
(€661) $172qOY 2@ M) & SN SOLFBNYSO JUWIOS UT PIPIIKT "B SOUESINT JO DUIFINII() B Leq o[qeT, e
(6861) SV P
(6661) d¥D
(666 1) SSTE[E]] 29 CINEN] 6 P Popa9dXy P 0UIsAIJ P (ed£u) ssor) p
S661) 72 72 TIOV.ILHDS L D PopodXy D 0TS D (edfu) 181N 0
panunuo’)
-Vdad (g661) 724 130D *q 6 Papa9dxy *q MU "q [e82u9g °q
(6661) vOSUYO[-1jern) (T & L e popooox B DU "B [OA & spaam openby

214

Ponunuod ¢°¢ Iqe ],

26



(0002) d1enD (8661) dquwndunyy
® UONOH (9661 ‘T66T)
porspurwes) {(9861) BATS B(T (‘e

or'q'e

popeadxy *q‘e

somaysy umexd -

paonpar £eraa9s fyranonpord
Lyewnzrd ‘pareaddesyp
vinopiso ‘S3aUsy duIpIEs

— asdef[oo waysfsodr "qe

DEWOdU] P
ododwrT >
Jued TeFos °q
v)Op 1Zoquir’y e

e

///// rd /e 4

.

//

PR e

| o e

o

“xapdwod
(1002) Arenisa umany
77 42 03esnEN 9661) NONT 2 - Keg 1zeupy 3
"(1002) oMo (0002) xopdwod viyepy
Surs[13I[EIN (8661) vPIemIN eA-HPY -
L66T) PsUD (9661) BOsIEA uoode]
“(s661) eMqO 2 uEqEUEDIN 17ZeD-TUeK(T P
{r661) ¥ % VEYEUE[DIN wooSe
{(3361) preddayg 29 sy SYEIIQEY] [BF0D ‘S)SITOJ [EISEOD UMOUY eAN-Enqureq >
(/86 1) ULEUL] DO 29 ESIPNIA ‘s2A0ISUBW U SSO[ AJISIOAIPOI( *J-9| 10U SIPA SUPNQINUOY) ‘P-q Keq rzun,J 'q
faseqerep TN (SpFodar 1£/1 00001 — sTeas sxorearpur Liaponpoid ruey,
Juounreda(] sotrYsL] AU g | o 1080 SururPap Surpuel ysL] PE| [22150[0Iq PUE JO03S YSL] ‘P-E -feq eueMdu() e
SoIFEM)S 50
‘SEQFE POZI[BIO] UF PIPIIIXY J
soprEnys? 59
‘SEQFE PIZI[EIO] UF PIPIIIX "D
(0002) 77 # preele], 3 BoFE INOqIEY “59 ‘seare
(€661) s132qOY 2@ Jom) o POZI[E0] UT POPIadXy] P
(6661) 77 40 OTPIVON 9 3 POpo90Xa JON'D uMouy 10N J Leq oste,] 3
‘(6661) Fo187e] 29 OFIVON P 9 "2 PopPo90Xa JON q UMOUY JON] 0 Leq o[qeT, "2
Feo1) IVAA 9 p ProO7 [E3sE0D uMOUy 10N P Leq eyuepreg p
(1661) preelrel, <(L661) ¢ o ot Aq FoATF WOIF 330 1D Juraq UMOUY JON] 2 Srog
YFPIN UEA 29 ¥SumZmp] 'q ¢ q SEITE USTEWS J[ks 937e[ YSnoIy UMOUY JON 'q SIUEITO) 'q
(c66T) AVAA ® 9 e FEIU JO PIPIIOXI A[qBqOI[ QBQE HOZ e doreny e

(uonouny
[e2180[01q

JO sso)

SSO[ AISTIQAIPOTG

WDSQﬁQOU ¢€c2Iqe],

27



nowr woiy

T

///////// 1/°99099090

.

nduy 11eM1s93y £q PIPIPOIN ‘q
®

uRomu q

(6661) [ “erovey > 017 UR[(g O} BUWOIU]
umowun  °q umouun'q ododunT 'q
QBOCMC.S ‘e QBOCMC.S ‘e MNDQENN ‘e
(1002)
77 #2 n3esn3N {(0661) 2L, 8 ©Pp Hyny e
(@o61) vvad N
(F661) AvA 2 ) .
(L661) POPI9OX2 JION O UMOUJON] O o Srog >
SFOYRIN U P eSulZzm *q €q POPIRXION G e MOTION '] SUEIO *q
(6861) AV ¥ ¢ PIPIadXI JON T e UMOUY JON 'E o domeoy
(0002) nuvaqy >
QBOCM 0N
(¥661) 77 22 Aevdq *L861T ‘77 L PIPIIdXY 2 umOUy JON q 503 D
72 $33ed (8661) oK1 X(S661) L9 po v OXY “q xa[dwod st waysds WIN q
77 OVIHOSVAAd v ce PapPa99Xd JON ¥ S} 1LY VMO JON ¥ [£32u9g
"SIYSNOIP PUE SIZILIAY JO I8N
180 .H&«ngo% JO UONOELNXD (wopeSur pue SupuEp 10§ eIpienQ pue
Jnopue JoA0 03 onp ‘sured TeISEOD | I91BM) S[[OM UT SIES JO SSIOX’ ‘nogag ‘e4nomno
8661) MOPUPI [ p ‘sure[d | [[P40 UF SHES § H SEN MO
($661) MOeSSNO 6 | PoreSIIIT 91 JO 1SOW UT PIPaLIXy] ‘BAoUy JON Jo surerd TeIsEOD) uonesrureg
v P uAOWU( P UAOWU() P A[e3g] 30030 'p
UDHNCHEHOU AQ ﬁugw
) -9UIILW IN(q [EUORIUN] O UMOUU(] 2 ory] o

28



“(z661) 77 20 3OYPEEWMYISPULH ‘q

(6661) veqra( v

ISLISIP JO JVISALJ ‘¢ | JO UOISLAUT) BI[OA "

) UMOUSU() P UMOUSU() P JeIg 10035) P
™ UMOUSU( D UMOUSU( D SURUIOTY] "D
¢q umowyu °q umowyu °q Ystd 915 °q
Z e UMOUNU( B UMOUNU( B ey, e

HERY [IF 03 onp
Aranonpord poonpay o 9 © Areniso pumany o
SOSEISIP JUTOC-FIIeM JO x9[dwos e
IDVIFINDD0 PISEIIOV] D 29 ¥ “em-Iy p
SOAT] vSue A
ueumy Jo $SO[ Ut SuRMmsaz /£&remso equun) "o
(1002) 72 #2 nxesnSNy "9-p SIOFFUOD SUFSEAIdU] ‘B Meqes 'q
(1007) omanpQ) *o-¢ 8 9XE 9TIY INC BAOUY JON vUET, "k
swm a1 Jo
((s98redSIP | 94066 30§ [W OO /SIUNOD (00T
FOJEM WHO)S PUE STINOWE FOAL PUE SWI 34} JO 0/,08 F0J
(0002) 72 72 prevlfer, q p°q | 3O W Q0G BRI SEIT PIZIEd0] [ Q0T /$1BN0D O] PIIIXI fegq aqer, q
(6661) DIND ® v UL POpIRoxa sploysaIy T, "q-% 03 }0U SJUn02 707 " "q-v feg ospeg e
(sosvastp payepas
IJEN) $S037) P
(soseastp paye[as
F93eM) FIBIN] D
(soseastp pore[os
(0002) nuvaqy p 3ate a\ [reus o
(6861) LSHN LP PopoIdXH P IP JO 9DUISIA P | VOISEAU]) [E39U9G °q
(6661) SuvIN H(¢661) PIEL L TP JO 9OUISI D | (SISLISIP PoAL[A
09

FolEM /S[IeUS

T

/////////// 1/°99099090

—

29



2.5 Driver-Pressure-State relationships

Socio-economic dtivers within the catchments cause environmental pressures, which affect, with different
time delays, the inputs and fluxes of substances to the tiver systems and, after transformation in those
systems — in their estuaries (or deltas) and associated coastal lagoons — the discharge of those substances to
the coastal sea. The flow of substances is modified both temporally and spatially by the geomorphological
and biogeochemical properties of the basins, the estuaties and their contiguous shores. The state of the
three different types of aquatic ecosystem (tiver, estuary and coastal sea) represents the condition of
significant components of the system that may be affected by these pressures. Changes to this state lead to
impacts, which may affect both environmental and socio-economic processes at the coast and in the
coastal sea. Because of the wide diversity of the African drainage basins, an attempt to present an overview
picture of driver-pressure-state relationships beyond the sub-regional scale (see Chapter 5) is considered
inappropriate.

The working groups considered the drivers at the sub-regional scale and ranked them numerically according
to their respective state changes and consequent impacts on the coastal system. The numbers ranged from
0 (indicating no change) to 3 (indicating a major change). The rankings were applied variously to large,
medium and small basins (see 2.3) as appropriate to the specific sub-regions. In the cases of the Nile and
the Congo the rankings applied to only one large basin each. The working groups also assessed the time-
scales over which changes in the state of the coastal environment were taking place. In some cases the
changes were a direct or immediate result of catchment pressures, e.g., impoundment of water and
sediment by damming; in others they were gradual or progressive, e.g., continuing detetioration in water
quality through the increased discharge of sewage due to urbanisation. The workshop acknowledged the
difficulties involved in achieving consistency in the state change ranking process both between the sub-
regions and within sub-regions, for basins of different size classes.

2.6 Assessment of land-based drivers (see Table 2.4 and Chapter 5)

Supported by referenced information, the working groups compiled and assessed available information for
each of the selected catchments regarding the relationships between the drivers (both natural and socio-
economic) in the catchments and the perceived resulting environmental pressures and consequent state
changes and their impacts at the coast. The groups assessed the importance of specific drivers in respect of
the various impacts and issues, using numerical rankings for the present situation and indicating the trends
of future change.

The difficulty in making the correct attributions of drivers to impacts has been a matter of concern
throughout the assessment. In cases of pollution, eutrophication and human health there may be few
doubts about the identity of the causative driver(s). Specific recognisable pollutants, for example, may be
traceable to individual point sources. With erosion and sedimentation, however, the driving forces may be
complex and comprise several different contributors (including natural forces) that may be positive or
negative in their individual effects on material flux. For example, a river system may have a reduced
sediment input as a consequence of damming, while the same system (below the dam) may receive an
increased supply due to deforestation or changes in agricultural practice. To make a meaningful assessment
of the respective contributions made to, say, the coastal issue of sedimentation by e.g., agtriculture,
deforestation or damming in the catchment may simply not be feasible on the basis of the data presently
available. Thus the impact rankings that have been made should be treated with caution. To some extent
such anomalies have been moderated as part of the up-scaling procedure from catchment to sub-regional
scales but, where data on the spatial and temporal scales of impact or state change have been unavailable, it
is recognised that some rankings, even at sub-regional scale, are tentative.

2.6.1 Catchment scale

(The contributing authors for this section are also the authors of the corresponding assessment tables in
Chapter 5.)

The vatious sub-regions show wide variation not only in the biophysical nature of their catchments but also

in the availability and quality of existing data relating to their material fluxes. As far as possible the
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catchments that chave been chosen for assessment are considered to be representative of the catchments in
their respective sub-regions. The Nile sub-region comprises only one catchment. All of Africa’s ‘big four’
tiver basins, the Niger, Congo, Nile and Zambezi have been included in the assessment, as have the
important transboundary basins of the Senegal, Volta, Cross and Gariep rivers on the west coast and the
Limpopo and Incomati on the east. Representative medium and small basins have also been assessed.
These comprise the basins of the Sebou and Moulouya rivers in Morocco, the Olifants and Berg (west of
the Cape of Good Hope) in South Africa, the Tana and Sabaki rivers in Kenya, the Rufiji in Tanzania, and
the Thukela, Great Fish, Kromme and Groot Brak in South Africa east of the Cape.

1. North West Africa (contributor — M. Snoussi)

Notth-west Africa is characterised by young mountains and numerous medium and small drainage basins
with strong slopes, while the alluvial plains are few and of limited extent. River runoff and precipitation are
irregular and may be high. Pootly vegetated steep slopes are prone to surficial runoff, resulting in soil
erosion and high levels of fluvial suspended sediment transport — probably among the highest in Africa.

The Sebou and Moulouya catchments (located in Morocco) atre representative of the medium drainage
basins that characterise the semi-arid Maghreb area. They have generally been supported by good quality
recent data. A wide range of impacts and issues has been reported. Many large dams have been built over
recent decades. The resulting sediment entrapment has not only reduced the reservoir capacity, but has
also become the principal cause of coastal erosion. Reduced stream flows due to damming are also
regarded as favouring the accumulation of marine sediments.

The main sources of coastal eutrophication and pollution are untreated domestic and industrial wastewater
and fertilizers. Most of the urban sewage is directly discharged without treatment. Human health issues
also arise from the discharge of untreated sewage (related to urbanisation), while loss of biodiversity (or
biological functioning) is seen as a complex interplay of all the principal drivers. Increasing salinisation is
recognised as a setious issue, caused vatiously by urbanisation and agriculture (over-abstraction of
groundwater) and the natural drivers of climate change and sea-level rise.

2. West Africa (contributors — A. Kane, I. Niang Diop, C. Gordon, G. Umoh)

The assessments of these catchments, including the large basins of the Senegal, Volta and Niger (which
have significant transboundary implications) and the medium-sized Cross River basin, have generally been
suppotted by good quality, up-to-date data. A wide range of impacts and issues has been reported. Coastal
erosion is a problem associated with all catchments, with critical thresholds exceeded in respect of the Volta
and Niger. Damming, deforestation and agriculture are all cited as contibutors, with damming the prime
cause in the Volta. Coastal sedimentation is another common issue, especially at the mouth of the Senegal
River though in this case not obviously directly due to catchment dischazge.

Algal blooms are a manifestation of eutrophication particularly in the Volta and Niger, with urbanisation
(or human settlement) and, to a lesser extent, agriculture seen as the principal drivers. Oil-related pollution
is an important issue in the Cross River basin, while aquatic weeds such as Nypa palm are reported from all
catchments and attributed to damming (Senegal) and a range of other drivers including transport. Critical
thresholds for the loss of biological functioning due to a complex of drivers have been exceeded in the
Volta and Niger and especially in the Senegal. Human health issues including the incidence of water-related
diseases that are attributed to urbanisation have been reported in all catchments, with critical threholds
being exceeded in the Volta and Senegal. Salinisation is seen as a problem in the Niger and Cross, where
the drivers are unclear, and the Senegal, where climate change (drought) is regarded as the cause.

3. Congo (contributor — P. Morant through S. Taljaard)

The Congo is the second largest river in the wotld on the basis of annual flow. The system extends over a
distance of 4,700 km between Lake Tanganyika and its mouth on the Atlantic Ocean. The dominant
characteristic of the river is the remarkable regularity of its regime. The lower reaches of the basin, ie.
below Kinshasa and Brazaville (some 300 km upstream of the mouth) are free of major urban and
industrial developments. Two harbours in the lower reaches probably produce some oil-related pollution.
Near the coast human activities include fishing, gathering medicinal plants and subsistence cropping. The
loss of habitat and biodiversity there as a consequence of mangrove felling for fuel wood is regarded as a
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major issue. Little quantitative data, however, is available about land-based drivers and how they relate to
coastal issues.

4. South West Africa (contributor — S. Taljaard)

The major perennial river basins in this sub-region that may influence the coastal zone include the Kunene
(on the borders of Namibia and Angola — not assessed), the Gariep (formerly Orange, a large basin on the
botders of Namibia and South Africa), and the Olifants (medium) and Berg (small) basins (both in South
Africa). Utrban nodes along this stretch of coast, which also have a significant influence on the coastal
zone, include Walvis Bay (Namibia) (no expertise available at workshop), Saldanha Bay (West Coast, South
Africa) and Table Bay and False Bay (both Cape Town, South Africa).

Quantitative data on coastal impacts of the Kunene and Gariep basins are very limited. Although some
data are available for the Olifants basin, these are limited to impacts on the estuarine region mouth. Data
on the coastal impacts of the Berg River basin have up to now also been limited to the estuarine region
inside the mouth, but currently studies are underway to extend investigations into the larger St Helena Bay
area.

The Gariep estuary is recognised as one of southern Africa’s most important coastal wetlands. Its mouth is
of delta type, the mouth dynamics being affected by upstream impoundments and associated water use
practices. Duting prolonged low-flow periods, salinisation in the lower reaches, particularly of the
groundwater resources, has become a concern.

Human activities in the Olifants catchment appear to have limited impact on its estuary and coastal zone,
although damming and agriculture have led to a reduction of freshwater inflow. Flow in the Berg River is
very seasonal, with low flows in the dry summer period and higher flows during the wet winter season. The
high concentration of dissolved inorganic nitrogen in the winter runoff is attributed largely to fertilizer
entering the river through the agricultural runoff.

Impacts of human activities around the urban and industrial nodes include the progressive deterioration of
water quality. Eutrophication attributed to industrial development around Saldanha Bay is of considerable
concern. Of the urban node embayments, only False Bay receives significant basin drainage, with 11 small
catchments discharging to the bay.

5. Nile (contributor — H. Awad)

The damming of this transboundary river system has led to profound changes in fluxes through the Nile
delta and in the associated coastal sea (the Mediterranean). This is exacerbated by a rapid growth of
urbanisation and industrialisation around Cairo and changes in agricultural practice in the Nile River valley
and its delta region. All of these socio-economic drivers, together possibly with the natural driver of
climate change, have produced significant impacts at the coast and in the coastal seas around the Nile delta.
Notable among these has been the acute coastal erosion around the mouths of the Rosetta and Damietta
distributaries of the delta. This is largely attributed to the almost complete cessation since the 1960s of
coarse sediment flux below the Aswan Dam. Damming is also seen as being responsible for the increasing
salinisation of groundwater in the delta area. Other important coastal issues include eutrophication and
pollution of the coastal waters due to the discharge of urban and industrial waste water (Mex Bay and Abu
Qir Bay, Mediterranean pollution hot spots) and the loss of habitat resulting from the landfilling of coastal
lagoons. Attribution of coastal pollution to fluvial discharge is complicated by the significant inputs from
the extensive utban-industrial area of Alexandria at the western limit of the delta (also a Mediterranean
pollution hot spot). The assessment is supported by good quality data, including information relating to
critical thresholds.

6. East Africa (contributors — J. Kitheka, J. Ochiewo and A. Ngusaru)

The assessed catchments of this sub-region are medium basins, all subject to seasonal flushing, the principal
rainfall occurring at the transitions between the north-east and sourth-east monsoons in April and October.
All of them discharge on a coast that is characterised by fringing or patch coral reefs with an associated rich
biodiversity. The Rufiji discharges through a delta dominated by mangrove forest into coastal waters that
include the largely pristine Mafia Marine Park. Coastal erosion and the discharge of sediment are two of
the important issues on this coast. Both the Sabaki and the Tana rivers intermittently discharge sand and
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fines, the sand being transferred to beaches thence in part to dune systems that characterise the coast of
northern Kenya. Fine sediment, carried in suspension as plumes through the coastal waters, may settle and
smother growing coral. Beach-head erosion, mainly of eatlier-formed beach deposits, is widely reported,
but its attribution solely to a reduction in sediment discharge from the catchments is controversial.

The contributions that damming, deforestation and changes in agricultural practice make to increased or
decreased sediment input to these systems have been the subject of several studies in the Tana and Sabaki.
Most of these suggest that all of these drivers are increasingly contributing to the problems of coastal
erosion and sedimentation. The Tana is already dammed and additional dams are proposed there, as they
are for the Rufiji. Pollution is recognised as being a significant issue in the Tana and Sabaki basins, with
agriculture, industry and urbanisation all making contributions as drivers. In the Rufiji pesticides used in
rice cultivation and the impacts of prawn farming are matters of concern, as are the impacts of population
growth and the clearing of mangroves for agriculture. However, inputs of pollutants from industrial
development atound Naitobi in the Sabaki (Galana/Athi) catchment do not appear to cause setious
problems at the coast. The pollutants and nutrients (untreated or partially treated sewage) delivered to
coastal creeks from the urban-industrial centres of Mombasa and Dar es Salaam may be more significant,
though these sites lie outside the scope of the LOICZ-Basins assessment.

7. Central/southetn Mozambique (contributors — F. Tauacale, L. Mhlanga)

The assessed catchments of this sub-region, the Zambezi, Limpopo and Incomati, are transboundary in
nature, the Zambezi catchment spanning a total of 8 countries. The rivers discharge on a predominantly
alluvial coast formed mainly of older beach deposits and barrier bars and spits with associated creek
systems, mangrove swamps and sand dunes. Unlike other parts of the eastern coast of Africa, there is an
appreciable continental shelf. Most of the coastal issues and impacts are ascribed to damming and
agricultural drivers, with the reduction in stream flow recognised as a significant to acute and increasing
problem. The middle course of the Zambezi River has been interrupted by two artificial impoundments,
Lake Kariba and Lake Cahora Bassa, which cover 5,364 km? and 2,739 km? respectively.

Coastal erosion reported from the Zambezi delta and the Incomati River is attributed solely to damming
and the consequent reduction of sediment discharge. Loss of biological productivity, particulatly in the
Zambezi system, is seen partly as a comnsequence of water abstraction for irrigation. The increasing
salinisation of agricultural land flanking the Incomati estuary and the nutrient depletion in the coastal seas
off the mouths of the Zambezi and Incomati are regarded as impacts of the damming in the respective
catchments.

8. South East Africa (contributor — A. T. Forbes)

The catchments assessed in this region comprise one medium basin — the Thukela, discharging on to the
sediment based, biologically significant Thukela Bank on the east coast — and three small basins, the Great
Fish on the south-east coast and the Kromme and Groot Brak on the south coast. The coast adjoining all
these systems, in keeping with the general south-east African condition, is dominated by marine processes
being open and subject to strong wave action and longshore drift. Catchment-derived impacts, primarily
arising from impoundments, have tended to be recognized primarily in relation to estuarine habitats. The
Thukela does, however, deviate from this generalisation.

The Thukela is the largest east coast system and has already been used a source of water via inter-basin
transfer for industrial purposes in the Johannesburg area and irrigation along the Vaal River, a tributary of
the Gariep. The estuary is still freshwater dominated but it is anticipated that further reduction in
freshwater flow would, infer alia, extend periods of mouth closure, reduce sediment supply to beaches north
of the river and reduce nuttient input to the already oligotrophic inshore marine environment.

The Great Fish has the second largest catchment of the four systems included here but much of it lies in
relatively arid areas. Its flow has now been enhanced and stabilised by the inter-basin transfer of water
from the Gatiep system to the north via pipelines and canals, as well as the use of the river channel itself as
a conduit for irrigation water. This has significantly changed salinity gradient patterns in the estuary.

The Kromme is a small system, which, despite a greatly reduced freshwater mnput because of dam
construction, retains an open mouth because of the local coastal topography. The reduced freshwater
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supply has, however, resulted in a marine-dominated, clear water system totally different from the original
estuarine community. Present research is dedicated to establish what levels of water released from the dam
are required to maintain normal estuarine function. The Groot Brak is another small system which has
been significantly impounded but has also been extensively investigated and manipulated in terms of
modelling, water-release patterns and mouth breaching in order to protect housing developments in the
lower reaches.

2.6.2 Sub-regional scale (see also Table 2.4 and Chapter 5)
(Those areas where determination between catchment and sub-regional scale was not meaningful have
already been picked up in 2.6.1; contributing authors are the same as in 2.6.1).

1. North West Africa (see 2.6.1)

2. West Africa

Damming, deforestation and agriculture are considered to be the principal drivers of state changes at the
coast through modifications of the hydrological regime, water quality and sediment discharge in the large
catchments. These changes impact on the coastal system through erosion and sedimentation altering the
coastal geomorphology; also changes in the quality and quantity of water flux resulting in salinisation,
eutrophication and pollution, with consequent impacts on biodiversity/biological functioning, the
introduction of aquatic weeds and human health. Each of these drivers is seen as having a major and
progressive impact. Changes in water quality and, to some extent, quantity that have significant progressive
impacts on the coastal system are also attributed to human settlement or urbanisation. Mining and
particulatly oil-related industrialisation, through their modification of the hydrological regime, make a
substantial contribution to pollution and eutrophication among other water-related issues. The role of the
natural driver climate change, through accelerated sea-level rise is regarded as becoming increasingly
important in respect of coastal erosion, flooding and saline intrusion.

3. Congo (see 2.6.1)

4. South West Aftrica

The principal drivers considered responsible for minor-to-medium but progressive state changes and
impacts at the coast are damming and agriculture, both causing modifications to runoff, water quality and
coastal geomorphology. Their impacts at the coast include sedimentation, salinisation and
habitat/biodiversity loss, and also, in the case of agriculture, pollution. Transport-related development is
seen as causing changes to coastal habitat involving habitat/biodiversity loss. The natural driver climate
change may be a significant contributor to erosion, sedimentation and salinisation. Other recognised
coastal issues are eutrophication, pollution, aquatic weeds and human health. These are attributed not to
human activities within the river basins, but rather to activities within the urban and industrial nodes on the
coast itself. These are progressive, significant issues and matters of concern.

5. Nile
The Nile is a single-catchment sub-region. See 2.6.1 for the sub-regional assessment.

6. East Africa

Coastal erosion and sedimentation, pollution and loss of biological functioning are the principal
impacts/issues concerning the medium catchments of this sub-region. Damming, deforestation and
agriculture are the principal drivers and these are expected to become increasingly significant in respect of
their impacts. However, information on the respective contributions of these drivers tends tends to be
ambiguous and little is known of the critical thresholds. The possible contributory roles of urbanisation
(coastal engineering) and natural (climate-related) drivers in coastal erosion and sedimentation need to be
investigated. Agticulture is regarded as the principal catchment driver for the occurrence of pollutants at
the coast though there are also significant inputs from coastal urban-industrial centres. Deterioration in
biological functioning and loss of biodiversity as a consequence of an interplay of all the main drivers is a
patticular concern on this highly biodiverse but sensitive coral reef-fringed coast.
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7. Central/southern Mozambique

The principal issues in this sub-region of medium and large transboundary catchments are the reduction in
stream flow, coastal erosion, salinisation and nutrient depletion, all of which are attributed to the damming
driver. No information on the critical thresholds for these impacts was identified by the workshop, though
the severity of all the impacts is expected to increase. Eutrophication resulting from agriculture and
urbanisation is stable to increasing, but is of concern only at the local scale. Biodiversity loss (ot loss of
biological functioning) is a significant issue ascribed to damming and agriculture, but as with eutrophication
there is little information concerning critical thresholds and their indicators.

8. South East Africa

This sub-region is characterized by generally small catchments that are subject to various anthropogenic
pressutes, particulatly water abstraction. Damming is an important drver, with freshwater retention in
semi-arid conditions, and there are plans in place for further intensive damming, In the small basins this
impoundment impacts directly on the coastal system, especially on estuarine environments, causing reduced
freshwater inflow, nutrient depletion, salinisation and sediment accumulation in estuaries due to loss of
freshwater scouring and extended periods of mouth closure. In extreme cases there may be no freshwater
discharge throughout the year. Deforestation and poor agricultural practices have led to increased soil
erosion and, especially in the small basins free from impoundment, there is an increasing problem of
sediment discharge and siltation at the coast. Agriculture has also contributed to increased nutrient and
pesticide fluxes resulting in local but progressive impacts of eutrophication and groundwater degradation at
the coast. Urbanisation and industrialisation are the drivers responsible for the discharge of sewage and
pollutants. These have high, sometimes direct though localised impacts near the coastal cities while coastal
areas further distant retain relatively unaffected conditions.
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2.6.3 Regional scale (see Table 2.6)

A first-cut ranking order was drawn up for Africa, together with expected future trends in impacts (see
Table 1.1). It should be recognised that the ranking given here attempts to create a full regional picture,
although, medium-ranked statuses can become major ones if catchments of specific size classes are
considered.

Coastal geomorphological change involving erosion and sedimentation was identified as a significant and
progressive impact in neatly all of the sub-regions, the problem being acute on the Nile delta and in the
West African lagoon systems. Damming was viewed as the principal driver in such change, with
consequent reductions in stream flow and sediment flushing. Damming was also seen as being largely
responsible for coastal salinisation, e.g., the Incomati estuary in Mozambique and nutrient depletion in the
coastal sea, e.g., KwaZulu Natal. In most sub-regions deforestation and agriculture were regarded as
important drivers, particularly in respect of coastal sedimentation from medium and small catchments, e.g.,
the Tana and Sabaki in Kenya. Human settlement was identified as a major contributor to eutrophication
and the incidence of aquatic weeds in the large West African catchments. Elsewhere, while eutrophication
and pollution wete recognised, they were mostly related to coastal urban-industrial sources, e.g., Alexandria,
Mombasa, Saldanha Bay and Cape Town. Loss of biodiversity or biological functioning was seen as
another common issue, though related to complex ranges of human and natural drivers.

In general these data are characteristic of developing economy situations where economic growth and water
use exceed development of the necessary urban and industrial infrastructure. This finding parallels those
made in the South American (SAmBas), and East Asian Basins assessment and synthesis processes (de
Lacerda e/ a/. 2001; Hong ef a/. in prep.). However, heterogeneity of the sub-regions seems to be more
pronounced in Africa than in other wotld regions, making the ranking of issues and drivers in Africa a
more complex challenge.
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Table 2.5 Summary of priority dtiver/pressute features by country, cortesponding “hot spots” and

information available in Africa (see also Section 2.6.5).

1. Motocco | e Damrning Sedimentation through e FEtatde qua]ité des
reduced flushing especially Ressources en eau au Maroc
on Mediterranean coasts; (DRPE 1998) and many
salinisation of coastal plains published papers and reports

e Human Eutrophication, pollution on
settlement, Mediterranean and Atlantic
agriculture and coasts
industrialisation

2.Senegal | e Damming Sedimentation, invasion by ® Barrage-related impact
aquatic weeds and loss of studies, water quality
biodiversity in Senegal river; assessments
estuatine ecosystem

e Human destroyed
settlement Human health issues

2. Ghana ¢ Damming FErosion of Volta delta and i ® Lower Volta environmental
invasion by aquatic weeds impact study (VBRP 1996-

e Human Eutrophication and human i?ga);gecmozzt:;zejgj?g 9092
settlement health issues in Volta 1997) GEF; Tntegrated

coastal zone management
strategy (Wotld Bank 1996)
2. Nigeria o Industrialisation Oil-related pollution in Cross ® World Bank studies, 1995;
and Niger Moffat & Linden (1995)

4, 8. South | e Damming and Nutrient  depletion  off | ® Estuarine studies since

Africa diversion sourth-east  coast  with 1950s; summaty of available
resulting biodiversity loss; estuarine literature and the
sedimentation and loss of synthesis of available
habitat on southwest coast knOWICdge_ )

e  Utrbanisation and Eutrophication and | giIdRelrﬁfmtOﬂng and
industrialisation llution at Saldanha Ba e & Programmes

pollu y initiated

5. Egypt e Damming and Erosion of Nile delta e Shoreline monitoring

diversion High levels of pollution and | ® Water quality monitoring
e Urbanisation and eutrophication in Abu Qir
industrialisation Bay, Mex Bay and on
Alexandria city coast

6. Kenya ¢ Damming Deterioration in Tana water | ® Fish stock and biological
quality productivity data

e Deforestation Siltation at mouth of Sabaki |® Coral impact data

6. Tanzania | e Deforestation Siltation at mouth of Rufiji |® Biodiversity data for

e Agriculture Deterioration of Rufiji water mangrove and coral areas

quality e FEIA reports

e Aquaculture Polluti e

ollution om prawn
fisheties

6,7. ¢ Damming and | ® Biodiversity loss in Zambezi ® Fish stock and biological

Mozambiqu abstraction delta and on Sofala Bank productivity data

€ Salinisation of Incomati * Incomati hydrology study
Etosion of Zambezi delta
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Table 2.6 Major activities (drivers), ptesent status and trends affecting the coastal zone of Africa.

2. Senegal, Volta, Niger

Damming Erosion West coast Major Increasing
Diversion Nile delta Major Increasing 5. Nile delta distributaries
East coast Medium | Increasing 7. Zambezi
Sedimentation | West coast
Nile delta Local 5. Nile delta
East coast Local Increasing 6. Malindi coast, Kenya
Salinisation West coast Medium | Increasing 1. Moulouya, 2. Niger delta
Nile delta Medium | Increasing 5. Nile delta
East coast Medium | Increasing 6. Tana, 7. Incomati
Nutrient West coast
depletion Nile delta
East coast Medium | Increasing 7. Southern Mozambique,
8. KwaZulu-Natal
Various drivers | Biodiversity loss | West coast Major Increasing
Nile delta Major Increasing Almost all sub-regions
East coast Major Increasing
Deforestation | Erosion West coast Medium | Increasing
Nile delta Medium ranking for most sub-
East coast Medium | Increasing ii%::trallszr};;‘:cet‘sre;,e:gi (;zdf?;
Sedimentation | West coast Medium | Increasing small and medium catchments
Nile delta inland 6
East coast Medium | Increasing
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Table 2.6 continued

Agriculture Sedimentation | West coast i Increasing 2. Cross, 4. Gatiep, Olifants,
Nile Delta - - Berg
East coast Medium | Increasing
. . . T i, Rufiji
Medium | Increasing 6. Tana, Sabak, Ruftj
Eutrophication | West coast . .
Nile delta . . Medium ranking for most sub-
Medium | Increasing . ;
East coast regions, but major for coastal
Medium | Increasing impacts generated in small and
Pollution West coast . . medium size catchments in 1
Major Decreasing
Nile Del ad 6
¢ Delta Medium | Increasing
East coast
Utbanisation Eutrophication | West coast Medium | Increasing
Nile delta Major Increasing Medium overall but major in 5
East coast Medium | Increasing
Industrialisation | Pollution West coast Medium | Increasing As above, but in most cases
. . . mote coastal than catchment-
Nile delta Major Increasing based — 4, 5, 6
East coast Medium | Increasing

2.6.4 Policy, scientific and management responses (see Table 2.7 and Chapter 5).

There is a growing awareness by scientists, managers and policy makers of the need to understand coastal
systems in the context of their related catchments so that knowledge of the linkages between human
activities in river catchments and environment-related socio-economic issues at the coast can feed into
effective integrated management. While the coast and coastal seas have long attracted scientific and socio-
economic tesearch, there has been a tendency wotldwide, but perhaps particularly in Africa, for that
research to be sectoral, with somewhat limited application in integrated management.

The last decade ot so has seen a worldwide shift towards research and management initiatives that take a
broader view of land-sea interaction in both space and time. Such linked projects cover present (and past)
material fluxes between the land and the ocean via rivers and lakes, groundwater, the atmosphere and
coastal seas. This broadening of perspective has been accompanied by the realisation of the importance of
soclo-economic as well as natural factors as drivers of system changes in the coastal environment.
Scientific and management responses to the need for this more integrated approach to understanding and
managing the coastal resource with its complex ecosystem are becoming increasingly apparent in the region.
Regional/global scientific responses include the UNEP GEF Global Intetnational Waters Assessment
(GIWA), and increasingly these show a trend towards initiatives that view catchments and coasts in
integrated system contexts. In general policy responses at the regional level remain in the process of
formulation. Listings and brief descriptions of the initiatives, both scientific and management, developed
both for catchments and sub-regionally are presented in Table 2.7.
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2.6.5 Key areas for research projects (see Table 2.8 and Chapter 5)

Data

A scarcity of relevant data is a recurrent problem in most sub-regions, for scientific data but particulatly for
soclo-economic information, and for both activities in the catchments and impacts at the coast. Time-
series data generated from routine monitoring programmes is particulatly sparse. In some cases older data
may exist though these are yet to be accessed. The collection of standardised data relating to the large
transboundary catchments presents considerable challenges. The workshop recognised the need to
incorporate or initiate basic data collection and monitoring within any proposed integrated regional
research programme. Data collection programmes should be designed as far as possible with the aim of
establishing the causes of changes in the coastal environmental state that impact upon the coastal resource,
whether those causes are natural, anthropogenic or a combination of the two.

Indicators

The workshop highlighted a considerable lack of knowledge about the critical loads and thresholds of
material fluxes passing from the catchments to (or through) the coastal area to the coastal sea that, if
exceeded, would significantly change the coastal environment. There is a need for common parameters to
be established in respect of the indicators of change that are relevant to the region. Such an approach
should take into account not only the incidence of a change of state but its spatial and temporal dimensions
as well, bearing in mind the coastal type (geomorphology and oceanography) and its capacity for the
retention of catchment-derived materials or their dispersal to the ocean.

Research challenges

Supposed ‘multi-driver’ impacts pose a major challenge, particularly in medium and large, transboundary
catchments, where there is scope for substantial transformation or reduction of material fluxes within the
system. In many sub-regions the loss of biodiversity or loss of biological functioning was ascribed to a
suite of drivers, so that an appropriate, targeted response policy may be difficult to formulate. The specific
contributions (positive or negative) to the fluxes of water and sediment that reach the coast atising from,
e.g., agricultural practices, deforestation or damming need especially careful analysis, bearing in mind the
soclo-economic implications of regulation in these areas. In the AfriBasins process the rates of changes in
the coastal environmental state resulting from catchment-generated pressures were assessed only in general
terms — ‘direct’ or ‘progressive’. In some cases there was uncertainty in the assessment. To prioritise
approptiate responses in the catchments at management and policy levels, t more specific information is
necessary on rates of change and time-lags between the anthropogenic pressure and the corresponding
change to the state. An integrated regional research programme would provide the opportunity for the
comparison of pressure-state changes in catchments of different sizes in a variety of geographical settings
within the region.

The contributions that natural drivers such as climate change have made andwill make to the state of the
coastal environment over a range of time-scales is another area for consideration by regionally integrated
research. For example, sporadic extreme event cyclonic flooding is a feature of catchments in
central/southern Mozambique, with major fluxes of water and sediment causing widespread coastal change
and socio-economic disruption. Thus, the coastal impacts of human activities in catchments need to be set
in the context of natural driving forces. Similarly, the effects of sea-level tise and/or (pethaps shott-term)
variability of the coastal climate as possible contributors to changes in coastal geomorphology and estuarine
salinisation need to be considered if the contributions to change resulting from anthropogenic catchment
activities are to be propetly assessed. Changes occutring over the longer (historical and pre-Anthropocene)
term are subjects of research under the IGBP-PAGES core project (Past Global Changes).

The coastal sea of Africa also receives significant nutrient and pollutant discharge from urban-industrial
centres along the coast. Research is needed in a range of geomorphological and oceanographic settings to
assess and quantify the impacts of such coast-generated pollution and eutrophication for comparison with
the impacts ascribed to catchment drivers. The maintenance of groundwater resources to support coastal
communities in the face of diminishing recharge from catchments and (coastal) abstraction-induced
(marine) saline intrusion is another ptotity issue of regional importance to be addressed by an integrated
research programme.
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3. OUTLOOK AND PROJECT IDENTIFICATION
by H.H. Kremer, R.S. Arthurton and Wim Salomons

3.1 The AfriCat framework

From the results of the DPSIR assessment, the workshop identified river catchments within the region for
proposed detailed study, examining various aspects of the driver-impact linkage. This output would feed
the planned “AfriCat” proposal, envisaged as providing a conceptual umbrella covering individual study
proposals, that will be developed concurrently by the AfriBasins scientists’ network. The broad principles
of AfriCat will be similar to those of the established “EuroCat” (http://www.iia-cnt.unicalit /EUROCAT
/project.htm).

There would be an integrated, systematic approach to the understanding of the water cascade, taking the
catchments and the coast as single systems, with robust science and emphasis on relevant data-building and
communication. The wotkshop recognised that the studies must add value to existing work, have a strong
socio-economic input and show how the needs of a cleatly identified user community wetre being
addressed. Some projects are likely to focus on biological resilience in estuaries or the coastal sea,
identifying the critical thresholds and indicators of acceptable change. In some cases there may be
opportunities to build upon existing projects, extending their scope and thus providing a more
comprehensive and integrated picture of the catchment-to-coastal sea linkage. As well as serving local and
regional needs, the integrated studies of AfriCat will also feed the global aims of Earth System Science,
through the provision of reliable bases for up-scaling in a region where, compared with Europe in
particular, recent and reliable data are very sparse.

3.2 Regional needs and linkages

The AfriCat proposal will have an emphasis on addressing the regional African needs, in the context of
ptiority areas for action as identified by the African Ministerial Conference on the Environment (AMCEN)
in preparation for the World Summit on Sustainable Development in Johannesburg, September 2002.
Potential links between the AftiBasins/AfriCat activities under LOICZ with the joint ACOPS (Advisory
Committee for the Protection of the Sea) — UNESCO’S IOC GEF — MSP project ‘African Process’ for the
“Development and protection of the coastal and marine environment in sub-Saharan Africa” were the
subject of fruitful talks at the Rio+10 meeting of the IOC in December 2001 in Paris. This is being
followed up by the LOICZ participation at the second meeting of the Working Group on the Programme
of Interventions (WGPI-II). LOICZ has agreed in principle to channel the AfriBasins work and the
AfriCat draft (design and methodologies) into the African Process, which already has the full political
endotsement of at least 11 countries in the region and will feed into the Johannesburg conference.

The need for innovation and shared experience between sites to make the most effective use of limited
funding was accepted by the workshop; this would include improved data transfer within the region, long-
term surveillance of the environment and building human capacity and institutional structures in coastal
science. The workshop envisaged AfriCat as encompassing themes that would be attractive to specific
donots. Most importantly, the goal of AfriCat must be to improve the lives of coastal communities in the
context of the catchment-to-coast system. There was considered to be great potential benefit in linking
rivers and coasts at the scientific, policy and management levels. Improving management was a crucial goal
and the challenge for the scientists was to produce a sound information base that was accessible and
understandable to the management community at local as well as more regional levels, e.g., Southern
African Development Community (SADC). To be successful, AfriCat must be owned by national
governments. UNEP-ROA, through the AMCEN process, will assist to promote such ownership and
endotsement by providing a platform to distribute and communicate the AfriBasins results and project
developments to the regional governments. LOICZ itself can be only the initiator of project development,
drawing together the regional scientific network and facilitating the provision of international links.
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3.3 Project focus and otrganisation

In accepting the need to adopt an African perspective of catchment-coastal impact problems the workshop
recognised the broad diversity of coastal situations within the region. West African issues, for example,
were significantly different to South African ones. The wotk plans must be prioritised according to these
different situations, taking care to avoid duplication, but the overall project framework should be the same
for all the case studies under the AfriCat umbrella.

The ‘burning issues’ identified by the workshop included:

e the need to clarify the organisational structure of the project, in particular the identification both of the
key institutions that would act as a backbone and of the composition of the Policy Advisory Board (see
below);

e the scarcity of data;

a lack of background socio-economic data across the region;

a concern over the adequacy of existing monitoring data, prompting a suggestion that remote sensing
techniques might be applied to advantage, especially in assessments of, for example, the roles of land
use change and deforestation;

e the general scarcity of flux measurements (water flows and sediment budgets) within the water
continuum,;

e the need for data-building and communication to be essential elements of the case study proposals so
that ensuing policy can be based on high quality science with a robust database; and

e the need to develop a mechanism for relevant databanking and exchange, similar to that established for
example in the IOC-RECOSCIX initiative for marine data.

The workshop affirmed the need for effective sub-regional co-ordination and a scientific co-ordinator for
each study site, working under the general guidance of a Policy Advisory Board (PAB). The overall co-
ordination of the further drafting process was dedicated to the Centre of African Wetlands, Ghana and the
Pan-African START Secretariat (PASS). UNEP-ROA confirmed its suppott in generating the national,
governmental approval for the initiative through the AMCEN process. The AfriCat secretariat should
foster effective policy linkage by involving ministers with responsibilities for water resources, environment,
tourism and development, as well as regional bodies such as SADC, river and coastal development
authorities where these are established, and relevant NGOs.

Within the AfriBasins netwotk the key contact persons identified for each of the case study sites (Table 3.1)
agreed to assist in further developing specific research proposals and to investigate the options for potential
funding on national and international levels. The workshop reiterated that, regardless of whether national
or international financial support was targeted, the initiative and detailed networking requirements at site
level would need to come from the regional scientific community. LOICZ could provide a framework and
assist in sustaining the necessary links. AMCEN was identified as an appropriate platform to facilitate the
governmental approval for the various site study plans in the broader context of the Abidjan Declaration.

3.4 Demonstration sites

In the selection of demonstration sites (Lable 3.1) the workshop sought to provide coverage of key issues
and representation of the sub-regional river-coast classes. Another aspect considered was the availability of
data; an AfriCat work proposal should have a foundation in as much existing data as possible, although it
was recognised that data availability and reliability will vary widely over the sites identified. The chosen
catchments are mostly large, greater than 200,000 km?, and extend over several countries thus involving a
range of transboundary issues.

For the eastetn side of the region, the inclusion of the Nile was confirmed, plus the Tana and Sabaki rivers

as a linked site, the Rufiji, the Zambezi and the Incomati. For the Incomati site, the study could be built on
earlier assessment and planning efforts conducted at the University Eduardo Mondlane and a draft trilateral

64



project plan between Mozambique, South Africa and Swaziland, all of which were developed with support
of the Coastal Management Centre of RIKZ in the Netherlands. A project on the integrated evaluation of
riverine fluxes to the Maputo Bay region, “Catchment2Coast” recently funded by the European
Commission, can be associated with the AfriCat project. This could be a key exercise in a continued
second phase of the global LOICZ programme. For the western coast six sites wetre confirmed as
providing suitable case study opportunities for AfriCat — the large catchments of the Congo, Cross, Niger,
Volta and Senegal, and a group of small and medium catchments in Morocco.

Table 3.1 Demonstration sites for key case studies of catchment—coastal sea systems in Africa

////// i

Moroccan o Semi-arid climate Da.mmmg Good coverage of M. Snoussl
catchments regime, small to flux data  within
mildr?um catchments Agriculture catchments, but few
with  high  seasonal comprehensive
runoff variability studies on coastal
linkage. Database to
e Nutrients and  the be generated
ecosystem, coastal ] )
erosion/sedimentation, Socio-economic
salinisation profiles and analysis
should be integrated
and the results could
be transposed to
other north-west
African catchments
2. West Africa | Senegal, e  Transboundary Damming Fair cover of recent | I. Diop,
Volta, Niget, catchments under | Deforestation | biogeochemical data A Kane
Cross strong  and recent Socio-economic ’
human influence . . G. Umoh,
information, sectoral .
.. O. Martins
Coastal erosion statistics, I1/O etc. >
expected to be rather | C. Gordon
Changes in nutrient limited; however,
supply and habitats due baseline project
to changes of material development
transpotts undertaken in the
Volta case (PDF-B
status).  Association
with  AfriCat and
coverage of
complementary
issues is suggested.
3. Congo Congo Nutrients Uncontrolled | Apparently very tha
urban growth | limited
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e  Transboundary river Agrl ultut in G dcoverage of |H. Awad

6. East Africa Tana/ Sabaki | @ Visible coastal impacts Dammjng, C rnp chen ] Kltheka,
from changed s.ediment Agriculture holisti tudy would 1. Ochiewo
loads and pollution partly have to
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Rufyji e  Medium catchment in a | Potential Data, particularly | A. Ngusaru
mons dominated damming time series, generally
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Agriculture generation would b
Delta discharges High ary.
through MANGIOVE | 160]
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Mafia matine
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biodi
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1. Central/ |Zambezi o Large transboundary Damming No  comprehensive | T, Forbes,

h .
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A
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ment with h stud wvailable;
southern t v in inveZﬁgaﬁon would | I Mhlanga
Mozambique frica pattly ha
generate data.
sion and changed
material inp
Incom: Transboundary Damming Reasonabl ge | A. Hoguane,
hm with strong of biogeochemical F. Tauacale
CCCCC al ignals of and oth it
and salinisation data,
e  Medium ranked | Agticulture Earlier assessment
eutrophication and | Urbanisation | and project
biodiversity loss effec developmy d
out with support
from CMC-RIKZ —
The Hague.
Maputo Bay | e  Receives inflow from | Damming Project with potential | P. Monteiro
(including transboundary for association to
Incomati, catchments with strong “AfriCat”.
Maputo and | coast: al signals of Catchment2Coast
Umbeluzi erosion and salinisation Integrated modelling
rivers) of catchment -coastal
® Medium anked Agticulture resource interaction
eutrophication and | {Jyhanisation | and management
biodiversity loss effects advice — EU funded.
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3.5 Suggested “AfriCat” design

African Catchments — AfriCat

(Biogeochemical and Socio-Economic Dimensions of Catchment/Island-based loads to the Coastal Zones
of Africa). This section gives a brief overview of the projected design of a comprehensive AfriCat umbrella
project reflecting discussions during the AfriBasins assessment and synthesis process. ‘The workshop
adopted the design as a useful basis for an issue-driven project brief to be refined and developed by the
regional scientists.

Introduction

Assessment and modelling of material transports to the coast considering river catchments and their
associated coastal zone as one system should identify the loads to the coastal zone and determine which of
the observed changes in the coastal zone can be attributed to human activities zersus natural forcing. The
actual impact observed/modelled depends on its biophysical properties. The regional system itself is
subject not only to outside (long-term) pressures and drivers such as climate change but also to global
soclo-economic trends and changes. The integration of natural and social sciences required to address
issues like critical concentrations and loads as well as resilience and catrying capacity uses the DPSIR
framewotk, developed by the OECD and adapted.

DPSIR Framework (OECD) modified for application in LOICZ
“Regional - Cat” studies including critical load and threshold concepts

-
£ 1 ¢
«, 15
£\ |&
= of % 4
Zs | £
TEnl <
S .
%% Figure 3.1 The
& DPSIR framework
§ applied to the
=

catchment — coastal
sea continuum.

Structure

The AfriCat project is planned to cover between 6 and 10 regional catchments as study sites in Africa (see
Table 3.1) exhibiting a range of characteristics with regard to coastal zone systems, habitats and their
changes. They will be representative of a sub-region and the methodology applied aims to make
intercomparison and up-scaling to broader African sub-regions possible. A set of sites may also be
considered from the petspective of a common driver affecting catchment/coast systems e.g. damming thus
enhancing the potential for comparison. Comparisons beyond the region will be possible through the
global effort under the aegis of LOICZ.

To make the project manageable it is suggested to divide the effort into workpackages. Not all case studies
will have all the necessary expertise available. Hence each workpackage will have a scientific co-ordinator
with responsibility for contents and deliverables and will initiate (as necessaty) capacity building across the
sites and beyond. At case study level the site manager will take responsibility for the regional work
packages. The workpackage co-ordinators and the site managers constitute the management team. Initial
studies do not have to cover all the workpackages but will follow a common framework addressing the
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ptiority issues/drawbacks (e.g., dearth of data) of their site and implement the most critical workpackage in
a first instance. Additional support will need to be generated later for a broader coverage of workpackages.

Workpackages - General Remarks

Significant parts of the assessment and synthesis will focus on improving understanding of how present
activities in the catchment determine land-based fluxes and their impacts in the coastal zone. Emphasis will
be on quantifying the type and scale of this relationship and elaborating on the implications for coastal

resource use.
However, for the putposes of modelling and forecasting (Figure 3.2, right side), addressing the temporal
scale of ‘change’ is also of scientific relevance. This is particulatly important if the detrimental economic

activities in the river catchments/islands causing coastal change ate likely to continue.

Analysis will include information on previous fluxes where available. It is anticipated that the scarcity of
even recent information will make primary data investigation necessary in several cases.

Regional Analysis of past and present Regional Analysis of future behavior

4 Behavior of the
Catchment to
1inputs, temporal

< g
= &
e &
2 2
% E
2 based on CL and i
= | | Istitutional analysis | Y = m = = — socio-economiic :
& Coast benefit of past drivers P
management Multi -criteria
analysis based on
stakeholders

Figure 3.2 A potential “AfriCat” workplan.

The project database will include an inventory of land use in selected tiver catchments in Africa and an
elucidation of their cause-effect relationships to coastal impact and state of coastal resources.

The ‘human dimension’ of fluxes to the coastal zone will be addressed as part of a study of comparative
resource economics. The main objective will be to make a site-based macro-economic analysis of the
impacts of the catchment economy on the coastal zone economy.

Finally, the proposed project will be concerned with management implications of the research findings,

which will be communicated to the coastal user community through advisory boards. Scenarios

representing various forcing conditions will provide information on biogeochemical changes and key

questions in the realm of coastal management addressing issues such as:

e scaling of coastal change issues resulting from land-based fluxes and efforts for mitigation, i.e. specified
land-use practices;

e technical and economic feasibility of modified land-use practices;

®  economic instruments applicable for enforcement of improved changes in land use;
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e types of public education and community participation needed to bring about approptiate changes
(management response);

® institutional dimensions (national or river basin authorities) needed to formulate and achieve the
desired changes.

Table 3.2. The workpackages in detail.

No Description

1 Databases and tools

2 Impacts, indicators and critical loads

3 Scenarios and response/management options

4 Past, Present and Future changes in catchment fluxes
5 Integration at the African level

In WP 1 most of the effort will go into establishing databases for the catchments and coastal seas
(monitoring data, geographical and socio-economic database). A geographical information system is the
basis for the presentation of all of the spatial data and the results. This will draw on data and information
provided through existing networks and other regional projects.

WP 2 will look at impacts in the coastal zone and derive indicators and critical thresholds for Africa (based
on existing data and available models). Existing natural and social science models and tools will be
combined to make an instrument suitable for carrying out the regional scenarios. With few exceptions there
is only limited information on this topic now available.

WP 3 deals with the development of plausible scenarios of future change, based on available global
scenarios but downscaled to Africa and then to the study sites and the sub-regions they represent. Socio-
economic analysis of the scenarios and present functioning of the coastal zone can draw on experiences (as
appropriate) and links to related LOICZ global activities. It is intended to adapt and use methodologies of
the EuroCat (European Catchments) project such as the software package DEFINITE, to undertake both
cost-benefit and multi-criteria analysis, the latter allowing the inclusion of costs and benefits which cannot
be expressed in monetary terms.

To model catchment fluxes (WP 4) we will rely on models including point and diffuse sources as well as
land cover. Tthe model MONERIS (Modelling Nutrient Emissions in River Systems) can be evaluated and
adapted for African application.

In the second phase databases and modelling tools will be used to analyze past and present behaviour of
the system. ‘ITrend data will be used to assess the past influence within the drainage basin of, for example
land-use change, water regulation management, industrial development and population on fluxes. The
temporal and spatial delay of the response of the coastal sea to these changes at the catchment level
(regulations and socio-economic) will be evaluated and incorporated in the modelling tools. WP 5 will
integrate the results of the individual studies.

A Policy Advisory Board (PAB) will be involved in stakeholder identification, institutional analysis and
cost-benefit analysis of past measures. Dissemination of scientific findings to various target groups will be
a key objective of the PAB.

Products

The project will provide a better understanding of the functioning and changes of African coastal systems
under natural and human forcing. This will be based on an integrative coupling of biogeochemistry and
soclo-economic sciences combined with tools using a typological approach to upscale the findings to areas
for which only secondary information is available (Maxwell and Buddemeier 2002). Loads to the coastal
zone and their critical thresholds for system functioning and thus the status and development of coastal
resources will be addressed in the context of material transports along the whole water cascade as a single
system. AfriCat aims to sets up a framework for analysis for coastal zone managers and will continue to
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contribute on regional scales to the overall global LOICZ assessment and synthesis effort. Products will

include:

e Catchment/Coast evaluation studies and peer-reviewed articles; (Study design will be based on the
“EuroCat”, adjusted to the regional needs, and will either have: a thematic approach, across the region
e.g., driver-oriented across the region, or will select prominent differences between natural and
anthropogenic change signals and combining them in one project or project cluster).

e Regional synthesis for evaluation in the global LOICZ network and the IGBP II integrated earth
system science framework.

e Protocols for integrated assessment, modelling and forecasting for dissemination in training
wotkshops;

e Issue-driven scientific decision support information put in a regional framework for broader
application

The listing of information needs, data gaps and sites with negative trend expectations - “hot spots” -
identified in the synthesis will form the basis for future proposal development. The synthesis will serve as
the major regional focus 1/4 entty to the first global LOICZ synthesis and assessment book (to be
published in eatly 2003). Proposals from this assessment process will seek links to regional initiatives. This
will be promoted through LOICZ and support and close working relationships are likely with START,
UNESCO’s IOC and UNEP/ROA. The AfriCat process, in combination with LOICZ biogeochemical
assessments of African estuaries and regional typology efforts (see LOICZ Newsletter 22, March 2002) will
contribute to the implementation of the Abidjan and Nairobi Conventions (ie. Convention for Co-
operation in the Protection and Development of the Marine and Coastal Environment of the West and
Central African Region, and Convention for the Protection, Management and Development of the Marine
and Coastal Environment of the Fastern African Region).

Eatlier LOICZ-supported studies will provide a sound template for the regional approach for Africa. The
AfriBasins network has started drafting proposals and various agencies have indicated their interest in
funding the activities. Formal and/or operational links to ongoing international efforts such as the ICAM
(Integrated Coastal Area Management) and GOOS (Global Ocean Observation System now COOP,
Coastal Ocean Observation Panel) by UNESCO’s IOC and regional UNEP and GPA activities will be
pursued for global application and use of the outcomes.
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4. CONTRIBUTED PAPERS

4.1 The impacts of human activities on Africa's coastal and marine areas and the implications
for sustainable development

Eric O. Odada

Abstract

African nations are facing a growing number of coastal and marine changes as a result of development and increased
population pressure. Unregulated human activities on land and the coastal changes can be viewed as taking place in a
seties of concentric circles - desertification in the center; deforestation towards the coasts; erosion and pollution on
the coasts; over-exploitation of marine resources, dumping of toxic and hazardous wastes and oil spillage on the high
seas.

There are a number of teasons for this serious situation, including is lack of awareness and understanding of coastal
and marine resources and their interaction with tetrestrial and oceanic processes, aggravated by ineffective coastal and
marine planning and management.

The present status and trends of coastal and ocean development in the Affican region are examined, along with
regional capabilities to implement sustainable development strategies.

Introduction

About 40% of the wotld's population lives within 60 km of the coast. In Africa, trends in population
growth indicate that this figure could tise to 75% within the next century. The lives and reasonable
aspirations for economic advancement of these coastal residents are inextricably linked to the productivity
of coastal and marine resources. The shallow tropical coastal areas bordering the African continent have
traditionally supported highly productive ecosystems from which fish and other aquatic resources have
been harvested. These natural systems provide valuable services in terms of recreation, coastal tourism and
marine transportation in addition to their natural protective and defense functions against coastal erosion
and flooding. Unfortunately, most of the natural resources are over-exploited and the coastal and marine
systems severely degraded by unregulated human activities. Productivity and usefulness of these coastal
and marine areas have dramatically diminished and the prospects for sustainable development are greatly
jeopardized.

There is a general lack of awareness and understanding of the coastal and marine resources and their
interaction with terrestrial and oceanic processes. Ineffective coastal planning and management further
aggravates the situation. Despite the tenets of the 1992 United Nations Conference on the Environment
and Development (UNCED), Chapter 17 of Agenda 21, that coastal states should "commit themselves to
integrated management and sustainable development of coastal areas and the marine environment under
their national jurisdiction”, little has been achieved in the region.

North Africa

The coastal and marine areas in North Africa (Egypt, Libya, Algeria and Morocco) are generally regarded as
developed, although less so than the northern coasts of the Mediterranean Sea. Agticultural run-off and
tivers flowing into the Mediterranean Sea are responsible for substantial waste loads of organic and
inorganic origin.

The biological productivity of the Mediterranean Sea is amongst the lowest in the wotld. Primary
production in the centre of the Mediterranean Sea, and in many coastal areas away from the major rivers or
urban agglomerations, is rather low, and nutrient concentration in the deep waters of the eastern basin are
also very low. However, fishing activities in the Mediterranean Sea have been going on for centuries,
adapting themselves to the local conditions to sustain a very high ratio of catch/production. Several factots
may contribute to this high efficiency, among them, the distribution in time and space of the fertilizing
mechanisms.
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Eastern and Southern Africa

West and Central Africa

The coastline of western and central Africa is about
8,000 km long and is characterized by marked
diversity. The climate ranges from the Sahara Desert
in the north through a humid tropical belt that
contains two of Africa’s largest rivers, the Niger and
Congo, to desert again in the south - the Kalahari.
The coastal zone shows equal diversity, ranging from
dunes through marshy delta lands and mangroves to
rias with steep cliffs. The continental shelf varies
markedly in width from some 70 km or so in the
Gulf of Guinea to about 4 km off Angola and Zaire
(Figure 2). Even the countties that make up the sub-
region differ markedly, from small island states such
as Sao Tome and Principe to large mainland
countties e.g., Nigeria and Mauritania. Their state of
development also differs: some economies are

based essentially on handicraft and subsistence
farming, whereas others have developed industties.
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The coastal and marine areas of eastern Africa
(Somalia, Kenya, Tanzania Mozambique) and
southern Africa (South Africa and Namibia) (Figure
1) - contain some of the world's most extensive
mangrove forests, vast stretches of seagrass beds,
several hundreds of kilometres of sandy beaches,
limestone cliffs, lagoons and rich coral reefs. These
ecosystems support a wide diversity of plants and
animals, and the derived economic benefits are
essential for a large part of the population. These
coastal and marine environments provide coastal
population and inland communities with food,
minerals, firewood and other vital resources.

Figure 1. The coast of East Africa. 'The dashed
lines represents approximate limits of the
continental shelves in the Western Indian Ocean.
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Figure 2. Coastal erosion problem sites along
the West African coast (Ibe and Quelennec
1989).



Coastal and marine issues in Africa

Growing populations in coastal areas of the African region, expanding coastal tourism, intensified fisheries
and a large number of other economic activities pose an increasing threat that jeopardizes the quality of
these coastal environments. Large-scale destruction of coastal forests and mangroves, lagoons and coral
reefs has caused serious degradation of the environment, affecting the lives of coastal inhabitants and
economic development of the countries in the region. The Seychelles in the western Indian Ocean, for
example, was famous for its luxuriant forests and abundant wildlife. Now, many reefs have been mined for
coral, and mangrove forests on the granite islands have been razed or drained and reclaimed, causing severe
erosion and smothering of coral reefs.

Rapid Popuiation Growth

As the population of Africa increases, coastal and marine environments are assuming greater importance
and need to be protected from pollution, coastal erosion and over-exploitation of matrine resources through
an integrated interdisciplinary and multi-sectoral approach in developing management plans for the coastal
and marine areas of the region.

The total population of the countries in western and central Africa is estimated to be about 175 million, of
whom about 10% live in the towns and villages of the coastal zone (UNEP 1984). Lagos, with >8 million
people and 85% of Nigeria's industry, and Accra-Tema with 60% of Ghana's industry are good examples.
In East Africa, about 84 million people live in the coastal zone. In Madagascar about 40% of the
population lives along the coast. Substantial increases in the volume of sewage and effluent being
discharged into the nearshore waters (mostly untreated) is a risk to human health through contact and
consumption of contaminated seafood. This problem has received little attention in the region, despite
sporadic outbreaks of human diseases attributed to contact with faecal remains on beaches (UNEP 1984).

Sea level rise

The Atlantic and Indian Ocean coasts of Africa are increasingly vulnerable to sea level rise and other
impacts of climate change. The coastlines of eastern Africa, for example, have retreated inwards and
seawards as a result of the rise and fall in sea level due to past climate change (Odada 1991). The
Intergovernmental Panel on Climate Change (IPCC) has estimated an average rate of mean global sea level
tise of about 6 cm per decade over the next century or as much as 1 m in 100 years. This would mean that
vast areas of coastal wetlands and lowlands in the African region would be inundated, shorelines would
retreat by hundreds of metres and protective structures would be breached. Flooding would threaten lives,
agriculture, livestock, buildings and infrastructure. Salt water would advance landward into aquifers and up
estuaties, threatening water supplies, ecosystems and agriculture.

Development of coastal areas

Development is leading to major changes in coastal areas of Africa, such as the construction of towns with
associated industries and the creation or extension of ports and harbour areas, frequently close to areas
suitable for tourism. At Lagos in Nigeria, Victoria Beach has been eroded 2 km inland since the
construction of breakwaters (Ibe 1985). At the Port of Abidjan where the Canal de V1idi was opened in
1950 and a road has been cut through in the area, the beach has since eroded east of the canal.

Activities in the coastal zone often lead to the creation or rapid expansion of municipal centres on the coast
without infrastructure and social services. In Malindi, Kenya, for example, tourism has increased rapidly in
a traditional small municipal centre with extremely limited services and infrastructure. Population growth
rates have reached 20% a year, and authorities are hard-pressed to meet basic needs for sanitation,
education and commercial organisation. Similar situations atrise wherever new coastal zone activities
stimulate extremely rapid growth in new or small existing municipal centres. FEconomic planning is
necessary for the sustainable development of coastal areas.

Coastal erosion and flooding

This is prevalent especially in West and Central Africa (Figure 2). The seriousness of the problem and the
attempts to mitigate the nuisance and negative economic consequences vary. Retreat of the coastline, with
concomitant flooding, causes hazards by removing settlements, destroying agricultural and recreational
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lands, disrupting harbour and navigational structures and dislodging economic facilities located along
coastal towns (Ibe and Quelennec 1989). Natural factors which facilitate erosion include storm wave
regimes, otientation and nature of the coastline, low relief of the coastal plain, vulnerable sediment budget,
narrowness of the continental shelf, presence of off-shore canyons and gullies, global eustatic tise in sea
level. Man's intervention in the natural environment, by the construction of artificial structures on the
coastline, mining of beach sand, the location of dams on rivers that normally would supply sediment
replenishment to the coastline, the haphazard withdrawal of water from coastal aquifers and reservoirs and
the destruction of mangroves, can exacerbate the impact of natural forces.

Environmental degradation

Coastal degradation is a major problem in the African region. The main sources of pollution from land are:
domestic and commercial sewage and other discharges near coastal towns and cities; agricultural waste
disposal; sand-mining in the coastal zone; erosion and siltation; overcutting of forests such as mangroves
on the coastal strip and timber forests inland. Poor agricultural practice, lack of agricultural land especially
on the islands, over-utilisation, burning, mismanagement and over-exploitation of forest resources have
resulted in extensive deforestation and severe soil erosion. This has caused severe siltation with the
resultant destruction of coral reefs, erosion of beaches and destruction of the coastal mangrove and other
forests. Examples of this are clearly seen in Madagascar, the Comoros and many other parts of Africa.

Environmental values and natural resources factors have not always been integrated into development
plans. Industrial expansion has often been carried out at the expense of the environment. Economic and
social development, both utban and rural, has tended to deplete natural resources and damage the
environment and amenities. Development of ports and harbours, reclamation for construction and
dredging also cause coastal erosion and siltation. Such work has been common in the African region during
the past two decades without due consideration given to the environmental impacts. Extensive dredging
has been carried out in the Seychelles within the last decade leading to severe siltation of the coral reefs
within the marine park and along the east coast of Mahé (UNEP 1984). In coastal areas of Tanzania,
Mozambique, and Mauritius, dynamiting of coral reefs as a means of catching fish has resulted in serious
environmental degradation of the coasts and seas. In Madagascar, the wide beaches that previously
attracted many tourists to the island have disappeared. In spite of this, many structures are still being
constructed on eroding beaches.

Odl pollution

O1l spillage due to accidents, grounding, harbour operations and discharges from refineries in the Eastern
African sub-region can only increase as more and bigger tankers travel through the Indian Ocean. Some
routes used by these tankers are shown in Figure 3. In 1981, 3551x10° tonnes of oil were transported
through the main route from Arabian Sea to Asia. Accidents during tanker discharge operations in
Mombasa, Maputo and Dar-es-Salaam have destroyed large areas of mangrove forests. Oil refineries in
Eastern Africa significantly contribute to oil pollution of the coasts and seas.

West and Central Africa export oil to Europe and America. The coastline lies to the east and is downwind
of the main route of oil transport from the Middle East to Europe (Figure 3). The total volume
transported annually along the Gulf of Guinea, for example, has been estimated to be 706x10¢ tonnes
(Portmann 1978) and the discharge of tank washings from offshore traffic is a significant source of oil on
beaches. However, much of the oil found on beaches is from spills or tank washing discharges from
tankers visiting ports in the region (Portmann e 2/ 1989). In the Ebrie Lagoon, Ivory Coast (Marchand
and Martin 1985) a wide range of concentrations (1000-24000 mg/kg) of total hydrocarbons was found in
lagoon sediments. The highest concentrations were associated with industrial and domestic sewage
discharges. However, a spill of 400 tonnes of oil at a refinery in 1981 was still cleatly detectable in 1983
(Portmann ef a/. 1989).
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Figure 3. Main routes of oil transport from the Middle East to the Far East and the West around
Africa (British Petroleum 1978).

Coastal tourism

The peoples of Africa have for a long time had visitors from Arab nations, Persia, Europe and other distant
lands. The people are friendly and attractive with captivating life styles, customs and traditions, food
preparation styles, costumes and distinctive artistic styles. In addition, the coastline of Africa is an area of
great physical beauty, rich in living resoutrces. In eastern Africa for example, palm-fringed beaches of white
coral sand lead down to tranquil lagoons enclosed by spectacular coral reefs with their wealth of colourful
fish, shell and corals. For many countries in the sub-region, coastal tourism is one of the most important
sectors of their economies producing foreign exchange.

Although available evidence suggests that before the 1980s tourism in Africa occurred without significant
deterioration in the coastal ecosystem, this is rapidly changing (Odada 1993).

Coastal agriculture

Agticulture is the mainstay of the economy of most African countries. Agriculture contributes between 30-
60 % of their GNP and the majority of the population depends on it for their livelihood. While the
population is increasing rapidly with the subsequent increase in food demand, in most African countties the
land available for agriculture is shrinking because the land is used for non-agricultural purposes such as
housing, industry, roads, playing fields or hotels, and also because good agricultural land is destroyed
through soil erosion, salinization and modification.

Erosion related to deforestation and unwise agricultural practices is prevalent. In Kenya, silt from rivers is
affecting catches of fish, smothering coral reefs and sullying beaches, with serious consequences for fishing
and tourism. The effects of pesticide pollution on marine life are now becoming apparent in many
countries of Africa. The health of humans is threatened by toxins contained in the fish they eat (UNEP
1989). Soil conservation measures and pesticide controls need to be instituted, particularly where
agriculture is being developed.

Over-excploitation of marine resources

In general, the productivity of African coastal waters is dependent on the extent of the continental shelf,
coastal upwellings, mangroves, coral reefs and runoff from rivers. Fisheries reflect the availability of these
factors. For West and Central Africa, the total annual catch of fish in the coastal zone is estimated to be
about 2.6x10¢ tonnes per annum (FAO 1987) and about 10%of the coastal population engages in some
form of fishing activity. At least 30% is canoe fishing, but larger fishing trawlers account for the bulk of
the remaining catch (Portmann e# 2/ 1989). Shrimp and tuna are the main commodities supporting export
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ventures in eastern Africa. The extensive continental shelves of Madagascar and Mozambique support
lucrative shrimp fisheries, while the absence of such areas in island countries make them dependent on
offshote tuna resources.

The most serious problem in most African coastal and marine areas is over-exploitation of resources. Fish,
shellfish, beche-de-mer, dugongs and turtles are all subject to over-exploitation on a massive scale,
especially in East and West Africa, due to burgeoning human numbers coupled with a shortage of land-
based jobs. Kenya's population of over 30 million, for example, is increasing at 4.3% annually, and is
expected to double around 2020, with a consequent increase in demand for land, food, housing, water and
social services. Similar situations in other parts of Africa are straining both terrestrial and marine
ecosystems to breaking point.

Capacity for addressing coastal and marine issues

Institutions which will promote environmental and resource values and assure that they are taken into
account in governmental decision-making are now being established in some countties of the region.

Environmental Policies

Most countries have no explicit policies relating to coastal and marine development. For the land-locked
countties in the sub-region, coastal ports and harbours in other countries represent the only natural outlet
for their imports and exports. The coastal states want to locate more industries on or near the coast to
better utilise the main arteties of transport and communication.

Very little effort has been expended in incorporating socio-environmental concerns in development and
problems discerned in the coastal areas have generally been shrugged off as being an inescapable part of the
development process. Although serious environmental degradation of the marine environment has not yet
occurred, disturbing and perhaps irreversible trends are beginning to appear, some in connection with
activities outside the coastal zone.

Legisiation and Environmental Law

Many countries have formulated regulatory measures for their resources management in coastal and marine
areas, such as the issuance of permits for fishing, logging and mangrove harvesting. However, most of
these measures have proven ineffective. Some countries are now enacting environmental laws which
provide practical frameworks at the national level to implement environmental standards and to regulate
activities. At the international level, conventions like the Law of the Sea, protocols and agreements such as
the UNEP Regional Seas Programme provide a basis for co-operation among countries at bilateral, regional
and global levels for the management of environmental risks, control of pollution and conservation of
natural resources in coastal and marine areas. The groundwork has been carried out over the last two
decades, under the aegis of UNEP, to establish a legal framework to manage regional seas.

Coastal Zone Management

A few countties are in the process of developing management plans for their coastal and marine areas.

In 1992 the Seychelles initiated a plan for coastal zone management under the UNEP Eastern African
Regional Seas Plans, to prepare an inventory of coastal and marine species, the state of coral reefs,
mangroves and lagoons, to assess the extent, nature and causes of coastal and marine pollution and to
identify policy and remedial actions. The project components include training; institutional capacity
building, workshops and provision of laboratory equipment. It is managed from the Department of
Environment, created in June 1989 under the direct leadership of the President of the Seychelles to solve
the environmental problems that stem from a general increase in the population and the rapid development
of the island.

Tanzania is in the preliminary stages of the development of an integrated coastal zone management
programme. In 1991 the country began the process of creating a protected area, to be known as the Mafia
Island Marine Park (MIMP). This marine park will protect the last pristine coral reef ecosystem found in
Tanzania's coastal waters — an area that is important as an economic resources upon which a significant
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coastal and island population group is quite dependent. The Tanzania government petrceives that this
project will serve as a pilot project for Tanzania's integrated coastal zone management.

Coastal and marine resources are valuable assets that can effectively contribute to sustainable development
of the African region. However, uni-sectoral over-use of some resources has caused serious problems.
Indiscriminate harvesting of mangroves brought short-term economic benefits to countries in East Africa,
but was detrimental to fisheries, aquaculture and coastal tourism. Similarly, unregulated fishing efforts and
the use of destructive fishing methods such as dynamiting have destroyed fish habitats and reduced fish
stocks. There is an urgent need for integrated interdisciplinary and multi-sectoral approaches in developing
management plans for the coastal and marine areas of the African region.

Tnstitutional and administrative limitations

Most African coastal states are at present making only minimal use of their coastal and marine resources
owing to limitations in scientific knowledge and technological know-how and to the lack of efficient
organizational and administrative machinery. For example, shipping and navigation setvices, so vital for the
management, control and exploitation of marine resources and for the development of international trade,
are still very much in their infancy in most African coastal states. Marine technology is also very much
underdeveloped in the region. Few countries have marine technology training centres with comprehensive
programmes. The development of sound training and research programmes and effective linkages with the
production system ate basic but important steps towards enhancing the ability of African states to make full
use of their coastal and marine resources.

Institutional and administrative capacities for coastal and marine resources development vary widely in the
region, ranging from countries with a growing capacity and considerable resources to those with virtually
no capabilities. Countries such as South Africa, Nigeria and Egypt already have good infrastructure for the
development of coastal and marine areas, approptiate research and training institutions and other facilities,
governments awate of the crucial role of coastal and marine resources in the development of their
economies, and personnel qualified to undertake integrated management of coastal and marine areas.

Other countries, such as Benin, Gambia and Djibouti, are at a low stage of oceanographic development,
with no substantial infrastructure for the development of coastal and marine resources, research and
training institutions or other facilities, and shortages of trained manpower. Institutional and administrative
capacity-building in ocean affairs should be a top priority in the African region.

Many African countries are confronted with setious manpower problems that are proving to be great
impediments in the economic development of coastal and marine areas. In many cases, there is a lack of
adequate training facilities for the type of manpower required. Although most African countries now have
national universities and other institutions of higher learning, many of these institutions are young, and
have problems with e.g., staffing, equipment and curriculum development. The universities are still
grappling with the fundamental issues such as manpower for the civil service requiring high-level personnel,
such as public administration, school education, public health and agriculture.

Other needs for manpower development, for example training of marine scientists and technologists are
beyond the capability of most African states and need to be met through regional and sub-regional co-
operation. Seminars, workshops and conferences such as those organised by the International Ocean
Institute would be most useful and appropriate.

Measures for addressing issues of coastal and marine areas

As stated in Chapter 17 of Agenda 21 of the 1992 United Nations Conference on the Environment and
Development (UNCED) in Brazil, coastal and marine management must play an important role if resources
are to be exploited in a way that ensures sustainable development to a growing population. To implement

sustainable development of coastal and marine areas of the region, African governments need to

(1) develop human resources by undertaking short-term and academic training to strengthen existing
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capabilities;

(2) promote public awareness by producing educational materials on the ecological and socio-economic
contributions of the coastal and marine resources and the consequences of unsustainable exploitation;

(3) organize policy workshops involving relevant policy and law makers to increase their understanding of
and commitment to the sustainable use of the resources in their coastal and marine areas; and

(4) Implement integrated coastal zone management programmes by establishing case studies in pilot sites
of coastal and island states in the African region.

Capacity butlding

Since the requirements for high level manpower in certain areas of marine sciences e.g., physical, chemical,
biological oceanography, aquaculture, are not so great in terms of numbers needed by any one country at a
time, existing institutions (e.g. universities) in the region suited for teaching and research could specialise as
regional or sub-regional training centres.

Oceanographic research should be carried out on a regional or sub-regional co-operative basis using
collectively-operated research vessels which are well-equipped and well-staffed for all types of
oceanographic research and for the on-board training of marine scientific and technical staff. The co-
ordination of research on a regional scale, the exchange and dissemination of research information and the
storage of research data are important support activities.

Public awareness
African governments need to inctease public awareness of the long-term ramifications of coastal
development. At present the general public is unaware of problems associated with the development of
coastal and marine areas. National campaigns are needed to improve public awareness of national and
regional issues in the protection and development of coastal and marine resources of the region. Education
in the principles of protection and development of marine resources should be part of the ordinary
educational curriculum at all levels, and through seminars and courses offered to the general public.

The Western Indian Ocean Marine Science Association (WIOMSA)has been formed with the secretariat at

the Institute of Marine Science in Zanzibar. Its aims are:

(1) to promote and advance the educational, scientific and technological development of all aspects of
marine science in the region;

(2) to provide a forum for discussion and dissemination of information and organise meetings, seminars
and wotkshops for the presentation of information, findings and expetiences on all subjects related to
marine sciences;

(3) to encourage the suppott of marine science research, and the development and educational activities
by government agencies and private sector; and

(4) to collect and disseminate scientific, technical and other information on marine sciences.

Environmental Legislation

Environmental legislation is providing practical frameworks at national levels to implement environmental
standards and to regulate activities in coastal and marine areas of the African region. At the international
level conventions, protocols and agreements provide a basis for co-operation among countries at bilateral,
regional and global levels for the management of development activities, and control of pollution and
conservation of marine resources. However, African states urgently need to review and where necessary
expand, update or strengthen national legislation and regulation pertaining to the protection and
development of the coastal and marine areas. The enforcement of national regulations related to coastal
and marine resources protection and development needs to be improved. There is an urgent need to
expand the accession to and ratification of international conventions, such as the Law of the Sea, and
institute mechanisms at national levels to ensure their application.

Management Planning

The value of coastal and marine areas as entities within the framework of national development planning is
not always recognised in Africa and many countries lack the administrative and legislative basis for
implementing such an approach. Industrial expansion such as construction of ports and harbours has often
been carried out at the expense of the environment. Economic and social development, both in the coastal
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cities and the coastal zone, has tended to deplete natural resources and damage the environment and
amenities. To solve these problems, the countries of the African region need to develop an integrated
interdisciplinary and multi-sectoral approach in their management plans for coastal and marine areas. Pilot
coastal sites could be established in one or two countries in each sub-region, with intensive interdisciplinary
involvement of resources and scientific personnel from universities, government agencies and non-
governmental organisations. In addition, training courses, workshops and conferences should be organised,
and publications and educational materials disseminated as part of the integrated coastal and marine
resources management planning.

Summary and conclusion

The coastal and marine environments of the African region are uniquely situated to support a variety of
activities and to serve diverse human needs for food, transport and recreation. However, the pressure of
growing populations in coastal zones, expanded coastal tourism, intensified fisheries, and a large number of
other economic activities pose an increasing threat which jeopardise the quality of these coastal and marine
environments. The large-scale destruction of some of Africa's most valuable resources, the coastal forests
and mangroves, the lagoons and coral reefs has caused serious degradation of the environment, affecting
the life of the coastal inhabitants and the economic development of the countties of the region.

In the 1992 United Nations Conference on the Environment and Development (UNCED), protection of
the coastal and marine environments to ensure sustainable use of natural resources was at the top of the
agenda for action. Under Agenda 21, coastal states should "commit themselves to integrated management
and sustainable development of coastal areas and marine environment under their national jurisdiction".
The Conference further noted the importance of national policies and management capabilities for
integrating the development and management of multi-sectoral activities in coastal and marine areas.

There are as yet no comprehensive study programmes covering the whole spectrum of matine science and
technology.

To implement sustainable development of coastal and marine resources of the African region, there is an
urgent need to: (1) build human resources by undertaking short-term and academic training to strengthen
existing capabilities; (2) promote public awareness by producing educational materials on the ecological and
soclo-economic contributions of the marine resources and the consequences of unsustainable exploitation.
(3) organize policy workshops, seminar and/or conferences involving relevant policy and law makers to
increase their understanding of and commitment to the sustainable use of the resources in their coastal and
marine areas, and (4) implement integrated coastal zone management programmes by establishing case
studies in pilot sites in selected countries of the African region.
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4.2 The sub-Saharan African coastal zone: assessment of natural and human induced changes

Larry Awosika

Abstract

The coastal zone of sub-Saharan Africa stretches from Mautitania to Cape Town (South Africa) in the west and Cape
Town to Somalia in the east, encompassing a total of 32 countries. The large matine ecosystems in these coastal
regions consist of the Canaty Current, Guinea, Benguela, Agulhas, Somali and Mascarene ecosystems. The African
coastal zone consists of batriet/lagoon systems, wetlands, mangrove swamps, marshes, sloughs and estuaries that
form majot habitats for a wide variety of flora and fauna. The largest wetland in the region is the Niget Delta which is
1,794,000 ha consisting of 617,000 ha of saline and 1,177,000 ha of freshwater swampland. Other important wetlands
include the Okovango Delta and the Kafue River flood plains. Most of the largest river catchment basins in Africa are
found in West Africa. For example the Niger/Benue, Congo, Orange, Gambia ate major rivers which form major
catchment basins, draining the West African pre-Cambrtian craton and the coastal ateas. The population of Africa is
approximately 650 million. According to the World Bank, Africa’s coastal population will continue to grow at a rate
of no less than 3% per year. With this growth rate, the population in the coastal urban area is expected to double
within the next 30 years and by the year 2025, the urban coastal population will increase from a mean of 200
inhabitants/km? to 500 inhabitants/km?. The high socio-economic activities within the coastal zone of the region
stem from the fact that the coastal zone is blessed with a vatiety of resources which include fisheries and fauna
resoutrces, oil and gas, non-fuel minerals such as diamonds, sand and heavy minerals, natural habitats such as wetlands,
mangroves, estuaties, coastal agricultural land, and recreational and scenic resources including beaches, coastal lagoons
and estuatries.

Coastal areas of sub-Saharan Africa are presently experiencing coastal degradation in the form of coastal pollution,
coastal erosion, siltation, flooding, deforestation, salt-water intrusion and subsidence. Many of these problems are
caused or exacerbated by exploitation of coastal resources. Coastal erosion is the most prevalent coastal hazard in
West and East Africa. Annual erosion rates of 25 to 30 m have been observed along the Victoria Beach in Lagos.
Although natural causes like low coastal topography, high wave energy and the nature of sediments are responsible for
these high rates of erosion, anthropogenic activities such as construction of harbour-protecting structures, jetties,
beach sand-mining, construction of dams upstream and deforestation are mostly responsible for the high rates of
erosion. Rapid growth of towns and industries in the region has contributed to the clearing of large areas of virgin
forest. The net deforestation rate for tropical Africa is estimated at 3.6x106 ha/year representing about 0.67 of the
total forest reserves of tropical Africa. Cutting down of mangroves for firewood and construction of houses has been
blamed for the depletion of about 50% of the mangroves in Nigetia. The need to generate cheap and abundant
electricity, water for irrigating dry land and development of inland fisheries led to the damming of many of the major
rivers in the continent. Trapping of sediments behind the dams is deptiving the coastal ateas of sand. Such
deptivation of sediments along the coastline is exacerbating coastal erosion and flooding. In some areas, excessive
sediments are being generated as a result of anthropogenic activities. Excessive generation of sediments from upland
areas also causes sedimentation downstream. The silting up of Kotlee Lagoon in Ghana is a classic example. The
Koba coastal rice field in Guinea is also suffering from excessive siltation by sediments generated from the upland
areas. Oil exploration, exploitation and other related activities have led to frequent oil spills, deforestation, subsidence
and subsequent pollution of the marine environment. Global climate change and associated impacts like sea-level rise
and flooding have had serious impacts on the socio-economic activities in both the West and East African regions.
The coastal nations of West and Central Aftrica (e.g. Senegal, Gambia, Sierra Leone, Nigeria, Cametroon, Gabon and
Angola) have low-lying lagoonal and erosive coasts and hence are likely to be threatened by sea-level tise.
Environmental hazards facing sub-Saharan African coastal areas are great and need urgent and holistic approach.
Although local and tegional approaches may be necessary in some areas, many of the problems cut actoss
international boundaries. A holistic approach to all environmental hazards calls for Integrated Coastal Area
Management (ICAM) that will have a regional approach.

Introduction

Sub-Saharan Africa encompasses countries approximately south of the Sahara Desert to South Africa,
including island states. This part of Africa is broken into two geographical regions: West and East Africa.

The West African coastal zone from Mauritania to Cape Town (South Africa) includes 22 countties:
Mauritania, Gambia, Senegal, Cape Verde, Guinea Bissau, Guinea, Liberia, Sietra-Leone, Cote d’Ivoire,
Ghana, Togo, Benin, Nigeria, Cameroon, Equatorial Guinea, Sao Tome and Principe, Congo, Zaire,
Angola, Gabon, Namibia and the western part of South Africa (Figure 1).
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Figure 1. Coastal states of sub-Saharan Africa.

The East African sub Saharan countries include: South Africa, Mozambique, Tanzania, Kenya, Somalia,
Madagascar, Comoros, Mauritius and Seychelles. The landward extent of the coastal zone in these regions
is not well defined. However, the shelf break is regarded as the ocean seaward. The width of the shelf
break varies from about 10 km to about 200 km. Table 1 shows coastal length and marine areas of sub-
Saharan Africa. The large marine ecosystems in these coastal regions comnsist of the Canary Current,
Guinea, Benguela, Agulhas, Somali and Mascarene ecosystems (Figure 2).

Coastal morphology
The major geomorphic features of the FEastern Atlantic Shelf in West Africa are bathymetric undulations
consisting of sand shoals in the inner shelf, submarine canyons like Cayar Canyon in Senegal, Trou San

Fonds in Cote d'Ivoire, Avon, Mahin and Calabar Canyons in Nigetia, and Congo Canyon in the Congo as
well as other smaller gullies.
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Table 1. Coastal length and marine atea of sub-Saharan Africa states (compiled from World
Resources 1994-95).

Country Length of Matitime area (x103 km?)
coastline (km) Shelf width to EEZ
200 m depth
Angola 1,600 66.9 605.7
Benin 121 7.0 271
Cameroon 402 10.6 15.4
Cape Verde 965 X 789.4
Congo 169 8.9 24.7
Cote d’Ivoire 515 10.3 104.8
Equatorial Guinea 296 X 283.2
Gabon 885 46.0 213.8
Gambia 80 X 19.5
Ghana 539 20.9 218.1
Guinea 346 38.4 71.0
Guinea Bissau 274 X 156.5
Liberia 579 19.6 229.7
Mauritania 754 44.3 154.3
Namibia 1,489 X X
Nigeria 853 46.3 210.9
Sao Tome and Principe 215 X X
Senegal 531 31.6 205.6
Sierra Leone 402 26.4 165.7
Togo 50 1.0 2.1
Zaire 37 1.0 1.0
Comoros 340 X 249
Kenya 536 14.4 118
Madagascar 4,828 180.4 1,292
Mautitius 117 91.6 1,183
Mozambique 2,470 104.3 562
Reunion* 201 X X
Seychelles 491 50 1,349.3
Somalia 3,025 60.7 782.8
Tanzania 1,424 41.2 223.2
South Africa 2,881 143.3 1,553.4

X - No available data
* Reunion is geographically in Africa but politically part of France

Sedimentary fans, especially off the mouths of major rivers like the Niger Delta, dead Holocene coral banks
(Allen and Wells 1962; Awosika 1990) and rocky bottom especially off Cape Three Points in Ghana, are
other features of the shelf. A chain of narrow volcanic islands lies off Cameroon while the Guinea and
Walvis (off Namibia) ridges emanating from the mid-Atlantic ridge constitute other sea-bed topographic
and geomorphic highs in the shelf.
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these have originated from coral reefs during the Pleistocene era (about 1.6 million years ago). The main
cause of their formation is the long-term variation in sea level.

The western and northern coasts of Madagascar have a wide continental shelf. Comoros and Mauritius are
surrounded by deep waters that begin at a few hundred metres to several kilometres offshore. There are
some shallow banks around the Rodriguez Islands and other dependencies of Mauritius. The coral islands
in the Seychelles are characterised by the absence of extensive shelves.

Major ecosystems on the East African coast include mangrove forests, both in estuaries and in non-
estuarine areas, fringing coral reefs and patch reefs, sandy and rocky beaches, and extensive intertidal flats.

Socio-economic activities and developments

The sub-Saharan African coastal zone is the socio-economic nerve centre of the continent. The coastal
region harbours the largest population density, industries and other commercial activities. The population
of Africa is approximately 650 million (World Bank 1995b). According to the World Bank, Africa’s coastal
population will continue to grow at a rate of no less than 3% per year. With this growth rate the population
in the coastal urban area is expected to double within the next 30 years and by the year 2025, urban coastal
population will increase from a mean of 200 inhabitants/km? to 500 inhabitants/km?.

In West Africa, a large percentage of the urban population lives in coastal cities (Table 2). In Nigeria, for
example, about 20 million people (22.5% of the national population) live along the coastal zone while in
Senegal about 4.5 million people (66.6% of the national population) live in the Dakar coastal area. In
Guinea-Bissau 79% of the national population is concentrated in the coastal areas of the capital. Most
capitals and industrial cities, e.g., Dakar, Abidjan, Accra, Lagos, Dar es Salaam and Maputo, are located in
the coastal zone. In 1994, the combined population residing in the coastal zone of East Africa was
estimated at 19 million, of which Kenya, Tanzania, Mozambique and Madagascar constituted 95%. It is
estimated that 30% of South Africa's population live within 60 km of the coast. The population growth
rates of mainland states of East Africa are generally high, ranging from 2.8% to 3.3%. However, the utban
population growth rate is much higher than the observed national average ranging from 5.0% (Mombasa)
to 7.2% (Maputo) per annum.

In some countries, marine resources form the main economic life wire of the GDP. For example, oil and
gas are the main foreign exchange earners for Nigeria, Gabon and Angola, while coastal fisheties constitute
a large percentage of the GDP of Ghana, Senegal, Cape Verde and Equatorial Guinea. Coastal toutism is
also responsible for a large part of the economy of Gambia, Senegal, Céte d’Ivoire, Kenya, Tanzania, the
Seychelles and South Africa.

Most of the industries are located in the coastal zone due to accessibility to the sea. About 60% of the
industries in the Gulf of Guinea states are located within the coastal zone (UNDP/GEF 1993). About 27
oil refineries and associated oil-related industries are in the Gulf of Guinea region.

About 90% of the industries in Senegal are located within the Dakar coastal zone. In Ghana as well as
Benin, Togo and Sierra-Leone most of the economic activities that form the backbone of the economy are
located within the coastal zone. There are also many local-scale industries consisting of textiles,
pharmaceutical and plastic industries dotting the coastal zone. The coastal areas also form the main import
export centres and food supplies for the landlocked countries of Africa.

Resources

Sub-Saharan African coastal areas are blessed with a variety of both living and non-living resources, which
include:

e fisheries and faunal resources;
e oil and gas, non-fuel minerals such as sand, heavy minerals;
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e natural habitats such as wetlands, mangroves, estuaries;
®  coastal agricultural land; and

® recreational and scenic resources including beaches, coastal lagoons and estuaries.

Table 2. Populations in the coastal zone in relation to country population and area (from Africa: A
framewotk for ICZM 1996).

Country Country Coastal Coastal pop.|Country |Coastal |Coastal area
pop. 1994|pop. 1994(as %  of|atea area as % of
(millions) [(millions |country pop. |(km?) (km?) country area
West Africa
Angola 11.53 2.89 25.07% 1,245,828 195,410 7.66%
Benin 5.18 1.86 35.91% 116,266 7,248 6.23%
Cameroon 13.22 1.57 11.88% 465,425 29,378 6.31%
Cape Verde 0.41 0.41 100.00% 4,288 4,288 100.00%
Congo 2.32 0.35 15.09% 345,196 (11,538 3.34%
Cote d’Ivoire 13.5 3.74 27.70% 322,770 (32,843 10.18%
Eq. Guinea 0.39 0.21 53.85% 27,207 13,414 49.30%
Gabon 1.56 0.65 41.67% 261,764 [53,060 20.27%
Gambia 0.94 0.5 53.19% 11,373 4,147 36.46%
Ghana 16.7 5.47 32.75% 239,312 [27,044 11.55%
Guinea 6.24 1.35 21.63% 245,156 |25,175 10.27%
Guinea-Bissau 1.09 0.87 79.82% 33,101 22,351 67.52%
Liberia 2.9 1.3 44.83% 96,826 31,477 32.51%
Mauritania 22 0.22 10.00% 1,041,970 139,291 3.77%
Namibia 1.55 0.04 2.58% 818,346  [87,802 10.73%
Nigeria 97.23 19.29 19.84% 913,612 [65,880 7.21%
Sao  Tome &[0.13 0.13 100.00% 856 856 100.00%
Principe
Senegal 8.12 4.37 53.82% 197,836 135,058 17.72%
Sierra Leone 4.55 2.15 47.25% 71,706 25,802 35.98%
Togo 4.05 1.37 33.83% 57,334 4,570 7.97%
East Africa
Comoros 0.63 0.63 100.00% 2,030 2,030 100.00%
Kenya 25.84 1.66 6.42% 588,045 32,447 5.52%
Madagascar 13.05 4.8 36.78% 592,797 |242,745 |40.95%
Mauritius 1.1 1.1 100.00% 1,328 1,328 100.00%
Mozambique 16.6 5.62 33.86% 789,508 162,938 |20.64%
Reunion 0.64 0.64 100.00% 2,036 2,036 100.00%
Seychelles 0.07 0.07 100.00% 210 210 100.00%
Somalia 9.65 3.79 1.88% 2,507,302 (46,217 1.84%
Tanzania 28.39 4.61 16.24 942,654 [57,225 6.07%
South Africa 40.72 12.4 30.45% 1,216,919 |152,734 |12.55%

Fishery resources

Fish 1s the most important source of dietary animal protein in Africa. FAO estimated (FAO 1996) the total
fish harvest potential at about 7.8 million in salt water fisheries and 2.7 million in fresh water fisheries. The
total salt-water fish harvested by countries of the region amounted to 3.9 million tones in 1994 (this figure
excludes the production of foreign fleet that does not land in the region). Off the eastern coast of Africa
catches represent less than 10% of the total regional harvest (foreign and domestic catches combined). The
coastal and marine areas provide about 90% of the fish production in the majority of countries in the
region. Fishing is one of the largest industries in the East African islands of the Seychelles, Mauritius,
Madagascar and Comoro. A large part of this fishing industry is composed of artisanal fishermen. For
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example, artisanal fisheries in the Seychelles exported an estimated 367.13 tonnes of fish in 1994,
representing approximately one-third of total export of fresh and frozen fish from the Seychelles. The
South African commercial fishing industry is worth about USD 10.2 billion annually. Table 3 shows some
fishery statistics of some countries in the region. Targeted fish species in the East Central Atlantic include
herrings, sardines, red fish, and tuna and jack mullet.

Increased and uncontrolled fishing methods employing unethical harvesting methods are leading to a
decline in fisheries. Fish catches in many African states have shown a systematic decline since 1974. The
infection of coastal waterways by floating weeds has led to a decline in fishery activities due to clogged
waterways, estuaries and lagoons, for example in Abidjan, Lakou Lagoon in Benin and Lagos Lagoon in
Nigeria. Uncontrolled exploitation of the fisheries by foreign vessels is also leading to depletion of some
fish stocks.

Table 3. Average annual marine fish catch and percentage change of coastal states in sub-
Saharan Africa (Wotld Resources 1998-99).

Country Average Percent change
1993-95 (10> mT) | 1983-85
Angola 77.5 1
Benin 13.5 192
Cameroon 41.9 25
Cape Verde 11 248
Congo 17.5 8
Cote d'Ivoire 57.5 (22)
Equatorial Guinea 3.3 15
Gabon 240 28
Gambia 19.5 124
Ghana 299.6 34
Guinea 60.3 130
Guinea Bissau 5.3 75
Kenya 107.6 86
Liberia 3.8 (61)
Madagascar 85.1 180
Mauritania 86.6 0)
Mauritius 19.0 74
Mozambique 24.8 27)
Namibia 304.5 2,336
Nigeria 187 14
Senegal 329.7 41
Sierra Leone 471 34
Somalia 15.4 (3)
South Africa 552 (32)
Tanzania 243.4 68
Togo 8.7 (23)

Negative numbers are in parentheses

Oil and gas

Though oil and gas are found mainly in a few countries of the region, they constitute probably the most
important coastal resource in the region (Table 4). Oil and gas form the main source of foreign exchange
earner for Nigeria representing almost 90% of income for the country. In 1990, production of oil from the
coastal zone averaged approximately 1,800,000 batrels per day. In the same year, the proven resetve base
rose from an estimated 16.5 billion barrels to almost 18 billion barrels. In addition, the country has 85 TCEF
of proven gas reserves and a further 15 TCF of probable gas resetrves. Other countries with oil and gas
reserves include Cameroon with about 65 million metric tons of crude oil and 60 billion cubic metres of
natural gas, Cote d' Ivoire with 15 billion cubic metres of ctude oil and 60 million cubic metres of nhatural
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gas. Other countries in the region have intensified exploration for crude oil and natural gas in their coastal
zone. As at 1984, Ghana has been able to strike a reserve estimated at about 1 million cubic metres of
crude oil in the coastal zone.

The only gas deposits in East Africa are found on the Tanzanian coast. These deposits are found in Songo
Songo and Mnazi Bay in southern Tanzania and steps for their exploitation are under way.

Non-fuel minerals

Although oil and gas form the most important mineral resources in the coastal zone, other non-fuel
minerals like sand, heavy minerals (hematite, goethite illmenite, magnetite, and zircon), limestone, and
diamond exist both on land and offshore. However, due to the lack of adequate technology, only sand is
presently being exploited mainly for beach nourishment and construction. The nearshore environment and
the lagoons have abundant sand usually mined for construction, block moulding and beach nourishment.
In Nigeria for example, over 14x10¢ m3 of sand were dredged from offshore borrow pits between 1960 and
1990 to nourish the fast-eroding Victoria Beach. About 13x10¢ m? of sand were dredged from the Lagos
Lagoon between 1990 and 1991 to nourish the Lekki scheme development project area (Awosika and
Dublin-Green, 1994).

Quarrying for sand and limestone occurs in all countries of the East Africa. For example, the annual
demand for fine aggregates in Mauritius is 1.5x10° tonnes and approximately 800,000 tonnes of sand are
extracted from the lagoon areas. Sand mining in lagoons, beaches and coastal dunes is causing extensive
beach erosion in the region. Titanium deposits are found in the estuarine areas of the Zambezi River and
the coastal area north of Dar es Salaam.

Along the west coast of South Africa and in Namibia are rich diamond deposits. These diamond deposits
were first discovered in 1908 by an ex-Kimbetley labourer. By 1925, prospecting for diamonds covered the
80 km strip from Port Nolloth to the Orange River. The land-based diamond reserves are nearing
depletion and decommissioning of the mines is being considered.

Table 4. Oil and gas reserves of some countries in sub-Sahara Africa (compiled from Wotld
Resources 1994-95).

Country Crude oil (1992) Natural gas (1992)
thousand tonnes million tonnes
Benin 117 10
Cameroon 65 95
Cape Verde 0 0
Cote d' Ivoire 3 100
Equatorial Guinea 1 3
Gabon 190 11
Gambia 0 0
Ghana 0 0
Guinea 0 0
Guinea Bissau 0 0
Liberia X X
Madagascar 0 0
Mautitania X X
Mauritius 0 0
Mozambique 0 0
Nigeria 2,040 3,398
Senegal 136 0
Sierra Leone 0 0
Tanzania 0 28
Togo X X
Zaire 11 28
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FEreshwater resources: surface and groundwater

Most of the largest river catchment basins in Africa are found in West Africa. The coastal zone of eastern
Africa is comparatively dry. Table 5 shows statistics of the 10 largest surface river bodies in the sub-
Saharan African region. These rivers form major catchment basins which drain the African pre-Cambrian
craton. These rivers cut across international boundaries and provide fresh water for millions of Africans
along the banks and even beyond the riverbanks. This results in heavy pressures on surface water
resources. Many of these rivers have also been dammed for hydroelectric generation as well as for
irrigation. The groundwater resources of the coastal areas consist of unconfined aquifers with high water
tables. This makes most of the water resources susceptible to saltwater intrusion and contamination from
raw sewers and other pollutants.

Surface water supply is an important resource both for domestic and industrial uses. About two thirds of
the urban population in coastal areas of Africa are without safe drinking water even though there are river
netwotks and creeks, as well as abundant groundwater resources. By the year 2000 about 300 million
Africans risk living in a water scarce environment, and by 2025, the number of countries expetiencing water
stress will rise to about 18, and more than 600 million people will be affected (Wotld Bank 1995a).

Many of the rivers entering the Indian Ocean from continental East Africa have been dammed for
generating electricity, irrigation and in some cases flood control. These projects have modified river flows
and have led to increased surface water runoff, soil erosion, transportation of pollutants and aggravation of
water shortage. The island states in both West and Fast Africa depend mostly on groundwater for both
domestic and industrial uses due to lack of large, all-season-flowing rivers.

Table 5. The ten largest sutface water bodies in sub-Saharan Africa with drainage areas more than
350,000 km? (Rangeley ez al. 1994).

Basin No. of Basin area | Basin countries
countries (1,000 km?)

Congo 9 3,720 Zaire, Central African Republic, Angola, Congo,
Zambia, Tanzania, Cameroon, Burundi, Rwanda, Sudan

Niger 9 2,220 Burkina Faso, Benin Cote d’Ivoite, Chad, Niger, Central
African Republic, Nigeria, Sudan, Cameroon

Zambezi 8 1,420 Zambia, Angola, Zimbabwe, Mozambique, Malawi,
Botswana, Tanzania, Namibia

Orange 4 950 South Africa, Namibia, Botswana, Lesotho

Okavango 4 529 Botswana, Angola, Namibia, Zimbabwe

Limpopo 4 385 South Africa, Botswana, Mozambique, Zimbabwe

Volta 6 379 Burkina Faso, Ghana, Togo, Cote d’Ivoire, Benin, Mali

Senegal 4 353 Mali, Mauritania, Senegal, Guinea

Major environmental changes

Coastal areas of sub-Saharan Africa are presently experiencing coastal degradation in the form of coastal
erosion, siltation, flooding, pollution, deforestation, salt water intrusion and subsidence. Many of these
problems are caused or exacerbated through exploitation of coastal resources. Major environmental
changes are the result of the following:

e pollution;
®  coastal erosion, flooding, siltation, deforestation;
e over-exploitation and degradation of marine resources; and

e  deteriorating water quality and sanitation with impact on environment and public health.
All these coastal problems cut across national boundaries in both western and eastern Africa.

Pollution

The main sources of pollution in coastal areas are domestic wastes and industrial effluents. Most of the
domestic wastes are solid wastes from coastal inhabitants. Much of this waste is not treated but is disposed
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indiscriminately. Many large cities in sub-Sahara Africa lack centralised systems for collecting and treating
domestic waste. Individual households use septic tanks, so the population generates more waste than
industry. This results in pollution of groundwater. In Mombassa (Kenya), domestic sewage and storm
water runoff account for 18% (4.566 t yr') and 37% (12,802 t yr!) of the total BOD and suspended solids.
The cities of Mogadishu (Somalia) and Majunga (Madagascar) have no centralised sewage systems, while
those of Dar es Salaam (Tanzania), Maputo (Mozambique) and Mombasa (IKKenya) can handle only 20% of
the existing sewage load. The sewage systems do not have pre-treatment before they are discharged into
the sea. For example in Port Louis (Mauritius) the sewage system setves 75% of the population but is
dumped directly into the sea as raw sewage. 'This has led to sanitation and health problems in most
metropolises in the Western Indian Ocean region. Maputo, the only city in the East African region with a
central sewage system, is only able to treat about 50% of the sewage generated. The remaining 50% is
emptied into tivers that flow into the Maputo Bay. This has led to an increase in the levels of total and
faecal coliforms in Maputo Bay, making the bay area unsafe for tourism.

Because oil and gas industries are the most important economic activities in West Africa, oil spills and
industrial affluence are the dominant sources of pollution in the region. In Nigeria, oil exploration,
exploitation and disposal of raw sewers and industrial effluent have led to pollution of large areas of the
coast especially in the Lagos area and the Niger Delta. Pollution of water, sediment and biota as a result of
heavy metals and pesticides has been documented in the region (Portman ez 4/, 1989).

Domestic and industrial pollutants are generally associated with mega-cities like Lagos, Abidjan, Dakar and
Port Harcourt (Table 6). About 70% of Nigeria's industries are located in the coastal zone and about 80%
of the effluents and emissions are discharged without treatment. These industries consist of oil refineries,
petrochemical, pharmaceuticals, textile, food and beverage and plastic industries. Mining operations
produce large residues that are discharged into coastal waters, for example, large quantities of phosphate
residues in Cote d’Ivoire and residues from diamond mining in Namibia. Oil tankers in coastal waters in
the region, especially in oil-producing countries create an important pollution source through accidental oil
spills and ballast discharge.

Since most of the industries in East Africa are agro-based, the wastes are organic and nutrient-rich and are
commonly discharged to sewers or directly into the ocean or rivers. Msimbazi Creek in Dar es Salaam is
heavily polluted by industrial effluents. Other areas of heavy pollution include Tudor and Kilindini Creeks
in Mombassa, Mogadishu Harbour, the Matola River in Maputo and St. Louis in Mauritius. Oil pollution is
significant in waters adjacent to oil refineries in Mombassa, Dar Es Salaam, Maputo and Tamatave.

Table 6. Domestic water and waste statistics of some coastal cities in Africa.

City — Country Per capita water|Wastewater Per capita solid
used/day treated % waste generated %

Lunda — Angola 50 0 -

Porto Novo — Benin 22 - 0.5

Douala — Cameroon 33 5 0.7

Younde — Cameroon 61 20 0.8

Abidjan — Cote d’Ivoire 111 58 1.0

Libreville — Gabon 100 0 -

Banjul — The Gambia 106 0 0.3

Accra — Ghana 4 0 0.4

Conakry — Guinea 50 0 0.7

Antananarivo —Madagascar |40 0 0.3

Novakcht — Mauritania 35 10 0.9

Maputo — Mozambique 80 - -

Lagos — Nigeria 80 - 1.1

Dakar — Senegal 64 69 4

Dar Es Salaam — Tanzania |50 2 1.0

Lomé — Togo 35 - 1.9
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The ocean and beaches are used as dumping grounds for a vatiety of wastes from ships, tourists and even
industries. Plastics are the most common debztis on the beaches along the West African coast, most of
which are brought in by toutists who litter the beaches with their left-over plastics and food containers.
Table 7 shows the volume of debris collected in some African countries’ international beach cleanup
exercise in 1996. Results of the 1995 beach cleanup along Victoria Beach in Lagos (Table 8) revealed that
plastics and foamed plastics constituted the most abundant debris category amounting to 31.86% of total
pieces of debris collected. This was followed by paper and metal categories constituting 16.67% and
10.45% respectively. Rubber and glass categories constituted 7.36% and 6.88% respectively while cloth
category amounted to only 4.06% of the total.

Table 7. 1996 international coastal clean-up results for selected countries in Africa.

Country Debris Collected | Debris collected | Length of | Length of beach
(pounds) (kg) beach cleaned | cleaned (km)
(miles)
Cameroon 16.328 7,422 1.2 0.7
Ivory Coast 5,005 2,275 1.4 0.9
Kenya 23°844 10,838 54.4 33.7
Nigeria 3,121 1,419 2.5 1.6
South Africa 9,005 4,093 33.5 20.8
Tanzania 8,360 3,800 0.3 0.1

Table 8. List of categoties of debtis collected during the 1995 beach clean-up at Victotia Beach,
Lagos. Total weight of debris collected: 1,260.9kg.

Categories of debris No. of pieces % Composition of
total
Plastics 6,768 31.86
foamed plastics 2,161 10.17
Glass 1,462 6.88
Rubbers 1,563 7.36
Metal 2,664 12.54
Paper 3,542 16.67
Wood 2,219 10.45
cloth pieces 862 4.06
TOTAL 21,241 99.99

Coastal erosion

Coastal erosion is the most prevalent coastal hazard in West and East Africa. Though natural causes like
low coastal topography, high wave energy and nature of sediment are responsible for these high rates of
erosion, anthropogenic activities such as construction of harbour protecting structures, jetties, beach sand
mining, construction of dams upstream and deforestation are mostly responsible for the high rates of
erosion. ‘Typical areas of erosion include:

e Senegal: Niang (1990) reported annual erosion rates of 5.8 cm at Cape de Naze cliff, 32.9 cm at Cape
des Biches and 29.3 cm at Fann Cliffs. For sandy coasts this rate is about 1 to 1.5 m per year.

e Guinea: Murdy and Sexton (1986) reported erosion phenomena in the northern part of the
Camagenne Peninsula. Widespread erosion has also been reported along the Koba area especially at
the mouth of the canals dug to drain excess water from the rice fields to the ocean.

e Sierra Leone: Collins ¢ 4/ (1983) reported widespread erosion between Freetown and the eastern
botrder especially off Sherbro Island.
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e Liberia: Coastal erosion along the Liberian coast has been reported along cities like Buchaner,
Greenville, Harper and Robertsport. Around the Organisation of African Unity (OAU) Beach,
Shannon (1990) reported erosion rates of 3 m annually.

e Cote d’Ivoire: The La Vigie area with its coastal residential area of "Les Tourelles" and Adjoufun
suffered extensive damage from erosion and flooding during the summer storms of 1984. Koffi ¢f o/
(1990) reported coastal erosion rates of 1-2 m annually along the south-eastern coast (Fresco, Vridi,
Port Bouet to Ghana border). High erosion rates have been reported in the areas off the Abidjan
harbour.

e  Ghana: Along Labadi Beach, an erosion rate of 3 m per year was reported between 1966 to 1975. At
Ada near the Volta estuary erosion rates of 2.2 to 2.4 m annually have been reported between 1939 and
1976. Along the Keta coast, erosion rates of 4 m to 6 m per year between 1923 to 1975 have also been
reported.

e Togo: East of the Lomé harbour an erosion rate of 20 m per year has been reported while the updrift
western side has accreted so much that it is threatening to silt up the entrance to the Lomé port. The
coastal road at Anneho has also been washed away as a result of the erosion.

e Benin: Frosion is very prevalent along Grand Popo, Seme and east of the Cotonou harbour.
According to Adams (1990) erosion was sparked off with the construction of piers around the coastal
areas of Kpeme factory, Aneho town, L. M. Hotel and Hotel da Silva. The New Town scheme, which
was supposed to be a residential ‘Hollywood’ of Benin, has been devastated by erosion. Many of the
roads, houses and other facilities constructed for the residents now lie under the sea.

e Nigeria: Erosion rates of 25 to 30 m annually have been documented along Victoria Beach in Lagos
(Ibe et al. 1984). Although about six sand nourishment projects have been implemented on the beach
since 1958, erosion continues to wash off large parts of the coast. Other areas whete erosion has been
very devastating along the Nigerian coast include Forcados 20 m per year, Brass 16-19 m per year, Eket
10-13 m per year and Awoye along the Mahin mud beach 20-30 m per year.

e  Kenya: Coastal erosion is very prevalent along the cliffed beaches at Kanamai, Shanzu, Ivwetine, Nyali,
Likoni, Black Cliff Point and Tiwi. High rates of erosion have also been reported along the sandy
beaches north of Mtwapa Creek and north of Tudor creek at Bamburi-Kenyatta.

®  Mauritius: Erosion has been reported along the coast of Cape Malheureux to Flic en Flac. Beach
erosion rates of 10 m was reported along near the Le Morne Brabant Hotel in the past 15 years.

e Tanzania: Erosion is vety prevalent along Kunduchi Beach north of Dar es Salaam. Hotels on toutist
beaches like Hotel Africana, Kundichi Beach Hotel, Silver Sand Hotel, Rubgwe Oceanic Hotel and
Bahari Hotel are threatened by beach erosion causing extensive damage. In Zanzibar, high erosion
rates have threatened the coralline reefs in Ras Numgwi and the Maruhubi area in Zanzibar town.

Several activities in the hinterland have also caused adverse changes in the coastal zone. The need to
generate cheap and abundant electricity, water for irrigating dry land and development of inland fisheries
have led to the damming of many of the major rivers in the region. The construction of the Akosombo
dam on the Volta in Ghana has led to a 60% reduction in the sediment load reaching the coastline (Collins
et al. 1983). Several dams built on the River Niger in Nigeria have also led to a drastic reduction of
sediments reaching the coastline. The Mono River in Togo with a pre-dam sediment discharge of about
21,000 cubic metres of sand now has a post-dam discharge of close to zero. Trapping of sediments behind
the dams is depriving the coastal areas of sand. Such deprivation of sediments along the coastline is
exacerbating coastal erosion and flooding. Excessive generation of sediments from upland areas also
causes sedimentation downstream. The silting up of Korle Lagoon in Ghana is a classic example. The
Koba coastal rice field in Guinea is also suffering from excessive siltation by sediments generated from the
upland areas.

Land reclamation is extensive in the intertidal areas especially in the islands. In Victoria, Mahé, Seychelles,
the airport, residential area and the port were built on reclaimed land. The extensive dunes in Mozambique
are mined for construction materials causing significant beach erosion. Most of the rivers of the region
have been dammed for water supply and irrigation. The damming of the Zambezi River (Mozambique)
and Rufiji River (Tanzania) have resulted in significant adverse impacts on the ecological, and socio-
economics at the Rufiji Delta.
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Flooding

The low nature of the coastal zone makes the area susceptible to flooding especially during the rainy
months of May to September. Storm surges are prevalent during April and August - September in West
Africa (Awosika ef 2/ 1995). These storms are usually associated with astronomical high tides exceeding 2
m above the normal high tide levels. These high waters result in flooding of the low-lying areas in the
coastal zone. Poor drainage channels and clogged drainage channels with solid domestic wastes contribute
immensely to flooding of coastal areas. 'The seasonal flooding of the Victoria Island during the rainy
months and storm surges usually result in the dislocation of socio-economic activities of the economic
nerve centre of Nigeria (Awosika ¢f /. 1995). Seasonal flooding of the low-lying fringing coastal plains in
East Africa is also prevalent.

Deforestation

Rapid urban growth and industries in the region have contributed to the clearing of large virgin forest.
Table 9 shows the rate of deforestation in the region. A large part of coastal vegetation is composed of
mangroves, palms, trees and scrubs. Large areas of the coastal forest areas are being destroyed to make
room for industries, residential and commercial houses. The net deforestation rate for tropical Africa is
estimated at 3.6m ha/year representing about 0.67% of total forest reserves of tropical Africa.

The coastal zone, though not densely forested due to its sandy nature, is known to have a variety of flora
species. 'The fern, Acrostichum anrem, often grows among the mangroves. The grass, Paspalum vaginatum, a
variety of which is used for mat-making is rapidly replacing virgin forest. The succulent herb, Portulaca sp.,
is an important plant species in the coastal areas. Table 9 shows the forestry statistics for African coastal
countties and rates of depletion. Between 1990 and 1995 African forest was depleted by about 3.5%.

Table 9. Fotest ateas, deforestation rate and loss of mangtoves in selected sub-Sahara African
countries.

Country Closed forest | Deforestation | Current extent of Loss of
(000 ha) rate (% per year) | mangrove (000 mangtoves
ha) (% of total)
Cote d’Ivoire 4,458 6.5 3 60
Nigeria 5,950 5.0 1052 50
Benin 47 2.6 7 X
Guinea-Bissau 660 2.6 315 70
Liberia 2,000 2.3 36 70
Guinea 2,050 1.8 120 60
Kenya 1,105 1.7 93 70
Madagascar 10,300 1.5 130 40
Angola 2,900 1.5 110 50
Ghana 1,718 1.3 2 70
Mozambique 935 1.1 276 60
Sierra Leone 740 0.8 50
Cameroon 17,920 0.4 486 40
Zaire 105,750 0.2 125 50
Gabon 20,500 0.1 115 50
Congo 21,340 0.1 2 0

Coastal vegetation in the region has been decimated by both natural and anthropogenic activities to the
extent that a large percentage of the primeval vegetation has been replaced with new species. In Senegal for
example, it is estimated that about 40% of the mangroves had been lost by 1980 (Table 9) and there are
now extensive barren areas with acid-sulphate soils. As at 1980 about 60% of the mangroves in Guinea
were reported to have been lost. In Liberia, neatly 70% of the mangrove vegetation had been lost as at
1980. In Ghana about 70% of the primary mangrove vegetation have been lost mainly through human
activities. Most of the forest wood is used for fuel-wood. The original mangrove vegetation in these
countties has now been replaced by the hardy grass Paspalum vaginatum. The once flourishing coconut and
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palm groves along many beaches have either been cut down or uprooted by erosion, leaving the beaches
bare of vegetation.

Climate change and emerging coastal hazards

Global climate change and associated impacts such as sea-level rise and flooding have been documented to
have setious impacts on socio-economic activities in the West African region. The coastal nations of West
and Central Africa (e.g., Senegal, Gambia, Sierra Leone, Nigeria, Cameroon, Gabon and Angola) have low-
lying lagoonal, erosive coasts, and hence are likely to be threatened by sea-level rise. Most countties in the
coastal belt of the African region including Cape Verde, Sao Tome and Principe, Comoros, Mauritius,
Reunion and Seychelles, where coastal areas represent 100% of the country (WRI 1994) would be affected
by different IPCC (1995) scenarios of 0.5-1.0 m sea-level rise by the end of the 21st century.

Sea-level rise, combined with localised subsidence, is also expected to exacetbate coastal erosion and
inundation in the region. Awosika e a/ (1992) estimated that about 18,120-18,396 km? of Nigerian coastal
areas could be at risk by the end of the twenty first century with a one meter sea-level rise (Table 10). This
is expected to put about 3.18 million people at risk. Values at trisk could amount to $18,134 million.
Nicholls ez a/. (1993) also estimated that a one meter sea-level tise could put about 6,042 to 6,073 km? of the
Senegalese coast at risk. This could again risk the lives of 109,000 to 178,000 coastal dwellers while risking
values worth between $494 to $707 million. Productive wetlands and other ecosystems like the Niger Delta
would be adversely affected by sea-level rise (T'able 11). In Tanzania, sea-level scenarios of 0.5 and 1.0m
sea-level rise per century will result in inundation of about 2,090 and 2,117 km? respectively. A one meter
sea-level rise will lead to erosion of about 9 km? along the Tanzanian coastline (Mwaipopo 1997).

Table 10. Summary of Impacts and Response costs for a one meter sea level rise (after French and
Awosika 1993).

Senegal Nigeria
Land at risk (km?) 6,042 to 6,073 18,120 to 18,396
Population at risk 109,000 to 178,000 3,180,000
Value at risk *million) US$494 to 707 US$18,134
Important area protection US$255 to 845 US$558 to 688
Total protection US$973 to 2,156 US$1,424 to 1,766

Table 11. Niger Delta (Nigetia) ASLR I and II physical effects and natural system projection to
21st century (from Awosika e 4/ 1995).

Units | Presently |ASLRI |[ASLRII
no ASLR
1. Erosion rate m/y 10-15 16-19 55-| 20-25
2. Erosion-area lost ** km? 26 - 45 120 130-330
3. Inundation and erosion®™* | km?2 3,000 7,000 15000
4. % of total area lost due to | % 15% 35% 75%
inundation and erosion
5. Subsidence * * * *
6. Salinity
(@) Salt wedge intrusion * * * *
(i) Seepage rate * * * *
(i) Seepage salinity * * * *
7. Natural System Responses | km? 794 2,779 5,955
(I) Agriculture (7,940 km?)
8. No. of villages impacted No 50 200 350
9. No. of people displaced No 150,000 1-2m 2-3m
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Conclusion

The economic loss due to degradation of the coastal areas will have serious consequences on the
development of sub-Sahara Africa. Itis estimated that decreased fishing has led to loss of income of many
coastal states and local fishermen. Coastal erosion has led to destruction of buildings, tourist facilities, and
valuable real estate. Changed hydrological regimes and inavailability of adequate fresh water has led to
unsafe sanitary conditions and health problems leading to increase in medical bills. Sea-level rise and
flooding would also have deletetious impacts on the economy of coastal States in the region.

On the socio-economic side, Africa's tourism industry could be adversely affected by the destruction of
coastal infrastructure, sandy beaches, battier bars and other marine ecosystems. Sea level rise adaptation or
mitigating options will involve heavy costs, which the developing African states will find difficult to beat.

Environmental problems facing the sub-Saharan African areas are of high magnitude and need urgent and
holistic approach. Although local and regional approaches may be necessary in some areas, many of the
problems cut across international boundaries. In many places like Conakry Guinea, hard structures like sea
walls have been constructed to control coastal erosion. Many of these structures have failed to solve the
problem. Rather, they have resulted in the transfer of the problem down drift.

A holistic approach to all environmental problems calls for an Integrated Coastal Management (ICM) that
will have a regional approach. In the drive by many governments to revamp their economy and provide
social facilities there is a tendency to neglect sound and holistic environmental management plans. Many of
the countries for example, Senegal, Cote d'Ivoire, Benin, Nigeria, Kenya, South Africa, Mauritius and
Seychelles already have agencies or ministries of environment which have mandate for ensuring sustainable
management of the environment. These governmental agencies have existing legislation with ingredients
for effective management plans. However, these management plans are ineffective because of the
following:

lack of co-ordination and interactions between agencies with coastal zone mandates;
lack of trained personnel and infrastructure for implementing ICM;
inadequate data and information on coastal zone processes and activities; and

Lack of adequate communication facilities for exchange of data and information.

Capacity (human and infrastructure) building is an essential element for effective implementation of ICM.
Hence any regional ICM programme should include a well-articulated capacity building programme.

In conclusion a regional programme that takes onboard the following is urgently required:

e A regional database using geographic information system for analysis and evaluation of coastal
indicators should be established in regional centres of excellence in the region. Data from such must
be made accessible to planners and researchers as well as coastal zone stakeholders;

e tools for monitoring, assessment and decision-making must be standardised and made available to
African countties, together with technical suppott;

e development of reliable regional climate change scenarios, impact assessments and policy development
in the coastal zone and the entire marine environment will be needed; and

e Building capacity for coastal zone management through training, infrastructural development and
upgrading population awareness will constitute important strategies.

A regional compilation of environmental problems, root causes and possible remedial options must be
embarked upon. This process will identify “environmentally degraded hot spots” Identification of these
“hot spots” will ensure a clearer understanding of the problems and help in the implementation of
sustainable remedial measures.
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4.3 Dissolved and particulate load of African rivers — an overview

O. Martins and W, Salomons

Abstract

This article gives a synthesis of available information and the extent of knowledge on the most important tiver basins
in Africa. River discharge data covering between one year and almost forty years are considered in assessing the
average water export to major wotld oceans by 50 rivers draining different geographic regions in the continent. Based
on available information, chemical characteristic of sutface river waters ate summarized; sediment transport and
mechanical erosion rate from the continent to the seas are also reviewed. The most important rivers in terms of
discharge, are located in West and Central Africa with a total watet export of 3700 km3/yr and a combined sediment
load of about 100 million tons/yt. Generally, the tivers are low in dissolved mineral content: dissolved silica and
bicarbonate ions represent over 60% of dissolved species. Organic matter content of major rivers, as indicated by
organic carbon and nitrogen loads in dissolved and particulate fractions, are evaluated, stressing the relative role of
dams and reservoirs in all the tivers.

Key wotds Drainage basins - river discharges - water types - sediment load - organic - carbon - amino acids

Introduction

With an area of 30x10 6 km?, the African continent ranks third among the earth’s land masses. About 35%
of the surface is drained by six rivers (Congo, Nile, Niger, Zambezi, Limpopo and Orange), and about as
much as 10x106 km? of the surface 1s arid and desert area without surface drainages. In all, there are over
70 rivers on the continent whose drainage basins are greater than 10,000 km?, located among over 40
countries (Figure 1).

Relative to other rivers of the wortld, very little is known about the flux of dissolved and particulate load of
African rivers. The most recent information was catalogued under the auspices of a SCOPE project on
mineral and carbon transport of major world rivers (Degens ¢ a/. 1991), where the emphasis was on a
minimum 12-month sampling petiod of four of the largest drainage basins (Martins, 1983; 1988a and b;
Kempe 1983; Nkounkou and Probst 1987; Hart 1985). Other studies carried out on smaller basins, the
Senegal and Gambia Rivers, were published by Gac and Kane (1986a and b) and Lo (1984). More recently,
Dupre ez al. (1996) presented a study of major and trace elements of the Congo from a one-month cruise in
1989.

Dissolved and particulate fluxes of tivers are controlled by the nature and quantity of material within the
basin, introduced into it by weathering, physico-chemical and biological processes operating on the rocks
and within the aquatic medium at different rates and to varying degrees. These inputs and the controlling
processes exhibit seasonal and inter-annual variations that are often difficult to comprehend because of the
influences of the various factors. Thus, the amount of water transported by rivers is controlled mainly by
dominant climatic type, while the lithology determines the chemical nature of the river water. River basins
within the tropical rainforest belt therefore have high discharges, particularly where the basin is extensive
(the Congo) and basins predominantly covered by sedimentary rocks have higher dissolved salt
concentration than those of crystalline rocks. The effect of topography on the chemical composition of
tiver water is closely linked to the frequently observed distribution of rocks, whereby sedimentary rocks are
found mostly in mountainous areas, while crystalline rocks are widespread in lowland areas. Changes in
land-use pattern, occasioned by man, influence the quality and quantity of river loads through:

o Discharge of domestic and agricultural wastes (organic matter, carbon, nitrogen and phosphorous
compounds);

o Discharge of industrial wastes (trace metals, organic compounds);

o Urbanization, deforestation, canalization, dredging and mining, leading to enhanced mechanical

erosion in the tiver basins and increased sediment load transpott.
° Damming, and irrigation (water abstraction).
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Figure 1. Africa’s drainage basins superimposed on country political boundaries.
(from USGS 1996).

Table 1. Some hydro-climatic charactetistics of major drainage basins in Africa.

River Watershed Mean Major Precipitation | Evapo-
area Maximum climatic | (mm yr?) transpiration
(106 km?) elevation (m) | type (mm yr?)
Congo 3.7 1100 Tropical 1543 1150
rainforest
Nile 3.0 1590 Arid 693 683
Niger 2.1 820 Semi-arid | 558 423
Orange | 0.95 1650 Semi-arid | 419 408
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Vegetation, geology and soils

Vegetation and soils are a direct derivative of the interplay between climate and rock types. Vegetation type
reflects the soil potential: thus, desert soils are shallow and lacking in organic material, while areas with 250-
600 mm yr1 of rainfall have ferriginous soils which may be slightly acidic, if heavily leached. Due to the
configuration of the drainage basins, a given vegetation belt may be found in two or more watersheds.
Thus, tropical rainforest is found in the Niger delta and most of the Congo basin, while the tropical
savannah zone covers most of the Niger basin, the south-east Congo basin, the Senegal and Gambia basins
and the upper part of the Nile basin. Steppe and desert belts characterize the Nile and Orange drainage
basins.

The lithologic outline is dominated by the Precambrian Basement Complex, consisting of granite gneisses,
ovetlain by a thin layer of sedimentary rocks (<300 m thickness). Marine clays and coal-bearing
continental deposits accumulated in southern and central Africa, while the northern sector is buried by
clastic sediments (Continental Intercalaire), which include Nubian sandstone and various porous layers. In
line with the relatively simple geology, the chemical composition of the dominant rocks (Table 2) is similar.
Notable differences are in the SiO; content, where the Senegal and Gambia basins have higher percentages
than the Niger, while the Niger shows more ALbO; content.

Table 2. Average chemical composition (% oxides) of dominant rocks (Orange 1990).

Drainage SiO; | ALO; | Fe;O3 | FeO | MgO | CaO | Na,O | K;O | TiO2 | MnO | P,Os
Basin

Senegal 86.0 |5.0 2.0 14 1.0 1.5 0.82 0.53 | 0.29 ]0.03 0.05

Gambia 80.5 | 6.2 2.4 2.7 1.8 2.9 0.87 0.51 | 049 ]0.06 0.08

Niger 66.7 | 152 1.9 2.1 1.7 2.7 3.9 2.5 0.48 |0.03 0.13
Methodology

Data sources

Most of the data presented were generated in the course of the SCOPE-sponsored project on carbon and
mineral transport of major wotld rivers (Degens e @/. 1991). Almost all river discharge data are extracted
from the global river discharge database (V6rdsmarty ef al 1996).

Laboratory analyses

Major ion analyses correspond to the recommended standard analytical methods using the AAS, while
particulate matter was mostly collected by filtering 100 ml to 500 ml of homogenized water through pre-
combusted and pre-weighed 25mm diameter Whatman GF/F filters clamped in a vertical filter towert,
under reduced vacuum. Filters were dried and reweighed to determine the total suspended solids contents.
The filtrate was collected and stored in conditioned PVC bottles and preserved with HgCl. Filters and
filtrate were analyzed for otganic components at the SCOPE/UNEP International Catbon Unit in the
University of Hamburg. Details of the methods of analyses are desctribed in Michaelis and Ittekkot (1982).

Results and discussion

Hydrology

Undisturbed flow in African rivers is characterized by seasonal and inter-annual variation; basins located in
the northern hemisphere (Senegal, Gambia, Niger and Nile) have low flows between December and April,
while the flood period in rivers from the southern hemisphere (Orange, Limpopo, Zambesi and Congo)
occurs between March and June. The flow of most African rivers has been modified over the years by
natural changes, such as frequent drought occurrences in the arid- and semi-arid-dominated basins and by
changes in land-use pattern, such as large irrigation schemes and hydroelectric power plants through
impoundments. The net effect is reduction in annual water volume reaching the adjoining seas.
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Table 3. Station-specific river discharge data (Vorosmatty ef a/. 1996; Olofin and Martins 1993; Martins
and Awokola 1996).

River

Nile
Ouergha
Bouregreg
Sebou

Oum er Rebia
Moulouya
Gambia
Senegal
Cassamance
Moa

Cestos
Sehnkwehn

Sassandra
Cavally
Bandana
Tano
Pra
Volta
Mono
Oueme
Niger
Ogun
Wouri
Nyong
Cross
Sanaga
Nyanga
Ngounie
Congo
Kouilou
Ogooue
Ivindo
Orange
Tugela
Grout-Vis
Maputo
Z.ambezi
Save
Limpopo
Buzi
Imkomati
Mangoky
Mananara
Mandare
Tana
Ruvu
Rufiji
Mbewe
Shebelle
uba

Country

Egypt
Morocco
Morocco
Motocco
Morocco
Motrocco
Senegal
Senegal
Senegal
Sierra Leone
Liberia
Liberia

I'Coast
I'Coast
I'Coast
Ghana
Ghana
Ghana
Benin

Benin
Nigeria
Nigeria
Cameroon
Cametroon
Cameroon
Cameroon
Gabon
Gabon
Congo
Congo
Gabon
Gabon
South Africa
South Africa
South Africa
Mozambique
Mozambique
Mozambique
Mozambique
Mozambique
Mozambique
Madagascar
Madagascar
Madagascar
Kenya
Tanzania
Tanzania
Malawi
Somalia
Somalia

Total
drainage
basin (km?)
3.04x10¢

38 402
34 000

70 000
437 000

22 635
15 011

68 000
30 575
97 500
15975
24 588
414 000
23 430
59 000
2.12x10¢
22 000

26 480
53 000
135 000
24704

3.7x10¢
61 707
223 429

948 000

31272
1.39x10¢
107 293
416 000
27 865
46 000
60 263

16 866
671 000

809 000

0.339
805 087

Station

Asyut
Ourtzagh
Lalla Chafia
Azib Soltane
Dechra el Oued
Dar el Caid
Gouloumbu
Bakel

Kolda
Moa-Bridge
Sawolo
Tounouta-Bafu
Bay

Soubte

Tate

Tiassale
Alenda
Daboasi
Senchi
Anthiem
Bonou
Onitsha
Mokoloki
Yabassi
Dehane
Mamfe

Edea

Ibanga
Fougamaou
Brazaville
Sounda
Lambarene
Loa-Loa
Vioolsdrif
Mandini
Outspan
Madubula
Matundo Cais
Villafranca do Save
Chokwe
Estaquinha
Chobela
Bevoay
Maroangaty
Amboassary
Gatissa
Motrogoro Rd.
Stigelet's Gorge
Chiromo
Afgoi

Lugh Ganana

Drainage area

3.0x 10¢
4 404
3230
17 250
3330
24 422
42 000
218 000
3 700
17 150
683
761

62 000
28 800
61 850
15 975
22714
394 100
21575
46 990
2.1x10¢
22000
8 026
26 400
6 810
131 520
20 000
22000
3.5 x10%6
55010
203 500
48 500
0.850x10°¢
28 920
29 745
28 500
0.94x10¢
100 885
342 000
26 314
37 600
53 225
14 160
12 435
42 217
15190
158 200
149 500
278 000
179 520

Mean water
upstream (km?) volume (km3

yr')

38
1.1
0.08
1.2
0.57

0.37
4.6
9.9
0.029
19.0
0.8
3.5

17.0
18.0
5.0
5.2
4.2
27.6
2.0
1.4
127

9.2
121
15.1

56
17.3

22

1269

26.6

146
23.8
5.9

21
0.21
1.1
80
5.6
16.5
12
3.3
21.2
7.3
1.8
5.9
1.6
22.6
18.5
1.6
5.7

Years of data

1973-1984
1951-1989
1980-1984
1959-1989
1953-1989
1957-1988
1976-1979
1904-1984
1967-1983
1976-1977
1976-1983
1976-1978

1979
1979
1979-1983
1965-1978
1965-1978
1936-1979
1944-1984
1948-1984
1982-1986(a)
1978-1996 (%)
1951-1977
1951-1977
1967-1979
1943-1980
1965-1974
1965-1974
1971-1989
1969-1982
1930-1975
1965-1974
1964-1986
1964-1986
1969-1986
1976-1979
1976-1979
1976-1979
1976-1979
1976-1977
1976-1979
1952-1983
1965-1978
1951-1973
1934-1975
1959-1978
1954-1978
1953-1981
1951-1979
1951-1979

Table 3 shows a list of important rivers, countries, discharge measuring stations, surface area of basin
upstream of station and years of available data. The mean annual water volumes wete calculated only for
the last 10 years in most cases, as these have bearing on the most recent change in discharge to the
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estuatries. The most dramatic changes have occurred in the basins located in the arid and semi-arid regions
(Nile, Niger and Orange rivers), influenced by climatic (drought) and damming impacts (increased evapo-
transpiration as a result of water surface area increase). The case of the Nile has been well documented
(Kempe 1983; Vorosmarty e¢f al. 1996) The discharge of the Niger which was 220 km? in the pre-Kainji
dam years, went down to 168 km? after the inception of the dam (Martins 1983). The water volume was
further reduced to 127 km3, as the Jebba dam started operation in 1985 (Olofin and Martins 1993).
Similarly, the Orange River now has an annual water volume of less than 6 km? as against 11 km3 (Hart
1985). Other rivers that may have been affected by reduction in discharge are the Volta and Zambezi rivers
due to the large reservoir capacity (Table 4). Water loss and distortion of the natural hydrograph are some
of the most important impacts of dams; the proportion of water lost is a factor of the lake surface area and
climate. Thus, Lake Kariba (surface area=5200 km?) loses 20% of its inflow to evapo-transpiration, while
the Tiga dam in Nigeria with a surface area of only 180 km? losses up to 30% of its inflow by
evapotranspiration due to the arid climate.

Inter-annual variations in river discharges are related to the rainfall pattern of the region. For instance,
assessments of historical rainfall data for South Africa reveal that rainfall occurrences have been marked by
a series of humid and dry years; an 18-year hydro-climatic cycle has been calculated for the southern Africa
sector, as against observed 10-year cycle for the western part (Martins 1983). Inter-annual fluctuation
amplitudes decrease from the semi-arid zone in direction of the equator. Thus, such hydro-climatic cycles
are not pronounced in basins located in the equatorial rainforest zones .

Table 4. Africa’s largest man-made lakes.

Name of reservoir | Completion date | River/ Country Capacity (x10° m?3)
Aswan 1970 Nile/ Egypt 164

Kariba 1959 Zambezi/ Zimbabwe 185

Akosombo 1966 Volta/ Ghana 148

Cahora Bassa 1974 Zambezi/ Mozambique 64

Kainji 1968 Niger/ Nigeria 15

Le Roux 1976 Orange (Gatiep)/ S. Africa 0.9

Dissolved minerals

Solute contents of rivers are naturally derived from three soutces: atmospheric (anions and CO»), lithologic
(rock weathering) and groundwater infiltration (in artesian situations or dry season seepage). Chemical
weathering of rocks remains the main source of dissolved substances, its rate being controlled by several
factors among which topography, vegetation cover and humidity are primary. The solutes in African rivers
are typically of the Ca, NaHCO3 water type (Figure 2) and are therefore rock-dominated.

From a chemical reaction model, Martins (1988) showed that plagioclase, orthoclase and biotite breakdown
accounts for 94% of the total dissolved solids (IDS) in the Niger, while Nkounkou and Probst (1987)
concluded that only 24% of the bicarbonates are produced from weathered rocks; 76% of calcium, 69% of
magnesium, 26% of sodium and 70% of potassium may have been derived from the chemical
decomposition of parent rocks. All the rivers are generally low in TDS, mostly between 60—180 ppm, and
they have relatively high Si(OH),, fluctuating between 7.0 and 25 ppm.

The seasonal variations in concentration follow a definite pattern in rivers with large floodplains, where an
initial dilution of solutes precedes salinity increase as dissolved salts are leached from the floodplains into
the main valley. The situation might be different in smaller rivers that dry up completely during 3 to 5
months of the hydrological cycle (Martins and Probst 1991). However, in view of the variability in river
water volume, all fluxes of dissolved substances increase with discharge and in highly arid and semi-arid
conditions, the flux variability can be very high (Meybeck 1996).
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Figure 2. Trilinear plot of major ions in river surface waters

Nutrients

Data on the proportion of nutrients (C, N, P and Si) in African rivers is generally rare. Concentration of
nitrogen and phosphorous compounds are generally low, while dissolved inorganic carbon and silica levels
are appreciable. Table 5 shows some results on the nutrient content of the Orange River from the
Verwoerd dam to the Le Roux dam. The nuttient concentrations are low, and show limited variation,
possibly as a result of the impoundments. The proportion of dissolved inorganic carbon and silica are
higher than 40% and 20%, respectively, of the total dissolved solids in most African rivers.

Table 5. Dissolved inorganic nitrogen ( DIN), phosphate, total phosphorous, and total inotganic
catbon (all values in ppm ) in the Orange River (Hart 1985).

Sites DIN PO4-P TOT-P TIC
Orange River (above |0.37 0.07 0.42 13.2
Verwoerd dam )

Orange River (below |0.74 0.09 0.11 14.7
Verwoerd dam )

Lake le Roux (at wall ) 0.7 0.06 0.07 14.8
Orange River (below Le | 0.7 0.07 0.08 14.9
Roux dam )

Suspended sediments

The quality of suspended sediments is determined by geology and weathering type, while their quantity is
controlled by topography, vegetation cover and river discharge. The total suspended sediment (I'SS)
concentration are very low in tropical rainforest rivers such as the Congo (< 40 ppm ) and high in semi-arid
tivers such as the Niger and Senegal rivers ( 127 and 196 ppm, respectively). The role of impoundments as
sediment traps is evident from the drastic reduction of the concentration of TSS downstream of large dams.
The TSS of the Nile before the closure of the Aswan dam was 3700 ppm, as against <1 ppm after the
closure of the dam, thus showing a reservoir trapping efficiency of 100% (Milliman and Meade 1983;
Vorosmarty ef al. 1997). Reservoir operations such as in hydroelectric power generation, coupled with the
low settling velocity of clay particles, may reduce the trapping efficiency of most dams. Rivers that receive
highly dischatrging tributaries downstream of dams may still have high TSS concentrations when they reach
the coastal areas.

The highest water and sediment discharges are exported from the west and central parts of the continent, in
spite of the moderate rate of mechanical erosion. Most of the sediments from northern and southern
Africa are stored behind dams, while wind erosion may be the predominant mode of sediment
transportation in the northwestern and northeastern parts of the continent. East Africa and Madagascar
have very high mechanical erosion rate due to altitude and moderate erosive power of the rivers.
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Organic matter

Biogeochemical parameters such as organic carbon and organic nitrogen (dissolved and particulate),
carbohydrates, amino acids and amino sugars give indication of biomass production within drainage basins.
Otganic matter content of rivers is controlled by the relative input from soils and from z# situ primary
productivity; the latter is labile and may be decomposed within the water column, while soil-detived organic
matter is probably attached to humic materials and thus protected from such decomposition. Since there is
significant fractionation, particulatly of dissolved organic matter, taking place at the soil-river interface, the
riverine organic matter profile may not necessarily reflect that of the soil. Tropical rainforest basins (e.g.,
the Congo) generate high DOC but remarkably low POC. The Orange and Gambia rivers have moderately
higher DOC than POC, while the Niger and the Nile contain equal concentrations of both the dissolved
and particulate forms of carbon. Mechanisms related to river geometry, residence times of organic matter
in the water column and metabolic activities may also determine the concentration of otganic matter of
tivers. Some of the processes involved in the release of organic carbon are:

- Leaching of organic compounds from soils at high water stage.

- Accumulation of DOC on floodplains by leaching combined with heterotrophic decomposition of
newly flooded terrestrial vegetation.

- Primary production and subsequent processing of fixed carbon in the water.

Since much of the nitrogen carried by tivers is in the form of proteinaceous materials, determinations of
dissolved and particulate amino acids on acid hydrolysis should be expected to reveal the approximate
quantity and nature of organic nitrogen transported (Ittekkot ez 2/ 1983). Most of the rivers have dissolved
amino acid in concentrations higher than 500 pg I and in most cases there are higher concentrations of the
patticulate fraction except in the Orange River. Amino sugars are also present in the samples from a few
traces in the Congo and Orange rivers to about 60 pg 1! in the dissolved fraction, and from 5 ug I' to 32 pg
I'1 in the particulate fraction.

The dominant amino acids are aspartic and glutamic acids, glycine and alanine in both dissolved and
patticulate fractions, while the relative amounts of these amino acids vary from one river to another. In the
Orange and Niger, draining semi-arid areas, there is similarity in the distribution of particulate amino acids
(PAA). In the dissolved phase, neutral amino acids such as serine and glycine dominate the samples
collected from the Orange, whereas in the Niger neutral amino acids are dominated by glycine. Further,
neutral and acidic amino acids show equal molar distribution patterns in the Niger. In the Nile, most of the
isolated amino acids are in the particulate fraction, with the exception of valine, lycine and arginine. This is
because most of the recycling of nitrogenous organic matter has probably occurred within Lake Nasser, so
that the nitrogenous organic load of the Nile appears rather stable.

Conclusion

The state of relevant geo-scientific data of African rivers has not witnessed much improvement in the last
25 years. Our knowledge of river water quality has been enriched by two major projects — the SCOPE
Project on transport of carbon and minerals in major world rivers and the GEMS-Water programme
(jointly launched by UNEP, WHO, UNESCO, and WMO). Efforts to generate and collate data had been
going on before these projects and are continuing, but in isolation and without standardization of sampling
and analytical methodologies, making interpretation and comparison of results difficult, even on continental
scale.

In general, river water quantity monitoring activities are more common and popular in most countties than
river watet quality measurements. Discharge/gauge monitoring stations are mostly limited to major rivers,
dammed sections of rivers, ot rivers used for navigation. However, there seems to be a lot of data gathered
on individual country basis, by researchers in institutions of higher learning and research centers, but these
data are difficult to access. Routine measurements of river water quantity and quality seem to be more
common in the northern and southern African countries than in other parts of the continent. Data on
major ion concentrations are mote frequently found in the literatures than nutrient concentrations, while
information on organic matter content of African rivers is generally lacking.
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More scientists need to be exposed to continental and intercontinental meetings where recent data can be
presented. The development of uniform sampling, monitoring and analytical tools that would enable good
quality data acquisition and comparability of results, at least on a continental scale, is urgently required.
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4.4 Assessment and management program for the journey of pollutants through the River Nile
to the Mediterranean Sea

Hassan Awad

Introduction

The River Nile has a large discharge area of about 3x10¢ km? with a high flow rate (up to 500 m3 s!). The
flowing Nile River water reaches the Mediterranean Sea directly or indirectly through the drainage effluents
netwotk. These effluents are continuously pumped to the sea, carrying a complex of wastes. Quantities
and quality of these wastes reflect the variability of human activities carried out in the countries bordering
the Upper Nile basin (see Figure 1).

The dramatic deterioration in natural resoutces of the Egyptian coastal lakes and lagoons especially Manzala
and Mariut lakes prove that the impact of pollutant discharges in the Upper Nile could reach the
Mediterranean coast through these lagoons. The type, properties and persistence of discharged pollutants
in Nile waters are determinant factors for their dispersal, residence and impacts in the receiving aquatic
environments (fresh, brackish or saline).

Figure 1. The River Nile
and countries bordering
its basin.
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Changes in the hydrology of the Nile since the construction of Aswan dam play a significant role on the fate of
discharged pollutants in the river’s environment. Comparison between the suspended and dissolved material
contents in Nile water prior to and after construction of the dam showed that while the level of dissolved
substances increased, suspended materials decreased. As a consequence, increases were noted in Nile water
hardness, rate of alkali metal salts formation and their accumulation rate in the Nile’s muddy bed. Meanwhile,
the levels of bioavailable phosphate and silicate are decreased causing parallel reduction in water productivity.

On the other hand, although the infamous insecticide DIDT has been banned from use in Egypt since 1970,
there is evidence of that compound in the Mediterranean in detectable amounts in fish (El-Nabawi ef 4/,
1987; Exnst ef al. 1984), in water and in sediments (E1-Gindy ¢ 4/ 1991). In fact, almost all species of fish
in Lake Nasser behind Aswan dam are contain high levels of DD'T-type residues (160-470 ppb), especially
following the spraying season of cotton in Sudan (Sebae 1994).

This paper evaluates the quantity and quality of discharged wastes from their point soutrces along the Nile
River through Egypt and into the Mediterranean Sea via the coastal lagoons.

Industrial waste drainage

In 1991, a map was drawn by the Egyptian Environmental Affairs Agency (EEAA) in cooperation with the
General Ozganization for Industrialization (GOFI) and Friedrich Ebert Foundation of Germany (FEF) for
the purpose of assessing the impact of Egyptian industry on the River Nile. This map includes a detailed
survey on the relationship between industrial potential and quantity and quality of produced wastes, water
consumption and waste dispersal in the Nile. It was estimated that, from the identified principal 140
agglomerated point sources, 312 Mm?3 yr-lof untreated industrial wastes are discharged directly into the Nile.
The following conclusions were drawn:

U] The public industrial sector in Egypt uses a total of 638 Mm? yr! of water, about 65% of which
are supplied by Nile waters; 57% of the waste water produced (549 Mm?3 yr1) is discharged into
the River Nile water systems (stream, branches, canals, drains and lakes).

. More than 60% of the industtial activity is concentrated in Cairo and Alexandria. These two
regions are also responsible for the majority of the wastewater.

o The Alexandria region with its 85 large public factories and about 1700 private industrial units
discharges 35 Mm3 yr! of industrial wastes directly into the Mediterranean coastal waters
through Lake Mariut. Other wastewater also reaches the Mediterranean coast via the Rosetta
branch (13 Mm? yr!), canals (7 Mm? yr!) and sanitary systems (33 Mm? yr!). There is also more
than 200 Mm? yr! of raw domestic wastes (EEAA 1992).

. Most of the food, spinning/weaving and chemical industries are concentrated in the Alexandria
metropolis. Industrial drainage in this region is has high organic and organic chemical loads
representing about 34% and 48% respectively of the overall waste produced from industry. It
was estimated that 21%of soluble substances, 13% of oils and lubricants and 8% of heavy metals
of the total overall industrial wasteload are discharged yeatly from this region to coastal watets.

Agricultural waste drainage

About 80% of the Nile water budget in Egypt (55.5x10° m? yr-!) 1s used for itrigation through the network
of canals.

For a long time, Egypt was one of the major global consumers of agrochemicals because of the marked
decrease in soil fertility due to the following two factors:

e ‘The use of continuous irrigation in Egypt since the beginning of 19t century had created a suitable
environment for increasing numbers of plant and crop enemies (insects, fungi, weeds) in the
continuously humid soils.

e Since the construction of Aswan dam in 1968 the passage of highly fertile Nile mud to the
Egyptian fields has been hindered.

The usage rate of agrochemicals has increased in parallel with the continual decrease of soil fertility.
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River Nile-Mediterranean Sea connections in Egypt

The Nile delta is almost situated in the middle of the 995 km-long Egyptian Mediterranean coast (15.8% of
the total Mediterranean coast length). It joins the Mediterranean Sea through its two branches surrounding
the delta at Domietta in the east and at Rosetta in the west. The river is also connected to the sea indirectly
through four coastal lakes, namely Manzala, Burullus, Mariut and Edku lakes. These lakes, especially
Manzala and Mariut, could be considered as transitional sinks for the majority of Egypt’s anthropogenic
wastes. The budget of the pollutant cocktail in the lakes is expected to be exposed to significant alteration
in quantity and quality before reaching the Mediterranean Sea.

Since the construction of the Aswan dam in 1968, the historically positive biological effects of the huge
quantities of fertile Nile water (40-50 km? yr') on the receiving Mediterranean coastal waters have become
negative impacts. This impact is obvious in the dectease in nutrients in Nile waters (2.5-4 km? yr-1), water
productivity and in fisheries (UNEP 1990). There has also been rapid development in industrial activity,
agrochemical usage and population size. These factors make the Nile water reaching the Mediterranean Sea
rich in all sorts of anthropogenic pollutants. Moreovet, the decrease in natural settable suspended matters
makes the journey of dissolved and minute solid wastes longer. However, the probability of reaching the
Mediterranean coast has increased.

The coastal lagoons, which almost separate the Nile drainage area from the Mediterranean Sea, possibly
play a significant role in limiting and modifying the pollutant levels in Nile water reaching the sea. In fact,
these lagoons could be considered as the ultimate sinks for the major part of wastes in Nile water.

To estimate the overall impact of Nile water discharges in adding more of its constituents into the
Mediterranean coastal waters, recent data were analysed. The data included the range of variation in
concentrations of salinity (as chlorosity), dissolved organic matter (DOM) and nuttient salts (nitrate, nitrite,
phosphate and silicate) in waters of the two main Nile branches (Damietta and Rosetta) and in the four
coastal lagoons. From these data, the total annual inputs for each of the considered constituents into the
Mediterranean receiving waters were estimated at different outlets. In general, the results indicate the
significant contribution of discharged Nile water on the coastal water quality of the Egyptian Mediterranean
environment especially in front of the Nile Delta (Awad and Hassan 1998).

Deterioration of the nearby marine environment in some areas, especially off the Alexandria metropolis, is
a result of direct discharge of industrial pollutants and untreated domestic wastes into the coastal waters.
The same conditions are dominant in the coastal zone off Lake Manzala. In fact the zone of the
Meditetranean coastal waters off Alexandria is considered to be one of the hottest “hot spots” in the region
(UNEP/MAP 1997).

Taking into account the above information (for more details see GOIF/FEF/EEAA 1991; EEAA 1992;
SAAD 1997), the need for a monitoring mechanism near the River Nile mouth was recognised.

This mechanism, which could be either a permanent “Observatory” or a Monitoring and Enforcement
Coordination Unit (MECU) is an urgent need, but will also be a useful tool for making decisions not only
for the Alexandria metropolis but for the whole country and will benefit of the whole Mediterranean basin.
It will serve as a data-bank for the dispersed environmental data and can overcome the current problem of
lack of coordination and cooperation among the environmental authorities and institutions in Egypt.

The implementation of the proposed Nile-Mediterranean Observatory as MECU will be a practical tool for
the success of the planned regional programmes aimed to develop local community capacities around the
Mediterranean basin and to enforce the national and regional legislation. Indeed, the implementation of
such a mechanism in association with other partners in the region will strengthen the cooperation between
Mediterranean communities to protect, sustain, conserve and develop their irreplaceable natural hetitage
and environmental resources in at least a part of the Mediterranean basin.
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4.5 Impact of dam construction on the sedimentary budget of the Sebou River (Morocco) and
its estuarine zone

Souad Haida, Jean Luc Probst and Maria Snoussi

Abstract

A study on water and suspended sediment discharges exported by the Sebou River after dam construction
shows the effects of the dams on the river downstream and on the estuary. The construction of large dams,
supplemented by climatic fluctuations, has led to a shatp reduction of water inflow and sediment discharge. A
maximum amount of sediment trapping (85-95% of the sediment load) occurred in the lakes of the reservoirs,
which have a short useful life (42 to 910 years). Grain size studies have shown the extent to which the resetvoir
affects and controls the delivery process downstream. In the suspended sediment there is a considerable
increase in the fine proportion, which can be released out of the dams duting flood periods and comes also
from erosion of river banks. The dectease in the sediment flux exported by the Sebou River after the
construction of the dams led to a 97% reduction in the coarse fraction deposited in the estuary. An increase of
the fine proportion and reduction of the fluvial component could increase siltation in the estuary.

Introduction

The importance of human impact on sediment load of a river is highly variable since it depends on the type
of activity and its application to the catchment. In Morocco, the high degree of climatic variability, the
torrential nature of storm runoff, the low vegetation cover, the intense lithological vulnerability and the
deforestation induced an important increase in sediment supply up to ten times the average value observed
during the Quaternary period (Heusch 1970).

In the Mediterranean climate, low rainfall and great fluctuations in its distribution constitute a severe
limiting factor for economic development. Because of this situation, Morocco began in 1975 a vast dam
construction programme aimed at irrigating 1x106 hectares before the year 2000 (DRPE, 1994) and
producing some 5100 GWh yr! of hydroelectricity. Cutrently, there are 84 large dams, whose total capacity
exceeds 10x10° m? supplying water of 772,000 ha of irrigated land. Reservoir sedimentation represents a
serious problem for water supply management and for the morphological equilibrium of the coastline. The
construction of dams and other sediment retention systems can reduce downstream suspended sediments
by 80-98% (Duhamel, 1973). Other environmental effects of dam construction on the physical, chemical,
and biological characteristics of disturbed rivers have been reported from most continents (Bishop and Bell
1978; Ward and Stanford 1979; King and Tyler 1982; Walker 1985; Davey ¢s 2/ 1987; Barrow 1987; Xu
1996).

The main purpose of this paper is to define the important impact of the construction of dams on sediment
discharge supply to the Sebou estuarine zone. In this study an effort has been made to quantify the water
and the sediment discharge before and after the construction of dams and to examine their effects on the
dynamics of the sediment in the coastal zone.

Physiographic basin and regulated river

The Sebou River is one of the largest Moroccan rivers, draining approximately 40,000 km? (Figure 1). It
runs across some 600 km from its sources in the Middle Atlas to the Atlantic Ocean. The physiography of
the watershed is strongly influenced by the altitude distribution between the north and the south. The
Sebou basin can be divided into three distinct geomorphic regions: the upper, mid and lower Sebou. The
upper Sebou tises to over 2,800 m in the Middle Atlas mountains and is underlain principally by calcareous
rocks. Its mean annual precipitation is over 1,000 mm and its winters are snowy at higher elevations. The
mid-Sebou basin is located in the Rif and the Prerif Mountains, which are characterised by mid-altitudes
averaging 2,000 m, very steep slopes, a strong rainfall gradient across the basin averaging 2,000 mm/yeatr
and a substratum consisting of schist, marl and marly sandstones. Among the major tributaries of the
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Sebou draining the Rif and the Prerif Mountains, the Ouerrha and Inacuene are the predominant rivers in
the basin. The lower Sebou enters the riverine plain and from there follows a highly sinuous course to the
Atlantic Ocean. The estuarine system extends over 90 km of the lower Sebou, which has tidal influence.

Sebou basin
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Figure 1. Geographic situation of the Sebou watershed showing major dams and gauging
stations where data were collected.

In the Sebou basin, construction of dams began in 1935 with El Kansera reservoir on the Beht River. It
was initially used for flood retention and later for water storage. By 1973 there wete at least 15 dams in the
Sebou basin, with five large reservoirs and 10 small dams. These reservoirs are now a major source of
irrigation and drinking water and they strongly regulate the flow in the upper, middle and lower catchment.
The Al Wahda dam constructed on the Ouerrha River is the second most important dam in North Africa
after the High Aswan dam. It was constructed between 1991 and 1996 with a storage capacity of 3.8x103
km? for a height of 88 m. This reservoir will provide long-term storage, irrigate 100,000 ha, generate a
hydroelectricity potential capacity of 400 GWh yr!, transfer a water capacity of 600x10¢ m? towards the
southern regions and protect the Gharb Plain from high floods.

Materials and methods
This study is based on data obtained from gauging stations operated by the Water Planning Research

Directory (DRPE). At each gauging station, DRPE measured water discharges rates and suspended
sediment concentrations. Data from different stations provided estimates of the amount of sediment
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trapped by the dams. The available data from DRPE (1970; 1973) and Duhamel (1973) are utilised for the
calculation of the weighted mean water and sediment discharge rates before the construction of the dams.
The present-day water and the sediment discharge rates of the Sebou River are calculated by a measurement
and quantitative sampling program that have started since 1996 shortly before the Al Wahda dam was used
for water storage. Suspended sediments were sampled to quantify the net change in the sediment discharge
and the grain size composition after the construction of the dams.

Results and discussion
Water discharge before and after the construction of the dams

The mean annual water discharge for 1940 to 1973 (before the construction of the principal dams) of the
downstream gauging station of the Sebou tiver (Mechra Bel Ksiti) and of the estuary zone were respectively
about 5.1x10% m? and 5.9x10° m3. During this petiod, the water discharge contribution of the upper Sebou
and its affluents to the Sebou downstream was about 2.55x10° m? (Figure 2). The construction of the Idriss
1et dam on the Inaouene River reduced the inflowing water supply by 42%. In 1990 the Allal El Fassi dam
constructed upstream on the Sebou River was put into service, reducing the downstream water discharge of
the Sebou River by about 54%. Between 1973 and 1995, the Ouerrha River cartied most of the water
discharge to the downstream of the Sebou. During maximum flood events the water discharge of the
Ouetrrha River inundated large portions of the adjoining floodplain and caused considerable damage to
people and property (DRPE, 1970; 1973). To protect the flood-prone territory, the Al Wahda dam was
constructed to control the Ouertha River. As of 1996/97, the closure date of the Ouertha, the average
annual flow carried by this river to the downstream was reduced by 45%.
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Figure 2. Variation of the annual water discharge at the downstream of the Sebou River before
and after the construction of the dams.

Like all Mediterranean rivers, the Sebou River is subjected to climatic interannual irregularities. These have
an important effect on the water discharge, particulatly during dry periods when the reservoirs are used for
water storage and very little of the inflow water is released. Figure 3 shows, in the Sebou, the relationship
between the annual water discharge of the Sebou and the mean annual rainfall for a period of more than 32
years (1962-1994). The available data shows two opposite trends, before and after the construction of
dams. In the Sebou the correlation between flow and precipitation is better before the dam construction
(1962-1972) than after its construction (1973-1994). During this latter period the water discharge of the
Sebou River has decreased independently of annual runoff. Possible reasons for this trend may be the

effect of dams, the high evaporation intensity and the excessive use of water for irrigation during the
drought period (Haida ef a/. 1999).
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Figure 3. Relationship between the annual water discharge and the annual rainfall on the Sebou
River at Azib Es Soltane during the two periods of 1962 to 1972 and 1973 to 1995 before and after
dam constructions, respectively.

Suspended sediments discharge before and after the construction of the dams.

Before the construction of the dams on the main tributary of the Sebou River (1940-1972), the average
suspended sediment input to the Atlantic Ocean was about 34x106 t yr! (Figure 4). The estimated mean
annual sediment yield in the Sebou basin is 850 t km2 yr-!. This value is comparable to those of other
Mediterranean areas (Lronto, Italy: 900 t km? yrland Esino, Italy: 800 t km? yr': in Milliman and Syvitski
1992); Metauro, Italy: 870 t km2 yr-: IAHS/UNESCO 1974).
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Figure 4. Variation of the suspended sediment discharge at the downstream of the Sebou River
before and after the construction of the dams.

During this period 70% of the total material coming from erosion in the upper and middle reaches of the
Sebou basin were carried to the Atlantic Ocean and 30% were deposited on the flood plain. With the
construction of Idriss 1er and Allal El Fassi dams (1973-1995), the downstream suspended sediment fluxes
decreased to 12x106 t yr! and 6x10° t yr! respectively. Consequently, the suspended sediment supply by
the Sebou River to the Atlantic Ocean was reduced about 73 % in comparison with the sediment flux
measured before the construction of dams. In 1996, after the Al Wanda dam came into operation, the
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sediment discharge measured downstream in the Sebou River has decreased to 1.6x106 t yr-! corresponding
to a net reduction of water supply about 95%. 'This value is approximately similar to the trap efficiency
value (from 85% to 99%) calculated by Haida ¢f 4/ (submitted) and Haida (2000) for the dams constructed
on the Sebou River and its affluents. Obviously, reservoir dams can intercept most of the sediment coming
from the upstream River basin, and, thus, considerably reduce their storage capacity. According Haida ez 4/
(submitted), their useful lifetime varies from 42 to 910 years. The short time that it takes for these
reservoirs to be filled with sediment makes it necessary to consider sedimentation as a serious problem. In
addition, reservoir sedimentation can have other serious implications on the evolution of the coastal plain.
The river damming activities combined with the expansion of coastal towns, the development of beach
tourism, sand extraction for construction purposes and the construction of potts, jetties and defensive
structures have greatly altered the natural evolution of the coast (Snoussi ¢f 4/ submitted).

Variation in grain size of the suspended and deposited sediments

During the pre-dam period, the size of the suspended sediment in the lower Sebou River showed the
following proportions: 2% of sand, 52% of silt and 46% of clay (DRPE 1970) (Figure 5). After the
construction of the dams, fine sediment was released through the dams preferentially over coarse sediment,
so that the suspended sediment is dominated by the fine fraction (75% of clay) released out of the dams
especially during the flood events; it also comes from bank erosion. Similar studies show that after the
construction of dams, erosion rate increased (Colombani 1977) and the variation in the size composition of
the sediment load depends on the delivery processes downstream (Xu 1996; Milhous 1997; Al Ansari and
Rimani 1997).
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Figure 5. Grain size of the suspended load in the downstream of Sebou river before and after the
construction of the dams.

Impact of the damming activities on the sedimentary dynami cs in the Sebou estuarine zone.

Before the construction of the dams on the upper and on the middle parts of the Sebou basin, the sediment
fluxes carried by the Sebou River to the Atlantic Ocean were mainly composed of fine elements. The
propottion of the sand deposed in the estuary was approximately 2%. Thus, we can calculate the amount
of sediments deposited in the estuarine system using the proportions of the sand and the fluvial suspended
fluxes. The annual deposited sediments in this system is about 680 000 t/yt. According to DRPE (1970),
dredging is an efficient means to keep a draught of 4.5 m for navigation purposes. During the period 1954
to 1967 the dredging has varied from 1,920,000 t yr! to 660,000 t yr'. Other installations are planned for
this estuary system. Defensive structures have been constructed on many parts of the banks to keep back
fluvial sediments and to create a navigable channel with a strong current.

After the construction of the Idriss 1er, Allal El Fassi and Al Wahda dams (1973-1996), the sediment fluxes
supplied by the Sebou River estuary was reduced about 95%. Suspended sediments are still dominated by
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the fine fraction. However, the clay fraction increased after the construction of the dams. The annual
mean deposited sediment in the estuarine zone is about 16,000 t yr-!, which is 43 times less than before the
construction of the dams.

Conclusion

The variations observed in the water and the sediment discharges after the construction of the dams reflect
their effects on the physical characteristics of the Sebou basin and the estuarine zone.

Downstream, the water discharge of the Sebou River and its affluents was reduced after the construction of
the dams by about 70%. More than 95% of the total sediment load had been trapped by all the resetvoits.
Consequently the sediments will quickly fill these reservoirs and cause a considerable losses of their
capacity. After the construction of the dams, the suspended sediment grain size exhibits a high proportion
of fine sediments (75%). This fining tendency is induced by the combination of fine sediment release from
the dams especially during the flood events and by bank erosion, which intensified after dam construction.
Damming has also affected the amount of suspended sediment supplied to the estuarine zone. Thus, the
decrease in sediment flux exported by the Sebou River after the construction of the dams led to a decline in
the sand fraction deposited in the estuarine system. With the dectrease of the fluvial competence, the Sebou
River estuary will become more heavily silted and the defensive structures could induce important
modifications in the natural evolution of the coast.

The results of this study are preliminary; more detailed measurements of suspended sediment discharge and
reservoir siltation are required to provide a definitive assessment of reservoir sedimentation problems and
their effects on the river downstream and the estuary system.
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4.6 Behavior of heavy metals from land to coastal zone through estuaries: Moroccan case
studies

Maria Snoussi

Abstract

Base-line studies have been carried out on the trace metal contents of bottom sediments of three Moroccan estuaries
and their catchment drainage, reptesenting both contaminated and relatively uncontaminated environments. The
levels of trace metal (lead, coppet, zinc, nickel) concentrations when normalized against aluminium concentration
indicated contamination with one ot more of the elements at most of the estuarine and marine stations.

In the Sebou River, the enrichment of estuarine sediments in compatison to the background levels is attributed to
land-based point sources of pollution located along the river and estuarine banks. It is likely that the Sebou River
estuary acts as a trap for heavy metals. In the estuaries of the Tensift and Souss rivers, the estuarine sediments are low
in heavy metals. This could mean that these systems facilitate the telease of heavy metals from sediments and hence
regulate their fluxes to the ocean. On the other hand, the enrichment of some metals in the marine sediments is
attributed to mixing with contaminated sediments which have come from polluted areas and ports (Safi, Agadir) and
have been transported southward by the littoral drift.

Introduction

Rivers are the major routes from the land to the sea of the natural products of weathering and of many
man-made materials. Economic activities and household consumption generate significant pollutants into
tivers and coastal zones. Among them, non-biodegradable heavy metals have great ecological impact due
to their toxicity and accumulation. Before enteting the ocean, heavy metals must pass through estuaries
which are interfaces of high biological productivity. Major cities and harbors are often located in estuaries,
thus further disturbing natural conditions.

Much of the anthropogenic heavy metals discharged into the estuaries becomes suspended in rivers. The
estuarine distributions of trace metals can be interpreted in terms of geochemical processes such as
flocculation, precipitation, adsorption/desotption, and also in terms of mixing processes and biological
cycling (see Martin ¢ a/. 1976; Salomons and Forstner 1984; Jouanneau e 4/ 1983).

In the hydrological cycle that governs the fate of metallic elements, sediments play an essential role to the
extent that they are increasingly recognized as vectors, principal sinks and potential sources of a great
number of toxic metals. Thus, sediment analysis is an important tool to trace man-caused pollution of
water (Forstner and Wittman 1983; Senten and Charlier 1991).

This paper aims to describe the general behaviour of lead, zinc, copper and nickel from the soils to the
adjacent coastal zones of three river basins, representing contaminated and relatively uncontaminated
environments, to determine whether the estuarine sediments act as traps ot soutces of trace metals.

Study areas
Three rivers were selected for this study: the Sebou, the Tensift and the Souss. (Figure 1).

Detailed accounts of the physical setting of their drainage basins have been given in previous works
(Snoussi 1988; Sahibi and Snoussi 1993; E1 Mouden and Snoussi 1994; Snoussi ez 2/, 1992; Hai da ef al. 1996;
Haida 2000). In summary:

- The Sebou River, whose drainage basin covers an area of 40,000 km? represents one of the most
populated, agricultural and industrial regions of Morocco. The lower reaches and estuarine zone of the
Sebou flow through the city and harbour of Kenitra and have been impaired by the discharge of
untreated sewage and industrial effluents. Tidal influence reaches the Garde dam (85 km), which was
installed to restrict the salt wedge intrusion upstream.
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- The Tensift River, with 19,850 km? of drainage area, runs through the large agricultural plain of Haouz
and the metropolitan area of Marrakech. Except during rainy winters, the river flow of the mid-Tensift
is dominated by domestic effluents. However, the flow is too weak to reach the sea, and the estuarine
zone (5 km) is relatively unpolluted.

- The Souss River is a characteristic atid zone temporary tiver, draining an area of 16,100km?. It is often
dry in its lower reaches. The 5 km long estuarine zone traverses some small urban agglomerations. To

the north of the estuary, the city and the big port of Agadir provide potential sources of both urban
and industrial contamination.

SOUSS river bassin

Figure 1. The basins of the Sebou, Souss and Tensift rivers, Morocco.
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Materials and methods

A total of 45 samples of surficial sediments were collected from the Sebou, Tensift and Souss river basins

and their adjacent coastal areas.

- Freshly deposited bed sediment samples were collected along the river bank, upstream of the limit of
the tidal influence.

- In the estuarine section, samples were taken during low tides, from the limit of the tidal influence to the
mouths of the rivers.

- Sutficial marine sediment samples were collected at a series of offshore stations opposite the mouths of
the rivers by a Schipeck grab from the French R/V Noriz during the Geomar cruise.

- Soil samples were taken in non-polluted locations within the river basins to establish the natural
background levels for the rivers, in order to define the extent of potential pollution. Chemical analysis
for Al, Cu, Ni, Pb and Zn was performed by the energy-dispersive X-ray fluorescence technique (XRF)
on the bulk samples.

Results and discussion
The mean concentrations of trace metals in the soils and the sediments of the Sebou, Tensift and Souss

river basins are given in Table 1.

Tablel : Mean concentrations of trace metals in soils, fluvial, estuarine and marine sediments in
the studied areas.

Average contents ALO; Zn Ni Pb Cu
%0 io/g io/g io/g io/g
Soils 11.7 103 42 23 78
Fluvial sediments 10 85 35 20 73
Sebou Estuarine sediments | 12 111 42 35 78
Marine Sediments 14 93 42 29 65
Soils 11.6 83 5 37 29
Fluvial sediments 154 129 54 35 36
Tensift Estuarine sediments | 13 96 42 27 22
Marine sediments 10 125 30 24 28
Soils 12.7 55 30 11 63
Fluvial sed. 14 70 34 15 71
Souss Estuarine sediments 9.8 59 29 11 57
Marine Sed. 10 70 27 12 61

To provide a meaningful comparison between different results, as well as an assessment of the local
anthropogenic contribution to the sediments, elemental concentrations were normalized with respect to a
conservative element : aluminium was chosen in this study.

The average contents of heavy metals normalized to Al in fluvial, estuarine and marine sediments were
compared to the natural geochemical background.

It appears that:

» in the Sebou River basin (Figute 2), average metallic contents ate highest in the estuarine stations. This
enrichment is attributed to contamination detived from both industrial and domestic effluents
discharged directly into the estuary. The most probable source of Pb contamination is particles related
to traffic (petrol combustion) along the estuary’s banks. It is also likely that in the estuarine zone, the
metals in solution could precipitate with iron-hydroxyde, which is known to act as an effective
scavenger for a number of heavy metals (Goldberg 1954), depleting the water and enriching the
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sediment in heavy metals (Boyle ¢z 2/ 1977; Sholkovitz 1978). Indeed, sediments detrived from the
Sebou lower estuary are enriched in iron oxides.

In the Tensift River basin (Figure 2), normalized metallic contents are weaker in estuarine sediments
than in fluvial ones. This phenomenon, common in many estuaries, can be attributed to the
mobilization of metals caused by the formation of complexes between the metal ion sorbed to the
sediments and organic ligands released by the intensive decomposition of organic matter (Bourg, 1983;
Jouanneau ¢z o/ 1983). On the other hand, marine sediments are almost twice as rich in Zn than the
background level and estuarine sediments. This enrichment is probably due to the transport of marine
contaminated sediments brought by littoral drift from the industrial zone of Safi and mixing with
impoverished estuarine deposits.

In the Souss River (Figure 2), normalized data showed a seaward increase of Zn and Cu contents. This
could be explained, as in the case of the Tensift, by a contamination coming from the sea and the port
of Agadir. The analysis of some sediments sampled in untreated sewage discharged in the estuary
showed that despite the strong metals contents of this urban effluent, estuarine sediments downstream
of the discharge are not contaminated (Figure 3). This can be explained by the fact that the exclusively
organic nature of this sewage entails the release of metals linked to the organic components. This
would favor their evacuation at sea in the dissolved form.

To facilitate metallic content comparisons, "mobility factors" (M1 and M2) that represent ratios of
normalized contents between marine sediments and soils on the one hand and between estuarine and
marine sediments on the other hand were used (Figure 4) . These trends agreed with previous
interpretations, namely:

sediments of the Sebou are polluted by industrial and urban effluents discharged directly in the river
and the estuary, while marine sediments are not contaminated. The Sebou estuary acts as sediment trap
which apparently retains a large percentage of the particulate metals entering from rivers. This
phenomenon is exacerbated by the progressive siltation of the estuary following the construction of
many dams on the Sebou River (Haida 2000).

estuaries of the Tensift and the Souss play the role of "releaser" for some metals, that are impoverished
in sediments, while the pollution comes from the sea.
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Conclusion

As environmental pollution has increased, sediment analysis has gained in importance because pollutants,
such as heavy metals, are enriched in bottom deposits. By trapping metals, sediments act as reservoirs of
potentially remobilizable metals and then represent risks for ecosystems.

In estuaries, as well as the control by hydrodynamic processes outside the scope of this study, the behavior
of metallic elements is governed by chemical reactions that lead to the release or the trapping of trace
metals. These processes regulate the fluxes of particulate and dissolved metals to the ocean. Estuaries can
be seen as barriers preventing a large portion of river-borne solutes from entering and accumulating in the
wotld’s oceans. However, it is important to better understand estuarine processes to predict the
geochemical behavior of each element as well as the role of these processes in the mass balance between
tivers and oceans.

Chemical and hydrodynamic processes in Moroccan estuaries are still pootly understood. To get a better
idea of these very complex mechanisms, it is necessary for further work to analyse metals and organic
matter in waters and suspended particles.
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4.7 Coastal changes in response to the effects of dam construction on the Moulouya and the
Sebou rivers (Morocco)

Maria Snoussi and Souad Haida

Abstract

Sediment fluxes of the Moulouya and Sebou rivers - the two largest rivers of Morocco - were estimated on the basis of
suspended sediment loads transported by these rivers towards the coast. It appears that the specific sediment yields of
the Sebou (995 t/km?/yt) and the Moulouya (240 t/km?/an) are among the highest in Africa, due to the fact that the
drainage basins are characterized by young, mountainous, extended etrodible sedimentary rocks, irregular and often
stormy precipitation and scarce vegetation.

In recent times these sediment loads and water discharges have been drastically reduced as result of dam construction
and changes in rainfall regimes. It is estimated that the construction of dams has reduced the water discharge of the
Sebou and the Moulouya rivers by 70% and 47%, and their sediment fluxes by nearly 95% and 94%, respectively.

Damming of rivers appears to have had a profound effect on the coastal zones, which react by achieving a new
sedimentary equilibrium. The forcing induced by the estuarine behavior of the lower stretches of both rivers
downstream of the dams has greatly disturbed the mouth topography and coastal stability.

Key-words: Sediment yield - Moroccan rivers — dams — siltation - coastal morphology.

Introduction

River sediment fluxes constitute one of the main components of the coastal sedimentary budget. Any
change of these fluxes may significantly alter the physical environment of the coastal systems (Hay, 1994;
Simeoni and Bondesan 1997; Poulos and Chronis 1997; Barusseau ¢z 2/ 1998).

As a semi-arid region, Morocco faces petiodic rainfall deficit due to recurrent droughts. In order to better
manage these shortages, a large-scale program of dam construction has been carried out over the last
decades for drinking water, irrigation and hydroelectric power (DRPE, 1994). However, these reservoirs
suffered from siltation due to the high rate of natural and accelerated erosion of the hintetlands. According
to Lahlou (1996), the annual sedimentation rates in Moroccan resetvoirs reached 50x10¢ m3/yr. This huge
siltation has a setious environmental and socio-economical impact, since it reduces the reservoir capacity
and may affect the morphological equilibrium of the coastline.

This paper provides data on the water and sediment fluxes of the two largest rivers in Morocco: the
Moulouya and the Sebou tivers that flow respectively into the Mediterranean Sea and the Atlantic Ocean.
The main objectives are to investigate the role of one component of the coastal sedimentary budget, the
trapping of river sediment within reservoirs, and to examine the geomorphological response of the
coastline to the human activity of building dams.

The river systems (Figure 1)

Mounlonya River

The Moulouya River is the largest river in Morocco, draining approximately 53,500 km? of eastern
Motocco. It rises in the Atlas Mountains and flows into the Mediterranean Sea. The basin is characterized
by heterogeneous topography and lithology, and by arid and semi-arid climatic conditions, with
predominantly seasonal streams. Annual precipitation ranges from 200 mm to 600 mm and occurs in only
a few days. The upper region, mountainous and hilly, is separated from the lower floodplain by the large
Mohammed V reservoir which traps most of the sediment delivered from the upper basin.

Sebou River
The Sebou River covers a total drainage area of approximately 40,000 km?. It runs through about 600 km
from its sources in the Middle Atlas Mountains to the Atlantic Ocean. Two mountainous chains surround
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the drainage basin: the Rif Range to the north, drained mainly by the Ouetrha River, which has a torrential
regime during flood petiods; and, to the south, the Middle Atlas and the Plateau Central, drained by the
Sebou and other tributaries whose regimes are more regular and are fed by the snowmelt. The climate is
sub-humid to semi-arid. The mean annual precipitation ranges from less than 500 mm in the Rharb Plain
to more than 2000 mm in the Rif Mountains.

The Sebou River basin is one of the most populated regions of Morocco. In 1990, its population was
about 5 million of which 61% lives in rural zones. It represents the most important agricultural region
of the country and has a relatively developed social and economic infrastructure. The basin
encompasses seven large reservoirs and at least ten small ones built over a petiod of 70 years.

MOULOUYA BASIN

SEBOU BASIN MEDITERRA

Gauging stations
Mechra Bel Ksiri (MBK): Sebou Basin
Saf Saf (SS): Moulouya Basin
Dar El Qaid (DEQ): Moulouya Basin
HIGH ATLAS

~ Large dams
1S :Barrage de Garde 1 M: Mechra
Homadi (Moulouya)
:ElKansera (Beht) 2 M:Mohammed V
: Al Wahda (Ouerrha)
: Sidi Chahed (Mikkes)
: Idriss 1 er (Inaouéne)
: Allal el Fassi (Sebou )

Figure 1. Geographic situation of the Sebou and the Moulouya watersheds showing major dams
and gauging stations where data were collected.

Data and results

Data on water flows and suspended sediment concentrations used in this study were obtained from four

gauging stations opetrated by the Water Planning and Research Directorate (DRPE) who provided the
information on the status of dams.
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Water and sediment fluxes

Impact of dams on water fluxes
Table 1 presents for each river, the drainage basin area, the river runoff and the mean annual water
discharge at the furthest downstream flow gauging stations: Mechra Bel Ksiri (MBK) for the Sebou
and Saf Saf for the Moulouya.

Table 1. Drainage basin area, mean annual water discharges and specific water flow at the
downstream gauging stations on the Moulouya (Saf Saf) and the Sebou rivers (Mechra Bel Ksiri).

Gauged Period of | Mean annual Mean annual | Annual
drainage basin | data discharge (m?s1) |flow 106 m> | runoff (mm)
(k) %) collection

Moulouya

(Saf Saf) 49920 |93 1970-1996 |13 410 8.2

Sebou

(Mechra Bel 26 100 |65 1940-1994 | 131 4127 158

Kisirt)

As outlined above, the Sebou River system is heavily regulated and the flow regime has been significantly
altered. Haida ef 4/ (submitted) estimated the water discharges before and after dam construction and
concluded that dams have reduced water discharge to the coast by approximately 70%. In the Moulouya River,
water discharge has been reduced by about 47% due to the construction of the Mohamed V reservoir.

Impact of dams on sediment fluxes:

Available data on suspended sediment in the Sebou basin are relatively comprehensive and cover a long petiod,
whereas they are far more fragmentary and discontinuous for the Moulouya River. The annual suspended
sediment discharge and yield are presented, together with corresponding water discharges in Table 2.

As can be seen from this table, the Sebou River has a mean specific suspended sediment yield four times
higher than that of the Moulouya River. This value is also higher than that estimated by Snoussi ¢/ /.
(1990) for the Moroccan Atlantic rivers (750 t km2 yr-!) and by Probst and Amiotte-Suchet (1992) for the
whole Maghreb region (610 t km?2 yr1). This exceptionally high sediment yield of the Sebou River is due to
the combination of the steeper slopes that often generate mass movements, such as landslides and
mudflows (Heusch and Millies-Lacroix 1971), the extended, easily erodible sedimentary rocks of its
drainage area (Haida 2000), the high precipitation rates and human activities such as vegetation clearance
and land-use change.

The Sebou River basin provides an interesting case study for examining the effects of reservoir
construction on tiver sediment fluxes. Haida e¢f 2/ (submitted), have estimated the mean suspended
sediment flux prior to dam building (1940-1972) at about 34.3x106 t yr-! at the Mechra Bel Ksiri gauging
station. After the construction of different dams on the rivers, the sediment yield was not more than
1.63x10¢ t yr-l. Thus, more than 95% of the total sediment load had been trapped. Haida (2000) reported
that for the Sebou and its tributaries, the mean trapping efficiency of dams ranges from 85 to 99%, and the
lifespan of the dams ranges from 42 to 910 years.

For the Moulouya River, the construction of the large Mohammed V reservoir, combined with more
frequent droughts since 1980, has led to a drastic reduction in sediment supply to the coast. Prior to dam
construction, the Moulouya transported an average sediment load of 12x10°¢ t yr! to the coast.
Unfortunately, no suspended sediment data for below the dam are available. However, assuming a 94%
calculated trap efficiency of sediment by the dam, it can be estimated that the Moulouya River delivers
nowadays to the Mediterranean Sea only 6% of the load transported before dam construction. Its lifespan
is estimated at about 85 years.
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Table 2. Mean annual water and suspended sediment fluxes in the Sebou and in the Moulouya
drainage basins.

Mean annual | Mean annual suspended
River Gauging station | Area Period of | water discharge | sediment load & yield
(km?) |data 106 m? 106 ¢ yr! t km2/yt!
Sebou Mechra Bel Ksiri 26,100 |1940-94 |4 127 26 995+
Dar El Qaid 24 422 [1950-88 | 700 7 287*
Moulouya 1 amed V dam |49 920 | 196190 | 1000 12 240+
* from measured values ** from the reservoir sedimentation

Changes in coastal morphology

As the coasts are geomorphological features resulting from the existence of a balance between the dynamics of
the continental drainage basin and the dynamics of the marine receiving basin, they may be very sensitive to any
natural or anthropogenic change occutring in one of these systems.

The Moulouya coastal plain provides an interesting case study for examining the effects of natural and man-

induced changes on the shoreline morphology. These changes were investigated by Zourarah (1994) and Zarki

(1999) using topographic maps and the compatison of two sets of aetial photographs (1958-1988) of the

region. Over about 40 years, the river has made the following changes :

» In 1958, the lower Moulouya River coutse was sinuous to meandeting, and the river mouth was much
wider than present, with an oblique angle to the coastline (Figure 2). The fluvial load was heavy
enough to lead to the progradation of deltaic deposits in the eastern part of the river mouth.

» In 1963 the Moulouya River basin was subjected to major floods (the largest ever recorded) that caused
important changes in the morphology of the channels and the coastline. The floods caused
interruption in the natural levees, and the channel made a short cut resulting in a straighter and shorter
coutse. The littoral bars were eroded.

»  After the 1963 floods, the lower tiver developed a braided channel morphology with a narrow channel
and sandy bars.

» In 1967 the Moulouya River underwent damming and land management changed as a tresult of social
influences. ‘The river mouth and the coastal zone reacted with remarkable adjustments, consisting
primarily of a change from a deltaic system to an estuarine system, and resulting in the erosion of the
coastline.

Indeed, as the fluvial sediment load has greatly attenuated since the dam construction, and because of the
weak fluvial hydraulic power, the marine factors have been reinforced, leading to reworking of the shoreline
sediments, the narrowing of the mouth area and the development of mouth bars. These changes can be
explained within the hydrodynamical and sedimentological context of the coastal zone. According to
Zourarah (1994), the most frequent waves come from the east (44.5%) and from the west (30%). The
significant wave height ranges between 1 and 2.5 m. With regard to longshore transport, the most effective
waves and the induced sand transport are directed westwards. The net littoral transport is approximately
165,000 m3/yt. The sand transpotted was responsible of the accretion of the west coast, while the east
coast, not fed by fluvial inputs, was retreating.
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Mediterranean Sea

The Massif of Kebdanas Boukanat

Alluvial terrace (Rharbien)
The downstream course of the Moulouya in 1958

The downstream course of the Moulouya in 1988

Eroded littoral bars

Figure 2. Historical evolution of the lower course of the Moulouya River and of the coastal
motphology (from Zourarah 1994, modified).

It is more difficult to link the shoreline evolution of the Sebou coastal plain to the river damming activities,
since the causes of this evolution are manifold and affect the coast at different rates and times.

Indeed, as well as the fact that the Sebou River is heavily regulated (78%), the huge population moving
from the country to the coastal towns, the development of beach tourism, sand extraction for construction
purposes, the construction of ports, jetties and defensive structures, combined with presumed sea-level rise,
have interfered with the river basin activities and deeply altered the natural evolution of the coast.

According to investigations carried out for the Sebou Project (1970), it has been estimated that an average
of 700,000 m> of fluvial sands were deposited annually within the estuary, considerably restricting
navigation. Indeed, a shoal culminating to 2m below low tide formed regularly between the jetties. In
order to maintain an adequate depth in the navigational channel, it has been estimated by the Public Works
authorities that a dredging of 800 000 m? is required annually.

Nowadays, due to dams impoundment, the fluvial competence has become too weak for dispersing all
the littoral transit, in spite of the relative importance of the tidal cutrents within the lower estuary.
Moteover, as some dams were constructed for controlling flood discharges and coastal plain
inundation, it is likely that the estuary is not flushing as frequently as before and it will become the site
of enhanced siltation (Collins and Evans 1986).

Conclusion
The recent evolution of the Sebou and the Moulouya coastal zones is governed by different land-ocean
interaction processes, supplemented by anthropogenic activities. The latter can cause a chain of impacts on

the natural continuum of transfer of sediments from uplands to the coastal zone. Some of these impacts
were evident from this study:
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. The natural erosion rate is high in the Sebou and the Moulouya basins. It is however accelerated
following the land-use changes, leading to serious losses of arable lands. For example in the
Moulouya river basin, it is estimated (M.A. 1996) that by the year 2030, 70,000 ha of irrigated land
and 300x10¢ kWh of electricity will be lost. In terms of replacement costs, this loss is equivalent to
an annual economic loss of more than 950 million dithams (about $100 million). This estimate does
not include the other direct and indirect effects on the environment, economic development and
wotkmanship.

] Accelerated siltation of reservoirs compromises their storage capacity and shortens their life span.
These reservoirs are indispensable to manage water resources under this type of climate.

. By reducing river supply, these reservoirs have also an impact on the morphological equilibrium of
the shoreline. The impoundment of flow discharges, by modifying estuarine circulation and
strengthening the marine hydrodynamical action, is responsible for coastal erosion/sedimentation, as
noted by Barusseau ¢f a/ (1997) for the Senegal River after the construction of Diama dam. The
siltation of estuarine zones entails costly dredging operations.

Thus although dams have obviously many socio-economic benefits, mainly in the semi-arid regions,
these benefits are sometimes outweighed by their social, environmental and economic costs. One way
to avoid such negative impacts is to introduce environmental indicators within economic budgets.
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4.8 Modifications morphologiques dans la zone de Pembouchure du fleuve Sénégal apres la
construction du barrage de Diama

Alioune Kane

Introduction

La formation du delta du Sénégal remonte a la période post-nouakchottienne (6 800—4,200 BP?) qui
correspond a une régression consécutive a une baisse du niveau marin. Une lagune s’est ainsi formée
derriere un puissant cordon littoral. La morphologie du cours inférieur du fleuve Sénégal est celle d'un delta
(Coleman et Wright 1975) dont les affluents ont été recapturés a 'Holoceéne, par le cours principal
brusquement détourné vers le sud (Michel 1973; Monteillet 1988). Le delta du Sénégal a été classé
(Coleman et Wright 1975) parmi le type extréme des deltas a prédominance tres nette des effets de houle,
qui a pour résultat une détive littorale édifiant des cordons littoraux paralleles ala cote.

A la suite de la construction du barrage de Diama en novembre 1985 sur le cours inférieur du fleuve
Sénégal, la partie estuarienne de la vallée, la zone d’embouchure et la zone cotiere adjacente ont connu des

transformations importantes.
Approche géomorphologique

L'estuaire du fleuve Sénégal est désormais limité en amont par le batrage anti-sel de Diama, tant que ses
vannes restent fermées, et a l'aval par son embouchure, unique exutoire par laquelle remontent les eaux

marines (Figure 1).

Ne—
16°
I
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o é
16— & ——-- limite de la vallée alluviale
|
H dunes rouges fixées,
_5" ’ : partiellement ravivées

dunes littorales

,\l/ grand barrage
~V petit barrage

embouchure,

Figure 1. Carte de situation du delta du fleuve Sénégal (Michel ¢ 2/ 1992).
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Dans l'ultime partie de son couts, le Sénégal abandonne la ditection est-ouest pour obliquer vers le sud et
longer la mer en s'en rapprochant progressivement. Au niveau et en aval de la ville de Saint-Louis, le fleuve
n'est plus séparé de l'océan que patr un unique et mince cordon sableux de largeur décroissante du nord au
sud constituant la Langue de Barbarie. Cette fleche littorale actuelle de sable fin blanc, qui est le plus récent
des cordons littoraux du front deltai que est le résultat d'un long processus alternatif d'engraissement et de
démaigrissement de la plage par la dérive littorale.

Dans la zone cotiére, la plaine d'inondation est étroite. Le Sénégal s'insinue dans des couloirs de largeur
kilométrique, essentiellement sablo-argileux. Les alluvions fluviatiles sont limités al'est par les dunes rouges
continentales et, a l'ouest, par une succession de cordons littoraux qui constituent des alighements paralleles
ala cote.

Le plateau continental, limité a l'isobathe 200 m, se prolonge sur prés de 40 km au large de la région de
Saint-Louis. Les relevés bathymétriques effectués au large par BBL-Sw (1985) montrent que le fond est
relativement régulier. La pente, peu accusée, vatie de 2 % a 1,66 % du rivage jusqu'a une profondeur de 10
metres, au large de ce point, la pente devient moins accentuée, a raison de 0,25 %. Une impottante zone
vaseuse s'étend de part et d'autre de l'embouchure du fleuve Sénégal. Elle est alimentée par les patticules
limoneuses transportées par le fleuve jusqu'a la mer ou elles sont reprises par les courants qui les entralnent
vers le sud-ouest. Les fonds sableux occupent une sutface réduite a proximité de la cote.

Variation de la position de I'embouchure

L'embouchure du Sénégal, depuis son origine, s'est déplacée treés régulierement vers le sud, avec par
intermittence des replis de 4 2 5 km vers le nord. Au bout d'une période, durant laquelle I'embouchure
déplacé d’une distance comnsidérable vers le Sud et que la résistance hydraulique s’est accrue avec
Paugmentation de la distance jusqu'a Pembouchure, une nouvelle bréche se produit dans le cordon littoral a
7-8 km au nord. De ce fait, le fleuve passe a travers la Langue de Barbarie, tandis que l'ancienne
embouchure se ferme. au contraire. Celle-ci subsiste et peut se rattacher au continent par son extrémité
méridionale. Il se forme alots, au sud de la passe, une lagune dont l'étendue est peu a peu réduite par la
migration de la nouvelle embouchure.

Tableau 1. Extension de la langue de Barbarie et position de I'embouchure du fleuve depuis 1658
selon les cartes historiques (exprimées en km par rapport a I'ile de Saint-Louis).

Année |Km |[Année |Km |[Année |Km |[Année |Km |[Année |Km
1658 |25 1840 20,0 |1870 (12,0 [1913 20,0 |1966 [20,1
1692 20,0 [1843 [17,0 (1872 [12,4 (1921 [16,0 [1967 [21,3
1707 [4,5 1846 (9,0 [1872 (10,3 (1923 [15,0 (1968 (22,2

bl

1717 25,0 [1849 |16,5 [1874 |11,5 [1928 24,2 [1969 |22)5
1720 21,0 (1849 |34 [1874 |13,0 (1928 [20,8 [1969 [22,8

bl

1726 10,0 1851 |27,5 1882 [17,0 [1932 [234 [1970 |20,
1727 |35 |1854 |45 |[1883 |17.4 [1936 |15,7 |1971 |243
1738 |12,0 |1855 |20,0 |1883 |14,0 1936 |239 [1973 |150
1750 |22,0 1856 |4,5 |1884 |183 |1948 |16,8 |1977 |16,3

b

1780 9,0 [1858 [3,5 [1884 |144 [1950 [25,5 [1978 |19,6
1790 |45 [1859 [-0,5 [1887 |12,1 [1955 25,5 [1980 |21,5
1801 [27,5 [1860 [5,0 [1889 |15,7 (1958 27,0 [1981 21,8

bl

1802 |18,0 [1861 |109 [1894 [143 [1958 [27,0 [1983 |21,0
1802 |19,0 1862 |85 |[1897 |12,8 [1959 [27,0 198 |23
1810 |60 |[1863 |25 |1904 |183 [1959 [16,5 |1989 |27.5

S

1820 |7,0 |[1864 |60 [1905 [150 [1960 |16,7 [1990 |28,0

bl

1824 |150 |1865 |80 |1906 |15,7 1960 |189 [2000 |30,
1825 |14,4 [1866 |1,5 |[1908 |165 [1962 |18,0

3

1827 30,0 [1867 |16 1909 20,0 [1963 |[17,7
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De 1850 a 1900, 7 ruptures ont été dénombrées. La plus importante a eu lieu en 1884 provoquant le
démantelement du cordon sableux sut pres de 4 km ('allongement de 24 km entre 1850 et 1851 parait trop
considérable pour étre vraisemblable). Depuis 1900, 13 ruptures d’importance inégale se sont produites, la
plus récente date de 1973.

Facteurs morphodynamiques
Cirrculation oceanique et dynamique littorale

Les contours de la cote du delta du Sénégal sont le résultat d'un état d'équilibre entre l'action du fleuve et
des courants de houle.

La morphologie de l'avant-cote est marquée de sillons perpendiculaires au rivage, profonds de 0,6 2 1,3 m et
larges de 3 a 5 m, qui se succedent régulierement sur une zone de 30 2 40 m.

L'onde de marée qui se manifeste sur la cote Saint-Louisienne vient du sud. Elle est de type semi-diutne,
mais présente tout de méme une composante diurne de l'ordre de 20 cm d'amplitude. Le marnage est
microtidal, a peine supérieur a 1 m en niveau et 0,50 m en morte eau, ce qui a pout conséquence un faible
développement des estrans.

On obsetve deux grandes circulations supetficielles (Rebert 1983): le courant nord-équatorial qui transpotrte
vers 'Ouest les eaux froides du courant des Canaties et le contre-courant équatotial qui transpotte vers l'est
les eaux chaudes et salées formées sur la bordure sud du tourbillon nord-atlantique. Pendant la saison des
alizés, de novembre a mai, les courants océaniques, au large de Saint-Louis, sont essentiellement tributaires
du courant froid des Canaries. Les courants de sutrface, d’une vitesse de l'ordre d'un neeud, portent au S-W
entre Saint-Louis et Dakar (Domain 1977).

Les cotes sénégalaises sont baighées par d'importantes remontées d'eaux profondes ou "up-wellings" qui
proviennent de la région des eaux centrales sud-atlantiques (Rebert 1977). Ces courants se manifestent
intensément de février a avril entre Saint-Louis et Dakar et dépendent essentiellement de deux facteurs: la
motphologie du plateau continental et le régime du vent. BBL-SW (1985) a enregistré, a 9 metres de
profondeur, des vitesses de courant entre 5 et 20 cm.s! avec des pointes de 42 cm.s™! et avec une direction
prédominante du sud (80 % du temps), entre janvier et juin 1983. Des le début de la saison humide, les
masses d'eau méridionales repoussent le front des remontées d'eaux froides. Le courant de sutface se
propage alots du sud au nord a une vitesse entre 5 et 15 cm.s™! , avec des pointes de 30 cm.s! (BBL-SW
1985).

Deux types de houles, dont les caractéristiques sont différentes selon leur origine et les saisons, se
manifestent alternativement dans la région de Saint-Louis:

- La houle de NW prédomine pendant toute la saison séche d'octobre a juin et a pour origine les
tempétes lointaines de 'Atlantique nord du quadrant NW (N 320° a N 360°). Cette houle atteint la
cote sous forme de trains de grande longueur d'onde (en moyenne de 190 a 300 meétres). Son
amplitude est généralement plus forte, les valeurs moyennes étant comprises entre 1 et 1,6 m et elle
se propage a une vitesse de l'ordre de 22 m/s. La ditection moyenne de propagation, pout ces
houles d'origine septentrionale, se situe par 22° nord-ouest. A l'approche de la cote de Barbarie,
elles subissent une réfraction sur le fond au niveau du plateau continental. Elles perdent alots une
grande partie de leur énergie et déferlent plus ou moins obliquement par rapport a la cote. La
houle de NW provoque une mobilisation puis un important transport de sable dans le sens nord-
sud.

- Les houles du SW se manifestent de juin a octobre et ont pour origine les grands vents d'ouest de
I'Atlantique sud. Elles sont liées par leur direction et leur fréquence aux flux de mousson issus de
I'Anticyclone de Ste Hélene. Leur amplitude est moins importante avec des valeuts moyennes
comptises entre 0,80 et 1,20 m et leur période plus courte (entre 5 et 10 secondes). Leur action est
aussi moins marquante. Elles perdent une bonne partie de leur énetgie par suite d'une diffraction
subie au niveau de la presqu'ile du Cap-Vert, véritable écran dont I'abti englobe toute la Langue de
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Barbatie. Cette période des houles australes correspond au "démaigrissement” de la plage par suite
de la diminution du transport du matériel sableux.

Sur la cote, toutes ces houles, surtout celles du NW, engendrent surtout la dérive littorale. Clest a son
existence que l'on attribue la faible élévation du seuil de l'embouchure du fleuve Sénégal. Elle a une
direction N-S en face de la Langue de Barbarie ; sa vitesse varie entre 0,13 et 0,57 m.s!. Barusseau ef /.
(1993) indiquent des valeurs mesurées de 0,30 m.s! qui se corrélent assez bien avec des valeurs calculées
notamment par la formule d'Eagleson, soit 0,5 a 0,2 m.s! selon Nedeco (1973). Le transport de sable
occasionné par cette dérive littorale se produit surtout dans cette zone des brisants a moins de 2,50 m IGN
de profondeur (Ostenfel et Jonson 1972). On évalue a environ 600,000 m> le volume de sable apporté
annuellement a extrémité sud de la Langue de Barbarie a partir des relevés topographiques et de son
allongement moyen annuel vers le sud.

Dans la vallée estuarienne, l'onde de marée en régime naturel pouvait se propager dans le fleuve jusqu' a
450 km de Pembouchure, par suite de la positon du lit en contrebas de l'océan. Dans Pestuaire court
actuel, elle est réfléchie a partir de la limite amont, c’est-a-dire le barrage de Diama, une vague est alors
propagée vers 'embouchure.

Durant la période de la saison seche, les vitesses du courant diminuent en fonction de la profondeur et au
fur et a mesure que l'on s'éloigne de 'embouchure. A Gandiole, on enregistre des vitesses de preés de 50 a
70 cm.sl. On note, pout les durées d'écoulement, un équilibre relatif entre flot et jusant, notamment pour
les valeurs fournies par les mesures de sutface et de profondeur intermédiaire. Par contre, les vitesses de
fond de chenal révélent un rapport plutdt en faveur du jusant. Les maxima de vitesse du jusant dépassent
ceux du flot. Cette primauté du jusant sur le flot est la traduction du comportement normal du
fonctionnement estuarien.

Au couts de la saison des hautes eaux, le courant dans I'estuaire se dirige vers 'aval. Le niveau fluvial est
élevé et relativement constant. La vitesse maximum du courant, lors de la marée, a été d’environ 70 cm.s-1.

L'évolution de la vallée estuarienne est sous la dépendance des apports sédimentaires transportés par les
flots annuels de la crue, d'une part, et par les actions de remontée des eaux océaniques dans l'estuaire
pendant la saison des basses eaux, d'autre part. Le transport solide du fleuve Sénégal reste relativement
faible, mais est surtout variable d'une année a l'autre.

Tableau 2. Bilan des flux patrticulaires a Pembouchure du fleuve Sénégal

Concentration (en mg/1)|Volume écoulé (en m3) |Masse (en tonne)
Diama
Cycle 89/90 218,32 8,742.10° 1908 716,54
Cycle 90/91 90,49 0,931.10° 627 239
Cycle 91/92 187,65 9,073.10° 1702 680
Cycle 92/93 125,28 7,640.10° 957 160
Cycle 93/94 190,31 8, 532.10? 1,86E+12
Saint-Louis
Cycle 81/82 251,7 11,384.10° 2865 245
Cycle 82/83 155,5 7,625.10° 1185 903

C’est un fleuve de faible compétence dans son estuaire. Les argiles et les limons transportés en suspension
auront donc tendance a se déposer. A I'heure actuelle, le fleuve Sénégal ne joue pas un réle essentiel dans
'édification de la fleche littorale de la Langue de Barbarie. Il peut, en revanche, contribuer a I'érosion du
cordon au coutrs de la crue.

Observations morphologigues

Les transformations morphologiques de la vallée estuarienne sont également étudiées dans le secteur de
référence de l'obsetvatoite de Gandiole (les profils sont numérotés BAR 1F a BAR 16F). Le suivi bi-annuel
s’est déroulé par saison et de facon réguliere:

133



o au mois de juin, en période de pré-hivernage, en fin de saison seche lorsque l'estuaire du Sénégal est
soumis aux effets de la marée dynamique et aux flots des eaux océaniques ;

o aux mois d'octobte-novembre, durant la période post-hivernage, lorsque les eaux fluviales d'origine
continentale fortement chargées en matieres en suspension recouvtrent uniformément l'ensemble du
bassin-versant du fleuve Sénégal.

Le profil topobathymétrique de la Langue de Barbarie et de son avant-cote comprend trois sections : la
plage avec son cordon dunaire, la proche avant-cote et le glacis. Les deux premiéres sont sujettes a
d'importantes variations. Le glacis, quant a lui, présente de modestes transformations qui, en général, ne
conduisent qu'a de faibles translations d'ensemble du profil. Le secteur de la base permanente de Gandiole
(Figure 2) peut étre découpée, d’un c6té en deux patties : le nord de la base large (P1-P4) et la base serrée
(P5-P13) et, de lautre, le sud de la base large. La différence entre ces deux domaines est dans la pente
moyenne, plus faible au sud qu’au notd (respectivement 0,95 a 1,37 % et 1,71 a 1,94 %)).
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Figure 2. Localisation et disposition de la base d’observations fluvio-marines de Gandiole.

Les observations topobathymetrigues dans la vallee estuarienne

Les profils de la base settée, situés a 50 m de distance les uns des autres, permettent de constituer des
ensembles de cartes et de blocs-diagrammes dont on ne présente ici que quelques exemples (Figures 3 et 4).
Le chenal présente une section en forme de V aux pentes généralement irrégulieres et dissymétriques. Le
fond est étroit entre 6 et 8 m de profondeur et localement, des bancs coquilliers altérent la régularité de

Paxe.
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Figure 3. Représentation tridimensionnelle des variations morphologiques de la vallée estuarienne
a Gandiole en 1989 et en 1990.
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Figure 4. Isovaleurs d’érosion et de sédimentation dans la vallée estuarienne a Gandiole.

L'évolution générale des profils sur la base de Gandiole montre que les versants sont soumis a l'érosion ou
a l'accumulation des sédiments en fonction des saisons. La comparaison de la morphologie pré- et post-
hivernage montre une régularisation par la crue du fleuve qui se reproduit d’une année sur l'autre (oct.90 -
nov.91). Cette modification se sutimpose a un processus général d’érosion que I'on percoit bien quand on
observe les cartes de différences (Figure 4). Elles expriment les variations de la profondeur d’une période a
Pautre. La grande majorité des différences positives (approfondissement entre la date antérieure et la date
postérieure) traduit la dominance d’un régime actuel d’érosion dans le chenal.
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Tableau 3. Variation sutfacique (en m?) du maitre-couple sédimentaire sur les profils de la base de
Gandiole.

juin 89/0ct.89|oct.89/0ct.90[0ct.90/juin 91 |juin 91/n0v.91
BARSF (102 -275 258 -333
BAR 6F [118 =223 69 -121
BAR7F |131 -618 382 -152
BAR 8F (192 -215 -51 -150
BAR9F |187 -343 -59 -320
BAR 10F (208 -305 -67 -490
BAR 11F |-143 -642 -69 =317
BAR 12F (56 -1125 279 -131

Sur la base serrée (profils BAR 5F a BAR 13F), les variations surfaciques du maitre-couple sédimentaire par
profil et par intervalle de temps sont indiqués dans le tableau n°® 3 ci-dessus. Sur I'ensemble des 29 mois
considérés (de juin 1989 a novembre 1991), la variation moyenne en volume se traduit par un déficit de
Pordre de 400 m?> par metre linéaire de rive, soit un approfondissement moyen d’une trentaine de
centimetres. Les surfaces érodées les plus importantes ont été enregistrées sur les profils BAR 12F soit -1
125 m? et BAR 7F soit -618 m? entre octobte 89 et octobre 90. La sutface d'accumulation la plus
importante est remarquée sut BAR 10F, soit 208 m? entre juin 89 et octobre 89.

En réalité, cet approfondissement n’est pas régulier dans Pespace. Il est presque systématiquement en rive
gauche. En effet, quand I'accumulation domine, elle a lieu plutot en rive droite (Langue de Barbarie). Les
rares fois ou des dépots s’observent sur la rive gauche, ils ont lieu plutdt en bas de versant du chenal qu’en
haut.

Cet approfondissement n’est pas non plus uniforme dans le temps et ne caractérise pas systématiquement
Pun des deux régimes saisonniers plutot que autre. Ainsi, une majorité de dépots est observée en hivernage
1989 (+ 100 m> par métre de rive) mais aussi en saison séche 1990/1991 (+ 50 m3 par métre de rive).
Pendant Thivernage 1991, I’érosion domine (- 200 m? par metre de rive). De méme, a lissue d’un cycle
annuel complet (octobre 1989-octobre 1990), le déficit atteint 350 m3 par metre linéaire de rive sur
Pensemble de la base. Ainsi, sur la base de Gandiole, 'accumulation se fait en saison seche, alors que
'érosion se déroule surtout pendant la saison des hautes eaux.

Les observations topobathymetriques sur le littoral

Caractéres généraux

La morphologie générale de la zone marine comprend un secteur fluctuant entre le rivage et les fonds de -3
a-4,5 m. La limite inférieure est marquée par une batrre sédimentaire dont le relief, quand il existe, ne
dépasse pas un metre. Cette barre d'avant-cote n'est parfois qu'un épaulement infléchissant la courbe du
fond. Patfois, elle disparait dans le changement de pente qui sépare I'avant-cote du glacis.

La pente moyenne de l'avant-cote, sensu stricto, présente des valeurs intermédiaires au niveau de la base
serrée de l'observatoire (bornes P5 a P12) par rappott au nord (P1) ou la pente est plus forte et au sud (P15
et 16) ou elle est plus faible. Sur P10, la valeur la plus faible (juin 1990) atteint 1,13 % tandis que la plus
forte (novembre 1991) s'établit a 3,22 %. Sur P16, ces limites sont respectivement 0,78 % (juin 1991) et
3,24 % (juin 1989).

Changements dans la position de la ligne de rivage
IIs sont indiqués dans le tableau n°® 4 en rapport avec la position qu'elle occupait en juin 1989. En effet, on
constate al'issue de la saison seche 1988-1989 un maximum de recul de la cote sur la majorité des profils.
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Tableau 4. Variation (en m) de la position de la ligne de rivage par rapport a la situation de juin
1989

PROFIL | 1-10-1989 [1-06-1990 | 1-10-1990 | 1-06-1991 |1-11-1991
P1 31 41 123 41 31
P5 41 51 72 72 -31
P6 00 20 41 82 51
P7 62 51 82 82 72
P8 72 41 72 51 62
P9 00 -10 00 00 -10
P10 -1000 31 -10 00 41
P11 -5 123 93 93 113
P12 10 00 -10 -5
P15 41 20 51
P16 00 -31 -82

D'une maniéere générale, le rivage a progressé, d’octobre 1990 ajuin 1991, dans la pattie septentrionale de la
zone. Dans la moitié sud de la base setrée, un recul s'instaure au contraite dans cette période mais la
tendance s'inverse ensuite de nouveau. L'opposition est nette, a cet égard, entre les profils de P9 et P10. On
doit noter également qu'entre octobre 1989 et juin 1990, la croissance de la largeur de la plage subit un
ralentissement ou s'inverse méme (P9). A l'extrémité méridionale (P15 et P16), I'évolution est également
trés contrastée. Il y a donc en permanence, sur I'étendue du rivage, des secteuts en érosion quand d'autres
s'engraissent.

Modification des profils
Quelques profils topobathymétriques (1;5;6 ;7 ; 8) sont présentés (Figure 5).

— Juin 1989

oct. 1989
Profil

Pos . juin 1990

e oct 1990 Figure 5. Variations
morphologiques du cordon littoral et
de Pavant-cdte au large de Gandiole,
e e entre 1989 et 1991.
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La partie émergée

En juin 1989, la plage est tres rétrécie et généralement basse. L'arriere-plage, dans ces conditions, est en
pente redressée pour se raccorder au pied du cordon dunaire. Sur certains profils (P5, P7), une bache
d'arriere-berme peut se situer sous le niveau de BM.

Dans la période suivante, la plage se construit. Cette accrétion est en moyenne de 60 m sur la base serrée
(nulle sur P9 et maximum 125 m sur P11). La progradation cotrespond al'édification d'une plage moyenne
s'articulant avec le revers de berme au niveau d'une bache de HM. Entre juin et octobre 1989, ce processus
s'est réalisé en deux phases marquées par la formation de deux bermes successives dont la plus interne est
fossilisée par la berme vive obsetvée en octobre.

La berme vive présente une créte située au voisinage de +2 m par rapport aux BM. Elle est précédée par
un estran de jet de rive étiré sur une trentaine de metres et dénivelé d'environ 2 m par la marée. La pente y
est généralement forte (de 5 a7 %).

Au couts des trois années étudiées, on ne peut donc pas dire qu'il y ait eu une évolution négative du littoral
de 1a langue de Barbarie dans la région de Gandiole.

Variation cartographigne

Elles ne concernent que la base serrée, ou les profils sont suffisamment rapprochés les uns des autres. Dans
les cartes de la Figure n° 6, la représentation concerne aussi bien la partie émergée (plage et base du cordon
dunaire) que la partie sous-aquatique (avant-cote).
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Figure 6. Cartes topographiques du cordon littoral et de Pavant-cote au large de Gandiole entre
1989 et 1991.
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juin 1990 La ligne de rivage est soulignée par
un pointillé du coté terre. On note
que la basse plage (zone du jet de
rive, jusqu'a la créte de berme) ne
se distingue pas
motphologiquement de la proche
avant-cote. L'épaulement ou se
développe la barre d'avant-cote se
matérialise par un desserrement
des isobathes dans le domaine -
2,50/- 4 m entre deux régions plus
pentues.
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Quelques blocs-diagrammes,
présentés a titre d'exemple (Figure
7), montrent plus clairement ces
différences. On y voit la relation qui
existe entre I'épaulement et la batre
d'avant-cote et le passage progressif
de I'un a l'autre.
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Figure 7. Blocs-diagrammes du
Le facieur de surhaussement . A
- e demron 33 cordon littoral et de I'avant-céte
au large de Gandiole.

Les modifications morphologiques dans la sone d'embonchure

A la suite de la construction du barrage de Diama, en novembre 1985, sur le cours inférieur du fleuve
Sénégal, la partie estuarienne de la vallée, la zone d’embouchure et la zone cotiere adjacente ont connu des
transformations importantes, illustrées par la comparaison des cartes issues d’images satellitaires de 1986 et

de 1990 (Figute 8).

400 s12P
T

~TT=PARC NATIONAL OE
LA LANGUE DE BARBARIE

Figure 8. Evolution de la

position de I'embouchure du
fleuve Sénégal d'octobre 1986 e
a novembre 1990.

200
T

LAMBEAU DE LAGUNE DE
MBOUMBAYE

300

400

01/10/1986 28/11/1990

[} 100 P

$12P

139



Nous remarquons :

» une extension vers le sud de la Langue de Barbarie qui, mesurée sur les deux images s'est allongée de
pres de 4 000 m;

» un élargissement et un épaississement du segment distal de la Langue de Barbarie qui fonctionne
comme une zone d'accumulation des sédiments;

» un raccourcissement de la fleche sableuse de la lagune de Mboumbaye, dont la portion terminale est
complétement isolée du systéme estuarien.

Les variations motphologiques sont étroitement liées a I'hydrodynamisme estuarien, contrdlé depuis 1985
par le fonctionnement du barrage de Diama.

L'évolution actuelle de la Langue de Barbarie est plutot marquée depuis le début des années 1980, par le
rétrécissement du tivage externe et aussi par l'allongement de sa pointe méridionale. Ceci est confirmé par
l'ensablement pattiel ou l'exhaussement du mur de protection, encore présent sur la plage a Saint-Louis.
L’érosion est trés marquée avec un recul de la haute plage et du sillon oblique de 12,5 m au droit de Guet-
Ndar et de 2,5 2 5 m ailleurs au couts de la saison seéche (Ba et Sy 1987).

Conclusion

La postaon de 'embouchure du fleuve Sénégal est naturellement évolutive, mais cette instabilité demeure
aujourd’hui limitée depuis I'avenement des barrages. Les remaniements sont désormais tributaires des
apports continentaux piégés par le batrage de Diama qui opére une importante rétention sédimentaire. La
zone littorale de la Langue de Barbarie, siege de la pérégrination de l'embouchure du fleuve, a été étudiée au
point de vue morphologique au nord de la localisation actuelle de la passe. La partie sud de la fleche parait
en état d'accrétion (pente plus faible de Pavant-cote et sensibilité nulle a I'érosion), tandis qu'au niveau de la
base serrée (face a Gandiole), la partie basse du profil transversal sous-matin montre un certain
déséquilibre.  Celui-ci poutrait entrainer l'apparition de conditions favorables a la formation d'une
embouchure plus septentrionale que l'actuelle. La prévision d'une ouverture de l'embouchure en position
plus septentrionale doit étre considérée avec prudence.
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4.9 Catchment activities in the Volta River Basin and their impact on the Gulf of Guinea

Chris Gordon

Exctended abstract

The Volta River basin, with an area of almost 400,000 km?, is the ninth largest river/lake basin in sub-
Saharan Africa. It covets six nations (Benin, Burkina Faso, Céte d'Ivoire, Ghana, Mali and Togo) and
contains some of the sub-region’s most important environmental, social, land and economic resources.
The basin provides water for hydroelectric power generation, domestic supplies, irrigation, livestock
watering, transportation, and fisheries.

The primary environmental problems facing the Volta River basin stem from poverty and lack of equity in
the distribution of and in access to resources. Throughout the basin, chronic poverty is the main cause and
consequence of environmental degradation, which continues to undermine sustainable economic
development. This is because poverty drives populations into the unsustainable use of natural resources
and onto marginal lands. According to UNDP/World Bank classification these countries are amongst the
poorest in Africa with high population growth rates and low per capita incomes (Table 1).

Table 1. National statistics on population growth rates, income and debt of countries sharing the
Volta River basin.

Country Population Growth Rate GNP per capita/yt. Debt as % of GNP
(%0 pet year; 1998 estimate) (US$ 1997 estimate) (1995 estimate)
Benin 3.31 380 75
Butkina Faso 2.72 250 65
Cote d' Ivoite 2.21 710 161
Ghana 213 390 85
Mali 3.24 260 121
Togo 3.52 340 107

The construction of various large- and small-scale impoundments in all the riverine nations has caused
significant changes to the environment and consequently to the distribution and livelihoods of people both
upstream and downstream of the dams. These changes extend to the coastal wetlands associated with the
Volta Estuary. In addition, the coastlines of some of the ripatian countries have experienced coastal
erosion as the possible consequence of reduction in sediment flux.

The largest of these impoundments, the Volta and Kpong dams in Ghana, are the major sources of
electricity for Ghana (currently providing almost 95% of total consumption), with over 10% of total
production (= 70 MW) exported to the neighbouring countries of Togo and Benin. The decline in the
lake’s water level due to reduced inflows caused by drought and the unsustainable rate of abstraction has
resulted in episodic and catastrophic energy shortfalls affecting Benin, Ghana and Togo (as an indication,
over the past decade the reservoir has been operating below its minimum design depth of 75.6 m). As a
further indication of the overall water scarcity in the area concerned, according to recent expert estimates!,
three of the six tiparian countries, Burkina Faso, Ghana and Togo are expected to face water stress (Le.
water availability of between 500 and 2000 m3/petson/year) by the year 2025. The problem of water
availability caused by population inctrease and life style expectation/changes is compounded by short-term
climatic varability, which is manifested in the form of Sahalian drought. Linked to this issue is the
overarching problem of increased evapo-transpiration, which further reduces water availability in dry years.

! Gardner-Outlaw, T. and Engleman, R. (1997) Sustaining Water, Easing Scarcity: a Second Update. Population
Action International, Washington, 19 pages.
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Apart from the fundamental issue of the basic lack of water, whereby the majority of inhabitants of the
Volta River basin currently do not have access to safe and secure water supply, the major environmental
concerns of the Volta River basin include:

e Degradation of the quality of trans-boundary water resources through the introduction of toxic
chemicals, nutrients, pathogens, oxygen-demanding wastes, sediment and solid waste.

e Introduction of non-indigenous species causing the disruption of aquatic ecosystems as well as
health threats through the creation of habitats for vectors and hosts of water-related diseases.

e  Physical habitat degradation of lakes and water courses, wetlands, mangroves and estuaries as a
result of land conversion, dredging, coastal construction and irtigation, and changes in water flow
regimes downstream.

e Excessive exploitation of living and non-living resources, including over-fishing and water
withdrawal, due to inadequate management and control measures.

e Soil erosion caused by factors such as deforestation, bush-fires and overgrazing, which leads to
decreased water quality such as increases in turbidity and decreases in transparency, and in the long
run loss of habitat by the siltation of water bodies.

e Explosive growth of waterweeds, one manifestation of eutrophication, which results from the
over- and improper use of chemical fertilizers as well as the inadequate treatment and disposal of
domestic and animal waste.

Several of the riparian nations have already catried out water resource management studies and/or
environmental strategies and action plans. These activities, aimed at identifying and analysing water
resources and environmental degradation at the national level, need to be revisited at the river catchment
level.

Due to the large degree of interdependency between the tiparian nations, up-stream/down-stream actions
and impacts are very much linked. Though Togo and Benin are upstream from Ghana, they suffer the
effects of lack of water in Ghana through the link via power generation and supply. Due to long-shore
drift and the prevailing direction of coastal cutrents (west to east), activities in the hinterlands of Togo and
Benin also affect their coasts via the discharge and transport of material through the Volta estuary in
Ghana. Sahalian countties have significant nomadic populations who move north-south crossing national
boundaries in search of fodder and water for their livestock. The identified environmental problems listed
in Table 2 vary in intensity both within and between countries. It is this intra- and inter-national variation
that is one reason for adopting a basin-wide approach to problem solving, with each nation providing and
sharing information and knowledge with other riparian countties.
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Table 2. Key envitonmental problems and their causes in the Volta Basin.

Problem

Cause

Upstream

Diminishing water resources

Increased demands and increased pollution (which reduce
availability or increases the cost of the available polluted
waters; altered hydrology from changes in land use which
affect runoff/infiltration.

Hydrological changes

Changes in land use which affects runoff and infiltration

patterns; sedimentation of canals/rivers which reduces
hydraulic efficiency.

Soil erosion

Deforestation; bush-fires; overgrazing; nomadism and
human migration; uncontrolled human settlements along
tiver banks the eroded soils resulting in decreased water

quality.

Downstream

Pollution

Dumping of human, domestic and industrial waste into
water coutses; leaching of agro-chemicals into rivers; salt
water intrusion; oil spillage; waste from mining activities;
use of agro-chemicals in fishing,

Coastal erosion

The inadequate flow of sediments to the coast due to
physical development within the basin.

Coastal pollution Transport of pollutants to the coastal zone.

Flooding Uncontrolled spilling from reservoirs; inadequacy/lack of
early-warning systems; intense precipitation at short
intervals; loss of wetlands.

Basin -wide

Loss of biodiversity

Deforestation; pollution; over-exploitation of natural
resources by humans and their livestock (overgrazing);
changes in flow regimes downstream of dams; inundation
of reservoir areas; dams as barriers.

Aquatic weeds

The introduction (deliberate in the case of flotists,
accidental in the case of fishermen and others) of exotic
aquatic plants; the problem is exacerbated by increased
nutrient availability, which promotes explosive growth,
from both organic and inorganic sources.

Water-borne diseases

Creation of dams or impoundments; changes in flow
regimes; contamination of water bodies with human waste
and pollution; infestation of water bodies with aquatic
weeds, habitat for hosts and vectots.

Inadequate / no information
dissemination mechanisms

Inadequate tresources (financial/human) for information
gathering; absence of a regional mechanism for gathering
information from member countties.

Inadequate institutional and
legal framework for basin
management

Lack of an enabling political environment.
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410  Effets du batrage de Nangbéto sur Pévolution du trait de cote: une analyse prévisionnelle
sédimentologique

Adoté Blivi

Résume :

En vue d’optimiser le rendement hydro-électrique, un second barrage est en projet, a 100 km en aval du batrage de
Nangbéto sur le fleuve Mono au Togo. Celui-ci a été mis en service en 1987 a des fins de production d’énergie
électrique et de mise en valeur hydro-agricole de la basse vallée. Les travaux de topographie, de bathymétrie et de
sédimentologie successifs relatifs au barrage de Nangbéto et a la pré-étude d’impact du second barrage a Adjarala ont
pout objectif la maitrise du transport solide dans la vallée et vers la met, ainsi que des comportements du trait de cote.

Les résultats de terrain montrent que les effets morpho-sédimentaires consécutifs a la mise en setvice du barrage de
Nangbéto ne se sont pas encore répercutés dans la zone cotiére.

Cette contribution tente de montrer particulierement P'impact qu'auraient les effets sédimentologiques sur I'évolution
du trait de cote entre le Togo et le Bénin.

Mots clés : Mono, hydro-électtique, topographie, bathyméttie, sédimentologie.

Abstract:

In order to optimize the hydro-electric output on the Mono River in Togo, a second dam is in project 100 km
downstream from the Nangbeto dam, which was brought onstream in 1987 for the purposes of producing electric
energy and of exploiting hydro-agricultural potentialities of the lower valley. The successive topogtraphic, bathymetric
and sedimentologic works pertaining to the Nangbeto dam and to the pre-study of the impact of the second dam at
Adjarala aim at mastering the solid drain in the valley and towatds the sea, as well as the behaviour of the coastline.

The field results show that the morpho-sedimentary effects resulting from the bringing on line of the Nangbeto dam
have not yet affected the coastal zone.

This paper attempts to show the impact that the sedimentologic effects would have on the evolution of the coastline
between Togo and Benin.

Key words: Mono, hydro-electric, topography, bathymetry, sedimentology.

Introduction

Le Mono est un fleuve dont le cours inférieur est partagé entre le Togo et le Bénin (Figure 1). La réduction
de la dépendance énergétique et surtout la croissance des besoins en énergie électrique pour les populations
des deux pays ont motivé un programme régional de réalisation de barrages hydro-électriques.

Le premier batrage, mis en service en 1987, est localisé a 35 km a l'est d’Atakpamé sur un site structural de
collines résiduelles de 147 m et de 167 m d’altitude encadrant la vallée du fleuve dont le talweg est a2 110 m
de profondeur. Le site est favorable aux chutes d’eau nécessaires pour le fonctionnement de 'ouvrage et a
un lac de retenue d’une supetficie de 180 km?2. Les effets a ’aval de 'ouvrage se manifestent dans le bassin
sédimentaire par I'érosion des betges suivie de recoupements de méandres, érosion du fond avec transport
du débit solide, les débordements des eaux sur la plaine alluviale. Les eaux provoquent des inondations et
la dulcification des eaux marines du systeme lagunaire (Rossi et Blivi 1995; Gnongbo 1998). Le second
barrage, en phase de projet, est situé a 100 km en aval de Nangbéto et a fait I'objet de plusieurs études
d’impacts dont celles relatives a ’hydrologie et ala sédimentologie (Coyne et Bellier 1992).

De lanalyse des mesures in situ, il se dégage déja avec le barrage de Nangbéto un nouveau régime
hydrologique en concordance avec la gestion des eaux de lachers. Cette situation sera toujouts mise en
évidence avec le barrage d’Adjarala et sera couplée avec I’élévation du niveau de 'eau dans le fleuve et dans
la lagune. Plusieurs séquences sédimentologiques, pat le jeu du transport vers 'aval, vont se développer
graduellement dans le temps a partit de la retenue, le long du fleuve, prés de lembouchure et se
manifesteront également par les variations du trait de cote.
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Cadre géographique du fleuve Mono

Le Mono draine, avec ses principaux affluents Anié, Amou et Kra Ogou, un bassin versant d’une surface de
24 000 km? entre 9°20°N et 6°16’N de latitude et 0°41°E et 1°51°FE de longitude (Figure 2). Le relief,
d'altitude comprise entre 0 et + 400 m du sud au nord, bénéficie de deux types de climat. Il est établi sur
des structures géologiques assez bien différenciées auxquelles correspondent des formations végétales
variées de foréts semi-décidues et de savanes guinéennes.

Les données climatiques et hydrologiques

Le 8éme parallele sépate le bassin du fleuve Mono en deux zones climatiques: au nord, un climat tropical a
saisons seéches et pluvieuses avec un total pluviométrique variant entre 1000 et 1300 mm/an et, au sud, un
climat de type subéquatorial a quatre saisons dont deux pluvieuses et deux séches alternées, avec un total de
900 a 1100 mm/an. Sa zone cotiére, qui connait une anomalie climatique, recoit de 800 a2 900 mm/an. Le
régime thermique moyen présente une dynamique monotone qui vatie entre 24 et 26°C sur Pensemble du
bassin. Les mois de forte chaleur sont février et mars avec des températures de Pordre de 30°C (Figure 3).
Cette situation climatique assez fluctuante le long du bassin, avec des averses de forte intensité a I'origine de
quelques rares crues brutales, a de sérieuses répercutions sur le comportement hydrologique et sur les débits
du fleuve.
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Figure 2. Le bassin hydrographique du Mono.

Les données hydrologiques du fleuve Mono a été complétées par les récents travaux de Klassou (1996) et
Gnongbo (1998). Le Mono connait les forts débits pendant les mois de septembre et octobre, pouvant
atteindre 680 a 700 m3/s pour une crue d’année médiane. Les ctues décennales portent les débits a 850
md/s, soit un écoulement d’eau de 40 1/s/km? a Athiémé. Les étiages, d’'une durée de 6 mois, de novembre
a avril, présentent des débits a 0,8 m3/s. Avec le barrage de Nangbéto, les étiages nuls ne sont plus
observés puisque le régime hydrologique a changé, portant le débit minimum a 40 m3/s pendant toute
Pannée (Figure 4). C’est pendant la période de fort débit, correspondant a une forte énergie d’écoulement
que s’effectuent les processus de transport (mise en suspension et charriage) des sédiments.
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Figure 4. Régime actuel hydrologique du Mono aprés le barrage de Nangbéto (apres Blivi 1998).

Les données géomorphologiques

Dans l'ensemble, le relief se caractérise par une topographie peu complexe, bien différenciée. Il est établi
dans un bassin sédimentaire cotier de plaine littorale et de plateau de “Tetre de Batre”, sur une surface de
socle cristallin d’érosion, d’aplanissement et dans une structure de monts constitués de quartzis et de
micaschistes dont les altitudes varient entre 400 et 900 m. Cette série morphologique successive montte
une disposition structurale le long du fleuve Mono, cotrespondant aux accidents séparant de longues
surfaces subplanes dominées par des séries d’inselbergs granitiques (Rossi et Antoine 1990). Des biefs et
des rapides, dont ceux de ’Adjarala, avec une pente de 5% ou est prévu le deuxieme barrage marquent
Paction différentielle de I’érosion sur un substrat lithologique bien varié. Le bassin inférieur, partagé par le

Togo et le Bénin, se trouve dans les formations sédimentaires argilo-sableuses avec des pentes médiocres
(0,4 2 1,2 m/km).
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La configuration topographique donne des valeurs de pente générale assez faible tout au long du fleuve, soit
1% en moyenne, .ce qui va influer sur la vitesse d’écoulement et sur le rapport débit/charge. Les réponses
morpho-sédimentaires sont sensibles aussi bien dans la géométrie que dans la quantité de matériaux charriés
(Rossi et Blivi 1995; Klassou 1996). L’érosion spécifique moyenne est de 60t/km?/an déterminant un
appott solide moyen annuel estimé a 950 000 t a Nangbéto. La charge solide est composée de silts, de
sables et de graviers dont les diameétres diminuent de 'amont vers I'aval.

Le transport solide du Mono

La fourniture sédimentaire serait de 'ordre de 100 000 m? de sable par an ala cte. La mise en service du
barrage a déclenché une réduction progressive des appotts solides du fleuve ala zone cotiere.

Les données sédimentologiques

Pendant les campagnes de mesures de 1986 et 1991, les cartes topographiques au 1/50 000¢, les levés
topomotrphologiques, les reconnaissances et la photointerprétation ont permis d’avoir une approche
convenable du phénomene de crue dans la vallée (Université du Bénin, 1991). Le profil en long permet de
distinguer des affleurements rocheux de Nangbéto jusqu’a la zone de rapides, puis a 'entrée de la plaine et
dans toute la plaine alluviale. Ces secteurs ont été levés et font apparaitre des profils monotones et
classiques avec des bords élevés représentant des bourrelets de berge.

Les analyses granulométriques, faites a partit de plusieurs centaines d’échantillons, montrent des
poutcentages élevés de sable et de silt avec des diametres caractéristiques de D50-D75 et D90 des sables.
Les résultats montrent que tous les échantillons contenant au moins 10 % de silt sont situés en berge, sur
les boutrtelets ou sur la plaine inondable. Le poutcentage de silt de ces échantillons est de I'ordre de 10 a 95
%, avec une treés forte proportion en vallée inondée et une proportion de ordre de 30 a 60 % sur les
boutrelets de berge. Par contre, presque tous les échantillons de fond ou de plage ne contiennent pas de
sédiments fins. Clest ainsi que certains échantillons a forte teneur en silt prélevés dans le lit mineur
correspondent tous a des fonds de mates ou a des lits de crue secs au moment des prélevements. Les
autres échantillons, prélevés sur le lit mineur sont formés de sable dont les granulométries décroissent
légérement de 'amont vers I’ aval (Figure 5). Cette décroissance, assez légere, est en rapport avec les pentes
caractéristiques du lit par grands secteurs géographiques (Tableau 1).

Tableau 1. Diamétres du matériau, pentes et hauteurs de berges.

PK Pente m/km | Diamétre (m) | Hauteur (m)
Amont de Nangbéto 225 - 300 0,45 15 5
Aval de Nangbéto 145 - 225 0,85 1,3 5
Rapides 130 - 145 5,00 1,2 3
Plaine 40-130 0,20 1,0 7
Transition 25-40 0,10 0,6 5
Estuaire 0-25 0,05 0,3 25

Tous les sédiments sableux sont transportés en suspension dans les mémes conditions qu’a I'amont du
barrage. Le diameétre moyen des sédiments du secteur estuarien correspond tres sensiblement a celui du
matériau du cordon, d’apres les précedentes observations et mesures que nous avons effectuées (Université

du Bénin 1991).
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Figure 5. Echelonnement des diamétres de sable le long du fleuve Mono (apres Blivi 1998).

Les modalités du transport en aval de Fouvrage

La capacité de transpott solide du fleuve Mono en aval de P'ouvrage est en rapport avec la géométrie du lit,
notamment la largeur du lit mobile, la hauteur d’eau, le diameétre du sable, la pente. Dans cette approche,
quelques parametres interviennent dans le calcul du transport: le coefficient de rugosité du fond, le
coefficient de rugosité du grain, le débit solide ou la capacité de transport correspondant a la hauteur d’eau
et le débit liquide total. Les capacités de transpott solide le long du fleuve sont donc fonction des grands
secteurs géographiques (amont du barrage, aval du barrage, zone des rapides, aval des rapides et
débordement et cours de la plaine) dont les caractéristiques structurales et topographiques different. La
mise en mouvement des matériaux sur le fond est déterminée par un certain débit: le mouvement des
sables dans le lit s’effectue deés que le débit atteint 5 a 6 m3/s dans le secteur situé entre ’aval des
rapides/débordement et le cours de la plaine. Dans le secteur aval du cours de la plaine, le débit doit varier
de 10 a 15 m?3/s. Les secteurs n’ont pas ainsi les mémes capacités de transport.

Les volumes de sédiments écoulés enamont comme en aval sont de 1,8.10¢ m3/an en moyenne, avec des
durées de transit trés différentes. Le mécanisme du transport est simple: les crues d’amont apportent le
sédiment qui se dépose a l'entrée de la plaine qui est ensuite reptis hors pétiode de crue par les débits
moyens. D’apres les anciennes mesures de TORSTOM, les apports solides sont estimés a 950 000 t/an.
Par le jeu de transport vers Pestuaire, 100 000 m3/an de sable sont déversés dans la mer. La capacité de
transport solide a I’aval de Nangbéto avoisine théoriquement 1 800 000 m>. Toute la chatge solide en
provenance du bassin est, en ’état naturel des choses, évacuée jusqu’a Pestuaire du Mono.
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Impacts des ouvrages sur le transport solide

Le barrage de Nangbéto a apporté des modifications sur la courbe des débits classés journaliers
(tenforcement des étiages, écrétement des hautes eaux) sans traduire une variation significative de la
capacité de transport solide. Le transport s’opere au détriment du fond et des rives sur la partie aval
Comme le volume de sable déposé a I'aval de ouvrage est évalué a 8 millions de tonnes et que dans la
retenue, il est de 'ordre de 100 a 150,000 tonnes de sable, le stock disponible représente de 40 a 60 ans
d’apportts solides peu modifiés a Pentrée de la zone estuarienne.

L’effet du projet de barrage d’Adjarala, combiné avec celui de Nangbéto, provoquerait une baisse assez
sensible des apports méme si le volume disponible entre Nangbéto et Adjarala ne représente qu’une
fraction minime du volume sédimentaire total en transit. Le barrage d’Adjarala, localisé a T'entrée de la
basse vallée entrainera le piégeage de 'apport sédimentaire des affluents compris entre les deux ouvrages,
soit 150 a 200 000 tonnes de sédiments, créant ainsi un déficit d’appozt ala cote de Pordre de 20 000 m? de
sable. L’exploitation du barrage d’Adjarala conduira a une diminution substantielle de la durée du stock
sédimentaire a 'aval de Pouvrage, durée qui ne devrait pas dépasser 30 ans. Au fur et a mesure de la
liquidation des sédiments, des érosions de berges apparaitront nettement et occasionneront graduellement
des impacts sut la cote.

Analyse prévisionnelle sédimentologique et évolution du trait de cote

Depuis quelques décennies, la cote du golfe de Guinée est soumise a une violente érosion due a des causes
naturelles mais surtout anthropiques (Blivi 1993b; Anthony et Blivi 1999). Les jetées des potrts de Lomé et
de Cotonou interceptent le volume sédimentaire en transit et provoquent une perturbation des conditions
hydrosédimentaires le long de la cote. Ce phénomene se traduit par une plage en progradation et par une
plage en érosion. Ces états de plage se caractérisent par une progression successive de trait de cote dans le
temps et dans Pespace (CEE 1989; Rossi 1989). Des reculs de 'ordre de 10 m/an sont obsetvés sur 4 a 5
km de cote alest du systeme d’ouvrages maritimes de Cotonou (Figure 6). Par ailleurs, un decul de 5 m/an
en moyenne est signalé sur environ 35 km de cote au Togo (Blivi 1993). L’impact du barrage sut les fleuves
se remarque a travers la baisse du flux sédimentaire en zone cotiere. Il se caractérise par le remodelage et le
recul des plages, la fragilité des fleches sableuses (barriéres) qui sont déplacées vers la lagune par le jeu des
marées.
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Figure 6. Recul du trait de cote (10m/an) a I'Est de I'épi courbe a Cotonou et prévision a 2005.
(apres Blivi 1998).

Dans ces contextes, I'évolution du trait de cote fait Pobjet d’une part d’un programme de suivi pat levés

topographiques de plage pour déterminer la vitesse de recul et les différentes sensibilités de cotes a I’érosion
et, d’autre part, d’analyse du bilan sédimentaire fluvial et marin en transit.
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La prevision sédimentologique

Dans la mesure ou il y a localisation des points d’attaque a la cte et connaissance de la vitesse de
déplacement des zones d’érosion, il est possible de prédire a I'avance dans le temps et 'espace les secteurs
menacés par I’érosion, d’ou la notion de sédimentologie prévisionnelle (Lotin 1984).

L’analyse prévisionnelle se dégage de Iétude du modele mathématique de I’évolution du littoral entre la
frontiere togolaise et la région de Ouidah et, par ailleurs, de Pexploitation de deux modeles réduits
sédimentologiques qui concernaient la protection de la cote togolaise. Ces modéles ont permis de définir,
dans le temps, I'évolution des apports du Mono dans la zone cotiére et de simuler la position du trait de
cote par rapport a ’érosion et a la sédimentation en fonction de la variation du volume sédimentaire fluvial.
L’échelle temporelle considérée est de 25 a 50 ans.

Le modele est appliqué a une longueur de cote de 50 km a partir de la frontiere en considérant que la cote
est rectiligne d’apres les données physiques issues de documents cartographiques. Dans la réalité, au niveau
de 'embouchure, les jeux du mécanisme hydraulique du Mono montrent de faibles variations du trait de
cote (avancée et recul) et des déplacements du débouché vers PEst selon le rapport débit/charge et les flux
hydrodynamiques marins. Ces effets mineures sur le trait de cote justifient le fait que le modele ait pris en
compte une cote rectiligne pour permettre 'analyse.

Avec la mise en setvice du barrage de Nangbéto depuis 1987, les apports sableux dans la zone cotiere
initialement de 100 000 m3/an devraient décroitre jusqu’a devenir presque nuls (C’est a dite un apport
sableux inefficace pour la dynamique sédimentaire cotiere) entre 2012 et 2037. Quatre scénarios ont été
testés pour simuler la baisse du flux sédimentaire a partit de 'apport naturel initial du Mono: 75 000
m3/an; 50 000 m3/an; 25 000 m3/an et 0 m3/an. Ces hypothéses permettent de définir différentes
situations, comme la migration de 'embouchure vers I'Est. Dans chaque situation, la simulation de la
migration a été évaluée a 1 km tous les 5 ans. Parmi ces tests, la situation vraisemblable a compter de 2012
est celle d’une décroissance des apports de 75 000 a 25 000 m3/an. Cependant, I'analyse prévisionnelle
pour chaque situation a été faite par tranche de 5, 10, 15, 20 et 25 ans sur un segment de cote de 50 km
(’embouchure du Mono se situant au PK 33) pour tenir compte de I'importance et de I'influence théorique
des apports du Mono. Ceux-ci se caractérisent par des déplacements différentiels du littoral au cours du
temps en différents points de la cote.

L évolution du trait de cite.

A partir de ces situations assez réalistes, une simulation de I'évolution du trait de cote a été effectuée.
L’impact direct de la baisse du volume sédimentaire a été mis en évidence sur environ 20 km de part et
d’autre de I'embouchure avec des séquences de progradation et de recul. Ces évolutions constatées
attestent le comportement hydraulique du fleuve et le volume de sables déversé en mer.

L’érosion cotiere autour de 'embouchure rendra tres fragile le cordon batriere aura a peine une dizaine de
metres de largeur a partir de 2012. Cependant, son effet ne sera pas ressenti sur la plage de Grand-Popo
qui bénéficiera toujours des apports de sables en provenance de I'ouest, notamment de la cote togolaise en
érosion. Compte tenu d’une réduction de 100 000 a 25 000 m3/an, le trait de cote reculera de 10 a 12 m.
Dans la situation d’une baisse totale des appotts, c’est a dite de 100 000 m3/an a 0, le recul atteindra au
maximum 20 m au débouché du Mono avec des basculements successifs du cordon barriere sur une dizaine
de kilometres de longueur et des ruptures en plusieuts points tres fragiles (Figure 7). Ces évolutions du trait
de cote sont tres significatives, en ce sens que I'impact du barrage sur le trait de cote est quantitativement
confirmé et ce, jusqu’en 2012, ou il sera observé et bien mesuré. Dans tous les cas de figure, pendant la
période de 25 ans apres la construction du premier barrage en 1987, I'effet de I’érosion al'embouchure due
a la réduction sédimentaire restera faible avec des avancées et des reculs moins prononcés autour d’une
ligne moyenne. Les dernieres observations et levés topographiques réalisés par la direction technique du
port de Cotonou, confirme cette évolution du trait de cote depuis 1995. Cependant, les lachers successifs
rendront tres actifs les chenaux et provoqueront dans le temps I'érosion des hauts-fonds de la plaine
alluviale sur lesquels se trouvent des villages comme Djondji qui tisquent de disparaitre. Cette instabilité de
l'embouchure, aussi bien du Mono que de I'Aného, est bien montrée par l'analyse des données
sédimentologiques et surtout hydrologiques tout en précisant que le régime induit par l'exploitation du
batrage maintient dans la passe une vitesse importante de l'ordre de 5 m/s. En conséquence, de décembre
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a avtil, l'embouchure sera marquée par une relative stabilité dynamique. Par contre, pendant le reste de
'année avec une vitesse plus importante, elle connaitra une forte instabilité accompagnée d'érosions.
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Figure 7a - Apports du Mono (100 000 1/ an). Situation montrant un apport sédimentaire a l'embonchure avec effet d'accummulation jusqu'd une
donzaine de kilomsetres a I'Est de l'embouchure.
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Figure 7b - Apports du Mono (75 000 17/ an). Situation montrant un apport sédimentaire théorique un peu moins ingportant ; recul du trait de cote.
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Figure 7d - Apports du Mono (25 000 v/ an). Situation montrant un apport sédimentaire théorique pen significatif autour de l'embonchure ; recul dn

frait de cote.

Figure 7. Différents scénarios d'évolution du trait de cote a I'embouchure du Mono (apres Blivi

1998).
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L'érosion sur la cote togolaise pourra affecter la cote du Bénin sur environ une dizaine de kilometres apres
la frontiere. Mais, elle ne se combinera pas avec celle provoquée par le batrage sur la cote, dans la zone de
I'embouchure. Une zone d'ensablement sur 12 km de cote entre Agoué et Grand Popo sépare les deux
zones d'action régressive (Figure 8).
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Figute 8. Scénatios d'évolution du trait de cote liés a la téduction du transit sédimentaire a la
frontiére Togo-Bénin. (apres Blivi 1998).
Apports du Mono a 'embouchure estimiés a 25 000 1/ an ; recul du trait de cote
- Transit sédimentaire variant de 1,3 G 0,9 M #2/ an ; recul du trait de c6te
- Accummlation de sable entre les deusc sectenrs d'érosion

Conclusion

Les connaissances sur les progressions moyennes annuelles du rivage répondent généralement a des
préoccupations relatives a 'aménagement, au développement et a la recherche de solutions en matiere de
protection. Les conséquences des ouvrages érigés sur les fleuves sont bien connues. II importe de placer
des informations scientifiques a la portée des décideurs pour permettre d’éventuelles actions en vue de
limiter les dégradations des différents secteurs cotiers. Des mesures d’adaptation a 'amincissement, au
recul, voire a la rupture périodique ou définitive du cordon batriere seront proposées avec linstallation
d’ouvrages comme les épis ou les barrages de controle de salinité. et a Pouverture du systeme lagunaire sur
Pocéan aux conséquences sociales et économiques graves.

Cette étude de sédimentologie prévisionnelle souléve plusieurs préoccupations dont principalement la mise
en place de stations de suivi de I'évolution du trait de cote. Cette opération sera accompagnée d’une carte
de sensibilité de la cote a érosion a une échelle spatiale figurant un levé tous les 500 m, élaborée pour
apprécier les déplacements des points d’érosion et les configurations du rivage. Un suivi de I'influence des
eaux marines dans les écosystemes lagunaires et de mangrove sera également envisagé.
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411  The Niger Delta as a receptacle and the Niger River flux into the Atlantic Ocean — the role
of upstream change and coastal hydrodynamics

I Balogun, L. Oyebande, A. Adewale, and O. Adeaga

Extended abstract

The Niger Delta lies between latitudes 4°30°N and 7°N, and longitudes 5°E and 9°E. It covers an
estimated land area of some 67,140 km? and currently has five states (Bayelsa River, Akwa-Ibom Delta and
Cross River) as its constituent administrative divisions. Its climate is typically humid with total annual
rainfall in excess of 2400 mm annually. Rainfall distribution also defines the double maxima characteristic
of such areas. Temperature ranges between 27°C and 30°C.

The total population is approximately 11.4 million, but population densities are high as only 30% of the
entire region is habitable. Population density may average 169.5 persons/km?, but densities of 400/km?
occur in some places. The main occupations traditionally are fishing, farming and other land-based
activities such as hunting and fuel-wood harvesting and selling. This is mostly the situation in the rural
riverine areas from where the crude oil and associated gases are exploited. In cities, secular and other
service occupations predominate.

The hydrology of the area is controlled by major and minor rivers that have intricate links with a creek
network that setves as transportation channels for sediments and other materials from the hinterland. In
response to tidal dynamics, these either experience fluxes or become sinks for nutrients, sediments and
other materials. Characteristically, low tides bring about flow towards the Atlantic Ocean while high tides
effect flow in the other direction.

Due to the generally low-lying nature of a significant part of the Niger Delta and the prevailing high
groundwater table, more than 70% of the land area is wetlands that are submerged for different periods of
the year. Vegetation varies from freshwater to mangrove (saline) species, depending to a large extent on the
biochemistry of the existing waters, sediments and soils. The uniqueness of each of these ecological units
and their sensitivity to modification and change are predicated on these innate characteristics.

Geologically, the Niger Delta is a zone of active recent sedimentation. The Sombreiro-Warri Deltaic Plain
sediments of eatly Holocene to late Pleistocene era are the oldest Quaternary sediments. They ate
principally coarse and fine sands with minor silt and clay. These are overlain by sediments of mangrove
swamp otigin that vary from fine to medium sands, the wooded back- and freshwater-swamps, and the
meander belts which consist mainly of sand, silt and clay in different proportions. Two hydrogeological
provinces, the coastal alluvial and the coastal sedimentary lowlands, are identifiable. A high water table,
usually at less than 2 m depth, characterises the former, while the latter consists of unconsolidated and
highly porous material. The high permeability and the shallow groundwater table enhance interactions
between surface and groundwater in the region and that relationship also accentuates the risk of
groundwater pollution particularly in the case of oil spills.

The Niger Delta is endowed with diverse natural resources. The most prominent of these are the vast
reservoirs of crude oil and associated gas which have become the mainstay of the national economy. The
location of this ‘vehicle’ of economic empowerment within that environment that has brought the entire
area into limelight. The area has also attracted much attention and discussion because of the degradation
that has occurred in the process of exploiting those resources. The agents of impairment of the coastal and
marine environment include domestic sewage, industrial effluents, petroleum hydrocarbons, dredged
materials and garbage. These have degraded the aquatic resources for recreation and transportation. The
effects of mineral oil mining are aggravated by rapid urbanization and industrialization in coastal
settlements. Frequent oil spills have adversely affected fish stocks, wildlife and the fragile mangrove
ecosystem.
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The situation has assumed such critical social and political dimensions that the environmental neglect of the
area and its people over the years has threatened the corporate existence of Nigeria. In fact, the rebellious
youths in the Niger Delta are yet to be placated, as there are still incidents of interference with oil
prospecting and production activities within the predominantly riverine area.

As noted above, the Niger Delta is mostly a flat, low-lying swampy sub-basin criss-crossed by a myriad of
rivers and creeks. Its topography, geology and soil properties and heavy and frequent rainfall subject the
area to severe annual flooding and erosion. The Niger Delta is subsiding as a result of both natural
compaction of sediments and also due to oil, gas and water extraction. The rate of subsidence during the
last 10 years is as much as 7 cm at Bonny. Supetimposed on the subsidence is the accelerated sea-level rise
(ASLAR) driven by global warming which could add up to 30 cm of sea-level rise in the next three decades.
The implication of such changes at the coastline and for the coastal zone could be grave for the natural
resources and the inhabitants. A zone of 40 km could be lost to the ocean in the next two decades.

The Niger Delta has its apex south of Onitsha, some 375 km from the ocean. The Niger River bifurcates
south of the Nun and Forcados tivers. From there the depth expands to 270 km of coastline using the
considerable discharges of water and sediments in building up and progressively extending into the Atlantic
Ocean. The seaward hydrodynamic zone of the delta is completely tidal while that of the freshwater zone is
determined largely by the discharge from the river. The transitional/estuatine areas are dominated by tidal
flows during the dry season and by freshwater during the wet ot flood season of the river system.

The delta is the receptacle of the floodwaters of the Niger River system and stores much of the inflow for
varying petiods of time. During the wet season (July-October), about 119x10°m3 of water is discharged
into the delta and constitutes the principal source of water. The run-off is distributed through a dense
network of distributory rivers, creeks and estuaries of which the principal ones are the Forcados, Nun, Ase,
Imo, Warri and the Sombriero which form an interconnected network that ensures rapid communication of
pollutants such as oil-spills. The network also maintains and delivers a dynamic equilibrium between saline,
estuarine and freshwater bodies with a complex groundwater system of pathways and resetvoits.

The intersection of the Niger basin with the ocean is effected by the delta through a series of exchanges
which impact the coastal zone significantly through 20 river outlets The Niger River finally discharges its
water and sediments fluxes into the Atlantic Ocean where distributive forces come into play:

flooding of the coastal wetlands
coastal erosion and destruction of infrastructure.
saltwater intrusion into swampy freshwater and groundwater resources

tsud

through coastal lagoon and estuaries which have their own effects.

The delta also mirrors the impact of upstream water projects (dams and their reservoirs) as well as the
prolonged 30-year drought of the Sudan and Sahel. There was a sudden decrease in river run-off soon after
the construction of dams and reservoirs, which unfortunately coincided with the severe drought years (e.g.,
1971-73, 1983-84.) 'The discharge rate in the 1983-84 was observed to have dropped by 20% in the Niger
Delta. In general, regulation by dams lowered the flood levels and reduced the capacity of flows to
transport large volume of sediments during the wet season, which normally accounts for the bulk of the
annual sediment transport. As another result of high evaporation rates and the extensive nature of these
shallow reservoirs, large volumes of their storages are lost to evaporation and to the Niger basin (though
not to the global hydrological system). These losses in terms of the total annual inflow into the reservoirs
amount to 20-30%. In addition, the dams retain the bulk of the sediments. As Nigeria’s dams are
traditionally over-designed, they tend to retain over 70% of dissolved sediments intercepted by them.

Extreme construction and dredging of canals for transportation and communication in the many isolated
tiverine communities have contributed to anthropogenic impact in the Niger-delta. These structures often
change the water flow pattern, disrupt sediment transport and deposition and the level of salinity and could
lead to destruction of fishing grounds and death of forests. The dredged spoils produced are found to
constitute a serious ecological hazard. The proposed dredging of the lower Niger has attracted much
outcry from the general public and NGO’s and the individuals as well as groups of stakeholders

156



knowledgeable in environmental issues. Environmental assessments have indicated that the impact of the
huge volumes of dredge spoils on the aquatic and forest environments are expected to be severe.

Ovet-abstraction of groundwater in coastal/estuarine cities such as Port Hatcourt and Warti may result in
the lowering of the water table/piezometric level and hence treversal of the hydraulic gradient at the
groundwater-seawater interface. If this happens, the saline water intrusion at the interface will extend the
zone of contamination.

The most probable agent of change is oil prospecting/mining. Activities undertaken in the search and
production of oil have already been implicated in some oil-spills. Gas flaring, regarded as a “safety
measure” put in place by all the oil prospecting companies in the Niger Delta field in the absence of a more
cost-effective measure, is another source of impact. Finally, there are implications of negative impacts on
humans within the area, most of whom are already living below the poverty line and who directly bear the
brunt of such mishaps.
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412 Nutrient fluxes between land and ocean, and effects of human-induced activities: case
study of Ondo State coastal wetlands, Nigeria

Yemi Akegbejo-Samsons and A.M. Gbadebo

Abstract

This paper examines the chemical composition of the tivers, crecks and floodplains that constitute the Ondo state
coastal wetland system. The report is based on patt of the work done for a Ph.D research in 1995. Water samples
were analysed for general chemical factors, nuttients and trace elements.

Results show that the wetland system can be categorised as freshwater, brackish water and marine. While the
freshwater wasslightly acidic and very rich in organic matter and biogenic nutrients, the brackish water was alkaline
and full of chlotide and magnesium. The chemical composition varies with season and tides for all the three
categories: generally high in the dry season and dilute in the wet season. Effects of the chemicals and nutrients values
on fish production were not significant.

Effects of human-induced activities such as dredging, sand harvesting, marine transportation and other fisheties-
related activities are highlighted. The need for a tegular monitoring of the coastal wetlands is advocated.

Keywords: Nutrient fluxes — land — ocean - coastal wetlands.
Introduction

Ondo state is one of the eight coastal states of Nigeria, bordering the Atlantic ocean. The state consists of
18 local government areas and has a population of over 2.8 million. The lowland wetland area is bounded
in the east by the Benin River of Edo State, in the west by the Ogun waterside and in the north by a land
mass whose inhabitants are predominantly farmers, hunters and fishermen.

The coastal wetland system is parallel to Nigeria's south-west coastline, and is characterised by extensive
lagoons, creeks, estuaries and river delta systems. It lies between latitudes 6'N and 7N, and longitudes 4°E
and 5E. While the remaining parts of Ondo state can be reached by a netwotk of roads, these coastal
plains and swamps can only be reached and explored by boats and canoes. Quite recently, a large reserve
of bitumen was discovered close to these areas. This wetland , which is pierced by the Oluwa River, is the
major fish resources ground of Ondo state (Akegbejo-Samsons 1995, 1997, 1998, 1999).

This study is concerned with the nutrient fluxes between the land and the ocean that constitute the Ondo
State coastal wetland. ‘The main object is to determine the levels of some important nutrients and trace
elements in the study area and their effects on fish distribution and yield in the area.

Materials and methods

Study area

The study area was divided into three categories for effective data collection and verification:
@ fresh water (tivers, canals, flood-plains);

(ir) brackish water (creeks, lagoons, estuaties); and

(if) salt water (the coastal fringe).

Within each of the categories, sampling stations wete selected as follows:
e fresh water - Oluwa 1, Oluwa 2, Ighokoda;

®  brackish water - Mahin, Atijere, Igbekebo; and

®  marine - Aiyetoro, Otioke Iwamimo, Zion Pepe and Alagbon.

Water analysis

Water samples were taken from the selected stations in Winklet's bottles and plastic containers and brought
in iced containers to the laboratory of the Federal University of Technology, Akure for analysis during 1994
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and 1995. The following parameters were analysed based on the methods specified in AOAC (1984):
calcium, magnesium, sodium, potassium, alkalinity, sulphate, chloride, silicate, nitrate and phosphate. Trace
elements such as copper, nickel, chromium, cobalt and iron wete also analysed to show their level of
concentration.

Resources evaluation and human activities

A desk review was carried out to collect information on the location of fishing communities and human
population in the study area. Questionnaires and on-the-spot evaluations of the following were done:

(a) fauna availability, management and conservation;

(b) (b) inventory of all coastal resources based on harvest data of fishermen groups, and

(c) (c) decision-making in resource allocation and exploitation.

Data analysis

Data collected from the various study sites were then computed as follows:

(i) Fish species harvest trends were observed over time from the various locations; the fish species were
identified and their composition and abundance determined.

(i) The coastal resources wete inventoried and categotised to thier various 'utility units'. Their various
levels and modes of utilisation were assessed.

Results and discussion

Hydrological characteristics

The major hydrological and tidal characteristics of the study area are shown in Table 1. While the Oluwa
River is the major distributary, other tributaries include the Kurawe Stream, the Talita River, the Mahin
Canal and Alape Creek. The estimated total mangrove swamp area is about 60,000 hectares with a surface
area of rivers, creeks and streams of about 38,000 hectares. Table 2 shows the information on the sampling
sites. This is presented to show the variability in location as determined by the ecological niche of the
individual stations and their relevance to spatial concentration of the tested parameters.

Trace elements concentration

The concentration of the trace elements is presented in Table 3. Iron concentration was highest in all the
sampled sites, followed by copper and then cobalt. Concentrations were highest in the freshwater areas for
iron, coppet and cobalt, while nickel concentrations were high for marine sites. Generally, concentrations
of trace elements decreased from the freshwater towards the marine.

Table 1. Major hydrological characteristics of Ondo state coastal wetland.

Major distributary River Oluwa.
Major tributaries Apostle Canal, Alape Creek, Ipare Stream, Talita River,
Kurawe Stream, Mahin Canal.

Mangtrove swamp area (hac): 60,000
Water mass area (hac) : 38,000
Mean depth of water level: River Oluwa - 4.6 m

Apostle canal - 4.8 m
Mahin canal - 4.9 m
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Table 2. Information on sampling stations.

No. | Category Sampling site Latitude Longitude
1 Freshwater Oluwa 1 6936 4004
2 Freshwater Oluwa 2 6936 4004
3 Tidal freshwater Igbokoda 6934 4006
4 Brackish water Mahin 6935 4006
5 Brackish water Atijere 6°36 4°07
6 Brackish water Igbekebo 6939 4005
7 Marine Ayetoro 6926 4008
8 Marine Orioke Iwamimo 6924 4008
9 Marine Zion pepe 6922 4007
10 Marine Alagbon 6928 4906

Table 3. Concentration of trace elements (mg/I) in Ondo State coastal wetland. The sampling
program was carried out during June-December 1995.

Sampling site Trace Elements
Iron Nickel Chromiun Copper | Cobalt

(1) Oluwa 1 0.71 0.01 0.01 0.30 0.24
(2) Oluwa 2 0.73 0.01 0.01 0.31 0.26
(3) Isbokoda 0.68 | 001 0.01 0.30 0.26
(4) Mahin 0.51 0.01 0.01 0.24 0.25
(5) Atijere 041|001 0.01 0.21 0.19
(6) Tebekebo 002 | 001 0.01 0.20 0.16
(7) Ayetoro 001|011 0.01 0.18 0.08
(8) O' Iwa mimo | 0.02 0.10 0.00 0.17 0.08
(9) Zion Pepe | 005 | 0.11 0.01 0.06 0.07
(10) Alagbon 003|011 0.01 0.06 0.06

Table 4 shows the chemical and nutrient composition. Values of pH, calcium and organic matter decrease
as one moves from freshwater to the marine. However, values of major nutrients such as nitrate, chloride,
sulphate, silicate, magnesium and sodium increase from the fresh water to the marine systems. Levels of
salinity and alkalinity increase as we move from the fresh water to the marine environment. However, the
level of phosphate remains significantly steady in all the ecosystems.

There was no significant result (P=0.05) between nutrient composition and fish species abundance. Higher
values of calcium and potassium were recorded for the freshwater areas, probably due to the presence of
Oluwa glass industry which empties its discharges into the upper region of the river. However duting the
dry season fish populations were found to be at the lowest levels. Farming activities were highest in the
freshwater areas, while fishing was highest in the brackish water ecosystems.

Coastal communities and their activities

The fishing communities did not differ from one ecosystem to the other. However their activities varied
from freshwater to brackish and marine environments. This constituted a significant impact on the intra-
and inter-coastal activities within the study area. More than 82% of the members of the communities
belong to co-operative societies where resource exploitation and management are formulated and passed as
by-laws. This is more effective within the matine area than the freshwater, because human activities in the
freshwater zone are restricted and specialised. These include using the water for irrigation and fish ponds.
Socio-economic activities here include river fishing, farming and aquaculture.
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Table 4. Chemical and nutrient composition (June to December 1995) in Ondo state coastal
wetland.

Sampling station
Patrameter Unit 1 2 3 4 5 6 7 8 9 10
Hydrogenion  pH 6.8 6.9 6.8 6.2 6.2 6.3 6.0 6.1 6.1 6.1

Salinity %0 0.05 006 0.05 030 036 037 120 123 136 140
(estimate)

Oxygen mg/l 6.5 68 6.9 70 70 71 7.3 70 72 71
Calcium mg/1 132 131 136 93 94 96 63 64 63 63
Magnesium mg/1 68 69 70 81 83 86 86 103 103 106
Sodium mg/l 64 63 63 76 803 821 821 902 905 905
Potassium mg/1 171 173 169 o4 68 63 71 72 72 73
Alkalinity mg/l 23 23 22 25 25 26 24 36 38 36

CaCo3

Sulphate mg/l 28 28 27 26 27 28 28 28 29 30
Chloride mg/l 65 64 63 107 108 108 109 207 206 207
Silicate mg/1 1.0 1.0 11 23 21 24 25 23 23 24
Nitrate ig/1 18 21 22 20 26 24 24 25 25 26
Phosphate mg/l 34 36 38 32 33 34 33 33 30 28
O. matter mg/1 3.6 2.7 3.2 3.1 3.2 2.8 2.8 2.6 2.7 2.8

Coastal communities within the brackish and marine zones rely mainly on capture fishery resources and
other related aquatic resources. During the fishing months of the year, usually during the months of May
to October, there is a population shift from the adjoining towns to the marine fishery. This is accompanied
by over-capitalisation and an increase in fishing efforts to the detriment of the fishery. For example, an
increase of over 68% of adult fishers occur every fishing season, a situation which is not good for the

fishery.

Coastal resources and effects of human activities
An inventory of the coastal resources and the resultant effects of human induced activities is presented and
discussed.

(a) Fisheries

The bulk of the living coastal resources exploited for food in Nigeria falls under the category of 'fish'. Nine
distinct fish species of major and commercial importance were identified and their relative abundance rated
using the landing size (weight and number). The fish of commercial importance were Clarias anguillaris, C.
garigpinus, Oreochromis niloticus, Gymnarchus niloticus, Chrysichithys nigrodigitatus, Polydactylus quadyifilis, Synodontis
membernaceons, Bagrus bayad, Heterotis niloticus and Heterobranchus bidorsalis.

(b) Dredging and sand-harvesting

Dredging and sand-harvesting together constitute a major economic activity in both the freshwater and
marine zones of the study area. In the freshwater zone, sand is stockpiled using human labour, then the
sand is transported using special trucks to the construction sites.

In the marine zone, special boats are used to ferry the sand to sites which are always many kilometres from
the point of harvest. This activity has been found to be highly hazardous to the environment and to the
fishery. While it disturbs other fishing activities, it also destroys the habitats of the fish species that nest
close to the shoreline. For example, over 230,000 m? of sand is excavated annually within the Lagos
Lagoon and reports show that certain endemic fish species are no longer found in the lagoon as a result of
this disturbance. In this study area, man-made pools of water and artificial 'cayons' are some of the
consequences of this environmental disturbance.
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(¢c) Marine transportation

This sector of human activities is mainly a 'water-use' rather than a resource. Traffic of motorised large
canoes and model boats was found to be very high along the main Oluwa River and in the canals, where
over 75% of the fisher-folk rely on such mode of movement.

Generally the use of motorised canoes and boats was found to enhance resource exploitation. For
example, a census of the boats used to convey passengers between Ighbokoda and Ayetoro found there were
about 22 boats, each doing three trips per day. Fish catches along these routes have been drastically
reduced, presumably as a result of this river traffic. Incidences of oil pollution via discharges from petrol
and diesel engines have been reported.

(4) Proposed bitumen project

A bitumen exploratory plant is to start soon, a few kilometres from this study area. This report seems very
timely since there is a need to highlight the consequences of exploratory activities on the adjacent Oluwa
River, which invariably will carry effluent(s) to the marine environment down stream.

Conclusion

Water quality in riverine estuaries is related to season. Quite often seasonal rains increase river discharge
and watershed runoff, which serves to dilute nutrient concentrations in the riverine estuaries. This can be
seen in Table 3.

Nutrient sources for the brackish and marine zones include load in the form of river discharge and rainfall
runoff, and other 'contaminants' that might have been introduced by the various human activities, especially
from fish pond effluents.

When the data from this study was compared to some of the data collected in the area before the
commencement of the operations of the Oluwa Glass Industry, an increase in concentration of over 60%
of the chemicals and nutrients was observed. This is probably due to the operations of the industry,
coupled with the increasing human pressure on the coastal area, especially since the beginning of the
exploratory surveys of the bitumen site, which is just a few kilometer to the coast of Ondo state.

It is recommended that constant monitoring of these parameters be carried out every year to ascertain the
annual implication of the human activities in this area.
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413  Movement of minerals and nutrients from river basins in south-western Nigetia into the
Atlantic Ocean

G.A. Bolaji, O.S. Awokola, A.M. Gbadebo and O. Martins

Abstract

South-western Nigeria is highly populated and experiences moderate to high industrial and agticultural activities. The
major river basins located in this zone are the Ogun, Oshun, Yewa, Benin and Owena. Serving as a source of water
supply to the communities along their courses, they also transport major effluents that result from human activities
and dissolution of rocks undetlying the watercourse. This paper summarizes a study carried out to determine the
concentrations of nutrients and minerals cartied by some of the rivers and the variations in quantities discharged into
the ocean via lagoons.

Introduction

Research efforts on the hydrochemistry of rivers in Nigeria has centered mostly on major rivers. There are
numerous drainage basins suitable for modelling studies but to date only very limited information is
available on riverwater quality and quantity. Effort is being made to publish new data on the rivers of
south-western Nigeria.

Surface waters in the region transport domestic and industrial wastes and most of these rivers also serve as
important sources of water; the Ogun, for example, supplies the sprawling city of Lagos (11 million
inhabitants) with water from the Oyan Dam, 60 km to the north.

The area is characterized by low relief with a N-S gradient and a NW-SE striking escarpment at an elevation
of about 500 m in the north-west, where most of the rivers rise. Three vegetation zones can be identified
in the hinterland: the savanna in the west, distinctively different from the high forest vegetation of the
central and eastern sectors. Significant changes in land-use patterns have taken place over the years;
extensive natural forests and forest reserves have disappeared due to rapid urbanization, commercial
logging and agricultural activities. Swamps and mangrove forests cover the southern coastal and riverine
areas adjacent to the lagoons.

The development of the Nigerian coastal zone is closely related to the separation of the African and South
American continents between the upper Jurassic and the Upper Cretaceous. The coastal zone today
consists of a seties of estuaries and lagoons that provides a transition belt between the rivers and the
Atlantic Ocean. Notable are Lagos and Lekki lagoons, Badagry, Omu and Ope creeks. These lagoons and
creeks receive the discharges and effluents brought by the rivers from the hintetland. The Lagos Lagoon is
a receptacle of domestic and industrial wastes from the city of Lagos adjacent to it. Lagos has the largest
concentration of inhabitants (1700 people/km?) in Nigeria and it has been the commercial center of the
country since the middle of the 19th century. In addition to the seaportt, the city houses about 40% of
Nigeria’s industry, thus supplying a complex mixture of domestic and industrial wastes into the lagoon.

This study was prompted by a decline in catch levels of a hitherto prolific commercial fishery in the
lagoons, possibly a result of degradation of the aquatic environment. The transport of materials from six
river basins to the Atlantic Ocean via the lagoons is being examined on the basis of the major chemicals
carried as dissolved or particulate materials and the major environmental factors controlling the
concentrations and loads.

This paper provides a summary of many field surveys carried out (Martins and Awokola 1995; Martins ez /.
1999; Bolaji and Martins, accepted). It outlines the transport of dissolved materials from the drainage
basins into the Atlantic Ocean through the lagoons and creeks. The significance of the wotk is to establish
the catchment-ocean interaction and determine the relative contribution of dissolved and particulate
materials by rivers into the coastal environment and their potential effects on the commercial fishing

industry.
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The Study Area

The river basins studied are in south-western Nigeria, 6°26'N - 9°10'N, 3°58'F - 5 00’E (Figure 1).

| AERCR

Frnarny, i .
.

Figure 1. River basins under study in south-western Nigeria.

The rivers are highly seasonal in the northern sector of the basins, where they flow between May and
November, displaying a mono-modal type of hydrograph, while the characteristic bi-modal hydrograph
pertains towards the southern end of the basins. The mean annual rainfall ranges from 990 mm in the
north-west zone to 2000 mm towards the south. Thus water levels in the lagoons are relatively low from
December to March, during which there is an inflow of saline water from the Atlantic Ocean into the
lagoons. Water and sediments are flushed from the lagoons during the rainy season.

The rock sequence in the area starts from the Precambrian Basement. This consists of quartzites and
biotite schist, hornblende-biotite, granite and gneiss. The foliation and joints on these rocks control the
coutse of the rivers, leading to a trellis drainage pattern, particularly towards the north of the study area.
Sedimentary rocks towards the south of the study area are Cretaceous and Recent. The oldest of them, the
Abeokuta Formation, consists of gray sand intercalated with brown to dark gray clay. It is ovetlain by
Ewekoro formation, which typically contains thick limestone layers at its base. The Ilaro formation and the
coastal plain sands (Benin Formation) are similar lithologically, distinguishable only by pootly developed
unconformities.

Materials and Methods

Water analysis

Water samples for chemical analysis were taken in 25 ml plastic bottles. They were stored in cool bags and
transported to the laboratory for analysis. Sampling points are between 20 km and 60 km from the Atlantic
Ocean and well-distributed to reflect inputs from areas of different land uses. Chemical parameters were
analyzed by Colotimetric, Electro-photometric and atomic absotption spectro-photometric (AAS) methods
(Martins and Awokola 1995; Martins ef a/. 1999).
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Sediment Samples Analysis

Sediment samples from the top 4 cm layer of the cores obtained at specific locations in the lagoon were
stored in clean, labeled polythene bags at -18°C. Sampling stations wete selected on the basis of their
nearness to known sources of inputs of domestic and industrial wastes and of river water washed into the
lagoons. The analyses were performed using Perkin Flmer 1100 AAS and Perkin Elmer 5000 AAS

machines (see Martins ¢f a/. 1999).

Results and Discussion

Table 1 shows the results of minerals and nutrients concentrations in some of the rivers studied. The river
discharges reflect the relationship between water quantity and the amount of materials being carried in
solution. The sum of the total dissolved solids (IDS) was detived from conductivity values. The minerals
content of the rivers is generally low, varying between 18 and 121 [ s/cm at 25°C. Rivers in the Yewa basin
have the lowest conductivity values, mostly 18-200s/cm at 25 °C except in the Ela/Ilato and
Irori/ Aiyetoro whete conductivities are around 59 [ s/cm at 25°C. The main rivers, Ogun, Oshun, Ibu and
Yewa have the highest values (103, 101, 107 and 111 O 's/cm at 25°C respectively).

Table 1. Chemical characteristics of tivets under study.
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Igbin/Ifo 0.56 80 5.5 6.7 0.8 6.0 2.6 30.8 2.8 2.0 2.5 61.1
Ilo/Otta 0.105 52.4 5.0 7.1 1.2 6.0 2.7 22.2 6.0 15 24 51.6
Tju/Otta Nd 83.2 6.4 10.3 12 ] 938 41 23.8 67 [ 14 3.0 79.8
Yewa/Ajilete 1.0 111 6.0 9.0 1.2 8.8 3.8 42.7 6.8 2.0 3.1 63.6
Ela/Tlaro 0.12 58.6 5.8 6.2 02 | 72 3.0 33.8 6.7 [ 20 3.1 63.6
Orori/Aiyetoro 0.30 58.7 7.5 8.5 1.2 7.4 3.0 43.8 3.2 0.96 3.0 70.2
Owuru/Shagoye 0.09 63.4 6.8 6.7 04 |70 2.9 454 [ 31 | 24 2.5 71.3
Ibu/Ajura Nd 107 8.0 12.9 56 | 154 | 64 57.3 46 [ 1.9 2.9 136.1
Erin-Ogun/Ogere 0.07 51.8 4.8 4.1 04 | 42 1.8 22.2 3.3 2.0 1.9 41.0
Tbu/Sagamu 1.7 121.6 8.5 13.8 1.9 | 11.8 5.0 48.2 2.1 2.5 113.9
Eren/Odogbolu 1.3 37.6 5.0 4.0 04 | 34 15 22.0 3.2 2.9 3.1 40.1
Eren/Tkenne 0.25 56.3 6.0 7.6 16 | 52 2.2 30.0 3.1 1.9 2.5 67.1
Yemoji/Ijebu-ode 15 27.5 6.0 2.8 04 | 28 0.98 12.2 3.3 24 2.6 36.5
Oshun/Apoje Nd 101 8.5 13.8 3.5 8.6 3.4 54.3 4.3 0.5 25 108.3
Oshun/Ogbere Nd 101.3 9.2 40.0 35 | 78 3.7 41.5 42 [ 09 3.1 93.2
Lepiya/Ogbere Nd 48.2 8.5 6.7 1.6 | 48 1.8 12.2 3.2 0.5 1.9 43.6
Ifara/Abigi Nd 20 7.8 1.8 02 | 18 0.7 5.4 35 [ 14 2.9 24.1
Agbure/Agbure 0.15 18.2 5.2 1.4 0.2 1.4 0.5 5.5 3.2 15 3.2 22.3
Tlusin/Erifun 0.40 18.2 5.6 1.6 03 | 12 0.5 5.6 28 [ 19 3.0 21.5
Aofa/Aofo 0.15 18.8 6.2 1.8 02 | 18 0.7 5.5 29 [ 20 2.5 26.6
Sowore/Ibiade 0.21 20.4 5.8 21 0.4 1.0 0.5 5.4 4.2 0.9 2.6 20.5
Ogun/Abeokuta Nd 103.6 7.6 13.6 31 | 86 3.8 58.5 27 [ 29 2.0 116.8

Nd. — Not determined
Source: Adapted from : Martins and Awokola (1995)

Predominant drainage basin lithology is the principal factor determining the type of dissolved substances
found in surface waters (Meybeck 1980; Martins 1988). Other factors that play a modifying role are
climate, vegetation, relief, chemical reactions and atmospheric input. The influence of the latter depends on
the distance of the sampling points to the ocean, amount of atmospheric pollution and the prevailing wind
direction (Bolaji and Martins, accepted).

With the exception of the Ogun and Oshun basins, where crystalline rocks cover most of the upper
reaches, sedimentary rocks predominate in the drainage basins of all the rivers under study. The rock types
are mostly recycled sands and clayey materials that must have originated from eroded crystalline rocks.
They are derivatives of the chemical weathering of minerals mostly from feldspar, mica and amphibolite
groups under the influence of atmospheric carbon dioxide according to the following reaction:
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2NaA151303 + 2C02 + 3H20 — AlgSlO4 + 2Nat + 2HC03 + 45102

It is apparent from this reaction that the bicarbonate, which forms a major part of the TDS, is derived from
the atmosphere and soil carbon dioxide.

In a similar study carried out on the Ogun River, but sampled at locations far downstream, and the results
presented on Table 2, the concentration of chloride remained almost constant but that of nitrate increased
considerably. The average value of chloride dropped from 2 mg/1 upstream to 1.93 mg/l downstream
while that of nitrate increased from 2 mg/l upstream to 4.7 mg/1 downstream. The nuttients, especially
nitrates, may have originated from agricultural effluent that found its way to the river course. Iron is the
most abundant mineral followed by manganese, nickel and cyanide. The iron and manganese may have
come from the erosion of laterite crusts that dominate the drainage basin while traces of nickel and cyanide
are likely to be derived from inputs of untreated domestic and industrial wastewater.

Table 2. Minerals and nutrients concentration in the Ogun River.

Sample Manganese Iron Fe | Nickel = Ni | Cyanide Cn | Chloride Cl | Nitrate No3
Ma Mg/h) | (mg/D (mg/D) (mg/l) (mg/D) (mg/D)

1 0.01 0.09 Nd 0.001 2.0 7.0

2 0.04 0.19 0.01 0.001 1.0 8.0

3 0.06 0.08 Nd 0.001 2.0 5.0

4 0.05 0.10 0.00 0.002 2.0 10.0

5 0.06 0.09 0.00 0.002 2.0 7.0

6 Nd 0.05 Nd 0.001 2.0 6.0

7 0.13 0.17 0.08 0.005 2.0 7.0

8 0.03 0.08 0.00 0.002 3.0 1.0

9 0.03 0.46 0.04 0.001 2.0 5.0

10 0.05 0.11 0.08 0.003 2.0 2.0

11 0.08 0.14 0.09 0.003 2.0 6.0

12 0.12 0.05 0.11 0.004 2.0 2.0

13 0.07 0.06 0.06 0.003 2.0 3.0

14 0.06 0.07 0.05 0.002 2.0 0.0

15 0.03 0.04 0.03 0.001 1.0 1.0

Nd — Not detected

The results of a study on two tributaries to the Ogun River, the Ewekoro and Onijanganjagan rivers, are
presented in Tables 3 and 4. Average concentration values obtained from the Ewekoro River indicate that,
as well as CaCOs, silicate is also predominant. Calcium carbonate and silica are from silicon dioxide;
tricalcium silicate (3CaSiO») and dicalcium silicate (2CaSiOz) are used in cement manufacturing (West
African Portland Cement Plc.) in the area. Effluent runoffs from the mining and industrial premises are
channelled into the Ewekoro River. Results of average concentration values obtained from the
Onijanganjangan River (Table 4) also indicate that calcium carbonate and silica are dominant, but in far
lower quantities than in the Ewekoro River. The Onijanganjangan River is also being polluted by effluents
from some other industries located close to the river. The Ewekoro and Onijanganjangan rivers join the
Ogun River at locations about 5 km apart.

Table 3. Average concentration values at three points along the Ewekoro Rivert.

Station Fe Al Si (mg/1) | Ni Cn 7n Ca CaCO;
(mg/) | (mg/) (mg/) | (mg/l) | (mg/D) | (mg/) | (mg/l)

A 0.04 0.03 0.51 0.227 0.007 0.30 50 125

B 0.077 0.003 0.45 0.013 0.010 0.30 60 150

C 0.06 0.000 0.46 0.00 0.000 0.30 61 152
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Table 4. Average concentration values at three points along the Onijanganjangan River.

Station Fe Al Si (mg/1) | Ni Cn 7n Ca CaCO;
(mg/l) | (mg/1) (mg/l) | (mg/l) | (mg/D) | (mg/) | (mg/l)

A 0.053 0.007 0.500 0.227 0.004 0.267 30 75

B 0.083 0.000 0.483 0.033 0.007 0.200 17 43

C 0.230 0.000 0.427 0.053 0.007 1.000 17 42

A summary of the results of trace metal concentrations in the surface sediments is presented in Table 5.

Table 5. Concentrations of acid-leachate (non-residual) trace elements (mg/kg dry weight) in
surface sediments of specific effluents in Lagos Lagoon.

Samples | Cadmium | Lead Nickel | Vanadium | Chromium | Copper | Zinc Iron

1 0.04 4.4 6.5 4.8 4.2 1.3 43.1 26217
2 0.02 1.9 1.1 1.5 0.6 1.6 16.3 1902
3 0.013 6.3 8.9 16.9 5.1 5.2 53.4 18727
4 0.09 4.9 33 12.3 1.8 3.8 36.7 7481
5 0.02 1.1 0.6 1.8 0.3 0.9 8.3 734

6 0.12 0.6 0.3 1.3 0.5 0.6 7.3 1166
7 0.26 40.6 5.6 239 7.2 9.0 227.7 | 8236
8 0.39 29.4 8.5 27.2 8.5 9.7 174.0 | 5637
9 0.03 0.8 3.6 2.7 2,3 1.2 19.1 8439
10 0.11 3.3 12.6 18.9 7.9 6.9 67.3 31375

Iron has the highest concentration of followed by manganese lead, nickel and zinc. While most of the iron
and manganese may have come from the erosion of laterite crust predominant in the adjacent drainage
basins (Ogun and Oshun river basins), the same cannot be said for lead, nickel, zinc and copper. High
concentrations of these metals in some tributaries of the Ogun River can be attributed to untreated
effluents from the galvanizing paint, textile and beverage industries scattered within a distance of less than
30 km from the lagoon. Ajao ef 4. (1996) found that high concentrations of cadmium, nickel, vanadium,
chromium, copper and mercury come from inputs of untreated domestic sewage, municipal garbage, wood
shavings and industrial waste waters from factories located on the shores of the lagoon. Though not
propetly documented, it is assumed that inputs of minerals and nutrients received by the coastal waters
have been affecting the fragile aquatic environment and might have been responsible for the rapid decline
of economic fishing from the lagoons. An informal survey among the fishing communities also revealed
that fishermen are now venturing into open ocean waters beyond the lagoon environment to obtain viable
catches.
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414 Impacts of proposed dams on the Thukela estuary and inshore marine environment,
KwaZulu-Natal, South Africa

A.T. Forbes , N.T. Demetriades, C. Bosman, R. Leuci, D. Sinclair, A M. Smith, S. Fennessy, W.D.
Robertson, K. Sink, A. Kruger, B.I. Everett, P.]J. Fielding & L. Celliers

Introduction

South Africa is a dry country with a national rainfall average less than 500 mm. This is about half the global
average. Rainfall is patchy and vatiable, declining rapidly from peaks of ¢z. 1,250 mm per annum in parts of
the east to less than 200 mm in the extreme west. Areas of high water demand do not coincide with areas
of high availability with the result that virtually all major rivers are dammed and South Africa is one of the
world’s leaders in techniques of inter-basin transfer. Present forecasts indicate that despite innovative
techniques in relation to the use of national precipitation, demand will outsttip supply in the next 10 to 20
years. It is probably fair comment that the water-associated problems faced by the countty revolve primarily
around availability of the resource rather than simply water quality, although water pollution problems do
exist and salinisation and eutrophication are locally significant.

In the coastal zone, many estuarine systems have been affected through physical development of the banks
and floodplains including inconsiderate placing of road, rail and bridge systems and the development of
harbours in estuaries at East London, Durban and Richards Bay. Water quality can be a problem in these
environments, but the biota of estuaties and coastal water bodies is still surptisingly rich even in harbour
areas. Inshore water quality, despite the presence of marine outfalls, is typically high as a result of the
generally narrow continental shelf, the high energy, wave-washed coastline and the associated strong
currents all of which combine to generate high dispersive powers. Marine pollution events are primarily the
result of periodic but relatively uncommon oil spills.

Arguably one of the greatest threats faced by South African inland waters and estuaries at present atises out
of the demand for fresh water. This has resulted in the construction of large numbers of dams which have
greatly modified natural flow patterns. Concomitantly there have been major changes in environmental
legislation which now recognizes the significance of minimum flow levels in rivers for the functioning of
these ecosystems. Simultaneously there has been an increasing appreciation of the significance of
freshwater inputs into estuaries and most recently the significance of freshwater inputs into the inshore
marine environment. ‘These concepts are now becoming embodied in legislation. The South African
Department of Water Affairs and Forestry (DWAF), which formerly concerned itself with landlocked
freshwater bodies, now finds itself at an interface between the freshwater and marine environments and
having to concern itself with the potential environmental impacts of dams in the Thukela catchment on the
Thukela Banks, the only significant coastal shelf area in the sub-tropical part of the country. Although
there are some inpoundments, the bulk of the Thukela catchment remains undammed and the present
proposals for two dams represent potential significant effects on the system. This study was therefore
undertaken with the aim of assessing the potential ecological and economic impact of these dams on the
coastal and shelf environments. The study is ongoing and the planned date of completion of this phase is
the end of July 2000.

The Thukela system

The Thukela (Tugela) River catchment (Figure 1) lies on the east coast of South Africa in the province of
KwaZulu-Natal. The area has the distinction of having one of the steepest gradients in the world, rising
from sealevel to the Drakensberg plateau at an altitude of ¢z 2,000 m, with peaks of ¢z 3,000 m, within a
distance of 180 km from the coast. This mountain massif is the country’s major watershed.

The catchment of the Thukela has an area of 29,100 km? and a Mean Annual Runoff (MAR) of . 4
600x100 m3. Itis the largest eastward flowing river in the country being exceeded only by the Orange-Vaal
system which rises on the same plateau but flows westwards to the Atlantic Ocean. The Thukela source
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lies at an altitude of 3,100 m at a point 250 km from the coast. Along its 405 km course it flows through an
incised bedrock channel within a narrow floodplain never more than 1 km wide.

South African Locatior
e 26"

SWAZILAND

o ; STUDY

A

15 0 15 30 Kilometers

Figure 1. The Thukela catchment and study area. The proposed dams are arrowed.

The average annual sediment load is 6.79x10¢ m3 of which 1.02x10¢ m3, or roughly 15% is bedload.
Accelerated erosion occurred from the 1930's onwards, due, depending on the authority quoted, to bad
farming practices or climatic factors. Present trends are towards less erosion.

Flooding is a characteristic of virtually all South African rivers and major floods were recorded in 1893,
1925, 1984 and 1987. The peak flood volume in the 1925 event reached 15,100 cumecs and a total
sediment discharge of 42.8x10°m3 or nearly six times the annual average. 60% of the sediment was derived
from channel scour and 40% from the catchment.

The Thukela River lies in a summer rainfall area. Floods in September at the end of the austral mid-year
dry season carry more sediment than floods in the tropical cyclone season (January-February). The
catchment straddles the zones influenced by sub-tropical, frontal systems and tropical cyclones which peak
in September and December-March respectively. Both weather systems can produce significant floods.
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The September 1987 event was caused by a frontal system and caused a peak discharge of 10,500 cumecs.
The tropical cyclone of March 1925 generated a peak of 15,100 cumecs.

The geological interpretation of the appearance of the river course is that extreme flood events are
responsible for channel formation. The regional maximum flood has been calculated at 20,000 cumecs and
the estimated sediment load during such an event has been estimated at several orders of magnitude higher
than the 1987 figure. This would make such extreme events highly significant in the sediment dynamics of
the shelf. Flood conditions result in major sediment efflux and a plume extending 3-5 km offshore and up
to 15 km northwards with a limited extent to the south because of the prevailing northerly long shore drift.
Two of the six sub-catchments of the system will be affected by the proposed dams and these are
responsible for 40% of the total discharge and 25-30% of the total sediment load.

The Thukela estuary is dominated by river flow, thus qualifying it as a "river mouth" rather than a true
estuary. The northern limit of the estuary mouth is fixed by a rocky promontory towards which the mouth
tends to meander. The normal cycle is for a flood to scour the barrier, after which the barrier begans to re-
establish itself, usually with the mouth located to the south side of the estuary. It then begins to migrate
northwards under the influence of longshore drift until again breached. A shallow, braided, sandy channel
forms during low-flow conditions and the mouth may close. The mouth is typically closed for about 5% of
the time.

The coastline south of the mouth consists of a Holocene beach backed by a stabilised dune which forms
patt of the river mouth barrier. Beaches are narrow and controlled by bedrock outcrops. This contrasts
strongly with the coastline to the north, which is one of only three accretionary areas along the South
African coastline. The prograding coastal zone has given rise to a beach ridge plain characterised by wide
beaches which grade into a series of low, shore-parallel, aeolian sand dunes. The accretion process dates
back to the eatliest photographic records of 1937 and probably to 5 000 B.P. Recent records show that
after 1937 there was an erosion period during the drought years of 1978-83 coinciding with a strong El
Nino. Coastal retreats up to 11 m/yr were recorded. During 1957-1960, the end of the 1953-61 wet
petiod, the process was teversed and progradation in excess of 30 m/yr was recorded.

There is relatively little industrial development in the catchment, where human activities are mainly
agricultural and pastoral. ‘There is consequently relatively little industrial pollution and the major
anthropogenic effects on the river come about through water abstraction and the still controversial effects
on rates of soil erosion.

The Thukela Shelf

The south-east African continental shelf is generally narrow, being about 12 km wide off Durban but
widening to mote than 45 km off the Thukela River (Figure 2). Much of this shelf is derived from
sediments from the Thukela River. A feature of the shelf is a series of submerged aeolianite outcrops
which represent submerged coastal dune cordons, formed during lower Pleistocene sea levels which were
drowned during subsequent Holocene transgressions. The shelf break is at approximately 100 m depth.

The southern part of the shelf is dominated by terrigenous sediment; it has the thickest sediment
accumulation and has extensive flat areas. The northern part of the shelf is more uneven with a greater
proportion of reef areas. The influence of the Thukela River on the shelf is most apparent during summer
rains via the silt plume. Slight salinity reductions can be detected offshore.

The most important oceanographic feature of the area is the southward flowing Agulhas current. This is a
major western boundary current with a mean width of 100 km and speeds of > 2.5 m.sec’l. Its depth has
been traced to 2 500 m.

In assessing the potential effects of the dams on the coast and shelf it was realised that these could be

modified or over-ridden by climatic changes. Wet and dry phases are products of prevailing climatic factors
which have been shown to have major effects on the coastline north of the Thukela. A sea level rise of 20
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cm is forecast in the next 35 years and 1.5 m in the next century. Available estimates indicate a consequent
loss of 25 m of shoreline in the next 100 years. Projected climatic changes suggest that the local climate will
become more dominated by tropical cyclonic weather. Changes in predominant wind patterns could
reverse current conditions and foster accelerated erosion of the presently accreting beach zone. More
cyclonic weather could however produce fewer swells, moving less sediment offshore and leaving it for fair
weather waves to move it inshore, thereby favouring beach progradation.
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Figute 2. Bathymetry of the Thukela Bank.

Effects of the proposed dams on the coastal and shelf environments

DPhysical effects

The anticipated scenarios are as follows. Dam building will cause a short-term increase in the sediment
load. In the longer term, however, the dams will affect the outflow and sediment input from 30% of the
catchment. Floods will be attenuated and sediment output reduced. At the same time climatic change
appears to be directed towards a slowing-down or halting of coastal progradation. Sediment retention by
dams would accentuate this process.

It is expected that any dam-induced changes in the coastline will extend progressively northwards from the
mouth and the effect(s) will be greater during dry phases than wet. Estimated distance and time scales
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indicate that effects in the area up to 13 km north of the Thukela mouth will be noticeable within 10 years
and up to 30 km north within the next 50 years.

Effects on the shelf are less certain. The shelf-coastline system is in dynamic equilibrium and any changes
in one component will be reflected in others. The following are two of the presently significant expected
changes:

1. Muddy areas of the Bank are expected to grow at the expense of more sandy areas.
2. A sediment decrease will result in the exposure of more sub-tidal reef.

Ecological effects

An assessment and forecasting of these effects is being attempted on the basis of the anticipated
geomotrphological changes. As the study is ongoing only results available to date are summarised here.

The 20-45 km wide Thukela Bank and the adjoining coastline provide a unique environmental combination
in the South African context as it is the only shelf area and prograding beach on the east coast of the
country. The frequently turbid conditions associated with the output of the Thukela River and the
extensive areas of muddy sediments contrast with much of the rest of the east coast where the continental
shelf generally extends less than 12 km offshore and the water, especially to the north, is clear enough to
suppotrt the country's only significant coral growth areas. The muddy sediments of the Bank are
interspersed with the submerged aeolianite reef described eatlier and the combination of the two habitats
provides significant line fishing grounds and the only shallow water penaeid prawn trawling grounds in the
countty.

The sandy beaches to the north of the Thukela are likely to become coarser, favouring some benthic
species but greater significance probably lies in the reduction of detrital inputs which are important in the
generally oligotrophic conditions of the east coast of South Africa. The effects of reduced sandy beach
productivity are difficult to predict.

The only rocky shores in the possible impact area lie south of the Thukela mouth. High densities of brown
mussels Perna perna occur in the vicinity and concern has again been expressed that a reduction in the
detrital input could adversely affect inter-tidal filterfeeders. The dependence of rocky-shore filter feeders
on terrestrially derived detritus has been established elsewhere in the province. Both oysters and mussels
are harvested but the extent of any impact and the possible economic consequences are uncertain.

Of potential significance to subtidal reef communities are the factors mentioned above plus possible
reduced turbidity which could favour corals and greater primary productivity in the water column as well as
from fixed algae. Line fisheries dependent largely on reef fish are locally important at present. Changes in
fish community composition are possible with a shift away from turbid water species to those favouring
clearer water. Greater water clarity would also favour diving activities, especially speatfishing. The
likelihood of turbidity changes and the direction of change remain, however, as moot points.

The forecast increase in total area of soft sediments presumably would favour species associated with such
habitats. It would be important to establish whether sustained input of fine sediments would be
accompanied by inputs of nutrients and detritus as it appears that areas off the Amazon and the Fly River
of Papua New Guinea rely heavily on riverine inputs. The prawn trawl fishery is associated with muddy
sediments and it might be expected that an increase in the area of this type of habitat would favour these
species and ultimately the fishery. It is not certain, however, that a simple increase in the type of physical
habitat favoured by the prawns would result in an increase in numbers.

The pelagic system would be altered by any change in turbidity. Decreased turbidity would enhance
phytoplankton production, assuming that nutrient levels remain adequate. Unfortunately there are no
measures of the relative inputs of nutrients derived from the low levels of upwelling that occur in the
region and that derive from riverine inputs.
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Conclusions

An unresolved problem is centred around the relative importance of flood events and average seasonal flow
levels. The contrast between MAR’s and extreme flood events has been emphasised and it is clear that one
major flood can dischatrge more water and transport more sediments than might be found in an average
year. Data from the offshore prawn trawl fisheries show that catches rose and remained high for three
years following the flood caused by Cyclone Domoina in January 1984,

As far as the coast is concerned, there is relatively little infrastructure development along the coast in the
main impact area to the north of the Thukela mouth, although the prograding beaches and the backing
dunes to the south of the Mlalazi River (Figure 2) are backed by superb examples of coastal dune
vegetation succession from beach pioneers to climax dune forest.

At this stage, possible biotic responses to environmental changes resulting from changed sedimentation
patterns on the coast and shelf can be surmised although, as mentioned above, the contrasts and relative
significance of the effects of normal flows and flood events require clarification. Equally the comparative
effects of the dams on normal flows and flood events requires clarification. Changed water flow patterns
have been considered very largely in terms of associated sedimentological events and processes rather than
in terms of transport of other materials or the input of fresh water per se. This emphasis can be justified on
the basis of present knowledge which suggests that the river is not a significant source of pollutants for the
coastal zone and that this situation should not change in the short term. This comes about largely because
water storage in the Thukela catchment is intended for transfer and use in the Vaal River basin and the
Johannesburg-Pretoria complex rather than in the Thukela basin where industrialisation is minimal in
compatisomn.

The major unanswered question at this stage relates to the extent and significance of carbon and nutrient
input into the coastal zone and the shelf system. Awvailable information on primary production is very
scanty, but indicates generally oligotrophic conditions both in estuaries and offshore. This again raises the
question whether the dams will significantly affect average flows as well as flood events or whether flood
events ate of such a magnitude that the dams are of little consequence.
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415  Water quality and nutrient fluxes within the Zambezi River system: a review

Lindah Mhlanga

Abstract

The watet quality of the Upper Zambezi River is influenced by the Baroste Flood Plains and the Chobe Swamps that
act as sediment traps such that the Zambezi River enters Lake Kariba as fairly clean water with a reduced sediment
and nutrient load. DDT, metal and sewage contaminants have been detected in Lake Kariba but have not been
assessed in the outflow. The outflow from Lake Kariba is richer in ionic composition than the Zambezi inflow. The
mid-Zambezi tributaries, the Sengwa, Gwayi and Sanyati rivers, bring nutrient-rich water into the lake. The nutrients
from these rivers ate temporarily locked in the hypolimnion partly to be released into the Zambezi through turbine
discharges. An estimated 5.2% of the phosphotus leaves the lake via the Zambezi. Orthophosphate, total
phosphorus and nitrate-nitrogen losses from Lake Katiba are estimated to be 52,216 and 1,146 tonnes respectively.
The Luangwa, Hunyani, Kafue and Musengezi tivers bting nuttient-tich water into the Zambezi and into Lake Cahora
Bassa. Most nutrients and sediments are trapped within Lake Cahora Bassa. There is a need to determine how much
of the nutrients are released into the Lower Zambezi and consequently into the sea. A routine monitoring programme
is required to make a detailed assessment of nutrient fluxes between the Zambezi River catchment and the sea.

Introduction

The Zambezi River, one of Africa's four major tivers, otiginates from a swamp at 1,400 m altitude along
the Zaire-Zambia border (Balon and Coche 1974) and covers a catchment area of 1.4x106 km? (Pinay 1988).
It flows over a distance of 3,000 km, dropping in altitude from 1,400 m at its source in western Zambia to
sea-level at its delta on the Indian Ocean coast, north of Beira in Mozambique (Masundire and Matiza

1995).

The Zambezi River basin is one of the most complex catchments in Africa and the most important
watershed in southern Africa (Balek 1971; Balon and Coche 1974). The catchment spans eight countries
and the proportion of the catchment is 18.3%, 2.8%, 7.7%, 11.4%, 1.2%, 2%, 15.9% and 40% in Angola,
Botswana, Malawi, Mozambique, Namibia, Tanzania, Zambia and Zimbabwe respectively (Masundire and
Matiza 1995).

The coutse of the Zambezi River is composed of three ecologically distinct zones, the Upper, Middle and
Lower Zambezi (Balon and Coche 1974). The Upper Zambezi basin covers an area of 513,000 km?
(excluding the Okavango system) through which the Zambezi meanders over 1,078 km between its
headwaters in northern Zambia and Victoria Falls (Pinay 1988). The Middle Zambezi stretches 853 km
from Victoria Falls to the Cahora Bassa dam in Mozambique and the Lower Zambezi covers the remaining
593 km to the Indian Ocean in Mozambique (Balon and Coche 1974). These sections are distinct
geographical and biological entities (Masundire and Matiza 1995).

During its coutse, the Zambezi River crosses a number of flat plains and is interrupted by steep sections of
rapids and falls. The middle course of the Zambezi River has been interrupted by two artificial
impoundments: Lake Kariba and Lake Cahora Bassa, which are 5,364 km? and 2,739 km? respectively.

It is assumed that water quality and nutrient fluxes within the Middle Zambezi, especially Lake Kariba and
Lake Cahora Bassa, affect processes further downstream and into the Indian Ocean - i.e. the Zambezi River
is a pathway of dissolved and particulate materials between the Zambezi basin catchment and the Indian
Ocean. Howevert, information about its influence on matine resources on the Indian Ocean coast was not
obtained. This review discusses the water quality of the Zambezi River including the influence of the
tributaries on the water quality and the effect of the Zambezi River on the coast environment.
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Figutre 1. The Zambezi River.

Limnological charactetistics of the Middle and Lower Zambezi

The physico-chemical status of the Middle and Lower Zambezi was assessed prior to the closure of the
Cahora Bassa dam (Hall ¢z 2/. 1977). An assessment in 1973 and 1974 showed that the water quality of the
Middle Zambezi is mainly determined by the Kariba dam with the Kafue River, which enters the Zambezi
below the Kariba dam (see Figure 1), playing a minor role (Hall ¢z /. 1977). The concentration of dissolved
metals in the Zambezi River was mainly determined by the outflow from Lake Kariba and in the Shire
River.

Water quality of the Zambezi River from Chavuma to Luangwa has been monitored over three years (1995
to 1998) (Mukono 1998). The vatriation in physico-chemical parameters of the Zambezi River from
Chavuma Falls (Upper Zambezi, Zambia) to Luangwa and Zambezi River confluence (on the border with
Mozambique, just above Lake Cahora Bassa) is shown in Figure 2. Conductivity, turbidity and total
dissolved solids levels were high between Chavuma Falls and the Lukulu River. This section falls within the
northern highlands of Zambia. Conductivity, turbidity and total dissolved solids increased from 25uS, 5,
and 5 mg/1 to 215uS, 30 and 100 mg/1 respectively between Chavuma Falls and Watopa. Thete is a notable
decrease in these parameters as the river flows through the Barotse Flood Plains and the Chobe Swamps
(Uppet Zambezi). The Barotse Plain and the Chobe Swamps act as sediment traps (Balon and Coche 1994;
Mukono 1998). The Barotse Flood Plains reduce the dissolved solids, conductivity and turbidity by 55%,
65% and 80% respectively (Mukono 1998). The silt load is reduced to relatively low levels before the river
enters Lake Kariba.
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Figure 2. Variation in conductivity (uS), turbidity and total dissolved solids (mg/1) along the
Zambezi River.

The values remain relatively constant between Matongo and Batoka Gozrge (just downstream of Victoria
Falls). The Zambezi River picks up mainly finer sand between the last sediment area (Chobe Swamps) and
the lake because the geological formations comprises mainly of hard Batoka basalt (Balon and Coche 1974).
A general increase of these parameters at river stations within Lake Kariba (Sengwa, Bumi and Sanyati
Gorge) indicates the influence of the seasonal Middle Zambezi catchment rivers: the Sengwa, Gwayi and
Sanyati rivers. The Sanyati River drains the upland Zimbabwe farmlands and brings down to Lake Kariba
highly mineralized water (Balon and Coche 1974). Conductivity, total dissolved solids and turbidity are
higher in the outflowing water than in the inflow.

The average outflowing water is proportionally richer in average ionic composition than the Zambezi River
water entering the lake (Balon and Coche, 1974). Peak values were observed at Chiawa and Luangwa
rivers before entering the Cahora Bassa dam.

Estimates of N and P inputs into Lake Kariba

The preliminary estimates of nitrates and orthophosphates inputs into the lake from rivers are 13.6ugl-! and
21.8uglt respectively (Magadza ef a/. 1986). After assuming the same values for the Zambezi River and an
annual inflow of 47 km3, nitrogen and phosphorus loading into the lake were estimated as 704 tonnes and
1,025 tonnes respectively (Magadza ¢z 4/. 1986). The N:P ratio in the lake is 1:1.45. Motre phosphorus than
nitrogen enters the lake. 5.2% of the phosphorus was estimated to leave via the Zambezi, 12.8% as
harvested fish, 15% as particulate phosphorus while 67% is retained in the lake (Magadza e a/. 1986).

The outflow from Lake Kariba was proportionally richer in calcium, potassium and fixed carbonates (Balon
and Coche 1974). The lake enriches the original river water by ion exchange rather than by concentration
and dilution (Balon and Coche 1974).

Nutrients in the Zambezi River below the Lake Katiba tutbines

Magadza et a/. (1986) made preliminary estimates of nitrates, phosphates and total phosphorus from Lake

Kariba via the Zambezi. The estimates were based on preliminary data on phosphorus and nitrogen
measurements in Lake Kariba in 1986. Nutrient losses via the Zambezi River were calculated from river
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flow data. A loss of approximately 52 tonnes of orthophosphate per annum was estimated. Through
extrapolation using available data, total phosphorus losses were estimated at 216 tonnes per annum. The
bulk of the total phosphorus is lost as particulate phosphorus in form of silt. An estimate of 1,146 tonnes
of nitrate-nitrogen is lost via the Zambezi. The molar ratio loss of PO4-P:N and T-P:N loss via the turbine
discharge was estimated to be 1:51 and 1:12 respectively.

Lake Cahora Bassa

The Cahora Bassa dam, which has created Lake Cahora Bassa, the second largest reservoir on the Zambezi
River, is located approximately 220 km downstream of the Kariba dam. 71% of the water in the lake is
supplied by the Zambezi River and consists of water discharged from the Kariba dam while the Kafue and
Luangwa rivers provide 10% and 18% respectively (Gliwicz 1984).

Activities upstream have a significant impact on the limnology of Lake Cahora Bassa, especially within the
Lake Kariba catchment. Lake Kariba is the major soutce of orthophosphate to Lake Cahora Bassa (Hall ¢z
al. 1977). 'The outflow into the Zambezi from the turbines (at 485 m.a.s.l. average operating level) is drawn
from around 20 m depth which is the hypolimnion of the lake (Coche 1968). Phosphates carried into Lake
Kariba by the main tributaries are temporarily locked (trapped) in the hypolimnion. They become available
at overturn at the end of July when they are released into the Zambezi. The discharge of hypolimnetic
water from the dam increases the nutrient load of the river downstream (Begg 1973) and has been noted to
produce a nuttient peak in Cahora Bassa (Hall ¢/ 4/ 1977). A recent assessment showed that discharged
water below the Lake Kariba dam wall was richer in ammonia, nitrates and total nitrogen with
concentrations of 72.3, 34.8 and 790.4 ugl' respectively. The concentrations of ammonia, nitatres and total
nitrogen above the dam were 31.3, 4.8 and 748.5 pgl! respectively.

A survey in July 1994 assessed the water quality of Lake Cahora Bassa (Mandima 1997). Recurrent
droughts between 1981 and 1992 led to reduced inflows in the dam. Nitrogen and phosphorus levels had
both declined from the levels recorded in the 1970s and 1980s (Mandima 1997; Table 1).

Table 1. Concentration of chemicals recorded in Lake Cahora Bassa.

Chemical 1970s 1980s 1994
Nitrate-nitrogen pgl-! 70 140 211.6
Ammonia pglt 170 n.d 26.8
Orthophosphate ugl? 80 75 4.9
Total phosphorus pgl! n.d n.d 32.7

Source: Mandima 1997

This was attributed to reduced inflow of water to the lake during the severe droughts that affected the
catchment area in the preceding decade. The mean concentrations of ammonia and total nitrogen in the
dam were 26.8ugl! and 1 267ugl! respectively. Orthophosphate ranged from 2.0-9.5pgl!. Changes in
nutrients reflect the impact of drought (Mandima 1997).

The decline in the eutrophic status affected planktonic organisms. Species abundance declined, except for
Bosmina longirostris Mandima 1997; Table 2). This could have also affected the marine fisheries.

Table 2. Abundance (number m-3) of plankton species in Lake Cahora Bassa.

Zooplankton 1980s 1994
B. longirostris 1423 3172
Diaphanosoma (sp.) 2827 513
Calanoida 6 560 707
Cyclopoida 17 998 422
Keratella 1 600 293

Source: Mandima 1997
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Information on nuttient input and output in Lake Cahora Bassa would provide an idea of the nuttient
contribution of the Zambezi to the marine environment.

Impact of the tributaries on the Zambezi River

The major tributary rivers that influence the chemistry of the Zambezi are the Luangwa, Hunyani,
Musengezi, Shire and Kafue rivers. The Luangwa, Hunyani and Musengezi drain into Lake Cahora Bassa.
Information available on the water quality of the tributaries is limited to the eatly years. Tributaries to the
Zambezi bring nutrient-rich water. Hall ¢ /. (1976) observed that the Zambezi entering Mozambique is
richer in inorganic nutrients than the pre-Katiba Zambezi (Zimbabwe). The outflow from Kariba in 1965
had lower inorganic nutrients than the Zambezi entering Mozambique (Coche 1968). This indicated that
the Kafue River contributed a considerable quantity of nutrients. Major tributaries feeding the Zambezi
River pass through sites of extensive mining activities. The Kafue River drains the entire copper mining
region of Zambia and the Mazowe River drains the mining operations in the Shamva region of Zimbabwe.
There is however, limited information on the impacts of mining on water quality.

The Kafue River basin covers 152,000km?2. The Kafue River carries the outflow of the man-made Lake
Kafue. It is a major tributary that enters the middle Zambezi between Kariba and Cahora Bassa and it
contributes 12% of basin flow at its confluence with the Zambezi River (Kasimona and Makwaya 1995).
There are major industrial towns and centres located along the Kafue River.

The Luangwa river basin covers 165 000 km? and contributes 500 cumecs as mean annual run-off to the
Zambezi basin at its confluence with the Zambezi (Kasimona and Makwaya 1995). Luangwa River joins
the Zambezi just upstream of Lake Cahora Bassa. It contributes an estimated mean yeatly sediment load of
8 million tonnes and is characterised by high turbidity and high sediment load that influences the water at
its confluence with the Zambezi (KKasimona and Makwaya, 1995). Hall e /. (1977) noted that the Luangwa
River is poor in ions than Zambezi and consequently it does not appreciably affect the chemical
composition of the Zambezi main stream. However, in flood the Luangwa carries a heavy silt load that
dramatically changes the transparency of the Zambezi (Hall ¢ 4/. 1977).

Lower Zambezi

The lower section of the Zambezi is from Cahora Bassa rapids to the delta on the Indian Ocean coast in
Mozambique. The Shire River joins the Zambezi about 150 km from the delta. Land use activities carried
upstream have a direct impact on the lower section. Although information may be available, none was
obtained regarding the impact of water quality and nutrient fluxes on the ecology of the Zambezi delta.

The Shire River is another major tributary of the Zambezi. It joins the Zambezi downstream from the dam
wall about 150 km from the sea. Shire is extremely rich in inorganic nutrients and exerts a considerable
effect upon the Zambezi below their confluence (Davies ef /. 1975). While information on the current
physico-chemical status of Shire was not obtained, it is apparent that there has been an increase in its
nutrient content as evidenced by the invasion of water hyacinth in Lake Malawi. Most of the dissolved salts
transported by the Shire originate from Lake Malawi (Jackson e/ 4/ 1976) but some of the nutrients
patticulatly phosphate and nitrate are also contributed by the soil of the section of the valley in
Mozambique which is intensively farmed (Davies ¢f 2/ 1975). The Shire has a significant influence on the
chemistry of the Zambezi (Hall ¢ 4/ 1977) and is the most important tributary of the Zambezi in
Mozambique. Its water has a tremendous impact upon the chemistry of the Zambezi River water. It
establishes a different nutrient regime downstream from its confluence with the Zambezi.

The Hunyani and Musengezi rivers drain agriculturally and industrially developed parts of Zimbabwe. They
consequently contribute appreciable quantities of nuttients to the Zambezi. Assessments in 1974 (Hall ef 4/,
1977) showed that Hunyani and Musengezi had conductivities of 350 pScm! and 506 uScm! respectively.
Hunyani water was richer in bicarbonate, chloride, ammonia, nitrate, sodium and magnesium than the
Zambezi water. Large concentrates of sodium, potassium, calcium, magnesium and phosphate occurred in
Musengezi River.
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The Zambezi delta which is rich in mangrove vegetation suppotrts marine aquatic resources; fish shrimps,
prawns and other sea resources. The ecosystem has been subjected to deforestation at a rate of 2.4% from
1972 to 1990 (SARDC CEP Factsheet 1998). Mangroves have been extensively cut for poles for
construction of houses, firewood and timber for boats while their leaves are used for animal fodder. The
impact of environmental degradation on marine fisheries and other marine resources has not been assessed.

Discussion and Conclusion

The water quality and nutrient fluxes to the Zambezi River has been described in a generalised way because
there is a general lack of information on nutrient losses from point and non-point sources. The
information available is limited to objectives of specific studies. A detailed assessment of nutrient loads to
the Zambezi (including Lake Kariba and Cahora Bassa dam) and the sea requires data on nutrient
concentrations from major tributaries and hydrological data on water flow to the main river and the two
lakes. ‘The Zambezi River Authority is in the process of establishing a monitoring programme. This will be
confined to the part of the Zambezi commonly shared by Zimbabwe and Zambia which compztises mainly
the Upper and part of the Middle Zambezi up to Luangwa. ‘To have a clearer picture of nutrient fluxes
within the whole river system it may be necessary to include the lower Zambezi. This will enable impact
assessment of upstream activities on the marine environment.

There are also monitoring programmes being carried out that will enable more detailed assessment of
nutrient fluxes within the Zambezi River System. For example, the Environmental Council of Zambia is

monitoring nutrient loads in the Lower Kafue.

The major environmental problems within the Zambezi valley that may affect nutrient fluxes to the sea
include:

Q Eavironmental degradation through unsustainable and destructive land and water use patterns.

Q Poor watershed management, sewage and industrial pollution, drainage of wetland and water
abstraction

Q Flood regulation

O Rapid population growth which is cutrently estimated at 3% per year

Q Deforestation resulting in increased soil erosion, sedimentation, siltation and siltation induced flooding

QO High rates of urbanisation and industrial activity affecting water quality in the basin.

Lack of data makes quantification of nutrient fluxes from the river to the ocean difficult. Surveys are
needed in the three ecological zones of the river in order to assess nutrient fluxes to the ocean, determine
variations and assess the impact of the dams. The two dams on the Zambezi act as silt traps (Davies ¢/ a/.
1975; Balon and Coche 1974). The estuary and delta area have both experienced a general decrease in the
amount of silt reaching them (Davies ¢f @/ 1975). Such a decline in silt load may allow the incursion of the
sea into the delta where normal sea erosion will no longer be countered by floodwater deposition of silt
from the now regulated river. The major environmental concerns for the coastal zone are the impacts on
the shrimp industry and on the mangroves.

In order to understand the effects of human-induced activities of the Zambezi River on the Indian coast
there is need to generate relevant data. At present there is relatively little scientific information on the
impact of the Zambezi on the seacoast. Investigations can be catried-out to generate data on:

QO Effects of upstream impoundments and flood regulation on the Mozambique coast since the river has
many artificial impoundments

O Impact of the cessation of silt transport to the Mozambique coast

Q Impacts of the Zambezi basin dams on the shrimp industry of Mozambique at the Zambezi delta.
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416  Human impact on groundwater quality along the Kenyan coast: A case study on an un-
confined aquifer to the north of the coastal town of Malindi, Kilifi District, Kenya

N. Opiyo-Akech, D.O. Olago, E.W. Dindi and M.M. Ndege

Abstract

Potable water is a scarce resource in the coastal parts of Kenya. Most of the water used in the larger coastal towns
otiginates from inland sources. Mombasa, the largest city along the coast, gets most of its water from the Mzima
springs, on the slopes of Mt Kilimanjaro. The waters from the inland sources are inadequate and are supplemented by
groundwater. Most of the groundwater aquifers yield either saline or brackish water, and the few freshwater aquifers
are cutrently in danger of being over-extracted or polluted. Studies are underway for ways to utilise the groundwater
resources along the Kenya coast in a sustainable manner.

There are two types of aquifer along the coast, confined and unconfined aquifers. The area studied is a N-S otiented
unconfined aquifer. It is in a V-shaped, clayey lagoonal depression bordered by Pleistocene sands on the west and
Recent dune sands on the east. The freshwater aquifer in the area is the main source of potable water for the urban
centres of Gongoni and Timboni and the main Mombasa Salt Works processing plant. The aim of the study was to
look at the impact of sand hatvesting, and possible saline contamination of the aquifer by activities at the neatby salt
harvesting plant and by seawater intrusion. The major factor abetting pollution of the freshwater aquifer is the sand
hatvesting activity which exposes the aquifer to the atmosphere. Extension of the salt works closer to the aquifer field
combined with high abstraction rates may also lead to saline water intrusion and contamination of the aquifer.

Key words: Freshwater aquifer - Sand harvesting - Salt harvesting - Pollution

Introduction

In developing countries, untreated water is the most commonly-encountered health threat and still causes
an estimated 25,000 deaths a day - either because infected water is directly consumed or because its use
leads indirectly to infection from vectot-botne diseases such as malatia and bilharzia (UNEP/GEMS 1991).
Water pollution in these countries has been accelerated by industrialisation and urbanisation, accompanied
by poor waste treatment practices.

Today, over 300 million people in Africa do not have reasonable access to safe water, and even more lack
adequate sanitation (UNEP 19992). In addition, an estimated 80% of all diseases and over one third of all
deaths in developing countries are caused by contaminated water and, on average, as much as one tenth of
each person’s productive time is sacrificed to water- related diseases (UNEP 1999a).

Most of the groundwater aquifers along the coast (confined and unconfined) are either saline or brackish.
The few freshwater aquifers are now in danger of being over-extracted or polluted due to a number of
factors, including urbanisation and the consequent increase in population, intensification of agriculture
(particularly in watershed areas) and industrial growth. Due to the scarcity of fresh groundwater resources
at the coast, most of the water used in the larger coastal towns originates from inland sources. Mombasa,
the largest city along the coast, gets most of its water from the Mzima springs, on the slopes of Mt
Kilimanjaro. This supply 1s inadequate and is supplemented by coastal freshwater aquifers. In most of the
smaller towns along the coast, communities depend almost entirely on water from largely unconfined
aquifers. Studies are therefore underway to look at ways and means of utilising the groundwater resources
along the Kenya coast in a manner that:

1)  is sustainable over the long term, and protects the resource;

2) maximises water-related benefits for the majority of people in a particular area;

3) addresses all significant human and ecosystem water needs; and

4) ensures the participation of all relevant parties in the water allocation process and at the appropriate
level (UNEP 1999b).
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Brief review of coastal geology: Kilifi district

The rocks in the Kilifi district are characterised by sedimentary rocks ranging in age from the Permo-
Triassic Duruma rocks comptised of Taru, Maji-Ya-Jumvi, Mariakani and Mazeras sandstones, the Jurassic-
Cretaceous rocks represented by the Kambe limestones, the Tertiary rocks of the Baratumu, Marafa and
Magarini formations consisting of sandstone intercalated with limestone and shale beds, with the youngest
Magarini Formation composed of red unconsolidated sand rich in ferrous minerals. The Pleistocene rocks
consisting of coral reefs and detrital sediments mark the upper end of the lithified sedimentary rocks in the
area. All these formations dip gently eastwards and become progressively younger towards the coast

(Figure 1).
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Figure 1. Geology of Kilifi district.

Geochemical analysis of soil and water samples indicate that the chemical composition of the soils and
water in the area is greatly influenced by the mineralisation (JICA and MMAJ 1993) so that mineralisation
and water quality are related. The largest mineral deposits of the area occur in the Kinangoni and Vitengeni
areas and are predominantly of argentiferous galena with marcasite, sphalerite, barite, chalcopyrite and
arsenopyrite (Bugg 1982). Because the mineralization is to a large extent structurally controlled, and to a
very large extent may have great impact in areas adjacent to the fault lines, the groundwater generally
contains high levels of lead, zinc, copper and mercury. Therefore groundwater quality varies within the area
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(Ongweny 1975) and boreholes are drilled without considering the geological structure and
hydrogeochemistry of the area. This has had serious consequences. A lot of money has been spent to drill
boreholes, but most of the boreholes contain poor quality water and are subsequently abandoned. There is
also growing concern about pollution of groundwater from the recharge areas upcountry. The rivers are
becoming more vulnerable to contamination from human activities such as mineral mining and waste
disposal from developed centres upcountry (Davies 1994).

Waterways in Kilifi District

Several large rivers drain into the Indian Ocean from the interior, for example the Tana and Sabaki rivers
(Figure 2). 'These rivers undoubtedly recharge some of the coastal unconfined aquifers as they cut through
the coastal plain sands before emptying into the Indian Ocean, particularly during high flood periods. No
scientific investigations have, however, been carried out to examine the relationship between the fluvial
inputs and unconfined groundwater aquifer recharge along the coastal zone.

50 0 50 Kilometers

Figure 2. Waterways of Kilifi district.

The Kenyan hinterland is becoming increasingly populated, and settlements, as well as agricultural and
small-scale industrial activities (and related deforestation) are fast expanding along the formerly pristine
tiver valleys. These have resulted in increased sediment load in the rivers draining to the sea, which can
degrade the water quality, storativity and transmissivity of a freshwater aquifer, pollutants from increasing
use of agricultural fertilisers, raw domestic and industrial sewage could pose a serious threat to such fluvial-
linked unconfined aquifers in the long term.

Some large urban centres such as Nairobi and its subutbs are in areas with numerous waterways which
eventually discharge into the larger rivers that drain into the ocean. Nairobi is already a major source of
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pollution, and the Nairobi River, which drains into the Athi River east of Nairobi, is now virtually devoid of
fish and macro-invertebrates and has high concentrations of faecal coliform, heavy metals, organochlorine
pesticides, and solid waste amongst a myriad of other pollutants. Traces of some of these pollutants,
patticularly the persistent otganic pollutants, may reach the ocean despite flushing/dilution by other
relatively clean tributaries and natural processes of in-river degradation or sediment absorption, and affect
the quality of coastal unconfined freshwater aquifers.

Where the near-surface, unconfined aquifers are far removed from fluvial sources and influences, the major
recharge is from direct precipitation. The amount and quality of water retained in such aquifers is critically
balanced between the prevailing climate/rainfall regime, geology and structures, the size of the recharge
area, type of land cover, anthropogenic activities within the recharge area and abstraction demand.

The study atea

Gongoni-Fundi-Issa-Timboni is a N-S otiented, V-shaped, flat, lagoonal depression lying in the coastal
plain of Kenya at an altitude less than 45 m a.s.1. It is characterised by clays, and is bordered by Pleistocene
sands on the west and Recent dune sands on the east (Figure 3). The average annual rainfall is . 850
mm/yt (Survey of Kenya 1977).
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Because it lies more or less at sea level, the lagoonal depression expetiences daily incursions of seawater
during high tide in the north-eastern sector (Figure 3). The lagoon typically ponds in most sectors
following heavy rains, but generally dries out during the dry season. Consequently, it can be regarded as a
seasonal swamp. Vegetation is mainly grassland/bushland, with negligible tree covet.

There are numerous water points dotted along Ngomeni Road which marks the boundary between the
dune system to the east and the lagoonal depression to the west (Figure 3). The Timboni wellfield (Figure
3), located at a sand quarry near the road, is the main water supply source in the entire Gongoni area. Well
WO003, which is equipped with a diesel pump, was found flooded and not in use. The well currently in use
is W002. Another major well located along the road is W018. This well belongs to Mombasa Salt Wozrks
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Limited and 1s equipped with a diesel pump. A majority of the water points along the road are shallow and
are pootly protected.

Sand quarries have been developed along the line of potable groundwater supply, posing a serious threat to
its quality. In addition, Mombasa Salt Works Ltd., which catties out its salt harvesting activities in the
lagoonal area (largely restricted to the north-west part of the lagoonal depression) intend to expand their
facility towards the line of springs along Ngomeni Road, sharply raising the possibility of salt water
contamination of the freshwater aquifer(s). The aim of the study was to evaluate the possible impacts of
continued sand harvesting and extension of the salt harvesting works on the quality of the potable
groundwater aquifer within the area, and included: geological and soils studies, geophysical studies, and
hydrogeological and water quality studies.

Materials and methods

1. Geological survey

The area is undetlain by soils and unconsolidated sands, with no bedrock exposure. The geological survey
therefore focused on mapping and determination of the sand dune morphology, sedimentology, structure
and interface with the lagoonal clays.

2. Soil survey
Soil samples were collected by auger and from excavation pit profiles within a gridded spatial network at

intervals of 500m, with higher sampling density in areas of particular interest (close to the spring line)
(Figure 3). Laboratory analysis included patrticle size analysis, plasticity and dry bulk density measurements.
Chemical analyses determined soil pH, organic carbon content, concentrations of the major cations Mg, K,
Na, and Ca and cation exchange capacities of the soils.

3. Geophysical survey

The geophysical investigations consisted entirely of vertical electrical soundings (VES) conducted along
three profiles using a SYSCAL R2 signal averaging terrameter with Schlumberger electrode configuration.
In the dune area, other soundings were performed using an ABEM 300B terrameter. A maximum current
electrode spacing of 100m was used.

4. Hyvdrogeology and groundwater quality survey

The hydrogeological studies involved elevation measurements of water points and test pits using a
theodolite; assessment of groundwater quality; and assessment of the water balance. The water points were
mapped with the aid of a Geographical Position System (GARMIN GPS 12XL model). The hydraulic
propetties of the aquifer were determined from pump tests which were conducted at the existing main
Timboni well WO002 and at well WO018 belonging to Mombasa Salt Works Ltd. The pump test data were
analysed using the Coopet-Jacob solution method to non-equilibrium equations because only one
observation well is required, assumptions of the steady state of flow are not necessary, storativity value can
be obtained, and the pumping period does not have to be long.

Waters from the existing water points were analysed for electrical conductivity (Ec), pH, total dissolved
solids (IDS), temperature, Cl, Ca and Mg. Selected wells were also sampled for bacteriological analysis.
Ec, TDS, and temperature measurements were determined using a HACH conductivity meter model
44600-00. Chloride was measured by both titrimetric and paqualab methods, while cations were
determined by titrimetric methods. Bacteriological analysis of faecal coliform and total coliform counts was
carried out by membrane and fermentation methods.

Geology and soils

1. Pleistocene and Recent dunes and sands

The very low degree of soil formation on the dune sands, which border the lagoon on the east, reflects their
Recent origin. The dunes generally have heights greater than 30 m, are aligned parallel to the coastline and
consist mostly of white or creamy coloured unconsolidated sands (Thompson 1956). The sands are detived
mainly from detritus transported from the interior by the Sabaki River, which drains into the Indian Ocean
south of the study area. The dune formation north of the Sabaki River mouth is controlled by the south-
east monsoon winds and the northward flow of long-shore currents (Thompson 1956). The Pleistocene
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sands which border the study area to the west are believed to have accumulated as lagoonal sands (Caswell
1953; Thompson 1956).

2. Soils

(a) Spatial distribution

The soils are thickest in the northern sector (up to 250 cm) and thin toward the south (110 cm). The A
hotizon of soils in the area (10 to 32 cm thick) consists mainly of black otrganic clay/brown otrganic clay
(with mineralised organic matter) (Figure 4). In the extreme eastern sector, bordering the sand dunes, the A
hotizon consists of a complex inter-fingering of organic clays, sandy clays, clayey sands and mineral clays.
Excavation by Mombasa Salt Works in the western sector has exposed grey-brown clays, representing the B
hotizon (30 to 70 cm thick) at the surface.
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Figure 4. Spatial distribution of the A-horizon.

At greater depths, sandy clays are dominant in the southern sector, while clayey sands dominate in the
western sector, although there are pockets of light-grey clays. In the eastern and southern sectors, aquifer
sands occur between 130 and 160 cm. In the western sector, no aquifer was encountered after excavation
to 250 cm. These results suggest that the inferred contact between the aquifer sands (sand dunes) in the
east and the clayey sands in the west dips steeply westwards.

(b) Drainage characteristics

Salinization appears to be a problem in the north-east sector, where plants show evidence of injury. This
may be due to both the expansion of the Mombasa Salt Works and to increased withdrawal of groundwater
(Wicks and Herman 1995). Subsurface drainage is, however, probably enhanced by desiccation cracks
which develop from the alternating dry and wet seasonal climate and extend to a depth of at least 50 cm
below the surface. In addition, vertical and lateral interfingering of clays and sands are observed in this
area. These two factors may have formed an expansive lateral network of interconnected conduits (micro-
fractures) with relatively high permeability within the generally impermeable clays. The lateral extent of
micro-fractures may explain the effects of salinization, which are related to the proximity of the sea-water
inlet and artificial salt lagoons to the west. Although the waters in the aquifer sands underlying the soils in
the lagoonal depression are saline, there appears to be little or no up-draw of cations from the lower to the
upper parts of the soil profile (see below), ruling out significant top-soil salinization by upward capillary
movement. In addition, as the configuration of the saline - freshwater mixing zone and the location of the
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halocline are functions of the porosity and permeability distribution of the aquifer (Wicks and Herman
1995), the inter-fingered clay/sand lenses in this area may have shifted the position of the mixing zone in
the aquifer higher relative to the rest of the aquifer, resulting in increased salinization.

(c) Properties
The texture of the clays is faitly uniform throughout the area and tends to become more silty and sandy
with depth (Table 1a and 1b). The undetlying aquifer sands are strongly dominated by sand-sized quartz
grains. They are normally distributed except for PIT 2 sand which has a positively-skewed grain size
distribution.

Table 1a. Texture of the clays.

Sample Number % Sand % Silt % Clay Texture Grade
1. P001, 45-50cm 68 6 25 Sandy clay loam
2. P004, 45-50cm 42 10 48 Clay
3. P005, 45-50cm 40 12 48 Clay
4. P006, 45-50cm 40 12 48 Clay
5. PIT 1, 55-60cm 54 6 40 Sandy clay
6. PIT 1, 80-85cm 62 8 30 Sandy clay loam
7. PIT 3, 45-50cm 22 14 64 Clay
8. PIT 3, 90-95cm 30 20 50 Clay
9. PIT 4, 40-45cm 28 16 56 Clay
10. PIT 4, 70-75cm 72 8 20 Sandy clay loam/sandy loam
11. PIT 5, 45-50cm 28 12 60 Clay
12. PIT 5, 80-85cm 40 16 44 Clay
13. PIT 6, 40-45cm 40 16 44 Clay
14. PIT 5, 90-95cm 74 8 18 Sandy loam
15. PIT 7, 50-55¢m 28 14 58 Clay
16. PIT 7, 120-125¢cm 76 6 18 Sandy loam
17. PIT 8, 95-00cm 48 26 26 Sandy clay loam

Table 1b. Texture of the aquifer sands

Phi Aquifer sands % Texture grade
value
PIT 1 PIT2 | PIT4 | PITY9 | Timboni
0 7.74 3.98 17.56 1.68 7.28 Gravels + very coarse sand
1 19.89 84.15 15.90 20.27 9.90 Coarse sand
2 36.87 10.79 | 33.37 61.42 61.55 Medium sand
3 22.10 0.08 21.70 16.26 16.65 Fine sand
4 7.69 0.02 6.80 0.58 2.70 Very fine sand
5 2.68 0.03 3.99 0.07 0.94 Silt and clay
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The clays are extremely plastic and fairly cohesive (M.M. Ndege, unpublished data). They have dry bulk
densities ranging between 1250 and 1500 kg/m3, which is characteristic of clays with low otganic carbon
contents (Table 2). The pH wvalues in the upper portion of the clay strata are in the alkaline range and
decrease with depth. They reflect the relatively high concentration of bases as compared to the deeper clay
strata (Table 2). The low cation exchange capacities of the clays suggests that they are probably dominated
by kaolinite-halloysite (or other types of 1:1 structured clays) with some hydroxides of Fe and Al (Kenya
Soil Survey 1987; Brady 1990), suggesting that the major cations in the acidic clays immediately ovetlying
the aquifer sands are probably APP* and Fe3*.

Table 2. Physical and chemical characteristics of the clays.

Sample | Sample Otrg. Dry density | C.E.C. Mg K Na Ca
No. ID (cm C (%) | kg/m? me/100g | ppm ppm ppm ppm
PIT 1

1 50-60 1.23 1330 11.76 221.31 320.64 936.00 2300
2 80-85 2.01 1320 8.40 63.23 N.D. 335.40 460
PIT 3

3 45-50 1.35 1250 20.16 502.21 156.31 296.40 1035
4 90-95 3.64 1350 18.48 447.49 78.16 234.00 2415
PIT 4

5 40-45 1.63 1420 11.62 470.59 3653.29 | 421.20 1265
6 115-120 1.61 1470 10.78 177.54 400.80 156.00 690
PIT 5

7 45-50 2.61 1360 24.78 68.10 1372.74 | 514.80 1495
8 80-85 291 1490 21.56 68.10 1474.94 | 475.80 1840
9 140-145 1.85 1500 9.52 149.57 182.36 140.40 460
PIT 6

10 40-45 2.44 1440 17.36 72.96 3356.70 | 280.70 690
11 55-60 2.71 1390 23.94 72.96 5482.94 | 280.80 460
PIT 7

12 50-55 3.09 1380 17.64 390.34 1250.50 [ 148.2 1035
13 120-125 2.52 1460 12.32 176.32 192.38 218.40 1035
PIT 8

14 50-55 2.08 1340 15.68 150.78 266.53 171.60 575
15 95-100 1.89 1390 17.08 390.34 899.80 530.40 575

Geophysical studies

The aim of the geophysical investigation was to delineate the salt/fresh water boundatry between: 1) the
saline aquifer underlying the lagoonal depression and the freshwater aquifer; and 2) the freshwater aquifer
and saltwater incursion from the Indian Ocean. Three VES profiles (Figure 5) were run with a maximum
current electrode spacing of 100 m. In addition, two soundings were performed close to the beach on the
eastern side of the dune sands.

The profile across the lagoon area (Profile A, Figure 6a) is characterised by very low resistivities with values
of about 3 ohm-m close to the surface, decreasing with spacing to less than 1 ohm-m at a spacing of 100 m.
These resistivities represent a fairly thick saline clay layer which may be sandy in places. This suggests that
the possibilities of surface salt water leaking deep into the subsurface is minimal. Surface and near-surface
materials in the dune area, which is topographically slightly higher relative to the lagoon area, are
characterised by high resistivities, ranging between 1000 and 5000 ohm-m, consistent with expected values
for dry sands. The aquifer depth increases from about 1.6m near the road to 6m about 400m from the
road. This variation may be due to the increasing height of the measurement point on the dunes rather
than a change in water table height. The aquifer under the dune has a resistivity of about 30 ohm-m, and its
thickness varies from about 6 m at the spring line to an estimated 10 m at a distance of 500 m east of the
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spring line. The exact bottom of the freshwater body could not be established due to the scatter of data in
this depth range over the dune.

Profile B, which passes through the Timboni wells (Figure 5) shows similar characteristics to those of
Profile A. The aquifer depth on the dune sands east of the Timboni wells is about 6 m (Figure 6b). Within

the wells the saline layer is at a depth of 20 m. Within the dune area, but east of the wells, the saline layer
could not be defined because of data scatter. Additional soundings conducted using an ABEM Terrameter
did not resolve the data scatter problem, which made it difficult to better estimate the exact bottom of the
freshwater body. However, based on the results from Profile A (where the aquifer thickness is between 6
and 10m at about 500m east of the spring line and within the dune area), it was inferred that the freshwater

aquifer along Profile B has a maximum thickness of 10 m.

Profile C, taken along the Ngomeni-Timboni road (Figure 5), cleatly delineated the freshwater/saline water
boundary. The aquifer thickness along the line of springs was found to be 6 m thick with a resistivity of about
30 ohm-m (Figure 6¢). The salt water, which occurred at a depth of 7 metres, had very low resistivities of
1-2 ohm-m. These values are similar to those obtained under the lagoon area.
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Figure 6. VES profiles.

The geophysical data suggests that there is a boundary between the freshwater and saline water at Profile C
(Figure 6¢), an inferred boundary between the freshwater and saline water at profiles A and B, and that the
freshwater/saline water layer dips gently eastwatds into the dune area. The freshwater aquifer occurs to the
east of the lagoons, and is ovetlain by highly resistive dune sands.

Hydrogeological studies

The aquifer is generally characterised by high transmissivity (Well W002 : 447.6m3/day; Well W018 : 266.2
m?/day) and storativity (W002 : 0.505; W018 : 0.161). This is an indication of relatively good hydraulic
properties within the aquifer and its high potential.

The piezometric surface is, in general, relatively higher at locations of higher topography, and there is a
positive hydraulic gradient from the dune system to the clayey area west of Ngomeni Road. The flow
directions of groundwater in the area are from the dunes to the sea in one direction and to the clays in the
other direction (Figure 7). The piezometric surface is lower in the wells than in the surrounding area due to
abstraction and could pose a serious threat of seawater contamination. In addition, due to the nature of the
hydraulic gradient, the natural flushing of the groundwater to the sea could be hampered by over-pumping,
which can lead to hydrological depressions, which form hydrologic traps from which contaminants cannot
be flushed out to sea by the natural groundwater flow (Nativ and Weisbrod 1994).

Most of the wells and water holes have relatively low electrical conductivity and chloride levels (Tables 3
and 4).
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Table 3. Chemical analysis tesults for the water points.

Water Ec TDS Temp. | Clmg/1 | Ca Mg mg/1 | pH | Remarks
Point No. mS/cm mg/1 °oC mg/1

WO002 473 236 29.5 <100 54 31 8 heavily used
WO003 517 260 30.1 <100 78 25 8 flooded
WO008 445 224 29.4 <100 25 37 8 in use
WO009 610 300 29.4 <100 34 65 7 protected
WO011 1060 530 28.1 100 24 77 8 in use
WO012 900 450 28.1 <100 60 59 7 protected
WO014 1950 980 27.2 200 19 98 8 protected
WO018 930 470 31.8 100 22 126 8 heavily used
WO019 7250 3640 30.4 >>500 45 72 8 abandoned
W021 720 360 30.4 <100 36 25 9 in use

WH1 400 200 31.5 <100 28 27 7 in use
WH2 540 270 30.6 <100 15 40 8 in use
WH?3 2640 1320 32.5 400 49 51 9 abandoned
WH4 1740 870 32.1 200 42 92 9 in use
WH5 6430 3320 33.2 >>500 23 116 7 never in use
WHOG6 880 400 33.3 100 36 6 7 limited use
WHY7 220 110 33.7 <100 32 7 7 in use

There is, however, a marked difference on the water points at either side of Ngomeni Road. The water
points west from the road within the clayey area have relatively higher Ec and chloride values than those
within the dune system to the east. These higher Ec and chloride levels could be due to infiltration of salt
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water from the lagoons and/or leaching of bases from the ovetlying clays. The chemical analyses suggest
that the main factors influencing the Ec, TDS and chloride values within the dune area are the proximity to
the sea and the boundary with the clayey formation.

Table 4. Chemical analyses results for the test-pits.

Test-pit Number | EcmS/cm | TDS g/1 Temperature | Chloride pH
TP1 76600 38300 28.6 22540 5
P2 49200 24600 27.0 15620 6
‘TP3 29600 14800 27.0 20380 6
TP4 13540 6770 32.4 3770 6
‘TP5 23460 11730 29.4 4800 5
'TP6 67550 33780 29.2 25000 5
TP7 11720 5860 28.2 - 6
TP8 39580 19790 29.8 13500 7
‘TP9 106080 53040 29.8 15000 6
TP10 66560 33280 29.4 23500 5
TP11 51080 25540 30.0 17650 5
TP12 52920 26460 29.0 - 6
TP13 22200 11100 29.2 4045 7
TP15 8550 4280 28.2 2300 6
'TP16 33940 16690 27.6 12000 6
TP17 12300 6200 28.9 - 6
TP19 8660 4330 27.9 - 8
TP22 13160 6500 27.0 1000 7
Groundwater quality

The results of bacteriological analyses (Table 5a and 5b) reveal contamination of the groundwater resources
in the area of study. The contamination is higher in public wells than in the private wells used by fewer
individuals. With the exception of WO018, the wells along Ngomeni Road have values in excess of 340
faecal colon counts per 100 ml. WO11 in the beach area is also heavily contaminated. Relatively high
groundwater contamination in water points along Ngomeni Road is largely due to the surface exposure of
groundwater at the sand-harvesting quarries. Other contributing factors are settlements and high
population density, pootr sanitation, use of contaminated containers to obtain water, and lack of proper
protection of most water points.

Table 5a. Results of the Bacteriological analysis using the membrane method.

Well Faecal Total coliform count per Protection
No. coliform/100ml 100ml
W002 340 780 Open well/public
w008 480 820 Open well/public
w018 10 320 Open well/public — few usets
WH2 720 TNTC* Open well/public

*INTC = too many to count

Table 5b. Results of the bactetiological analysis using the fermentation method.

Well Faecal coliform Total coliform Protection
No. MPN/100ml MPN/100ml
w014 2400 2400 Makuti roof cover/public
w011 38 2400 Open well/public
w012 9 240 Makuti roof covet/ptivate
w009 9 43 Covered with concrete slab/ptivate
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Summary and conclusions

Sand harvesting at the Timboni wellfield has exposed the aquifer to contamination from human and animal
waste, and destroyed the water pumping stations. Over-abstraction is the single most significant threat to
the chemical quality of water in the wells. Only one well is currently in use as the others have collapsed due
to sand harvesting. The Timboni well is located where the aquifer is relatively shallow, so the threat from
seawater intrusion is very high and a reduction or rearrangement of the pattern of groundwater abstraction
(Freeze and Cherry 1979) should be initiated. During periods of extended drought, the threat from
seawater intrusion is even higher as the groundwater level decreases. Because the aquifer is now exposed, it
is subject to depletion by evaporation, and possibly, undesirable increases in salt concentration. The
proposed Mombasa Salt Works (MSW) extension, on the other hand, may not adversely affect the adjacent
freshwater Timboni Wellfield aquifer by percolation into the aquifer below, because of the physical and
chemical characteristics of the clays and the hydraulic gradient of the freshwater system. Soil studies above
the aquifer, however, suggest that lateral movement of salt water in the upper portion of the micro-
fractured allophone-type clays with intercalated sands could extend for considerable distances beyond the
artificial earth lagoon barriers erected by Mombasa Salt Works, and contaminate the unconfined aquifer
through the clay/sand boundary. It is therefore necessary that the salt lagoon extension be kept some
distance away from the freshwater/saltwater interface and water wells. For continued sustainability of the
wellfields, it is necessaty to stop sand harvesting in the Timboni area and to locate alternative sites further
away from the freshwater aquifer. In addition, it is important that the wells are propetly sited to minimise
the effects of saline intrusion (Edworthy 1985). It is also necessary to rehabilitate the wellfield by covering
the exposed sections of the aquifer with sand. Furthermore, the main production wells currently at the
clay/sand intetface should be removed from this boundary atea and relocated in the middle parts of the
dune system, where there is more chance of getting water of better chemical quality and free from saltwater
contamination ot intrusion. Due to the relatively small size of the aquifer, production should be spread
over several smaller and far-spaced wells rather than rely on a large single well, to avoid over-abstraction
from one point.
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4.17  Dry season sediment fluxes in the frontwater zone of the mangrove-fringed Mwache
Creek, Kenya

Johnson U. Kitheka

Abstract

Mwache Creek is a typical mangrove creek along the Kenya coast. The creek receives terrigenous sediments on a
seasonal basis and there is tremendous tidal influence. The supply of terrigenous sediments increases greatly duting
periods associated with major flood events. Most of the sediments supplied by the seasonal rivers are trapped in the
upper parts of the creek with very little export to the lower frontwater zone of the creek. In the frontwater zone,
sediments are impotted duting petiods of low tiver discharge. This sediment import is related to the flood-tide
resuspension of the bottom sediments in the frontwater zone of the creek. The resuspension of the bottom sediments
is more dominant during flood tide than during ebb tide. Sediments resuspended in the main channel enter the
relatively dense frontwater mangrove forest where they are trapped due to the high vegetation density and gentle slope
that induce enormous friction on the water flow inside the forest.

Introduction

Much of the sediment load supplied to tidal creeks by rivers is associated with poor land-use activities at
river basin level (Kitheka 1996b). The input of terrigenous sediments has both positive and negative
implications. High sediment load leads to trapping of large volumes of sediments in mangrove forests,
which eventually die if smothering is extensive. Sediment also increases turbidity of the water, limiting light
penetration and subsequently primary and secondary production. On the positive side, input of sediments
enable the mangroves to build up their environment and therefore keep in pace with sea level rise (of.
Ellison 1993). Studies on sediment transport provide coastal scientists and natural resources managers with
information on how sediments are redistributed in mangrove wetlands and how this redistribution
ultimately affects both the long- and short-term sustainability of the ecosystem. This helps in the
formulation of suitable management strategies for the mangrove wetlands. However, data and information
on sediment transport dynamics in mangrove creeks is not readily available (Kitheka 1996a).

Among the wide range of factors influencing sediment transport in tidal creeks, tidal range and current
speed are the most important (Althausen and Kjerfve 1992; Lindsay ¢ a/. 1996). Channel erosion and
deposition are dependent on certain critical velocities, which vary depending on the nature of tidal channel
geometry and sediment supply. Given that constant resuspension by strong cutrents erodes the tidal
channels and keeps them free of sediments, it is expected that this will prevent them from silting up even
when there is enormous supply of terrigenous sediments from the rivers.

This paper examines the patterns of sediment fluxes in mangrove-fringed Mwache Creek situated along the
Kenya coast. The paper also highlights the pressures in the Mwache Creek basin and how changes in the
creek and the river basin may feed back on the human population.

Description of Mwache Creek

Mwache mangrove wetland occurs in the upper parts of Port-Reitz Creek (4°3'S, 39°38'E) (Figure 1). Itis
one of the two main tidal mangrove-fringed crecks found in Mombasa District, Kenya. The total creck area
was determined from a topographic map to be 17 km? The mangrove forest covers an area of 12 km?,
roughly 70% of the total area of the creek. The length of Mwache Creek from the entrance to Kipevu
basin is approximately 12 km.
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Figure 1. Mwache Creek drainage basin, Kenya.

The tidal channels are shallow, <11 m deep at the creek’s entrance to Kipevu basin and less than 6 m in
tidal channels fringing the mangroves. Tidal creeks meander through the wetland cutting the soft Jurassic
shales and sandstone rocks which rise approximately 120 m above the creek low water level. The creek
receives freshwater and terrigenous sediments from two seasonal waterways, Mwache and Mambome.
Their mean discharges and basin areas are shown in Table 1. The total drainage basin area of rivers
draining into Mwache Creek is 2,600 km?2 The Mwache River, with a catchment area of about 1,700 km?, is
one of the largest with freshwater discharge of the order 10 m? s in normal rainfall months. The dominant
mangrove species are Avicennia marina and Rbizophora mucronata. The port of Mombasa, one of the largest in
East Africa, is located about 4 km from the creek’s entrance to Kipevu basin. Previous studies at Port
Reitz Creek have been undertaken within the Mombasa port area (GOK 1975; Grosskopf and Onyango
1991), about 4 km downstream of Mwache Creek.

Table 1. The drainage basins, mean river discharges and mean sediment supply to Port Reitz
Creek.

Basin Area Discharge Sediment Sediment
(km?) (m3 s1) supply discharge
(kgs") (tyr?)
Mwache 1703 8.64 4.30 4.46x104
Cha-Simba 614 3.12 1.60 1.16x104
Mambome 212 1.07 0.50 0.50x104
Manjera 98 0.50 0.25 0.26x104
TOTAL 6.88x104
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Materials and methods

Determination of sediment concentrations

Suspended sediment concentrations (SSC) were determined using gravimetric and automated methods (¢f
McGave 1979). In the gravimetric method, water-sediment mixture samples were drawn from the surface,
middle and bottom water columns using a Niskin water sampler. Samples were filtered in the laboratory
using pre-weighed 47 mm Whatman GF/C filters with 0.45 m pore diameters. Salts wete flushed from
filtered samples using distilled water after which the samples wetre wrapped in aluminum foil and oven-
dried at 120°C for 24 hrs. The dried filtrates were then re-weighed to determine the weight of filtered
sediments, which were taken as the difference between the weight of the filter with the filtrate and the
original weight of the filter. This was then related to the filtered volume of seawater to determine SSC as
the amount of sediments present in a filtered volume of seawater. In the second method, an Orbital
Backscatter suspended sediment sensor connected to a MicroTide pressure gauge was moored at a central
location of the channel at Station 6 (see Figure 2) and used to measure SSC automatically. The instrument
was programmed using a portable computer and logged in SSC at intervals of 5 minutes between January
26 and 30, 1999and also between February 2 and 23, 1999.

K _____ \ / T

Figure 2. Map of Mwache Creek with the locations of sampling stations. For surface area and
volume computations, the whole mangrove extent and tidal creeks above Station 7 were included.
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Physical variables and sampling strategy

Both spot-sampling and automated continuous time-series measurements were used for salinity,
temperature, tidal currents and tidal elevation. Spot surveys were carried out in the seven stations (Figure
2) using a rubber dinghy. The sampling cruise with a boat from Station 1 to Station 7 took 1-1.5 houts.
Station 6 was chosen as the principal station for instrumented time-series measurements of SSC, tidal
elevation and current velocities, in view of its accessibility and the availability of adequate security for the
moored pressure gauges and rotor SD-6000 current meter. These instruments were moored about 1 m
above the channel bed at Station 6 during the sampling periods. Water salinity and temperature were
measured using an Aanderaa salinity-temperature meter. These measurements were mainly conducted in
dry petiods and covered both neap and spring tides. During the period of the study, river discharges were
very low.

Data treatment and analysis

Sediment mass transport

The hypsometric curve of Mwache Creek was plotted from the tide-corrected bathymetric data. The
surface areas (A,) covered by specific depths (4,) wete then determined and the corresponding water
volumes (17,) computed as h. +h

4, ===V (1)

Equation 1 basically refers to the volume enclosed in a specific water depth. However, since water depth
changes with time (), the tidal volume flux Q(?) is computed as

0 - A(r)% @

With data on corresponding instantaneous SSC Co(t), suspended sediment flux Q(?) was then computed as
Os(t) =20 Colt) S)

The tidal volume flux Q(?) is also computed using current velocity U and surface area 4, as
Q1) =UA O]

This method assumes uniform velocity distribution across the channel. Similar approaches have been
applied in salt marsh tidal creeks and estuaries (Lindsay e 2/ (1996).

Erosion and deposition of sediments

The time series data on SSC and current velocities measured in the period February 15 - 23, 1999 were used
to derive empirical constants in the sediment transport relation. The standard vertically averaged sediment
mass conservation equation applied in a finite section of the channel (about 100 m) is simplified as follows:

3(HC)
Jat

= Me— Ma ()

where H is the water depth, C is the depth-averaged SSC and 7 is the time. The source and sink terms are
erosion (M,) and deposition (M) respectively. These terms are governed by specific critical velocities, which
were determined by examination of the simultaneous plots of SSC and current velocities. The sediment
deposition rate (Mz) was computed as:

2
e [1-Y | vev,
Ug

(©)
M, = {
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where U is the current velocity outside boundary layer, U, is the critical velocity for settling and W is the
sediment settling rate (0.0005 m/s). The critical deposition stress 1 4is computed as:

= pCUP @)

and the erosion of sediments from the channel bottom (M,) was calculated as:

2

]\/[e:oc[g] -1 ®

e

The above equation is applicable if the cutrent velocity is higher than the critical erosion velocity (U>U).
U. 1s the critical velocity for erosion and O is an empirical constant that can be derived from equation 7.

Results

Tidal characteristics and current velocities

Tides measured at the frontwater zone of the creek are purely semi-diurnal with two low and two high
waters occurring approximately every 25 hours. The neap and spring tidal ranges are 1.3 m and 3.1 m
respectively. The dominant low frequency signal approximates 12.3 hrs, which is typical of modulation
caused by tidal forcing. The maximum flood and ebb tidal current velocities at Station 6 during spring tide
are 1.25 m/s and 1.38 m/s respectively and at neap, the maximum ebb and flood tide current velocities are
0.55 m/s and 0.52 m/s respectively.

The spring high tide water volume at Mwache Creek is approximately 60x10¢ m? while the spring low water
volume is 17x10¢ m> when the depth change due to a 3 m tidal range is taken into consideration. This
yields a tidal prism of about 43x10¢ m?> which is equivalent to the frontwater zone tidal volume exchange of
roughly 70 % per tidal cycle in spring tide. The average tidal volume flux is estimated to be 2,300 m3 s1.
Since there is no significant sink or source of freshwater, the mean frontwater zone tidal volume fluxes of
2,233 m3 s and 937 m? s could be considered as representative tidal flows during spring and neap tides
respectively. These data are within acceptable limits given the assumptions that sea level spatial variations
upstream of Station 7 are not significantly different.

Zonal SSC variations and gradients

Large seasonal and neap-spring SSC variations were noted for the inner mangrove stations. The SSC
variations during the period of this study could not be attributed to changes in river discharge since drought
prevailed in 1998-1999 and there was no significant supply of sediments from the river basins. The
seasonal river discharges were often less than 0.05 m? s and SSC in riverwater was less than 0.04 g 11, This
means the river sediment supply into the creek was less than 0.002 kg s! which is much lower than the
long-term average of 7 kg s-1.

Even with this rather low river discharge, the highest SSC was found mainly in the backwater mangrove
zone where SSC reached 0.50 g I'1. This zone had also relatively high dry season salinities ranging 36-38
psu. In the frontwater zone, SSC was less than 0.09 g I and salinities were 2-3 psu lower than those
measured in the backwater zone. The prevalence of high SSC in the backwater zone and relatively low SSC
in the frontwater zone implies a general decrease towards the open Indian Ocean, and trapping of
sediments in the inner zones of the creek. The backwater zone also showed a relatively large SSC standard
deviation of 0.30 g 1.
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Resuspension of bottom sediments in main tidal channel

There was evidence of flood-tide resuspension of bottom sediments in the frontwater zone during the dry
seasons. Rapid increase in SSC occurred during flood tide followed by a rapid decline during high waters
and also during ebb tide. This is possibly because most of the suspended sediments are trapped in the
mangrove forest, so that only a small quantity is available for transport seaward during ebb tide. Periods of
bottom sediment re-suspension were associated with maximum cutrent velocities of the order of 1.0 m s
Significant erosion occurred for flood-tide current velocities above 0.30 m s'1. There were also spring-neap
variations in the magnitude of suspended sediment concentrations. The maximum SSC occurred during
spring tide and there was a reduction in SSC level during neap tide. Maximum resuspension of the bottom
sediments in the frontwater zone also occurred in spring tide because strong velocities are usually
experienced in spring. Since the magnitude of tidal current velocities decline substantially during neap tide,
the magnitude of resuspension is also reduced by about 50% in the frontwater zone during neap tide.

The computation of erosion and deposition rates in the frontwater zone (using equations 6 and 8) showed
that rates of erosion reach 10x10+ kg m? s and those of deposition reach 5.0x10* kg m? s1. Thus
sediment production through erosion of the bottom sediments is of the order of 5x10* kg m=2 s'1. The
higher rate of main channel bottom erosion compared to deposition points to the fact that the main tidal
channel in the frontwater zone does not silt up. This explains why the channel remains free of sediments
even after a period of major sediment inflow into the creek.

Suspended sediment fluxes

The suspended sediment fluxes, computed using equation 3, were higher in spring tide (1200 kg s) and
lower in neap tide (400 kg s'). The mean spring ebb tide sediment flux is 690 kg s and the mean flood
tide sediment flux is 1740 kg s!. In neap tide, mean ebb tide sediment flux is 340 kg s-! while that in flood
tide is 460 kg s (Table 2). The difference between neap flood-/ebb-tide sediment fluxes is +121 kg s,
while that in spring is +1057 kg s'1. There is thus spring neap-tide sediment flux difference of about 30%.
These high spring sediment fluxes are probably due to high spring tidal volume fluxes, which are 3 times
higher than those experienced during neap tide (Table 2). During the petiod of this study, the flood tide
sediment fluxes in both spring and neap tide were much greater than the ebb tide. There was therefore a
net sediment import of the order 80,000 tonnes into the creek. The imported sediment was probably
sediment that was discharged into the creek by the Mwache River during the 1997 E/ Nino event. Sediment
flux patterns are illustrated in Figure 3.

Table 2. The mean spting -neap tidal current velocities, tidal volume fluxes and mean sediment
fluxes at station 6 in the period February 2-23, 1999.

Spring tide Neap tide
Mean flood tidal volume flux (m3 s) 2179 914
Mean ebb tidal volume flux (m? s!) 2286 959
Mean flood velocity (m s1) 1.25 0.52
Mean ebb velocity (m s 1) 1.31 0.55
Mean flood sediment flux (kg s!) 1740 460
Mean ebb sediment flux (kg s 1) 690 340
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Figure 3. The key patterns of sediment fluxes in the frontwatet zone of Mwache Creek during a
petiod of relatively low river discharge.

Lrapping of sediments in the frontwater zone mangrove forests

The patterns of sediment flux in the Mwache Creek frontwater zone mangrove forest in spring tide was
determined along 450 m transects running from the bank of the main tidal creek to the upper tidal limit of
the forest. The mean SSC within the mangrove forest was 0.054 g 11 (£0.02 g I, N=15). The maximum
mangrove forest SSC was 0.096 g 1. The mean flood-tide sedimentation rate calculated using the relation
V. C was 0.027 g m? s (20.01 ¢ m? s!, N=15) with the maximum sedimentation rate of 0.48 g/m?/s.
The SSC mode in the mangrove forest was 0.05 g I'' which with the typical sediment particle settling
velocity (V) of 0.0005 m/s yield flood tide sedimentation tate of 250 g m? per tide per spring tidal cycle.
However, if the mean SSC is used, the mean flood tide sedimentation per tidal cycle increases slightly to
270 g m2 per tide which is still within the same order of magnitude as that computed using the mode SSC.
It must be noted that this approach provides only an estimate of sediment flux during flood tide and does
not provide an estimate of the ebb-tide sediment flux. The net sedimentation in the mangrove forest is
therefore much lower than the flood-tide sedimentation since it is the difference between flood-tide and
ebb-tide sediment fluxes. In fact, the magnitude of ebb-tide sediment flux is slightly lower (of the order
260 g m? per tide) than that of flood tide, which means the net sediment flux into the mangroves is of the
order 10 g m2 per tide. These results show that thete is trapping of sediments in the frontwater mangrove
forest. Trapping occurs because of dense mangrove forest cover as well as gentle slope, which induce
friction on the tidal flow, resulting into very low current velocities less than 0.10 m s (see also Wolanski
and Ridd 1986; Furukawa and Wolanski 1996; Furukawa e/ 4/ 1997). However, the magnitude of the net
sediment flux into the mangrove forest is a function of the tidal range and bottom sediment resuspension
in the main channel.

Importance of river supply of sediments

This study was implemented in relatively dry period. Both short and long rains were below average in the
coastal region of Kenya. There was therefore no significant generation of river runoff in the Mwache River
basin as the river discharges were less than 0.05 m? s in most petiod of the study. The river SSC was also
very low, often less than 0.04 g I''. This means that the river sediment supply into the creek was less than
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0.002 kg s°1, which is much lower than the long-term average of 7 kg s!. However in the period between
October and November 1997, heavy rainfall associated with the E/ Nimo event caused a tremendous
increase in river discharge of both freshwater and terrigenous sediments. During this period, it was
estimated that the river discharge was 500 m3/s and tiver SSC was of the order 0.5 g I, so sediment
discharge was of the order 500 kg s-'. The sediment supply into the creek over the two months period of
high flow was estimated to be 1.3x10¢ tonnes. This estimate was later confirmed by determination (using
sediment cotes) of the volume and depth of the deposited terrigenous sediments within the backwater zone
mangrove forest. In normal rainfall years, seasonal rivers draining into Mwache Creek usually flow for
about 120 days and supply an equivalent of 5x10* tonnes of sediments, which is less than 4% of that
discharged into the creek during the 1997 E/-Nino event. A sutvey conducted to determine the spatial
distribution of deposited terrigenous sediments and SSC showed that most of the sediments discharged
into the creek are trapped in the backwater zone of the creek, particulatly in the zone above Station 4.
Most of the trapping of silt and fine sand occurred on the backwater zone mangrove forest and clay
particles were trapped within the main channel above Station 4. The frontwater zone mangrove forest was
surptisingly not affected in any significant way from the enormous input of terrigenous sediments into the
creek.

Human pressures

Human pressures in the Mwache basin may be classified into two major categoties: (1) anthropogenic
pressures at the Mwache Creek coastal-marine system level and (2) pressures at Mwache River basin level.
The anthropogenic pressures are mainly felt more seriously in the mangrove forest wetland. There is
evidence that the cutting down of mangrove trees beyond sustainable level is reducing their sediment
trapping capability. There is also evidence that the area under mangrove cover in the creek is reducing.
This reduction has increased in recent years due to an increase in demand for building material and
fuelwood in the Mombasa Municipality.

Within the Mwache River basin, poor land-use activities associated with shifting cultivation, livestock
grazing and deforestation have lead to an increase in the rates of soil erosion (IKitheka 1996b). Substantial
quantities of terrigenous sediments therefore reach the creek during rainy seasons. The implication for the
sustainability of both marine ecological systems and human cultural features are enormous, particulatly in
petiods of high rainfall events such as those associated with E/Nino conditions. The enormous supply of
sediments increases turbidity in the creek and thus affects light penetration into the deep layers of the water
column. This in turn affects primary production and fisheries, on which the large population within the
basin depends for their livelihood and daily sustenance. As a result of heavy sediment supply during the
1997 floods, mangrove roots were smothered and this led to death of nearly 10% of the mangroves in the
upper zone of the creek. This is already affecting the inhabitants due to reduced fish catches, since
mangroves act as nursery grounds and habitats for fishes and crustaceans of commercial importance.
Further reduction of mangrove hectarage in the creek may in future lead to a drastic reduction in catches of
these organisms. Amnother major effect is the siltation of the potential harbor sites at Kipevu. Unless
remedial measures are taken to conserve the mangrove forest and manage land use in the Mwache basin, it
will be necessary to incur high expenditure on maintenance dredging of the Port of Mombasa.

Conclusions

Sediment load into Mwache Creek from the seasonal rivers in normal rainfall years is low so that most of
the terrigenous sediments are trapped in the upper parts of the creek. During such periods, there is very
little export to the lower frontwater zone of the creek. Most of the sediments supplied by the Mwache
River do not reach the Indian Ocean. In fact there is import of sediments in the frontwater zone of the
creek during periods of low river discharge in dry season. This import of sediments is due to the flood-tide
resuspension of the bottom sediments in the frontwater zone of the creek. Resuspension of the bottom
sediments is more dominant in flood tide than in ebb tide. The sediments resuspended in the main channel
enter the relatively dense frontwater mangrove forest where they are trapped due to the dense mangrove
vegetation and gentle slope, which induces enormous friction on the flow inside the forest. This study has
dwelled more on the sediment transport dynamics in the frontwater zone. Conditions in the degraded
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backwater zone may differ from those in the frontwater zone, where the mangrove vegetation is less dense
and the rate of tidal flushing in the backwater zone above Station 4 is low. Mote studies, focussing on the
relationship between sediment fluxes and tidal dynamics, will be implemented for both frontwater and
backwater zones of the creek. Future studies will also aim at determining the patterns of sediment fluxes in
the tidal inlets that link the mangrove forest with the main tidal channel. Such studies should target both
the degraded and non-degraded zones of the creek.

References

Althausen, J.D. and Kjetfve, B. 1992 Distribution of suspended sediment in a partially mixed estuary,
Chatleston Harbor, South Carolina, USA. Estuarine, Coastal and Shelf Science 35: 517-531.

Ellison, J.C. 1993 Mangrove retreat with rising sea level, Bermuda. Estuarine, Coastal Shelf Science 37: 75-87.

Furukawa, K and Wolanski, E. 1996 Sedimentation in mangroves forests. Mangroves and Salt Marshes 1(1): 3-
30.

Furukawa, K; Wolanski, E and Mueller, H., 1997. Cutrents and sediment transport in mangrove forest.
Estuarine, Coastal and Shelf Science 44: 301-310.

GOK 1975 Mombasa water pollution and waste disposal: matine investigations, Part VI. NORCONSULT
A.5 Report, Nairobi, Kenya. 5.11-5.20.

Grosskopf, P.E. and Onyango, V.O. 1991 Numerical analysis of sedimentation in the expanded channel,
Mombasa Port at Dongo Kundu, Kenya. In Proceedings of the Third International Conference on Coastal
and Port Engineering in Developing countries, Mombasa, Kenya, 16%-20t% September 1991,Vol. II. 1925-
1936.

Kitheka, J.U. 1996a Coastal tidally driven circulation and the role of water exchange in the linkage between
tropical coastal ecosystems. Estuarine, Coastal and Shelf Science 45:177-187.

Kitheka, J.U. 1996b The dynamics of Mwache river basin sediment production and discharge and, flux of
terrigenous sediments in Port-Reitz Creek, Kenya. WIOMS.A /IOC Project (SC 298-012-5) Report,
68 pages.

Lindsay, P., Balls, P.W. and West, J.R. 1996 Influence of tidal range and river discharge on suspended
particulate matter fluxes in the Notrth Estuary (Scotland). Estuarine, Coastal and Shelf Science 42: 63-
82.

McGave, LN. 1979 Suspended sediment. In Dyer, K.R. (1979): Estuarine hydrography and sedimentation.
Cambridge University Press, London, 230 pages.

Wolanski, E. and Ridd, P. 1986 'Tidal mixing and trapping in mangrove swamps. Estuarine, Coastal and Shelf
Science. 23: 759-771.

202



418  The Tana River Basin and the opportunity for research on the land-ocean interaction in the
Tana Delta

Johnson U. Kitheka and George S. Ongwenyi

Introduction

The Tana River basin is one of the five main drainage basins in the Republic of Kenya. In terms of river
discharge, it is one of the largest and also one of the most important drainage basins. It occupies about
23% of the total land area and contributes 32% of the total river runoff in Kenya. The basin is composed
of the vast eastern plateau forelands, which sprawl between the Central Kenya Highlands to the west and
the coastal strip on the east. The river flows down a gentle slope towards the Indian Ocean. The
government of Kenya has initiated a number of significant water resources development projects in the
basin. These include agricultural projects, particularly large-scale irrigation and hydroelecttic power
development schemes. As the river drains into the Indian Ocean, it passes through a mangrove-fringed
estuary at Kipini. Apart from discharge of freshwater and terrigenous sediments into the Indian Ocean, the
tiver also supplies a large quantity of dissolved and particulate nutrients, which makes Ungwana Bay and
the Tana Delta one of the most productive fishery grounds in Kenya. Most previous studies have focussed
on the Upper Tana Basin and very few studies have been implemented for the Lower Tana Basin and the
Tana Delta. This paper examines the hydrological and geographical characteristics of the basin and
discusses the need for studies on land-ocean interaction at the Delta.

Hydrology and climatic conditions

The Tana River Basin has a spatial extent of approximately 132,000 km? which is equivalent to about 23%
of the total area of the Republic of Kenya (Table 1) (Ojany and Ogendo 1985). The main catchment area
of the river is Mount Kenya (5199 m) and the Aberdare Ranges in the Central Highlands of Kenya. The
snow-covered peaks of Mount Kenya provide continuous replenishment of the river, making it one of the
few perennial river systems in East Africa. However, despite the high rainfall in elevations greater than
1800 m, the Tana River displays marked seasonal variations in river flow. As a result of rainfall pattern, the
river usually has two distinct periods of high flow of three months total duration, separated by dry seasons
when the flow frequently drops to one-fifth of the long-term average.

The total length of the river is about 1,102 km, from the Central Kenya Highlands to the Indian Ocean.
The river takes a north-eastetly course as it flows from the Kenya Highlands and then plunges over the
Gtaru Falls (134 m) into the semi-arid landscape that constitutes the middle course. It forms a wide arch,
then veers south and opens into a wide valley where it meanders through a floodplain into the Lower Tana
Basin. The most important tributatries in the Kenya Highlands include the Sagana, Chania, Thika, Saba
Saba, Maragua, Ruamuthambi and Mathioya rivers. In the Lower semi-arid zones, the river receives
contributions in the rainy season from several ephemeral tributaries such as Tiva, Hiriman, and Kokani.

The Upper Tana catchment area in Central Kenya covers an area of 7,950 km? (Schneider 2000) which is
about 6% of the total basin area, but it contributes more than 70% of the river runoff. The Upper Tana
Basin has been the focus of a number of studies geared toward understanding soil erosion and sediment
transport dynamics (Dunne and Ongwenyi 1976; Ongwenyi 1983; Schneider 2000).

203



Table 1. The main drainage ateas in Kenya.

Drainage basin Area (km?) % of the total area of Kenya
Lake Victoria 49,000 8.4
Rift Valley 127,000 21.8
Athi River 70,000 12.0
Tana River 132,000 22.7
Ewaso Ngiro 205,000 35.1

Rainfall in the Upper Tana Basin is controlled by the Indian Ocean monsoons in combination with
pronounced orographic effects of the inland hills and mountains (Ewbank and Partners 1974). The
Aberdare and Mount Kenya tregions receive heavy rainfall (>1800 mm/year). Between 1800 and 1200 m
ASL, rainfall is high, 1000-1800 mm yr-!. Howevet, in the Lower semi-arid regions, rainfall is much Lower
ranging 500-750 mm yr'. This is particularly so in semi-arid zones of the basin such as Embu, Kitui,
Mwingi and Tana River districts. Evaporation in these ateas is about 1800 mm yr-!, but there are significant
seasonal variations.

The basin in general expetiences two rainfall seasons controlled by the south-east (between March and
September) and north-east (between October and early March) monsoons (Ojany and Ogendo 1985). The
southe-east monsoon is associated with the long rains, which occur between March and June, with
maximum rainfall in May. The north-east monsoon is associated with the short rains (November and
December) with peak rainfall in November. However there are often great inter-annual variations in
rainfall, partly due to E/-Nino and La Nina southern oscillation cycles.

Rainfall in the Upper Tana Basin is more important than snow melting on Mt. Kenya in increasing the river
runoff, with a good relationship between rainfall in the Central Kenya Highlands and river runoff in the
basin. The maximum river discharge at Garsen in the Lower Tana Basin is expetienced in June and
December, implying a time lag of about one month between peak rainfall and peak river discharge in the
Lower Tana Basin. The river discharge vaties from less than 10 m? s in the dry seasons to over 2,000 m? s-
! during flood flow conditions (UNEP, 1998). During normal rainfall years, river discharge ranging 100-500
m3 s-1 is common in the Lower Tana Basin. The mean annual river runoff has been estimated to be
4,700x10% m> per year, or about 32% of the total mean river runoff in Kenya estimated to be 14,836 x10¢
m? per year (Ojany and Ogendo 1985). Due to rainfall anomalies in the Western Indian Ocean which result
in exceptionally high rainfall in Central Kenya, the Lower T'ana Basin experienced extreme floods in 1937,
1947, 1951, 1957-8 and 1961 (Ojany and Ogendo 1985). However the severity of these floods has been
reduced since the construction of Masinga high dam in the Upper Tana Basin (Otieno and Maingi 2000).

Land use and water resources ptogrammes

The Upper Tana catchment area in Central Kenya covers an area of 7,950 km? (Schneider 2000) which is
about 6% of the total basin area. ample rainfall and good volcanic soils have favoured maximum
exploitation of the agricultural potential of the highlands and heavy human population settlement (Ojany
and Ogendo 1986), predominantly encompassing the Central Kenya administrative districts of Kirinyaga,
Murang’a, Nyeti, Thika, Meru and Embu. The main urban centers include Thika (also an important
industrial center), Murang’a, Embu and Meru.

The soils of Central Kenya are well-covered with dense evergreen forests. There are mainly deeply
weathered loams with high infiltration rates and low erodibility despite the steepness of the land (Ewbank
and Partners 1974). Between 1800 and 1200 m ASL, rainfall is high (1000-1800 mm per year) and slopes
are steep with loamy soils. However, where the former woodland vegetation has been removed and
replaced with cultivated agricultural crops such as tea and coffee, bananas, vegetables, maize and beans,
continuous tillage has reduced the natural fertility of the soil and this has necessitated the use of industrial
fertilizers to boost crop production. Most of the crops grown in the region do not provide adequate
ground covet, so the rate of erosion is greatly accelerated despite the generally low erodability of the soils
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(Otieno and Maingi 2000). Major sediment-contributing areas are the densely populated and intensively
cultivated foothills of the Aberdares, rather than the semi-arid lowlands (Schneider 2000). In the Murang’a
and Nyeri districts the steep, intensively cultivated slopes are the main contributors of sediment into the
Masinga Dam and the Tana River (Dunne 1974).

The main hydroelectric power-(HEP) generating dams constructed across the Tana River are in the Upper
Tana Basin. These include Masinga, Kamburu, Gtaru and Kiambere HEP dams. Masinga Dam, the
Uppermost reservoir, has impounded 45 km of the 1,102 km long Tana River and created a body of water
covering 25 km?, one of the largest artificial lakes in East Africa. Masinga Dam acts as a high dam,
controlling water storage and discharge for the turbines of the dams downstream (Kamburu, Gtaru and
Kiambere). Data showing the contribution of the main Tana River tributaries to the total sediment
discharge into Masinga Dam is shown in Table 2. In addition to these reservoirs, Sasumua reservoir
provides much of the water used in the Kenya’s capital city, Nairobi.

Table 2. Mean annual dischatge and sediment inflow into Masinga resetvoit.

Ttributary Water Discharge (m3) | Suspended sediment Bedload discharge
inflow (t yr!) (tyr?)
Tana 2239 3,890.000 390,000
Maragua 412 2,290,000 230,000
Saba Saba 120 990,000 100,000
Chania 205 870,000 90,000
Thika 252 420,000 40,000
Total 3228 8,460,000 850,000

Source: Otieno and Maingi (2000).

Poor land-use practices in the rich agricultural Upper Tana basin have increased soil erosion and a large
quantity of sediments enters the reservoirs annually (Dunne and Ongwenyi 1976; Ongwenyi 1983). The
long-term sustainability of these dams is in doubt due to reduction of their design capacities from heavy
siltation (Schneider 2000; Otieno and Maingi 2000). The Tana River sediment load is 1-7 million t yr-!
during high-flow conditions (Schneider 2000). However, the mean annual discharge of water-suspended
sediment into Masinga reservoir is 8.46 million tonnes against a mean annual water discharge of 3,228x10¢
m? (Otieno and Maingi 2000). This means that the sediment discharge downstream of the Masinga Dam is
slightly less than 8 million tonnes per year, because the resetvoirs trap a large portion of sediments from the
Upper Tana Basin which is the main soutce of sediments carried by the river.

Various studies have yielded different sediment load estimates (Table 3). This is due to differences in the
accuracy of the river runoff data, varying periods of data analysis and differences in techniques applied in
the computation of sediment fluxes. Quantitative sediment yield estimates are difficult to produce with any
degree of certainty. Prediction of the future rates of sediment yield is even more problematic given the
variation in the annual discharge of the river. Most of the previous studies have extensively relied on the
use of historical river discharge and suspended sediment concentration records to determine the sediment
yield in the Upper Tana catchment (Schneider 2000). River and sediment discharge records include large
gaps in some of the data and inaccurate analytical and river-gauging approaches result in erroneous
estimates. There is a need to improve on the river and sediment discharge monitoring through regular
maintenance of tiver gauging stations and regular collection of suspended sediment concentration data at
representative river gauging stations.
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Table 3. Sediment yield for the Upper Tana River basin.

Source of data Sediment yield (t yr!)
Gibb (1959) 280,000
ILACO (1971) 250,000
Dunne (1975) 1,283,000
Dunne and Ongwenyi (1976) 568,547
Edwards (1979) 334,730

the Lower Tana Basin is mainly semi-arid with rainfall of 500-750 mm yr'. Low rainfall, hot climatic
conditions (30-35°C) and poor soils have resulted in low agricultural potential and therefore low human
population densities. The human population is concentrated along the floodplains of the river, particularly
in Tana River district, where the annual influx of floodwater during rainy seasons deposits fertile silt on the
floodplains which in turn sustains the cultivation of rice and bananas by the riverine tribal communities. In
the more arid zones of the basin, the main land-use activity is livestock grazing.

The Lower Tana Basin also has relatively flat coastal plains, which have encouraged the development of
large-scale irrigation schemes such as the Bura, Hola and Tana Delta schemes. These development
ventures were initiated by the Kenya government with generous bilateral and multilateral financial
assistance from donor countries. However, these schemes have proved uneconomical and have failed. The
main crops grown in these irrigation schemes were cotton and rice. As a result of the low nuttient status of
soils in the Lower Tana Basin, there was heavy application of industrial fertilizers to improve production.
At present, the only surviving large-scale irrigation project is Mwea-Tebere Irrigation and Settlement
scheme in the Upper Tana Basin.

The Tana Delta dynamics

Despite being the largest deltaic system in Kenya, the Tana River delta and its associated estuaties has not
been targeted for comprehensive research studies. Thus the hydrological and ecological dynamics within
the delta are pootly known. The processes within the delta can be discussed only on the basis of very
limited field investigations and reconnaissance surveys that have been carried out in the area.

The Tana River in its lower reaches forms a complicated drainage pattern of braided channels and
meanders, with ox-bow lakes formed as a result of the interlocking erosion-deposition events.
Downstream of Garsen, the river starts to break up into several distributaries which combine to form what
is loosely referred to as the Tana Delta. In fact these distributaries are thought to be former channels of the
river that have since been abandoned when the tiver shifted its course as it headed towards the Indian
Ocean. The Tana River has changed its coutse over different time-scales (Ojany and Ogendo 1985), but
the reasons for doing so are pootly known. The present main course of the river is to the north of the
delta, where it enters into the Indian Ocean through a mangrove-fringed estuary at Kipini. Its former
outlet is about 32 km south-west of Kipini.

The flow of nutrient-rich freshwater to the Indian Ocean has led to the formation of a rich fishery at
Ungwana Bay, which is regularly targeted by large-scale commercial fishing companies because of the
abundance of prawns (UNEP 1998).

The tidal influx from the Indian Ocean penetrates approximately 2-7 km into the estuary at Kipini, taking
saline water into the inner portions of the delta. As evidence of the outflow of river water into the Indian
Ocean, there is no coral reef complex in Ungwana Bay. Within the bay, circulation is driven by the river
discharge, tides, monsoon winds and the coastal cutrent systems, particularly the seasonally reversing
Somali Cutrent and the East Aftrican Coastal Current. Unfortunately, there are no studies detailing the
degree of influence of these forcing factors on water circulation in the bay and delta. There have also been
no hydrological studies geared at examining the main circulation patterns in the delta, including also the
patterns of material (nutrient and sediment) transport and exchange. This is unfortunate since the Tana
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Delta is one of the most important riverine systems in Kenya and is regarded as an important wetland for
wildlife conservation by the Ramsar convention, of which Kenya is a signatory. Lack of studies in the area
seem to have mainly been due to insecurity and inaccessibility. The delta is located in a remote part of the
Coast Province with a poor transport network and facilities. Encroachment by armed bandits has also
compromised security and development in the area.

The Tana Delta is certainly different from the Mwache, Mida and Gazi creeks (Kitheka 1998; Kitheka ef a/.
1999; Kitheka 2000), but there are certain fundamental aspects that could be similar given that these
systems are fringed with mangroves and all receives freshwater discharge. Mangrove wetlands have been
known to modify water and sediment circulation patterns and their presence along the estuaty is certain to
alter sediment transport dynamics.
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